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Recently, the use of superparamagnetic iron oxide nanoparticles
(SPIONS) as a new and promising source of iron in agriculture has been
suggested that further investigation is needed before extensive field use. In a
greenhouse experiment, the effect of coated magnetite nanoparticles with
humic acid (Fe;O4/HA NPs) was investigated on iron deficiency chlorosis and
photosynthesis efficiency compared toiron chelates of Fe-EDTA (Fe-Ethylene-
diaminetetraaceticacid) and Fe-EDDHA [Fe-Ethylenediamine-di (o-hydroxypheny-
laceticacid)] as control treatments in chrysanthemum cut flower
(Chrysanthemum morifolium) in the open hydroponic cultivation system. The
feasibility of absorption and translocation of nanoparticles in the plant was
evaluated by vibrating sample magnetometry (VSM). The results of tracing
by magnetization measurement was demonstrated that NPs penetrated in root
and transferred to the aerial parts of chrysanthemum. The greenhouse experi-
ment demonstrated that the application 20 mg/L Fe304/HA NPsin nutrient so-
lution significantly (P<0.001) increased the content of chlorophylls a, b, total
and carotenoids in the leaf 14.80, 12.15, 13.90 and 13.98 percent as compared
with Fe-EDTA, respectively, but did not with Fe-EDDHA.Theequivalent ratio
of chlorophyll a/b in all concentrations of nanoparticles with Fe-EDTA and
Fe-EDDHA treatments, as traditional sources of iron in growth medium,
demonstrated no significant difference in photosynthesis efficiency. Generally,
FesO4/HA NPs transferred to plant aerial parts, increased the variety of photo-
synthetic pigments and obviated iron chlorosis. '
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INTRODUCTION

One of the important tools in the field of modern agriculture is nanotechnology. Engineered
Nanomaterials (ENMg) have recently been widely used in various industrial, medical, and espe-
cially agricultural fields (Servin et al., 2015; Verma et al., 2018). Interest in the use of nanoparticles
(NPg) in various parts of agriculture is expanding. Promising advances have been made in the use
of nanoparticles as nanofertilizers (NFS) in sustainable agriculture (Aslani et al., 2014; Ditta and
Arshad, 2016). Many studies have been conducted on nanoparticles and the effect on the plant and
different results have been reported on the effect of nanoparticles on the plant germination, growth,
and development) Lin and Xing 2007; El-Temsah and Joner, 2012; Yang et al., 2015; Verma et
al., 2018). The mechanisms of toxicity of nanoparticles in plants are still not fully understood and
sometimes are attributed to nanoparticles (Kim ez al., 2014(and the effects of oxidative stress, and
sometimes ions released by nanoparticles in cells (Qian et al., 2013 (or both (Li et al., 2015;
Navarro et al., 2008(.

The oxidative stress caused by the production of reactive oxygen species (ROS) by nanopar-
ticles can lead to the activation of the plant defense mechanisms against nano toxicity (Rico et al.,
2013; Yang et al., 2017).

Iron is one of the essential elements of plants and plays a crucial role in the production of
chlorophyll in photosynthesis. Chlorosis in the young leaves due to iron deficiency is the result of
iron-induced chlorosis and it is present in most calcareous soils in arid and semi-arid regions. The
high concentration of bicarbonate in the soil solution causes the conversion of Fe** to Fe**, and
the inaccessibility of iron ions in rhizosphere, as well as in the form of precipitate in the plant ves-
sels (Marshner, 2012(. Thus, in spite of the presence of sufficient and even a lot of iron in the plant,
it does not provide the necessary physiological access to the plant by increasing the pH of the cell
apoplast (Kosegarten et al., 1999; Kosegarten and Koyro, 2001).

In order to solve this problem, iron chelate fertilizers are commonly used. Synthesis iron
chelates, in addition to being expensive, cause direct and indirect damage (Nowack, 2002), in-
cluding preventing precipitation and increasing the mobility of heavy and radioactive metals in
the environment (Means et al., 1978).

