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ABSTRACT

Nanoparticles have an increasing accumulation and effect as day to day in aquatic, terrestrial and atmospheric
environments, and one of the most basic factors determining these effects is their sizes. As the material size
decreases, the distribution and accumulation of particles are facilitated and accelerated. In this study, the possible
nanotoxicological effects of nanomagnetite (FesO, NPs), hydroxyapatite (HAp) (synthesized by the recovery of
waste eggshells) and Fe;O4-HAp nanocomposite on wheat germination percentage and chlorophyll production were
evaluated. It was determined with SEM images that the Fe;O4 nanoparticles was in the size of 22-30 nm, while the
Fes04-HAp was 90-350 nm. The presence of HAp particles caused a decreasing in the germination percentage
compared to presence of only Fe;O4 nanoparticles, as like in the root elongation (20-27%). The chlorophyll content
was determined in the both aged and young leaves on second, third and fourth weeks of wheat plants. Results
showed that wheat plants were sensitive in the early stage of plant growth (second week) to the all test chemicals.
The presence of HAp in the growth media decreased the chlorophyll content of wheat because of their sizes. The
maximum decreasing of chlorophyll content in wheat was observed at the 40 mg L™ HAp treatment as 86%. All the
test chemicals used in this study uses in many areas, thus it should be detailed evaluated ecotoxicological aspect.

Keywords: Chlorophyll, hydroxyapatite, nanoparticles, magnetite, phytotoxicity
OZET

Nanopartikiiller sucul, karasal ve atmosferik ortamlarda giin gegtik¢e artan bir birikim ve etkiye sahiptirler ve bu
etkileri belirleyen en temel faktdrlerden bir tanesi boyutlaridir. Malzeme boyutu azaldikga partikiillerin dogadaki
dagilim ve birikimleri kolaylasir ve hizlanir. Bu ¢aligmada, nanomanyetit (FesO, NPs), hidroksiapatit (HAp) (atik
yumurta kabugunun geri kazanimi ile sentezlenen) ve Fe;0,-HAp nanokompozitinin olas1 nanotoksikolojik etkileri,
bugday c¢imlenme yiizdesindeki degisiklikler ve klorofil liretimindeki etkileri olarak degerlendirilmistir. SEM
gortntiileri incelendiginde Fe3O4 nanopartikiiliiniin boyutlariin 22-30 nm, Fe;O,-HAp nanokompozitinin ise 90-
350 nm araliginda oldugu tespit edilmistir. HAp partikiillerinin varlig1 sadece Fe;O, nanopartikiillerinin varligina
kiyasla kok uzamada oldugu gibi (%20-27), ¢imlenme yilizdesinde de bir azalmaya neden olmustur. Bugday
bitkisinin klorofil i¢erikleri hem gen¢ hem de yasl yapraklarda olmak {izere ikinci, liglincii ve dordiincii haftalarda
Olciilmiistiir. Sonuglar, bugdayin biiylimesinin erken asamasinda (ikinci hafta) tiim test kimyasallarina daha duyarl
oldugunu gostermistir. Bitki biiylitme ortamindaki HAp varlifi, boyutlarindan ve demir kullanimini inhibe
ettiginden bugdaym klorofil iiretimi azaltmustir. Klorofil igerigindeki maksimum azalma 40 mg L™ HAp
uygulamasinda %86 olarak bulunmustur. Bu calismada kullanilan tiim test kimyasallar1 bir¢ok alanda
kullanilmaktadir, bu nedenle ekotoksikolojik yoniiyle ayrintili olarak degerlendirilmelidir.

Anahtar Kelimeler: Fitotoksisite, hidroksiapatit, klorofil, nanopartikiil, manyetit
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INTRODUCTION

Plants are one of the most important components of human and animal’s life. They can be face to face with
different toxic or non-toxic chemicals at any stage of their life, due to some human activities. In recent years, new
chemicals, known as nanoparticles, with some unique properties have started to be produced as a result of
developing and changing technologies. These particles have special properties, such as reduction in size, increasing
surface/volume ratio, some physical, optical, and mechanical properties. The increasing production and use and
thus disposal of these particles in every field, caused releasing into the environmental media (aquatic, terrestrial,
and atmospheric). For this reason, it is important to determine the effects of nanoparticles on plants, especially
plants in food chain. Plants can internalize, accumulate, and/or give some different (enzymatic or non-enzymatic)
reaction to these special particles.

