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ABSTRACT

In this study, the effects of different concentrations (0, 200, 400, 800, and 1600 mg/kg) of bare and chitosan(CS)-coated Fe;O4 magnetic
nanoparticles (Fe30, MNPs) on seed germination and seedling growth of sweet pepper (Capsicum annuum L.) were evaluated. Bare and
CS-FesO4MNPs in the size range of 3-22 nm were synthesized by co-precipitation and polyelectrolyte complex (PEC) procedures,
respectively. Consequently, they were characterized using FT-IR, XRD, VSM, SEM, TEM and DLS techniques. Then, the effects of the
prepared nanomaterials were evaluated on physiological parameters such as germination rate and speed, rootlet and shootlet length, fresh
and dried weights as well as total iron content. It was found that bare and CS-Fe;O, MNPs with concentrations of 200 and 400 mg/kg
had significant impacts on seed germination and seedling growth. In addition, the higher concentrations of MNPs showed toxic effects.

Taken all together, CS-Fe;0, MNPs had better efficiency on the evaluated parameters in comparison to bare Fe304 MNPs.
Keywords: Germination, Fluorescence, Seedling growth, Nanoparticle uptake.

1. INTRODUCTION

Seed germination, creating the first vegetative structures
of the plant, plays a significant role in viability, growth,
development, adaptation and yield of crops [1]. During this
process, seedlings gradually change their nutritional nature to
photo-autotrophy. In the first stage of seed germination, the seeds
absorb high amounts of water containing minerals [2]. The
minerals have different influences on seed germination and
seedling growth.

The traditional fertilizing methods in seedling production
were reported to cause physiological stress in different plant
species [1, 3]. In recent years, nanomaterials have gained growing
attention in modern agriculture due to their preferential advantages
such as high efficiency, reduced application frequency of
fertilizer, effective bioavailability and notable biocompatibility [4-
6]. Accordingly, various nanomaterials such as SiO,, TiO,, CuO,
ZnO, and iron oxides have been utilized during seed germinations
and seedling growth [7-12]. Among different nanomaterials, Fe;0,
magnetic nanoparticles (FesO; MNPs) showed outstanding
properties including chemical stability, electromagnetic behaviors,
anti-contaminant features and low toxicity [13-16]. It is well-
known that the interaction between the magnetic compounds,
Fes0, MNPs, and enzymes in cells stimulates seed germination
and seedling growth [4, 17-19]. Iron oxide MNPs cause the
opening of root cell aquaporins resulting in more absorption of
water and minerals [13]. Moreover, the concentration of magnetic
nano-materials could affect the seed germination and seedling
growth [20-23]. On the other hand, the concentrations of these
materials have positive and negative effects depending on the
plant species. For example, low concentrations of iron oxide
MNPs inhibited the seed germination of Chinese bean, although

they stimulated the germination in higher concentrations [13].
Seed germination of cucumber, lettuce, and oak was increased
after treatment with various concentrations of Fe;O, MNPs [16,
21]. In another work, different Fe;O, NPs concentrations have
enhanced the growth of tomato seedlings [24]. In contrary, the
utilization of high concentrations of Fe;O4 NPs inhibited the seed
germination of some plant species [25, 26].