There is evidence of absorption and transfer of iron nanoparticles in the plant, and various
reports that chlorophyll is increased or reduced due to the use of iron nanoparticles (Ghafariyan et
al., 2013; Shahrekizad et al., 2015; Li et al., 20160).

Different reactions of the plant growth against the use of these nanoparticles can be influ-
enced by physio-chemical properties of the nanoparticle, type of coating, a method of application,
and plant type (Zhu et al., 2008). Unbeatable physicochemical properties of nanoparticles, such
as the surface to volume ratio, high reactivity, the ability to adjust the size and shape of nanopar-
ticles, give a special ability to elements that are not seen in the bulk solid material of the same el-
ement (Ditta and Arshad, 2016).

Today, magnetite nanoparticles have been considered for their unique properties, such as
easy transfer, low cellular toxicity, good biocompatibility, relative facility of use and environment-
friendly (Kong et al., 2010; Zhu et al., 2008).

The coating of nanoparticles has a definite effect on its effectiveness in a plant that should
not be toxic in living organisms and must be biocompatible. Typically, negatively charged coatings
with longer chain have less toxicity in living cells (Taran et al., 2016).

Hence, the use of iron nanoparticles with natural coatings such as humic acid due to bio-
compatibility and the stability of nanoparticles with the lowest toxicity to living organisms cells
(Bucak et al., 2012( can be considered as a new method to supply iron in plant (Ghafarian et al.,
2013; Jalali et al., 2016; Shafiee-Masouleh et al., 2014).

Absorption and translocation of engineered nanoparticles into the plant cells is a complex
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process. So far, its mechanism has not been well characterized, which can be attributed to different
aspects of the plant anatomy and laboratory challenges for quantitative analysis of engineered
nanoparticles in plants (Schwab et al., 2016). The ability to penetrate of nanoparticles into the cell
directly due to its very small size without the need for ionization reduces the energy consumption
in the mechanisms of absorption and transfer elements into the cell (Brackhage et al., 2013; DeRosa
etal., 2010).

Before using any nanoparticle as a nanofertilizer on a large scale, it is necessary first to ex-
amine absorption, translocation, and its physiological effects on the plant. In this study, with the
purpose of application superparamagnetic iron oxide nanoparticles ofFe304/HA as a nanofertilizer,
we were investigating absorption and distribution of nanoparticles in different organs and the effect
on photosynthetic pigments in chrysanthemum as compared with conventional iron chelates in hy-
droponic conditions.

MATERIALS AND METHODS
Synthesis and characterization of Fe304/HA NPs

Magnetite nanoparticles with humic acid coating were synthesized based on the modified
method by Maity and Agrawal (2007) with a chemical coprecipitation method. Briefly, 0.022 M
FeCl3.6H,O and 0.015 M FeSO4.7H,O were dissolved in 100 ml deionized water and heated to
90 C, then combined with 10 ml ammonium hydroxide and 0.5 g humic acid sodium salt (Sigma-
Aldrich, Steinheim, Germany). The black Fe304/HA precipitates were recovered by using an ex-
ternal magnet. Size, distribution, and magnetic properties of the nanoparticles were determined by
transmissive electron microscope (TEM) (TEM, EM10C-100 KV, Carl Zeiss, Germany)and Vi-
brating sample magnetometer (VSM)(Danesh Pajoh Kashan, Meghnatice Co., Kashan University),
respectively (Asadifard et al., 2005).

Greenhouse experiment

This experiment was carried out in a hydroponic greenhouse at the Ornamental Plants Re-
search Center in Mahallat City, Iran (33°54'30”"N, 50°27'30” E and 1747 m alt.), starting from
spring 2017. Cuttings of chrysanthemum (Chrysanthemum morifolium) cv. ‘Salvador’ were rooted
in the sand at the beginning of the spring. Then in June, planted in 3 L plastic pots, with an inside
diameter of 17 and the height of 15 cm, mixed from perlite of medium size (2-5mm) and fineness
(0.5-1.5 mm) in the ratio of 50:50 were used. The experiment was conducted in a completely ran-
domized design with four replications.

