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Abstract

Background Traditional phosphorus fertilizers generally have low efficiencies due to their immobilization in soil,
and a large part of these fertilizers are not plant-available. Also, phosphorus resources are non-renewable. In

recent years, a great deal of attention has been paid to nanofertilizers because of their slow or controlled release

and also their very small particle size which increases the solubility and uptake of nanoparticles in plant. Hydroxyapa-
tite nanoparticles are of great importance as phosphorus nanofertilizer thanks to their very low toxicity, biocompat-
ibility, and the fact that products obtained from their degradation, i.e., phosphate and calcium ions, are naturally
available in soils.

Results In this study, hydroxyapatite nanoparticles were synthesized using the wet chemical precipitation method
in three formulations and characterized with various techniques including electron microscopy, atomic force micros-
copy, X-ray diffraction, Fourier-transform infrared spectroscopy, and elemental analysis. Chemical and microscopic
analyses showed that phosphorus was distributed in different parts of the wheat (Triticum aestivum L) plant. To
investigate the fertilizing effects of the nanoparticles, hydroxyapatite nanoparticles were used in different culture
media including alkaline soil, acidic soil, the mixture of peat moss and perlite, and cocopeat. Based on our observa-
tions, hydroxyapatite nanoparticles showed fertilizing properties in all media. However, fertilizing potential strongly
depended on the culture media. HAP nanoparticles demonstrated a high potential to be used as a fertilizer in acidic
media. Nevertheless, only a slight fertilizing effect was observed in alkaline soils. Furthermore, the findings of our
study showed fertilizing properties of powder hydroxyapatite nanoparticles without the need to convert them

to suspension. Moreover, hydroxyapatite nanoparticles in all the three formulations showed low toxicity in such a way
that their toxicity was even less than that of triple super phosphate.

Conclusions Hydroxyapatite nanoparticles in both suspension and powder forms can be considered an alternative
to conventional phosphorus fertilizers in acidic culture media. Our study revealed that hydroxyapatite nanoparticles
were likely dissolved in the culture media and absorbed by plant mainly in the phosphate form.
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Introduction

The increase in the world’s population and the growing
of global demand for food have underlined the need for
fertilizer supplies in agriculture [1]. Phosphorus (P) is the
second essential macronutrient for plant growth after
nitrogen (N) [2]. However, the use of traditional P ferti-
lizers has caused some serious problems. P is fixed in soil
due to its reaction with Al/Fe and calcium compounds.
Thus, its availability for plants significantly decreases [3]
in a way that it is estimated that 5.7 billion ha of agri-
cultural land face a lack of plant-available P [4]. In addi-
tion, P has a non-renewable nature [1]. In other words, P
resources in the world like rock phosphates that are used
in the production of conventional fertilizers are limited
[5, 6]. Moreover, the high water solubility of P fertiliz-
ers and their over-application which is due to their low
efficiency have caused eutrophication and environmental
contaminations [1, 7]. As a result, researchers are look-
ing for new formulations for P fertilizers to address the
above-mentioned problems. With the introduction of
nanotechnology in agriculture, P-based nanofertilizers
have been considered to be alternatives to conventional P
fertilizers. The slow-release characteristic of nanofertiliz-
ers can remarkably improve their efficiencies compared
to conventional fertilizers [8, 9]. Furthermore, very low