One of the most affected plant structures by nanoparticles is photosynthetic pigments. Photosynthetic pigments are
chemical elements which responsible for absorbing the light that necessary for the photosynthesis process to occur.
Chlorophyll is a type of photosynthetic pigments, plays a critical role in the photosynthesize process (Mezacasa et
al., 2020; Borhan et al., 2017). The chlorophyll measurement is made to determine plants health, photosynthetic
performance, and chloroplast development (Ji et al., 2020). The chlorophyll concentration generally is determined
via spectrophotometric methods; however, these methods need some toxic and flammable chemicals. Nowadays,
with the development of new technological devices, chlorophyll content can be easily determined. Thus, with these
devices fast, on-site, without destroying the plant tissues, and simple measurements that can also be performed by
farmers, can be realized (Hawkins, Gardiner, and Comer, 2008). The chlorophyll meter (SPAD-502) is a small
spectrophotometer that measures the absorbance of light at a wavelength of 650 nm, making it easy to monitor
physiological changes in plants and does not require any chemicals (Hawkins et al., 2008). The use of this
chlorophyll meter has been applied in many scientific studies (Mezacasa et al., 2020; Borhan et al., 2017; Dray Jr.,
Center, and Mattison, 2012).

Iron is an essential element for plants, animals and humans and is a micronutrient that needed in small amounts
(Bolat and Kara, 2017). Plants use iron (Fe(ll) and Fe(lll)) for many cellular and metabolic activity such as
photosynthesis, nitrogen fixation, DNA synthesis (Ghafariyan et al. 2013). Today, there are many types of iron-
based nanoparticles (magnetite, maghemite, superparamagnetic iron oxide etc.) that are used in many different
fields. Iron dissolved from these nanoparticles may be potential nutrient source for plants. Magnetite particles have
both Fe (1) and Fe (I11) ionic forms in the structure, thus it has different physico-chemical properties from other
iron oxide forms (Su, 2017). Studies related to the effects of magnetite (Fe;O4) nanoparticles on germination, plant
growth, and antioxidative enzymes of wheat and other plants, are included in the literature (De Souza et al. 2021;
lannone et al., 2016). De Souza et al. (2019) showed that the Fe;O, nanoparticles significantly increased the soil
nutrient content and lannone et al. (2016) also indicated that the Fe;O4 nanoparticles (~ 11 nm) can be used in
agricultural applications because of its non-toxic feature for wheat plants. Although hydroxyapatite, obtained from
eggshell, is generally used in many fields, such as biomedicals as bone substitute, regenerative dentistry, ceramic
production, and water and air treatment as absorbent (Girelli, Astolfi, and Scuto, 2020), studies about the
application of hydroxyapatite (HAp) on agriculture is very limited (Rop et al., 2018). However, HAp obtained from
eggshells is a valuable waste material that needs to be recycled, due to the nutrients it contains.

There are many studies in the literature related to magnetite nanoparticles, but according to our knowledge there are
not any study about the individual effects of these two particles, and the effect of magnetite-hydroxyapatite
nanocomposite on the chlorophyll content of wheat plants. In this study, the effects of Fe;0,, HAp and Fe;O4-HAp
nanocomposite particles on the chlorophyll content of wheat plants were evaluated.

MATERIALS AND METHOD
Fe;04 Nanoparticles, Hydroxyapatite and Nanocomposite Preparation

In this study, magnetite particles were synthesized according to Petcharoen and Sirivat (2012). Briefly, FesO,
solution was prepared by adding 6.1278 g of solid FeCls.4H,0 and 3.0121 g of solid FeCl,.6H,0 into 100 mL of
deionized water under N, medium. When the solution temperature reached 85 °C, 25 mL of ammonia (NHs, 25%
purity) solution was added and solution stirred for 30 minutes to be a homogeneous mixture. Then this solution
cooled at room temperature and a black precipitate formed. The formed Fe;O, nanoparticles were washed several
times with distilled water and separated with a neodymium magnet.
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Eggshells (ESs), used in this study, were collected from Mersin University-Turkey main cafeteria. Firstly, waste
ESs washed three times with tap water to remove the organic substance and then washed with hexane and distilled
water for disinfection. The membrane layer was manually peeled off in the ESs and dried in the oven overnight at
80 °C. Finally, the dried eggshells were ground and sieved with a mesh of 212 pm.