Generally, aggregation, low stability, and toxicity of
metal-based nanomaterials could be considered as the main
disadvantages, upon which their applications were limited [7, 27-
30]. Regarding these problems, bio-polymeric materials as coating
and encapsulation agents have received recently high attention due
to their biocompatibility [31, 32]. Chitosan (CS) as one of the
most abundant biopolymers in nature could be prepared by N-
deacetylation of chitin. It was frequently employed for the
designing and encapsulation of metal nanoparticles for agricultural
applications [33]. The effects of CS on the seedling growth,
drought and salinity tolerance as well as resistance to infections
were reported [34]. Intriguingly, the encapsulation of metal
nanoparticles in biocompatible compounds such as CS biopolymer
regulates the proper release of nutrients [35, 36]. For instance,
chitosan coated copper nanoparticles remarkably improved maize
seedling growth by up-regulating the enzymes responsible for the
mobilization of stored food [37, 38]. Further, chitosan coated
silver and copper nanoparticles were synthesized and their toxic
effects on soil microbial status and microbial population have
been studied [39]. However, the application of CS coated
magnetic iron oxide nanoparticles for agricultural proposes is a
new field of study.
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Capsicum annuum L., a member of Solanaceae family,
has high contents of antioxidant compounds and is broadly used as
a valuable vegetable due to its unique properties such as
anticancer and anti-inflammatory activities [40]. In the current
study, bare and CS coated FesO, MNPs were synthesized by co-
precipitation and polyelectrolyte complex (PEC) methods,

2. EXPERIMENTAL SECTION

2.1. Synthesis of bare and CS coated Fe;O, magnetic
nanoparticles.

2.1.1. Chemicals. Low molecular weight chitosan (Mw=20 kD;
the degree of deacetylation= 92%) was provided from Amicogen
Inc. (Jinju, South Korea). Iron salts, FeCl,-4H,0 and FeCl;-6H,0
were purchased from Merck Co. (Germany). Ammonia solution
(25%, Merck, Germany) was used for preparing the desired
dilution.

2.1.2. Synthesis of bare and CS-Fe;O, MNPs. Bare Fe;0, MNPs
were synthesized according to the previously reported protocol
[41]. In order to the synthesis of CS-Fe;O4 MNPs, co-precipitation
of Fe**/Fe* ions through in situ method in presence of chitosan
was accomplished. In overall, chitosan solutions were prepared by
pouring 1 g of chitosan in 100 mL acetic acid solution (1% wt) at
70°C for 1 h. Then, 2 g of FeCl,-4H,0 and 5.4 g of FeCl;-6H,0
iron salts (nFe**/nFe** = 2) were dissolved in 20 mL of distilled
water and added into the chitosan solution. The solution purged
with N inert gas for 30 min. Ammonia solution (3 M) was slowly
dropped into (Fe**/Fe?*)-loaded chitosan solution until the pH of
the solution reached to 11. Afterward, the formation of black
Fe;04 nanoparticles was observed. The magnetic solution was
stirred at 70°C for 1 h. The obtained magnetic chitosan solution
was thoroughly washed with excess distilled water to remove
unreacted reagents. The purification was continued until the pH of
the solution reached 7. To obtain a homogeneous solution, the
purified magnetic chitosan sample was dispersed in 100 mL
distilled water and sonicated at the frequency of 50 kHz for 30
min (Bandelin SONOPULS HD 2200). A part of purified
magnetic CS-Fe;0, MNPs was separated by a magnet and was
frozen using a freeze-dryer (Freeze-dryer, Alfa 2-4LDplus, Christ
Co., Germany). The protocol included flash freezing in liquid N,
freezing at -80°C under the vacuum pressure of 0.001 mBar and
finally cooling at 4°C for 48 h.

2.2. Instruments and methodologies.

The dried magnetic CS-Fe;0, MNPs powder was used in order to
investigate their magnetic behavior using a vibrating sample
magnetometer (Meghnatis Daghigh Kavir Co., Kashan Kavir,
Iran) with an applied field in the range of -8 and 8 kOe at 298 K.
Fourier transform infrared (FTIR) spectrum of dried and purified
magnetic nanoparticles was recorded in KBr pellets by a Bruker
113V FT-IR spectrometer. The structure of CS-Fe;0, MNPs was
characterized by one-dimensional wide-angle X-ray diffraction
(XRD), which the pattern was recorded on Siemens D-500 X-ray
diffractometer at a wavelength of A=1.54 A (Cu-K a), at a tube
voltage of 35 kV, and tube current of 30 mA. Dried nanoparticles
were coated with a thin layer of gold and studied using a scanning
electron  microscope-energy  dispersive  X-ray  instrument
(SEM/EDX, VEGAII, XMU, Czech Republic). The powdered

respectively. Synthesized materials were characterized using FT-
IR, XRD, VSM, SEM, TEM and DLS techniques. The uptake of
MNPs by root cells of C. annuum was confirmed by fluorescence
microscopic images. Subsequently, the effects of prepared
nanomaterials were evaluated on the seed germination, seedling
growth as well as iron contents in C. annuum.