Treatments consisted of different concentrations of pure Fe including 10, 20 and 40 mg/L
from source of Fe304/HA NPg (62.06% Fe) (Equivalent to16.11, 32.16 and 64.22 mg/L nanopar-
ticles,respectively) and 1.4 mg/L pure Fe from two sources of iron chelates which were Fe-EDTA
(Fe-Ethylenediaminetetra acetic acid) (13% Iron, Van Iperen Co., Netherlands) and Fe-EDDHA[Fe-
Ethylenediaminedi (O-hydroxyphenylacetate)] (6% iron, Agro Nutrition Co., France) (Equivalent
to 10.77 and 23.33 mg/L from Fe-EDTA and Fe-EDDHA, respectively),as control treatments in the
open hydroponic cultivation system (Taweesaket al., 2014). Treatments were used continuously in
nutrient solution after three weeks from planting. Some physical and chemical properties of the
medium used in the experiment are shown in Table 1 (Fonteno and Bilderback, 1993). The compo-
sition of other elements in the nutrient solutions from the first week to the seventh week was: N
250, P 30, K 200, Ca 150, Mg 50, Mn 0.58, Zn 0.35, B 1.0, Cu 0.05, and Mo 0.05mg/L and then
until the end of the growth period, contained N 200, P 30, K 200, Ca 150, Mg 50, Mn 0.58, Zn 0.35,
B 1.0, Cu 0.05, and Mo 0.05 mg/L (Taweesak et al., 2014). The pH of the nutrient solution was
maintained between 5.5 +£0.2 and the electric conductivity (EC) was kept between 1.4 — 1.5 dS/m
(Taweesak et al., 2014). In order to adjust pH, 1 molar sulfuric acid solution was used.
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Table 1. Physical and chemical properties of used media.

Air capacity Water capacity Total porosity Particle Bulk density Mass wetness
(%) (%) (%) density (g/em’)  (g/em’) (g/g)

8.10 0.12 23.60 47.09 70.69 0.59 0.17 2.71

pH  EC(dS/m)

The glasshouse light was 27000 Lux with shading (without shading43000 Lux in the sum-
mer) and 28000 Lux in the autumn without shading. Pots of chrysanthemum in the greenhouse
were placed on the stages (25 plants/square meter). A hydroponic system was open form, with
dripper irrigation system. The greenhouse cooling system was a fan and pad. The average daily
and night temperature was 25 °C and 16 °C, respectively and optimum relative humidity was 60%.
Aphids control was done during the growth period by deltamethrin 0.5 ml/L.

Absorption and translocation of NPs in plant

Evaluation of absorption and translocation of superparamagnetic iron oxide nanoparticles
in the plant was performed in the experimental treatment of 40 mg/L pure Fe (NPyg)
fromFe304/HA NPs compared with Fe-EDDHA (1.4 mg/L pure iron) as control by vibrating sam-
ple magnetometer(VSM) (Danesh Pajoh Kashan, Meghnatice Co., Kashan University) on samples
of root, stem and leaf. After 90 days application of experimental treatmentsat vegetative stage,
plant samples were dried in an oven (72 °C for 48 hours) (Imamy, 1996), then separately milled
and passed through mesh 40 and used in the experiment of VSM (Asadifard et al., 2005).

Chlorophyll content assay

After 90 days application of experimental treatments at vegetative stage, fresh mature leaves
from the top of each branch of chrysanthemum (0.05g) were ground in 15ml of 80% acetone and
then the obtained homogenates were centrifuged at 1000 rpm for 10 min. The supernatant was col-
lected to determine the absorbance spectrum (A) at 470, 643, 647, and 663 nm with 80% acetone
as a reference by Spectrophotometer (Spectronic 20 Geneses, 4001/4, USA). Evaluation for chloro-
phyll a, b, and total and total carotenoidscontent were determined by the following formula (Lich-
tenthaler, 1987):

Chl a=12.25 A663 —-2.79 A647 (1)
Chlb=21.50 Agq7— 5.10 Agy3 )
Total Chls= Chl a + Chl b 3)

Total carotenoids = (1000 Ag7y — 1.82 Chl a — 85.02 Chl b)/198 4)

Statistical analysis
Analysis of variance was performed using the SAS version 9.1.3 software (SAS Inc., Carey
NC) and the treatment means were compared by Duncan’s test and drawn charts with Excel software.