To prepared Fe;O4-HAp nanocomposite, magnetite solution was prepared according to mentioned before, but the
solution stirred for 2 minutes to be a homogeneous mixture. 3 g ESs powder was added in this solution and stirred
out in nitrogen during 30 min and cooled at room temperature. The black precipitate formed in the solution. The
obtained Fe;O,-HAp nanocomposite were washed several times with distilled water and separated with a
neodymium magnet (Petcharoen and Sirivat, 2012).

Seed Germination and Root-Shoot Elongation

The wheat seeds (Triticum aestivum - Ikizce 96) were purchased from Mersin Province, Turkey, kept at 4-5 °C for
3 days before the germination processes. The seeds in uniform size were sterilized 3 % sodium hypochlorite for 10
min after the treatment of 70% ethanol for 30 s. Seeds were washed several times with deionized water to remove
surface residues. To determine the seed germination and seedling vigor index, 10 seeds in uniform size were placed
in petri dishes (100 x 15 mm, glass petri) included double layer filter paper. 5 mL test chemicals (Fe;0,, HAp, and
Fe;04-HAp nanocomposite) at different concentrations were added into the petri dishes and incubated 7 days at 25
°C in the dark. After the germination process, the number of germination seeds were counted in every dish and the
seedling vigor index was calculated according to Dogaroglu, Eren, and Baran (2019) and the root and shoot
elongation was measured using millimetric paper. Then the germinated plants were transferred to the pots included
50 g turf (pH 6-8, total N: 0.2-0.45%, water holding capacity: 300-450%) and watered with tap water every
second days. After the sowing the seedlings, 10 mL test chemicals were added to pots and the plants were grown
for 28 days. All steps were realized in three replications.

Chlorophyll Content

Chlorophyll content was measured every week, after the planting. The measurements were done for three weeks.
The chlorophyll content was measured at the fully expanded aged and young leaves using SPAD-502 chlorophyll
meter (Konica-Minolta, Osaka, Japan 0.06 cm® measurement area and its accuracy is +£1.0 SPAD units) (Lin et al.,
2010). The measurements were realized every week, between 13:00-16:00 h at the middle of same leaf three times.
The mean of three recordings data were given as SPAD value.

Statistical Analyzes

The statistical analysis of chlorophyll content was performed using one-way analysis of variance (ANOVA) with
LSD test. SPSS Statistic program version 20 was used. The significance of difference for all measured were
calculated and the mean was compared by the least significant difference, LSD, p<0.05.

RESULTS AND DISCUSSION
Characterization of Test Chemicals

The size and morphology of synthesized Fe;O4 NPs, HAp, and Fe;O4-HAp nanocomposite particles were realized
by field emission scanning electron microscopy (FE-SEM). It was observed that Fe;O4,-NPs have a regular and
spherical grain size in the range of 22-30 nm (Fig. 1a) while, HAp particles have porous, nano and/or microscale
irregular sizes (Fig. 1b). It has been determined that the structure of HAp has a planar shape and that there are pores
of different sizes (90-350 nm) on it. In the SEM images of the Fe;O,-HAp nanocomposite, it was seen that FezO,-
NPs were placed inside the HAp pores and on the surface of the composite (Fig. 1c).
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Figure 1. FE-SEM images of a) Fes04 NPs, b) HAp, and ¢) Fe;O4,-HAp nanocomposite