nanoparticles were dispersed in distilled water and transmission
electron microscope (TEM) micrographs were taken with a Philips
CM10 operating at 60 kV tension. The average of particle size and
size distribution were determined by dynamic light scattering
(DLS) using a photon correlation spectroscopy (PCS) assembly
with a malvern zetasizer (Malvern Instruments Limited, UK).
2.3. Preparation of seeds for germination.
2.3.1. Seed germination in Petri dish. Seeds of sweet pepper (C.
annum) were purchased from Pakan Bazr Isfahan Co., Iran. The
seeds were drained under running water for one hour. They were
sterilized with a 2.5 % solution of sodium hypochlorite for 5 min
and then rinsed 3 times with distilled water. Then, 40 seeds were
transferred to Petri dishes containing the moistened filter paper
(with 5 ml of distilled water or NPs solution) and were incubated
at 25 = 20°C in the light. The number of germinated seeds was
determined every five day during the 20-day-long examination.
Seed germination speed was calculated regarding the proportion of
the total germinated seeds. Mean germination speed (R) was
measured by equation (1) according to a previous report [42].

R=Y Ni/>(Di*Ni) (1)
Where Ni is the number of germinated seeds on day D, Di is the
number of days counted from the beginning of the test.
2.3.2. Seed germination on paper towel. The paper towels were
soaked in 5 ml of distilled water or NPs solutions (200, 400, 800
and 1600 mg/kg). After sterilization of seeds, they were located
between two moist paper towels. The paper towels were covered
with nylon coats and incubated at 25 + 20°C in the dark. After 20
days seedlings were harvested. Shoot length (distance from the
shoot tip to the collar zone), root length (distance from the root tip
to the collar zone) and fresh and dry weights of vegetative organs
were measured. The whole experiment was repeated three times.
2.4. Total iron content.
A quantity of 0.5 g of root and shoot tissues were weighed and
dried. After powdering, the samples were digested using 11 mL
mixed solutions of HNO3- HCIO,4 (10:1 ratio) at 100°C for 4 h in a
tube-chamber microwave digestion system. The samples were
filtered and diluted to 50 mL using distilled water. Then,
concentrations of Fe in the digested tissues were determined by an
ICP-OES atomic absorption spectrophotometer.
2.5. Imaging methods.

Epifluorescence microscopy was used to ensure the entry
of Fes0, and chitosan-Fe;O, MNPs into the treated plants.
Observation of the control and treated plants was performed 5
days after the commencement of treatment. A number of roots of
the plants were randomly selected and stained by Auramine O (0.1
% in 100 mL water) for 5 min. The samples were observed using
an Olympus BX51 fluorescence microscope. The microscope was
armed with the catadioptric lenses UMPlan FL-BDP and the BX-
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RFA (Olympus Optical Co., Ltd. Tokyo, Japan) fluorescence
illuminator. The best fluorescent shots were taken when U-MWB3
(480-510 nm) and U-MWG3 (510-550 nm) mirror cube units
were used. The depth of field was enhanced by the stack z-
projection to exert the final superimposed images [43, 44].