RESULTS
Characterization of Fe304/HANPs

The magnetite nanoparticles with humic acid coating were prepared successfully by a chem-
ical coprecipitation method. TEM images were showed the shape of nanoparticles was almost
spherical and size distribution was relatively narrow with a diameter between 2 and 17 nm, with
an average of 8.38 nm (N =200, Sd = + 3.84).

VSM curve of nanoparticles showed that magnetic saturation of nanoparticles became 55
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emu/g. The lack of magnetic residual loop of nanoparticles was suggested the superparamagnetic
properties (Fang et al., 2012).

Magnetization in plants after treatment with Fe304/HA NPs

In order to determine the presence, relative rate and transfer of Fe304/HA from the root to
aerial parts, after 90 days application of experimental treatments, plant samples were takenfrom
different parts of treated plants with 40 mg/L of Fe30,4 NPs in comparison with control treatment
of Fe-EDDHA iron chelate. Magnetic signals were not observed in the plant shoot and root samples
of control treatment, due to lack of magnetic properties of iron ions (Fig.1a, b) (Ghafarian et al.,
2013). While theywere observed and measured in samples of different organs of the plant treated
with nanoparticles (Fig.1c, d, e, ). In this study, the magnetism of each gram of nanoparticles, as
mentioned previously, was 55.00 emu/g, which is consistent with the results of Zhu et al., (2008)
that reported 53.19 emu/g. Each memu/g is equal to 8.48 x10'" magnetite nanoparticles per gram
(assuming Fe3Oy4 particles have a density of 5.17 g/cm?).

As shown in Fig. 1f, the strongest magnetic signal measured by VSM was 7.20 and 755
memu/g respectively for crown and root (Fig. le, f). The weakest magnetic signal was determined
by the stem samples (Fig.1d). In comparison with the shoot, the strongest signals were observed
from the root of the plant, as reported in previous studies, which can be due to the adsorption of
more nanoparticles at the root surface (Miralles ef al., 2012) or accumulation behind the Casparian
strip in the apoplast (Sun et al., 2014). Hence, a small part of the nanoparticles entered the plant
root central cylinder and shoot, which is consistent with the results of previous studies (Ghafarian
etal.,2013; Liet al., 2016; Zhu et al., 2008).

Hence, measured magnetic signals in the crown of the plant were considered as an index
of the number of nanoparticles introduced to the central cylinder. So, to calculate the ratio of iron
transfer to the leaf from the root, it was used the ratio of the magnetic signals of leaf to crown
(Ghafarian et al., 2013). Therefore, iron transfer factor was determined 0.857.

The factors affecting the absorption and transfer of nanoparticles in the plant are the type
of coating and its surface charge. So that, superparamagnetic nanoparticles of dextran-coated with
a diameter of 9 nm at a concentration of 60 mg per liter of a nutrient solution were transferred to
soybean shoot that absorption and transfer of nanoparticles with positive and negative charge ex-
ceeded uncharged nanoparticles. The maximum transfer factor was reported at 0.649 for nanopar-
ticles of iron with a negative charge. Most of the magnetic signals were received from the root,
indicating the accumulation of nanoparticles in the root (Ghafarian et al., 2013) that was consistent
with the results of this experiment, while in this study, transfer factor and the number of nanopar-
ticles transferred to the leaf increased 32.05 % and 3.83 times, respectively.