Seed Germination and Root-Shoot Elongation

The effects of FesO, NPs, HAp, and Fe;O4,-HAp nanocomposite on seed germination were evaluated firstly. The
minimum germination percentage was determined at the treatment of nanocomposites. The average germination
percentage of wheat was determined as 99% for FesO, NPs, 97.5% for HAp, and 96% for Fe;O4-HAp
nanocomposite. However, the changes in the germination percentage was not significant compared to their own
control group (p>0.05). Similar results are also included in the literature. For example, lannone et al. (2016) and
lannone et al. (2021) reported that the citrate coated-FesO, NPs, in the size of 10 nm, and 14 nm was not affected
the seed germination of wheat, and soybean and alfalfa plants, respectively. Nevertheless, the Fe;04 NPs, HAp,
and Fe;O4-HAp nanocomposite treatment negatively affected the root elongation. The presence of hydroxyapatite
in the test media caused an inhibition of root growth and development, compared to control. The root elongation
was inhibited with increasing HAp concentrations and the minimum root length was determined in the HAp
treatment at 640 mg L™ concentration (Fig.2a). The wheat plants exhibited a decrease of 16.77% at the Fe;0, NPs
(320 mg L), 27.1% at the HAp (640 mg L™), and 20.44% at the Fe;0,-HAp nanocomposite (40 mg L™) treatments
in root length, compared to control. In contrast to root elongation, the shoot elongation was affected positively
(Fig.2b) because the roots have more sensitivity than shoots to external factors. In the germination phase, the roots
(radicle) are out of the seed coat earlier than shoots, so they are more exposed to external factors compared to the
shoots. In addition, in order to ensure plant growth and development, it causes the roots to be more sensitive to
external pollutants or nutrient supplements due to the desire to reach nutrients. The shoot elongation of wheat
plants exhibited an increase of 28 % at the Fe;0,-NPs (40 mg L), 21% at the HAp (40 mg L™), and 31% at the
FesO4-HAp nanocomposite (640 mg L™), compared to control. The similar result has been reported by De Souza-
Torres et al. (2021). The authors indicated that in very small size (6.7 nm) of 2000 mg L™ Fe;0,-NPs caused an
increase of 27.5% in shoot length of common bean plants. The seedling vigor index depended on germination
percentage and root-shoot length. Seedling vigor index depended on germination percentage and root-shoot length.
Thus, it showed that why the SVI decreased in the concentration of 40 mg L™ (due to the root length) and 160 mg
L (due to root length-germination percentage) Fe;O,-HAp nanocomposite. Also, it decreased in the concentration
of 640 mg L™ HAp treatments largely originated from low root length (Fig. 2c).
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Figure 2. Effects of Magnetite Nanoparticles, Hydroxyapatite, and Magnetite-Hydroxyapatite Nanocomposites on
a) Root Elongation, b) Shoot Elongation, and c¢) Seedling Vigor Index of Wheat

Chlorophyll Content of Wheat

The results showed that the chlorophyll content of aged leaves of wheat exposed to magnetite nanoparticles
decreased compared to the results of other weeks (Fig.3a). In the second week of aged leaves, the plants expend
energy to produce chlorophyll, due to need photosynthetic activity to grow. Iron is one of the major factors in
physiological developments of living organisms and also, it is important to chlorophyll production in plants
(Shankramma et al., 2016). It is used as an enzyme cofactor for photosynthetic reactions (Al Amri et al., 2020). In
generally, iron-based nanomaterials, used as nano-fertilizers, can be used iron supplier for plants, especially in Fe-
deficient soils. The results of our study for Fe;O4-NPs in chlorophyll content of aged leaves in second week showed
significantly changes at the 40 mg L™ (12.9% decrease) and 160 mg L™ (9.8% increase) concentrations, compared
to control (p<0.05). In the third and fourth weeks, the chlorophyll contents of aged leaves were decreased compared
to both control plants and second week, and there were statistically significant within the concentration groups
(p<0.05). On the other hand, an increasing trend was observed in young leaves on third week and in the next week



KSU Miihendislik Bilimleri Dergisi, 25(1), 2022 12 KSU J Eng Sci, 25(1), 2022
Arastirma Makalesi Research Article
Z.G. Dogaroglu, Y. Uysal

the chlorophyll content showed no differences compared to control (Fig.3b) (p>0.05). Similarly, the authors
showed that the chlorophyll content of muskmelon exposed to FesO4,-NPs were lower than control in the second
week, it increased in the third week and in the fourth week the chlorophyll content has no change compared to
control Wang et al. (2019).
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Figure 3. Effects of Magnetite Nanoparticles on Chlorophyll Content of a) Aged Leaves and b) Young Leaves of
Wheat