solubility of these nanofertilizers minimizes environmen-
tal problems such as eutrophication [7]. In recent years,
researchers have focused on the use of hydroxyapatite
(HAP) nanoparticles as a P nanofertilizer thanks to their
biocompatibility, low toxicity, and the fact that the prod-
ucts obtained from their degradation, i.e., phosphate and
calcium ions, are naturally available in soil [3, 10]. HAP
(Ca;)PO,(c)(OH),) is a naturally occurring material and
the main component of teeth and bones structure in
the human body [5]. One of the first studies on fertiliz-
ing properties of HAP nanoparticles was done by Liu
et al. [7]. They evaluated the effect of HAP nanoparticles
on Glycine max growth in a mixture of peat moss and
perlite. The study revealed that HAP nanoparticles had
fertilizing properties and that their efficiency was signifi-
cantly higher than that of triple super phosphate (TSP)
as a conventional P fertilizer. In the study conducted
by Montalvo et al., the effect of HAP nanoparticles on
wheat growth was investigated in acidic soils [5]. It was
found that fertilizing properties of HAP nanoparticles
were significantly higher than bulk HAP. However, nano-
particles showed lower efficiency compared to TSP. The
results of Montalvo et al.'s study were in contrast with
those of another study [8] where Xiong et al. reported
higher efficiency of HAP nanoparticles in comparison
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with traditional P fertilizers in acidic soils. In a study con-
ducted in 2018, the investigation of the efficacy of citric
acid-modified HAP nanoparticles on Zea mays showed
that these nanoparticles had a fertilizing potential higher
than conventional P fertilizers [1]. The use of HAP nano-
particles as foliar application on rosemary (Rosmarinus
officinalis L.) demonstrated an increase in growth factors
and essential oils production in comparison with tradi-
tional fertilizers [11]. Some studies have also reported the
use of HAP nanoparticles as carriers for the preparation
of slow-release N fertilizers [12, 13]. Nevertheless, the
studies on the fertilizing potential of HAP nanoparticles
are limited, and most of them have been done in only one
type of culture medium. In addition, according to the lit-
erature, HAP nanoparticles have been generally applied
only in suspension form, i.e., either they have been syn-
thesized in the form of suspension or synthesized pow-
der nanoparticles have been converted to suspension
using sonication before applying to the plant. In the pre-
sent study, HAP nanoparticles were prepared in three
formulations, including HAP(s) (i.e., HAP in suspension
form), HAP(p) (i.e., HAP in powder form), and HAP-HA
(humic acid-modified HAP) using wet chemical precipi-
tation, and their fertilizing effects on wheat growth were
investigated in different culture media, including alkaline
soil, acidic soil, the mixture of peat moss and perlite, and
cocopeat through greenhouse studies. Moreover, uptake
of nanoparticles in different parts of the plant as well as
the toxicity of HAP nanoparticles were studied.

Experimental

Materials

Calcium hydroxide and carboxy methylcellulose sodium
salt (CMC) that were used in HAP synthesis were pur-
chased from Merck and Sigma, respectively. Alizarin
red S (ARS) and fluorescein isothiocyanate (FITC) dyes
were also obtained from Merck and Sigma, respec-
tively. Humic acid (HA) (as potassium (K) salt) was pre-
pared from Quimical Tierra. 3-Aminopropyltriethoxy
silane (APTES) and all the acids used in this study were
purchased from Sigma. The chemicals used in prepara-
tion of the plant for transmission electron microscopy
(TEM) analysis were obtained as follows: glutaraldehyde,
osmium tetroxide, and Reynolds solution were obtained
from TAAB laboratories-3 Minerva. Uranyl acetate was
purchased from BDH Laboratory Chemicals Division.
Also, methanol and PBS were obtained from Sigma.
Reagents of P analysis, i.e., potassium dihydrogen phos-
phate, ammonium molybdate, and potassium antimony
tartrate, were purchased from Sigma. Also, ascorbic acid
and ammonium vanadate were purchased from Duchefa
and Riedel-de Haen, respectively. Urea and potassium
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sulphate were obtained from Sigma and were used as N
and K fertilizers.

Preparation of HAP(p) and HAP(s) nanoparticles

HAP(p) (Fig. 1, a-left) and HAP(s) (Fig. 1, a-middle)
nanoparticles were synthesized according to the previ-
ous reports with few modifications [7, 14]. To synthesize
HAP(p) nanoparticles, 0.2 g of calcium hydroxide was
added to distilled water and was stirred. Then, 3.2 mL of
0.5 M phosphoric acid was added drop-wise to calcium
hydroxide slurry and vigorously stirred for 1 h at room
temperature (Ca/P molar ratio should be equal to 1.67).
The nanoparticles were collected by centrifuge, washed
with distilled water, and dried in a vacuum oven at 60 °C
[14]. To prepare HAP(s) nanoparticles, 50 mL of 1%
CMC solution was added drop-wise to 0.2 g of calcium
hydroxide slurry and stirred overnight at room temper-
ature. Then, 3.2 mL of phosphoric acid solution (0.5 M)
was added drop-wise to the mixture while the reaction
mixture was vigorously stirred [7]. The reaction lasted for
1 h. The suspension was stable for several months with-
out any visible sediment.