Zhu et al. (2008) with investigating absorption and transfer of 20 nm magnetic nanoparticles
by a VSM test in pumpkin (Cucurbita mixta) after 20 days under hydroponic conditions reported
that while transferring nanoparticles from root to leaf, the highest magnetic signal was obtained
from the root. On the other hand, Wang et al. (2011), stated that nanoparticles with a diameter of
25 nm could not be transmitted to pumpkin shoot (Cucurbita mixta), which could be due to the
larger size of the nanoparticles, which had larger size NPs to penetrate problem through the cell
wall and across transport in the cell membrane (Zhu et al., 2009). It has been reported that carbon
coated magnetic nanoparticles (d=10 nm) were transferred from roots to leaves in sunflower, wheat,
chickpea and tomato seedlings in less than 24 hours (Cifuentes ef al., 2010). According to the di-
ameter of cell wall cavities (5 to 20 nm) (Fleischer ef al., 1999) and studies conducted, nanoparti-
cles with a diameter of less than 20 nm can reach and cross the plasma membranes (Zhang ef al.,
2008). It is also possible to increase the size of the cavities and enter through the endositose by the
plasma membrane (Nair et al., 2010).
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Fig.1. Selected VSM curves of chrysanthemum plant tissues for Fe304/HA NPgq: (a) control Fe-EDDHA
(root), (b) control Fe-EDDHA (shoot), (¢) treated plant leaf, (d) treated plant stem (10-20 cm), ¢) treated
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Effect of Fe304/HA NPs on photosynthetic pigments and carotenoids

The analysis of variance for deferent kind of chlorophyll in chrysanthemum indicated that
the effect of various Fe304/HA NPg levels on Chl a, Chl b, carotenoids, total chlorophyll,and
chlorophyll a+b to carotenoids ratio, was statistically significant, but it was not for Chl a/ Chl b
ratio (Table 2).

Table 2. Analysis of variance for the effect of different Fe304/HA NPs levels in relative to iron chelates
on chlorophyll content in chrysanthemum leaf.

MS
S.0.V df . Total Chl (a+b) /
Chla Chlb Carotenoids chlorophylls Chl a/Chl b carotenoids
Treatment 4 2.701°* 0.642"" 0.1393* 5.842"" 0.0147 s 0.106"
Error 15 0.208 0.062 0.0069 0.345 0.0152 0.035
CV (%) 4.37 5.28 3.09 3.86 5.59 3.31

* ok

, " and ™: Significant at P < 0.05, P < 0.01 and insignificant respectively.

Figs.2a to d illustrate that photosynthetic pigment content of chlorophyll and carotenoids
in chrysanthemum depends on the concentration of Fe304/HA NPs in the growth medium. In-
creasing the concentration of iron nanoparticles motivated increasing the chlorophyll a, b, total
and carotenoids at levels 20 and 40 in comparison with 10 mg/L and control treatments. 20
mg/LNPs compared to Fe-EDTA caused increasing chlorophyll a, b, total and carotenoids by 14.80,
12.15, 13.90, and 13.98% respectively, significantly but compared to Fe-EDDHA had no significant
difference (Fig. 2a, b, ¢, d). Ghafariyan et al., (2013) reported that magnetite nanoparticles with a
diameter of 9 nm and dextran coating increased chlorophyll a, b and total of soybean by increasing
the concentration of nanoparticles compared to Fe-EDTA. Also, chlorophyll of oak seedlings
(Quercus macdougallii) treated with magnetite nanoparticles with citrate coating, with 6 to 10 nm
diameter increased in the early stages of growth (Pariona et al., 2017).

Jalali et al. (2016) reported that foliar application of magnetite nanoparticles a diameter of
15 to 20 nm and polyvinyl pyrrolidone coating increased total chlorophyll content in maize com-
pared to Fe-EDDHA.

Also, magnetite nanoparticles with EDTA coating increased concentrations of chlorophyll
a, b, and total and carotenoids in sunflower by soil application method (Shahrekizad et al., 2015).

Fig.2g and h demonstrated the linear regression relationship between chlorophyll a and b
and carotenoids with a coefficient of determination of more than 90% (R? > 0.90 **), which indi-
cates that Fe304/HA NPs and iron chelates treatments similarly affected on biosynthesis the main
pigments of photosynthesis in leaf, which is consistent with previous results (Ursache-Oprisan et
al., 2011).