2.6. Statistical analysis.

3. RESULTS SECTION
3.1. Characterization of nanoparticles.

The magnetic hysteresis loop of the magnetic CS-Fe;04
was measured using VSM technique at +9 kOe and 298 K. The
CS-Fe30, sample demonstrated superparamagnetic behavior,
which was evident from zero value for the coercivity and
remanence on the magnetization curve (Figure 1). The saturation
magnetization (Ms) of magnetic CS-Fe;0, was obtained to be 29.1
emu/g. Compared to the pure FesO, MNPs, the CS-FesO, MNPs
showed low Ms Value, which was assigned to the non-magnetic
behavior of chitosan [45]. On the other words, because the
saturation magnetization of materials is reported per g of sample,
the Ms Value was gained lower for CS-Fe;O4 MNPs due to the
presence of chitosan.
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Figure 1. VSM curves of bare Fe;04 and CS- Fe;04 MNPs.

The chemical structure of CS-FesO, MNPs was
confirmed using FTIR and XRD techniques. The FTIR of chitosan
showed characteristic bands at 1656, 1591, and 1070 cm™ related
to the amide I, amide Il, and glycosidic bonds, respectively
(Figure 2). The FTIR analysis of CS-Fes0, MNPs revealed a
characteristic band at 575 cm™. This band was attributed to the Fe-
O stretching vibrations, indicating the successful synthesis of
FesO4 MNPs. Amid | bond of chitosan showed no shifting and its
corresponding bond appeared at 1656 cm™. The amide Il and
glycosidic bonds of chitosan showed a shifting to a lower
frequency (1550 and 1057 cm™, respectively), confirming the
chitosan and Fe;O, interaction.

The XRD patterns of chitosan and CS-Fe;0, MNPs have
further confirmed the formation of Fe;O, nanoparticles. Pure
chitosan sample showed a diffraction peak at 20=20.42", which
corresponds to the partial crystalline structure of chitosan. The X-
ray diffraction pattern of CS-Fe;O, nanoparticles was shown in
Figure 3. The main distinctive peaks of XRD appear at 26=30.5,

Treatments were arranged in a completely randomized
design with three replications. In order to detect significant
differences between the treatments, the analysis of variance was
employed. The multiple ranges Duncan’s test was used to compare
the treatment means using SAS version 9.1.

35.7, 43.3, 53.7, 57.6, and 63.1° which are related to the (220),
(311), (400), (422), (511), and (440) plans of magnetite Fe;0,
nanoparticles [46].
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Figure 2. FT-IR spectra of CS and CS-Fe30, MNPs.
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Figure 4. TEM images of (A) bare Fe;04 and (B) CS-Fe;0, MNPs.
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The morphology of the bare Fe;O4 and CS-Fes0;, MNPs
were investigated by SEM and TEM techniques. According to the
TEM images, the synthesized nanoparticles exhibited a well-
defined spherical shape with a degree of aggregation (Figure 4 A,
B). The sizes of bare Fe;O, and CS-Fe;O4 nanoparticles were
appeared to be in the range of 5-25 nm.

Based on the SEM images (Figure 5 A, B), the magnetic
nanoparticles had a higher particle size (~45-90 nm) compared to
the TEM result. The difference in the size of nanoparticles
obtained by TEM and SEM techniques may be attributed to the
loss of stability and aggregation of nanoparticles during the

freeze-drying process [47].

Figure 5. SEM images of (A) bare Fe;0, and (B) CS-Fes0, MNPs.

DLS analysis was used to specify the hydrodynamic
diameters of the magnetic nanoparticles. Figure 6 A and B
depicted DLS analysis of bare Fe;O, and CS-Fe;O, MNPs in
which the average diameters of ~ 66£3 nm and ~70£5 nm were
obtained, respectively. Compared to the TEM results, the increase
in the average size obtained from DLS data may be attributed to
the aggregation of nanoparticles in solution [48].

I

&
=

T
il
|l
1

Intensity (%)
8 &

T
[

0
01 1 10 100 1000 10000
A Size (d.nm)
40
N
I
2 I
z | |
i i
E e
. I
|
|
I (I
[}
01 1 10 100 1000 10000
B Bl

Figure 6. DLS diagrams of (A) bare Fe;0,4 and (B) CS-Fes04 MNPs.