Characterization of nanoparticles

The solubility of nanoparticles in water and the P
amounts in fertilizers were measured by Lambda 35
UV-Vis spectroscopy (Perkin Elmer). X-ray diffraction
(XRD) experiments were performed by Philips X'pert
MPD system with Co Ka radiation (\: 1.78897 A) in the
26 range of 10-80 operated at a voltage of 40 kV and a
current of 40 mA. TEM images were obtained using the
EM208S Philips instrument at an accelerating voltage
of 100 kV. Before imaging, the sample was sonicated
using an ultrasonic bath for 15 min. Next, a drop of the
sample was placed on a copper grid and after drying it
was imaged. CHN elemental analyses were conducted
using a Costech ECS 4010 elemental combustion sys-
tem. 5 mg of the samples were weighed and placed
in tin capsules. Furnace temperature was 1050 °C. A
2 mx5 mm IL.D. HayeSep Q 60/80 GC column was used
for separating the gases. A thermal conductivity detec-
tor was used to determine the amounts of the gases.
Helium was used as the carrier gas at a flow rate of
100 mL/min. The P amounts in the plant were meas-
ured using inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) by the Varian Vista Pro instru-
ment. Atomic emission was measured at 213.618 nm.
The external calibration curve method was used in
the concentration range of 0.1-20 ppm in the quanti-
tative analysis of P. Instrumental operating conditions
were as follows: plasma gas flow rate (argon) and the
sample aspiration rate were 1 L/min and 2.5 mL/min,
respectively. RF generator frequency was 40 MHz and
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Fig. 1 The images of different formulations of HAP nanoparticles (a): HAP(p) (a-left), HAP(s) (a-middle), and HAP-HA(a-right). FT-IR spectrum

of HAP(p) nanoparticles (b), XRD pattern of HAP(p) nanoparticles (c), and XRD pattern of HAP(s) nanoparticles (d), standard XRD pattern of HAP
(JCPDS Card No. 24-0033) (e). Abbreviations: HAP(p), hydroxyapatite nanoparticles in powder form; HAP(s), hydroxyapatite nanoparticles

in suspension form; HAP-HA, humic acid-modified hydroxyapatite nanoparticles

it was adjusted to a power of 1150 W. Scanning elec-
tron microscopy (SEM) images were taken using a TES-
CAN SEM. First, conductive carbon tape was mounted

on an aluminum stub. Then, very little amounts of the
sample were placed on it and the sample was placed in
the physical vapor deposition instrument (20% power)
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for gold sputtering. Gold coating lasted 140 s. Next,
the sample was placed in SEM stage and imaged at an
accelerating voltage of 15 kV. Fourier transform infra-
red (FT-IR) spectra of the samples were obtained by
Jasco FT-IR 410 in transmission mode using the KBr
pellet technique. A small amount of the sample was
blended with spectroscopic grade KBr in an agar mor-
tar and was pressed into a KBr pellet using a hydraulic
press under a pressure of 10 tones/cm? for 5 min. Then,
the sample was placed in the path of infrared beam and
the spectra were obtained as an average of 50 measure-
ments in the wavelength range of 500-4000 cm™! at a
resolution of 2 cm™'. Confocal laser scanning micros-
copy (CLSM) analyses were performed by Nikon PCM-
2000 equipped with He/Ne (543 nm) and Ar (488 nm)
lasers and coupled to an Eclipse E-800 upright micro-
scope. The hand-cut roots and shoots were placed on
glass slides and imaging experiments were performed
at excitation/emission wavelengths of 495/518 nm and
546/590 nm for FITC and ARS, respectively. Atomic
force microscopy (AFM) imaging was performed by
a DME SPM microscope equipped with a DS95-50E
scanner. Before imaging, the sample was sonicated in a
water bath using distilled water as a dispersant. Next, a
drop of the sample was placed on mica and after drying
was imaged. In AFM analysis, the non-contact working
mode was used with an AC probe and the radius of tip
curvature was less than 10 nm. The AFM instrument
was equipped with alumina-coated silicon cantilever.
The force constant of the cantilever was 42 N/m, and
the length, width, and thickness of cantilever were 160,
45, and 4.6 pm, respectively. All the experiments were
conducted under air atmosphere.

Plant preparation for TEM analysis

To detect nanoparticles in plant using TEM, the wheat
seedlings treated with HAP(s) nanoparticles were
removed from the soil 1 month after planting and the
roots were washed with distilled water several times. To
prepare the plant for TEM analysis, wheat roots were cut
in 5 mm sections and prefixed in 2.5% glutaraldehyde in
PBS (pH: 7.2) for 2 h at 4 °C. Next, these sections were
washed with PBS buffer. After being washed, the plant
samples were post-fixed in osmium tetroxide (0.5%) in
the same buffer at room temperature for 1 h. Then, the
samples were dehydrated in an ascending alcohol series
and were finally embedded in resin. 50-nm ultra-thin
sections were then prepared using ultratome, placed on
300 mesh copper grid and double-stained with 20% ura-
nyl acetate in pure methanol and Reynolds solution for
45 min [15]. Finally, the images of the samples were taken
using TEM.
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Table 1 Physico-chemical characteristics of the soils
Soil type Soil pH N (%) P (ppm) K (ppm) C (%)
Acidic soil 5 0.21 24 153 0.98
Alkaline soil 7.6 011 3.6 68 0.37