Light harvesting complex (LHC) II in photosystem II is an important part of the photosyn-
thetic system in chloroplasts, which is considered as an index of the efficiency of the photosynthesis
process, it is determined by the ratio of chlorophyll a/b(Hopkins, 1999). This important physio-
logical parameter is shown in Fig.2e. In all treatments of nanoparticles in relative to Fe-EDTA in-
creased LHC II index 7.98, 3.76 and 3.76 %, in 10, 20 and 40 mg/L treatments of iron nanoparticles,
respectively, although the difference was not statistically significant.

The ratio of chlorophyll a + b to carotenoids did not also differ significantly at concentra-
tions of 20 and 40 mg/L of nanoparticles with iron chelates as the control (Fig. 2f), although this
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effect was related to the concentration of nanoparticles and in 10 mg/L of nanoparticles, a reduction
was observed compared to Fe-EDTA control.

Despite the increase in chlorophyll a, b and carotenoids, a relative increase in chlorophyll
a, as the most important component of chlorophyll was higher than the total carotenoids at con-
centrations of 10 to 20 and 40 mg/L of nanoparticles.

Previous studies showed that magnetite nanoparticles with EDTA coating, by foliar appli-
cation, increased carotenoids and chlorophyll a + b ratios to carotenoids, but reduced LHC II index
in sunflower compared to Fe-EDTA as control by soil application method (Shahrekizad et al.,
2015). Ursache-Oprisan et al. (2011) reported that magnetite nanoparticles with sodium oleate
coating reduced kind of chlorophylls, carotenoids and LHC II index in sunflower seedling com-
pared to the control(without NPs). The difference in the results observed in this experiment can be
related to the effect of the type of nanoparticle coating and the method of application(Liu ef al.,
2005).

DISCUSSION

The use of nanoparticles with a new coating and knowledge of toxicity, absorption, and
transfer to the plant as the most important component of the ecosystem are important for estimating
the effect it on the environment and safe use.

In this experiment the reason for higher transfer factor of superparamagnetic Fe304/HA
NPs(0.857, Fig. le, ¢) in relative to previous study (0.649, Ghafarian ef al., 2013) can be related
with a negative surface charge of humic acid on iron nanoparticles that facilitates transfer in the
plant (Ghafarian et al., 2013), biocompatibility with the cell (Anastasia et al., 2015), increase sol-
ubility and absorption of nutrients of the plant (Denre et al., 2014), especially iron (Nyerges, 2005;
Hajdua et al., 2009), which can be a potential factor in improving absorption and transfer of iron,
and physiological properties compared to Fe-EDTA and Fe-EDDHA iron chelates.

Previous studies indicated that low molecular weight humic acid fractions are taken up both
actively and passively, whereas humic acid of molecular weight> 50000 daltons is taken up only
passively (Vaughan and Ord, 1981). Humic materials increase the permeability of the cell mem-
brane, resulting in an increase in nutrient uptake, especially iron (Shenker and Chen, 2005). In-
creasing the permeability of the cell membrane by humic acid is probably related to the surface
activity of humic substances resulting from the presence of both hydrophilic and hydrophobic sites
(Chen and Schnitzer, 1978).

On the other hand, the widespread distribution of nanoparticles (diameter from 2 to 17 nm
with a mean of 8.38 nm) can increase the probability of penetration and transfer of nanoparticles
in this study in relative to a narrow range of 9 nm (single size).

The reasons of accumulation of nanoparticles in the root included penetration and transfer
of iron oxide nanoparticles into the plant through apoplastic space from the epidermis to endoderm
and accumulation in the plant cell vacuole (Li et al., 2016; Pariona et al., 2017). One of the obsta-
cles to the movement of apoplastic nanoparticles can be Casparianstrip in the root cells. In studies
conducted, it was found that Casparianstrip in zones called passage cells,penetration of nanopar-
ticles is possible (Fahn, 1982; Luttge, 1971; Yamaji and Ma, 2014), and in addition, in young roots
that still do not form Casparianstrip it is also feasible to transfer nanoparticles to the vascular
system of the root (Sattelmacher and Horst, 2007; Zhang et al., 2011; Schwab et al., 2016). Nev-
ertheless, TEM images showed that most magnetic iron oxide nanoparticles of -Fe»,O3 accumu-
lated in maize with a diameter of 17.7 nm in the root epidermis (Li ef al., 2016). The strong
magnetic signals observed in the root clearly indicate the frequency of nanoparticles in surface
absorbed / trappedin the root tissue, which can be due to absorption of macromolecules secreted
from the root (such as proteins and polysaccharides) (Ghafarian et al., 2013; Rauchand Creang,
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2013; Westmeier et al., 2016). The pore size also plays a decisive role in the transfer of nanopar-
ticles to the shoot.