3.2. Fluorescence microscopic imaging.
To assess the entrance and localization of Fe;O, and CS-

Fe304 MNPs into the root tissues, treated plants were investigated
by fluorescence microscopy. Obtained fluorescence microscopic
images of treated plants verified the presence of Fe;O, and CS-
Fes0, MNPs as black spots and shiny green dots in root tissues,
respectively (Figure 7 B, C.). In contrast, the images did not
display any sign in the control specimens (Figure 7 A). The
existence of shiny green spots could be related to CS around the
FesO, MNPs. These findings were in fair agreement with the
previous reports on other plants [22, 49].

Figure 7. Fluorescence microscopic images of C. annum roots. Control
groups (A) did not show any sign of MNPs in root cells. B and C
illustrate the Fe;0, and CS-Fes04 MNPs uptake and accumulation in
root tissues, respectively. Dark spots demonstrate Fe;04 MNPs
aggregation and shiny green dots demonstrate CS-Fe;0, MNPs
accumulation inside the cells (arrows).

3.3. Germination and seedling growth parameters.

In this study, two different culture methods using Petri

dishes and paper towels were used to evaluate the effects of
different concentrations of Fe;O4 and CS-Fe;O4 MNPs on pepper
seed germination and seedling growth.
3.3.1. Petri dish cultures. Different concentrations of Fe;O, and
CS-Fe30, MNPs had significant effects on germination of pepper
seeds in Petri dishes. The low concentrations of the synthesized
nanoparticles stimulated seed germination and the increasing
concentration of nanoparticles led to a decrease in seed
germination (Figure 8). Accordingly, the highest germination
speed was observed in the seeds treated with 400 mg/kg FesO,
MNPs and 200, 400 mg/kg Cs-FesO, MNPs (Figure 9 A).
Moreover, Fe;0, MNPs with 1600 mg/kg exhibited the lowest
seed germination speed.

Compared to the control groups, low concentrations (200
and 400 mg/kg) of both Fe;0, and CS-Fes0, MNPs showed the
maximum germination percentage. FesO, MNPs with highest
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concentrations (800 and 1600 mg/kg) demonstrated the lowest | Figure 9. Effects of FesO,and CS-Fe;O, MNPs treatments on (A) seed

percentage of germination (Figure 9 B) germination speed and (B) germination percentage of pepper seeds in
: Petri dishes.
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3.3.2. Culture in paper towel. To study the seedling growth
parameters, we used paper towels culture; because the method
provides appropriate moisture for seeds. Germination data using
paper towels indicated that low concentrations of both types of
nanoparticles had stimulating effects on germination rate (Figure
10 A-G). However, the lowest germination rate was observed in
the control groups. (Figure 10, A). Growth indices of pepper
seedlings significantly changed in different concentrations of
Fes04 and CS-FesO4, MNPs. The highest length of shootlet was
observed in the seedlings fed with 200 mg/kg of FesO, MNPs and
200, 400 mg/kg of CS-Fes04, MNPs. In comparison, the lowest
length of shootlet was observed in the seedlings exposed to 1600
mg/kg Fe;O4 MNPs (Figure 10, B).

Plant root is the first organ that directly exposed to
nanoparticles and its growth reflects the plant's response to
environmental conditions [9, 50, 51]. Exposing of pepper
seedlings to 200 mg/kg of Cs-Fe;O4 and 1600 mg/kg of Fe;O,
MNP solutions led to the highest and the lowest lengths of
rootlets, respectively. Low concentrations of both MNPs had
positive effects on shootlet growth, but only in the highest
concentration of Fe;O, MNPs negative effects were observed
(Figure 10, C). The seedling biomass was affected by use of
different concentrations of nanoparticles. The highest amount of
fresh weight of seedling was observed at 200 mg/kg of Cs-Fe;0O,
concentration, while the lowest fresh weight was obtained in
seedlings fed with highest concentrations of both nanoparticles
(Figure 10, D-E). The seedlings treated with low concentrations of
CS-Fe304 (200 and 400 mg/kg) and 200 mg/kg of FesO, MNP
showed the highest amount of dry weight. Remarkable negative
effects on seedling dry weight were detected after treatment with
the highest concentrations of both nanoparticles (Figure 10, F-G).
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Figure 11. Total iron content in shootlets and rootlets of pepper plants
treated with different concentrations of Fe;O, and CS-Fe;0, MNPs.