Although hydroxyapatite particles have the potential to be evaluated as agricultural nutrients sources, the
application areas are focused on biomedical areas (Rop et al., 2018). The main source of phosphorus in the soil is
rocks and minerals (apatite) and also organic materials include organic phosphorus. However, the large part of the
phosphorus in the soil is in the form of which plants cannot benefit because phosphate ions are kept tight in the soil
(Bolat and Kara, 2017). Plants affect from the phosphorus in the soil since it effects root growth and development,
plant maturation, early seed formation, fertilization and increases the resistance to diseases (Bilen ve Sezen, 1993).
Feng et al. (2021) showed that there were positive effects of HAp on winter wheat. The authors reported that the
plants were well grow, healthy, and greenish. On the other hand, if the phosphorus is too much in the soil, the
deficiency of micronutrient elements such as zinc and iron likely to occur (Bolat and Kara, 2017). In this study, it
was observed that the first leaves (aged leaves), the chlorophyll formation was inhibited by the presence of HAp
compared to control, especially in the second week (p<0.05). It is supposed that the second week was the
adaptation period for plants to HAp, because in the next weeks the chlorophyll content increased but was not as
much as the control (Fig. 4a). The young leaves did not showed sensitivity to HAp as much as aged leaves, since
the adaptation period was finished in second week (Fig.4b). The dose-depend-chlorophyll content observation
showed that the HAp concentration was not statistically significant in third week (except 40 and 160 mg L™) and
fourth week (except 40 mg L™), compared to control.
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Figure 4. Effects of Hydroxyapatite on Chlorophyll Content of a) Aged Leaves and b) Young Leaves of Wheat

0 40

Although the magnetic nanoparticles have low toxicity and their biologically compatible (Yang, Gong, and Zhang,
2010), the aggregation process makes magnetite nanoparticles difficult to internalized to plant cell (Daglioglu and
Yilmaz, 2018). Hydroxyapatite particles is the best inorganic auxiliary material that prevent aggregation of Fe;O,
(Kermanian, Naghibi, and Sadighian, 2020). However, the chlorophyll content of aged leaves treated with
magnetite-hydroxyapatite nanocomposite have shown an opposite tendency compared to treated with magnetite
nanoparticles. It was assumed that the particles size is the main factor in this tendency. The chlorophyll content
increased in the second week at 40 mg L™ nanocomposite concentration, while it decreased at the increasing
nanocomposite concentrations (p<0.05). The minimum and the maximum decreases in second week were
calculated as 20.4% and 39.5% at the 640 mg L™ and 80 mg L™ nanocomposite concentrations, respectively. The
significantly decreases were observed in the third week at the increasing nanocomposite concentration (302 and
640 mg L™, p<0.05), while were not observed significantly changes in chlorophyll content of aged leaves in fourth
week (p>0.05), compared to control (Fig. 5a). According to Bolat and Kara (2017) the symptoms of iron
deficiencies appear on young leaves as decrease in plant growth and production of chlorophyll. Similarly, in this
study, it was observed that the chlorophyll content decreased in young leaves, since the uptake of iron from Fe;04-
HAp nanocomposite was inhibited due to their sizes (Fig. 5b). Especially, the chlorophyll content of in the early
stage of plant growth (second week) was very low (p<0.05), except 80 mg L™. The minimum and the maximum
decreases of chlorophyll content was determined in second week as 18.5 % and 66.7 % at the 640 and 320 mg L™
nanocomposite concentrations, respectively. Compared to chlorophyll content in second week, it increased in third
and fourth weeks but was not as much as the control. In the third- and fourth weeks, the minimum chlorophyll
content of young leaves was observed at the 640 and 320 mg L™ nanocomposite concentration (p<0.05),
respectively.
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Figure 5. Effects of Magnetite-Hydroxyapatite Nanocomposite on Chlorophyll Content of a) Aged Leaves and b)
Young Leaves of Wheat

CONCLUSION

In this study, ecotoxicological evaluation of Fe;O4, HAp and Fe304-HAp nanocomposites was made based on
wheat plant. In the results obtained, it was determined that the materials used did not have a negative effect on the
germination of wheat, the root elongation of the wheat was negatively affected by the test chemicals, while the
shoot elongation was positively affected. It has been observed that FesO, nanoparticles adversely affect the
chlorophyll content in both young and old leaves of wheat at increasing concentrations during the early growth
period, as in HAp application. However, chlorophyll production was lower in plants treated with HAp than with
other test chemicals. It was determined that the use of iron in chlorophyll production was inhibited by the presence
of HAp in the growing medium.
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