For the mechanism of iron nanoparticles on the increase in the plant chlorophyll, it can be
stated that the efficiency of the photosynthetic system is widely dependent on the iron ion. Iron
deficiency leads to a reduction in the concentration of chlorophyll, which affects the metabolism
of photosynthesis and plant development. Banijamali ef al., (unpublished data) reported that
Fe304/HA NPs at a concentration of 20 mg/L of a nutrient solution in the hydroponic system in-
creased the total iron absorption in chrysanthemum (2.30 mg per plant), and total biomass of the
plant (43.75 g / plant), which increased by 42.86%, 22.99% and 35.91%, 38.54%, compared to
Fe-EDTA and Fe-EDDHA, respectively. Iron ion supply to the photosynthetic system restricted
can be due to proton secretion by rhizosphere of chrysanthemum root and iron ion release by iron
nanoparticle for chlorophyll (Liu ef al., 2008). On the other hand, superparamagnetic magnetite
nanoparticle in redox reactions of chloroplasts can provide iron ion for and biochemical reactions
in chloroplast stroma, siderophores in thylakoid membranes(Racuciu and Creang, 2009) and pho-
tocatalytic reactions (Ghafariyan et al., 2013).

The mechanism of the effect of nanoparticles in addition to biochemical effects can also be
due to the effect of the magnetic field of nanoparticles on enzymatic structures at different stages
of enzymatic reactions (Atak et al., 2007). Previous studies showed that low concentrations of iron
magnetic nanoparticles in ferrofluids led to an increase in chlorophyll content in bean (Sala, 1999)
and soybean seedlings (Atak et al., 2007).

In conducted studies, iron oxide NPs in oak (Pariona ef al., 2017) and watermelon (Li et
al., 2013) motivated increasing growth and chlorophyll. The reason could be attributed to the ap-
propriate amount of reactive oxygen species (ROS) production by Fe304 NPs magnetic nanopar-
ticles is influenced by the application of optimal nanoparticle concentrations (Fig. 2a, b, c,
d)(Sharma et al., 2012; Yang et al., 2017).

The positive effect of nanoparticles coating with humic acid in this experiment can be its
role as an electron source that increases the reduction of iron nanoparticles. Liu et al., (2005) re-
ported that natural organic matter such as humic acid and organic fertilizers affected the mobility
of iron oxide nanoparticles (FeoO3) and transfer to the leaves of peanut and improved chlorophyll
compared with iron nanoparticles with the citric acid coating. The usage of humic acid in nutrient
solutions or foliar application in tomato and foliar application in begonia increased the concentra-
tion of chlorophyll and photosynthesis (Sladky, 1959; Sladky and Tichy, 1959). The application
of mixed of peat and iron increased chlorophyll content in wheat, which did not have a significant
difference with Fe-EDDHA treatment (Barak and Chen, 1982).

CONCLUSION

The study results demonstrated that the absorption of iron nanoparticles through the root
and transmitted to the aerial parts of the plant was confirmed by magneto meter method. The pres-
ence of nanoparticles in the leaf increased the different kinds of photosynthetic pigments including
chlorophylls a, b, total and carotenoids in relative to iron chelate of Fe-EDTA. No difference was
observed in photosynthesis efficiency between iron nanoparticles and iron chelates treatments as
iron sources. Generally, it seems that the coating of humic acid has improved biocompatibility and
effectiveness of nanoparticles in chrysanthemum. Further studies are needed to understand the fate
of nanoparticles in the ecosystem and their effects on plants.
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