Table 2 The amounts of P in HAP formulations and TSP

Fertilizers P concentration
HAP(s) 650 ppm

HAP(p) 17.1%

HAP-HA 13.2%

TSP 19.8%

Soil properties and culture media

To investigate the fertilizing properties of HAP nanopar-
ticles, wheat was selected as a model plant. In this study,
different growth media, i.e., a mixture of peat moss and
perlite (50:50 v/v), cocopeat, acidic soil, and alkaline
soil, were investigated. Acidic soil was a sandy loam soil
(sand 54%, silt 25%, and clay 21%) and was brought from
Gilan province in Iran. Alkaline soil which contained
sand (34.1%), silt (29.5%), and clay (36.4%) was obtained
from a local field in Karaj. Physico-chemical properties of
the soils are shown in Table 1. Both the acidic and alka-
line soils were sampled at a depth of 0-30 cm, air-dried,
sieved, and used in greenhouse experiments. Nano-ferti-
lizers and TSP were mixed with the culture media before
planting. None of the nanofertilizers were subjected to
sonication before applying. N and K fertilizers were also
added to the soils before planting at the rates of 120 mg/
kg and 85 mg/kg, respectively. The P treatments were
applied at a rate of 0 mg/kg (control) or 100 mg/kg.

Preparation of HAP-HA

A specific volume of 1 g/L HA solution was added to 0.2 g
of calcium hydroxide and stirred for 4 h at room temper-
ature. Then, 3.2 mL of phosphoric acid (0.5 M) was added
drop-wise to the mixture. After 1 h, the reaction mixture
was centrifuged, the black precipitate was washed several
times to complete the removal of free HA, and dried in a
vacuum oven at 60 °C. These nanoparticles can be seen in
Fig. 1(a-right).

Measurement of HAP(p) and HAP-HA solubility in water

0.1 g of HAP(p) nanoparticles and 0.13 g of HAP-HA
nanoparticles that, according to Table 2, contain the
same amounts of P were weighed. The same volumes
of distilled water (50 mL) were added to them. Then,
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these two mixtures were stirred at an agitation speed of
500 rpm overnight. The obtained mixtures were centri-
fuged at 10,000 rpm for 10 min, and P concentrations
were determined in supernatants using Murphy—Riley
method [16]. First, color reagent was prepared as follows:
2 g of ammonium molybdate and 0.137 g of potassium
antimony tartrate were dissolved in 50 mL of distilled
water in separate containers. 1.32 g of ascorbic acid was
dissolved in 75 mL of distilled water. 37.5 mL of ammo-
nium molybdate was mixed with 125 mL of 5 N sulfu-
ric acid. Next, the ascorbic acid solution and 12.5 mL
of potassium antimony tartrate solution were added to
this solution and the obtained solution was used as color
reagent. Due to the instability of ascorbic acid, the rea-
gent solution was prepared fresh to prevent ascorbic acid
degradation. Potassium dihydrogen phosphate was used
to prepare standard solutions in the P concentration
range of 0.08—1 ppm. To measure P concentrations, 5 mL
of standards, 5 mL of samples, and 5 mL of blank were
separately pipetted into 10-mL volumetric flasks. Next,
1 mL of fresh color reagent was added to each mixture,
the obtained solutions were diluted to the mark with
distilled water, and mixed. After 10 min, when the color
of the solutions changed to blue, the absorptions of the
standards and samples were determined using UV-Vis
spectroscopy at 882 nm. After that, the absorptions of
standard solutions were plotted against standard con-
centrations, line equation was obtained using the Excel
software, and the concentrations of the samples were
determined using the line equation.

Preparation of fluorescently tagged HAP nanoparticles

To investigate the existence of HAP nanoparticles in
plant using CLSM, HAP(p) nanoparticles were labeled
with the fluorescent dyes of ARS and FITC. To synthesize
ARS-labeled nanoparticles, a certain amount of ARS was
dissolved in sodium hydroxide solution. Next, this solu-
tion was added to HAP(p) nanoparticles and this was fol-
lowed by stirring for 1 h at room temperature. Finally, the
mixture was centrifuged several times for the complete
removal of free ARS and dried in a vacuum oven at 60 °C
[17, 18]. FITC-tagged nanoparticles were synthesized
according to previous reports. In brief, amine-functional-
ized HAP(p) nanoparticles were prepared using APTES.
The obtained mixture was centrifuged, washed, dried and
then reacted with FITC solution [19, 20]. To visualize
nanoparticles in plant using CLSM, wheat seedlings were
removed from the soil 1 month after planting and were
placed in hydroponic media containing labeled nanopar-
ticles. After 1 week, the seedlings were removed from
the hydroponic media, washed with distilled water sev-
eral times, and fluorescence emissions were investigated
in treated and control plants by CLSM at excitation/
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emission wavelengths of 495/518 nm and 546/590 nm for
FITC and ARS, respectively.