4, CONCLUSIONS
In summary, bare Fe;O4and chitosan-coated FesO, MNPs
were synthesized and characterized. The positive and negative

In the application of mineral compounds as plant nutrients,
it is crucial to detect the threshold of toxicity. Germination speed,
root growth, and more importantly root length are important
indices in the diagnosis and evaluation of plant toxicity [15, 20,
25, 52]. Metal oxide nanoparticles may have inhibitory effects on
different stages of plant growth, such as seed germination and root
growth. For the evaluation of a wide range of xenobiotics toxicity,
the percentage of germination could be considered as a
fundamental index [20].

In this study, low and high concentrations of nanoparticles
had stimulant and inhibitory effects on seed germination,
respectively. Our results are in good agreement with other
reported studies. For instance, stimulant effects of low
concentrations of Fe;O, MNPs were observed on mung bean,
lettuce, cucumber, tomato seed germination without any signs of
toxicity [16, 24, 53]. In contrary, two different concentrations
(2000 and 5000 mg/kg) of Fe;O, MNPs were reported to have
remarkable inhibitory effects on seeds germination of Linum
usitatissimum, Lolium perenne and Hordeum vulgare [25]. In
addition, the application of Fes0, MNPs reduced the germination
of wheat and rice seeds [54, 55].

It is well-known that the concentration of nanoparticles
may influence the longitudinal growth of plant roots. Such a
relationship was also observed in our studies. When we used the
low concentrations of MNPs, the root growth was stimulated
clearly. The similar results were reported on pumpkin and ryegrass
using 30,100 and 500 mg/L Fe;O, MNPs [56]. By applying the
high concentrations of both synthesized-MNPs in our experiments,
the root growth of pepper plants was inhibited. Generally, after
seed germination, rootlets contact directly with iron oxide MNPs
which covered the surface of roots and decreased the root growth
[9, 51, 57]. Therefore, toxicity symptoms were more common in
the roots [58]. The toxicity effects of Fe30, MNPs on roots have
been reported on Arabidopsis and mango plantlets [52, 53]. In the
present study, we observed short, branched and shrunk root tips as
significant toxicity symptom using the high concentrations of
Fe;O4 and CS-Fe;0, MNPs. These results are also in agreement
with the findings of a number of previous studies [59, 60].

3.4. Total Fe content in pepper seedlings.

Iron plays an important role in the structure and function of
several enzymes [61, 62]. Therefore, Fe-containing nanoparticles
may accelerate the seed germination by triggering of metabolic
processes [63]. The measurement of Fe in pepper plantlets
demonstrated a significant relationship between the Fe;O4 and CS-
FesO, MNPs concentrations in solutions and Fe accumulation
levels in roots and shoots (Figure 11). As a result, the iron content
in the roots was higher than the shoots. There are several reports
on the high accumulation of Fe in root tissues under Fe-excess
conditions [64-66]. Remarkably, plantlets exposed to CS-Fe;04
MNPs possessed higher contents of iron due to the positive effects
of chitosan, which probably facilitate the sustainable release of
iron [67-69].

effects of the synthesized nanoparticles were exposed on seed
germination and seedling growth of C. annuum. The results
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revealed that application of 200 and 400 mg/kg Cs-Fe;O, MNPs
were optimal for the growth of the pepper seedlings. Compared to
FesO, MNPs, it was shown that chitosan-coated Fe;O, MNPs
supply sustainable release iron, which contributes to positive
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