Investigation of the distribution and concentration of P

in wheat

To investigate the P amounts in different parts of the
plant, the wheat plants cultivated in the mixture of peat
moss and perlite were used. After harvesting, wheat
plants were dried at room temperature for 1 week. Differ-
ent parts of wheat (i.e., roots, shoots, leaves, and spikes)
were separated. 0.2 g of each part was weighed and
digested with concentrated nitric acid. Then, digested
samples were filtered and diluted with deionized water to
50 mL, and P concentrations in the samples were meas-
ured by ICP-AES instrument.

Germination test conditions

Germination experiments were carried out using 5
treatments including HAP(s), HAP(p), blank, TSP, and
HAP-HA. The P amounts in HAP formulations and TSP
were measured using the vanado-molybdate method
[21] before germination test because the fertilizers
were intended to be used in quantities containing the
same amounts of P. To measure P amounts, first 0.1 g of
HAP(p) nanoparticles, 0.1 g of HAP-HA nanoparticles,
0.1 g of TSP, and also 10 mL of HAP(s) nanoparticles were
dissolved in 10 mL of concentrated nitric acid and diluted
to 50 mL with distilled water. Next, color reagent was
prepared. To do so, 5 g of ammonium molybdate was dis-
solved in 100 mL of distilled water at 50 °C. Then, 0.25 g
of ammonium vanadate was dissolved in 75 mL of boil-
ing distilled water and cooled. After that, 35 mL of con-
centrated nitric acid was gradually added to this solution
as it was being stirred. Next, the ammonium molybdate
solution was gradually added to the acidic ammonium
vanadate solution with stirring. The solution was diluted
to 250 mL with distilled water and was used as color
reagent. Standard P solutions were prepared using high
purity potassium dihydrogen phosphate in the range of
80-800 ppm P. To analyze P using the vanado-molybdate
method, 5 mL of standard solutions, 5 mL of blank and
5 mL of fertilizer samples were separately pipetted into
100 mL volumetric flasks, 45 mL of distilled water and
25 mL of color reagent were added, respectively, and,
finally, they were diluted to the mark with distilled water
and mixed. After 20 min, when the color of the stand-
ards and samples changed to yellow, the absorptions of
the standards and samples were determined at 470 nm
using UV-Vis spectroscopy. Then, the absorptions of the
standard solutions were plotted against standard concen-
trations. Line equation was obtained using the Excel soft-
ware, and the P concentrations in the fertilizer samples
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were calculated using the line equation. The amounts of P
in the fertilizers are given in Table 2.

To do germination, 8 healthy wheat seeds of almost the
same size were placed in petri dishes on pieces of filter
paper. Then, 5 mL of different solutions including HAP
formulations, TSP and blank were added in each petri
dish. Powder nanoparticles were dispersed in deionized
water by ultrasonic homogenizer for 30 min (160 W,
35 kHz) before being added to petri dishes. Three dif-
ferent concentrations of P (i.e., 300, 650, and 1300 ppm)
were investigated in germination. Petri dishes were cov-
ered and incubated in a dark place for 4 days. Then, root
and shoot lengths, root and shoot dry weights, and ger-
mination index (GI) were accurately measured. GI was
calculated according to the research paper conducted by
Gouider et al. [22] as follows:

_ The number of germinated seeds in sample
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for pH adjustment in R;. For these reasons, the prepa-
ration of nanoparticles in R, is faster than in R,. In this
study, HAP nanoparticles were synthesized through R;.
This reaction was performed at room temperature. In R;,
low temperatures cause the formation of HAP nanopar-
ticles with less crystallinity [26]. The particles with low
crystallinity are more suitable to use as a fertilizer where
low crystallinity may help them to dissolve better in soil.
Furthermore, the chemicals used in the synthesis method
are nontoxic, inexpensive, and available, which makes the
method suitable for large-scale production.

To confirm the formation of pure HAP nanoparticles,
the synthesized nanoparticles were subjected to FT-IR
and XRD analyses. Figure 1b shows the FT-IR spectrum
of HAP(p) nanoparticles. FT-IR indicated the charac-
teristic peaks of HAP nanoparticles that were in agree-

average of root lengths in sample

Gl =
Number of germinated seeds in control

x100.

average of root lengths in control

A seed was considered as germinated when root length
was at least 5 mm [22].

Data analysis

The experiments were conducted in a completely rand-
omized design with four replications. All data were sta-
tistically analyzed using the SAS 9.1 software. Means
were compared using the LSD (least significant differ-
ences) test at the significance level of 0.05. All the charts
were prepared using the Excel software.

Results and discussion

Synthesis of HAP(s) and HAP(p) nanoparticles and their
characterization

A number of synthesis methods including sol-gel [23],
solid-state methods [24], biosynthesis [25], and wet
chemical precipitation [26] have been used to prepare
HAP nanoparticles. The most common method for the
synthesis of HAP nanoparticles is wet chemical precipi-
tation method thanks to its high repeatability and being
easy [26]. In this method, the calcium solution is added
to phosphate ions in a stoichiometric ratio of 1.67 to pre-
cipitate HAP nanoparticles. This method is performed
either via reaction 1 (R;) or reaction 2 (R,) as follows:

ment with other published data [26, 27]. The wide peak
at 3400 cm™! is associated with surface adsorbed water
molecules [28, 29]. The presence of adsorbed water was
also confirmed by bending vibrations at 1640 cm™ [26,
27, 30, 31]. The peak at 3564 cm™! is ascribed to vibra-
tions of OH™ ions [27, 29]. The peaks in the range of
1000-1100 cm™! are attributed to antisymmetric stretch-
ing vibrations of P-O band [28]. O—P-O bending vibra-
tions are observed at 566 and 603 cm™! [32]. The peak
at 962 cm™ is assigned to PO symmetric vibration [28].
Characteristic peaks of carbonate ions are observed
at 1420, 1458, and 876 cm™! [27, 33]. These peaks are
formed as a result of atmospheric carbon dioxide enter-
ing the reaction during the synthesis of nanoparticles
and carbonate substitution in HAP structure (mainly
carbonate for phosphate) [26]. This makes the amount
of Ca/P molar ratio, which is theoretically 1.67 in HAP
nanoparticles, less than 1.67. Most of the studies on
HARP synthesis have reported the presence of carbonate
ions using FT-IR experiments [26, 27, 33]. However, few
articles have measured the amounts of Ca/P ratio and
carbon percentage of synthesized HAP nanoparticles.
Marchiol et al. reported the Ca/P ratio of 1.60 and the
carbonate amount of 0.68% for synthesized HAP nano-

R1 10Ca (OH)2 + 6H3PO4, — Calo(PO4)6(OH)2 + 18H20
R, 10Ca (NO3), 4 6 (NHg),HPO4 4+ 8NHLOH — Cajo(PO4)s(OH), + 20 NH4NO3 + 6H,0

R, is advantageous over R, as it does not have any by-
product except water. Thus, the need for frequent wash-
ing of the product is eliminated, which makes product
separation easy. Moreover, unlike R,, there is no need

particles [10]. In another study, Levinskas et al. reported
the amounts 1.66% and 0.86% for Ca/P ratio and carbon
dioxide, respectively, in commercial HAP nanoparticles
[34]. Also, Priyam et al. reported the Ca/P ratio of 1.58
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in the biologically synthesized HAP nanoparticles [35].
In our study, the carbon percentage of HAP(p) nanopar-
ticles was determined using the CHN technique and the
obtained value was 0.4%.

Figure 1c, d shows XRD patterns of HAP(p) and
HAP(s) nanoparticles, respectively. Two main diffrac-
tion peaks of HAP are observed at 26 degrees of 30° and
37°. According to the literature, they correspond to crys-
tallographic planes (002) and (211) of HAP [14, 36]. Fig-
ure le shows that X-ray pattern of HAP(p) nanoparticles
is in good agreement with the standard XRD data of HAP
(JCPDS Card No. 24-0033). Therefore, XRD patterns of
nanoparticles showed the formation of crystalline HAP
nanoparticles without any extra peak for unreacted rea-
gents and byproducts. Also, the broadening of the peaks

WD 3266mm
Det: InBeam

SEMHV: 1500 KV

View field: 3.096 um 500 nm

0 fad 039 5, g
MIRAWTESCAN ~ SEM HV: 15.00 KV
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confirmed the formation of nanoparticles [1]. The peak
with Miller index (211) was merged with the next two
peaks with Miller indices (112) and (300), and these
peaks were not separated due to peak broadening. The
merging of these peaks in HAP nanoparticles has been
previously reported [1, 7, 10].

Figure 2 shows TEM images of HAP(s) nanoparticles
(a, b) and SEM images of HAP(p) nanoparticles (c, d).
The images indicated the formation of nano-size parti-
cles and their rod-like shapes. Average sizes of the parti-
cles were calculated using the Image] program and were
found to be 8 +2.02 nm and 27 + 6 nm for HAP(s) nano-
particles and HAP(p) nanoparticles, respectively. In each
sample, 100 particles were selected randomly from sev-
eral pictures.

'1

MIRAN TESCAN

Views field: 3.096 uym  Det: InBeam 500 nm

Fig. 2 TEM images of HAP(s) nanoparticles (a, b). SEM images of HAP(p) nanoparticles (c, d). Abbreviations: HAP(p), hydroxyapatite nanoparticles

in powder form. HAP(s), hydroxyapatite nanoparticles in suspension form
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Preparation and characterization of HAP-HA

Humic acids (HA) are a class of complex organic mate-
rials that are found in natural aquatic and soil systems.
They play an important role in soil fertility and plant
nutrition, and promote crop yield [37]. In the present
study, HAP-HA nanoparticles were prepared to assess
the effect of HA on fertilizing properties of HAP nano-
particles. Figure 3 shows UV-Vis spectra of HA solu-
tion and the supernatant of HAP-HA nanoparticles. The
latter is the upper solution obtained from centrifuging
HAP-HA nanoparticles. It was observed that the HA

----- Humic Acid

Supernatant

\
2.5 Y\
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0.5

0

200 300 400 500
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Fig. 3 UV-Vis spectra of HA and the supernatant of HAP-HA
nanoparticles. Abbreviations: HA, humic acid; HAP-HA, humic
acid-modified hydroxyapatite nanoparticles
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solution had a high absorption value. However, UV-Vis
absorption spectrum of the supernatant of HAP-HA
nanoparticles showed a dramatic decrease in absorption
value, which was indicative of HA adsorption on the sur-
face of HAP nanoparticles. To quantify HA adsorption,
the carbon amounts of HAP-HA and HAP(p) nanopar-
ticles were measured using the CHN technique. The car-
bon contents were found to be 8% and 0.4%, respectively.
The low carbon content of HAP(p) is due to atmospheric
carbon dioxide as mentioned earlier in the part explain-
ing FT-IR spectrum of the HAP(p) nanoparticles. Also,
it was observed (Fig. 4a) that functionalization with HA
did not change the XRD pattern of HAP nanoparticles, as
previously reported by Wang et al. [27]. The AFM image
of HAP-HA nanoparticles given in Fig. 4b shows that
the particles are spherical and that their average size is
13.7 nm +£4.2.

Detection of nanoparticles in plant using microscopy
techniques

To visualize the uptake of nanoparticles in plant, CLSM
and TEM were used. The CLSM images of both the ARS-
and FITC-labeled nanoparticles (Figs. 5, 6) showed the
presence of HAP(s) nanoparticles in the root and stem
of the treated plant, whereas the nanoparticles were not
observed in the blank. TEM images of the plant root
treated with HAP(s) nanoparticles (Fig. 7) revealed the
presence and accumulation of nanoparticles in apoplast
and symplast. The presence of different nanoparticles in
apoplast and symplast has been previously explained [9,
38]. Some papers have reported the existence of HAP
nanoparticles in the roots and stems of plants. In 2018,

[247nm ]296nm [nm ]

5.00 —

[Hm]

100

0 [1m]

Fig. 4 XRD pattern of HAP-HA nanoparticles (a). AFM image of HAP-HA nanoparticles (b). Abbreviation: HAP-HA, humic acid-modified

hydroxyapatite nanoparticles
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Fig. 5 CLSM images of ARS-labeled HAP nanoparticles. This figure shows the plant root treated with ARS-labeled HAP nanoparticles (a),
the root of the blank sample (b), the plant shoot treated with ARS-labeled HAP nanoparticles (c), and the shoot of the blank sample (d). Imaging
was performed at excitation/emission wavelengths of 546/590 nm. Abbreviations: ARS, alizarin red S; HAP, hydroxyapatite nanoparticles

Fig. 6 CLSM images of FITC-labeled HAP nanoparticles. This figure shows the plant root treated with FITC-labeled HAP nanoparticles (a),
the root of the blank sample (b), the plant shoot treated with FITC-labeled HAP nanoparticles (c), and the shoot of the blank sample (d).

Imaging was performed at excitation/emission wavelengths of 495/518 nm. Abbreviations: FITC, fluorescein isothiocyanate; HAP, hydroxyapatite
nanoparticles
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Fig. 7 TEM images of HAP nanoparticles in wheat root. Abbreviation: HAP, hydroxyapatite nanoparticles

a group of researchers studied the use of HAP nanopar-
ticles in Pb immobilization and reduction of Pb uptake in
rice. TEM images of plant cells exposed to HAP nanopar-
ticles in hydroponic medium showed the presence and
the uptake of nanoparticles in root cells [36]. In another
study, the effect of HAP nanoparticles on chickpea (Cicer
arietinum) germination was investigated. TEM images
confirmed the presence and accumulation of nanoparti-
cles in plant stem [39]. In the study conducted by Szamei-
tat et al, in which the interaction of barley roots with
HAP nanoparticles was investigated, TEM analysis con-
firmed the presence of nanoparticles in roots. Szameitat
et al. concluded that HAP nanoparticles first penetrated
the roots via apoplast of mature epidermal and cortical
cells and then dissolved there due to the acidic prop-
erties of cell wall, and that orthophosphate ions were
translocated towards aboveground parts of the plant [3].
However, this study [3] was performed in hydroponic

medium, and the interactions between soil and HAP
nanoparticles were not considered. Thus, the results may
not be generalizable to the soil environment.

Investigation of the distribution and uptake of P in wheat

Table 3 shows the uptake and distribution of P in differ-
ent parts of wheat under the treatments of blank, HAP(s),
and TSP. The higher P amounts in different parts of the
plant treated with HAP nanoparticles than in the blank
sample confirmed the uptake of HAP nanoparticles. For
example, the amount of P in the spike of the plant treated
with HAP nanoparticles was 2.8 times larger than the P
amount in the blank sample. Also, it was found that the
highest amounts of P were available in spikes in both the
TSP and HAP treatments as expected. The comparison of
P amounts in TSP and HAP treatments showed higher P
contents in TSP treatment in all plant parts. This result
was probably because of TSP’s high solubility which led
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Table 3 P amounts in different parts of wheat plant in blank,
HAP(s) and TSP treatments

Sample name P amount (mg/kg)
Root-blank 666.66
Shoot-blank 306.45
Leaf-blank 156.25
Spike-blank 865.38
Root-HAP 1037.37
Shoot-HAP 796.4
Leaf-HAP 104347
Spike-HAP 2439.21
Root-TSP 1652.63
Shoot-TSP 1486.48
Leaf-TSP 2813.18
Spike-TSP 3431.29

P, phosphorus; HAP(s), hydroxyapatite nanoparticles in suspension form; TSP,
triple super phosphate

to higher uptake in the plant. This finding was in agree-
ment with that of the study conducted by Montalvo et al.
in which P uptake in wheat shoots in HAP treatment was
lower than in TSP treatment [5]. Also, our results were
consistent with the results of the research study con-
ducted by Xiong et al. where the P uptake in sunflower
shoots treated with HAP nanoparticles was lower than
in sunflower shoots treated with TSP in alkaline soil.
Xiong et al. concluded that the high solubility of TSP
caused higher P concentrations in the sunflower shoots
treated with TSP [8]. However, few studies have meas-
ured the amounts of P uptake in the plants treated with
HAP nanoparticles. In the study carried out by Priyam
et al,, the effect of HAP nanoparticles on tomato growth
was investigated. The analysis of P contents in the plants
treated with HAP nanoparticles confirmed the P uptake
[35]. However, in Priyam et al’s research, P concentration
was not determined in the plants treated with traditional
P fertilizers.

Germination test

Statistical analysis confirmed that all treatments had a
significant effect on germination (p<0.05). The results
of germination test are given in Fig. 8. It was found that
when the P concentration was increased, shoot elon-
gation, root elongation, and GI decreased in TSP and
HAP(s) treatments. In contrast, no significant difference
was found in HAP(p) and HAP-HA treatments with an
increase in concentration. Also, it was observed that
increasing the concentration led to a decrease in shoot
weight in HAP(s) and TSP treatments. The above-men-
tioned increase in concentration also led to an increase in
shoot weight in HAP(p) treatment. Moreover, when the
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P concentration was increased, a statistically significant
decrease in root weight was observed in HAP(s) and TSP
treatments whereas slight increases were observed in
HAP(p) and HAP-HA treatments. Overall, it can be said
that unlike HAP(p) and HAP-HA treatments, HAP(s)
and TSP treatments were highly affected by concentra-
tion, i.e., a decrease in responses was observed as a result
of the increase in concentration, which indicated toxicity
in higher concentrations. This may be due to the increase
in diffusion and uptake of nanoparticles in seeds, which
is related to the fact that HAP(s) nanoparticles are in a
suspension form and that TSP is water-soluble. Fur-
thermore, the lowest responses were obtained for TSP
treatment. It should be said that the responses in TSP
treatment were even less than those of the blank except
shoot weight and GI in the P concentration of 300 ppm.
Similarly, the investigation of the effect of HAP nano-
particles on tomato seed germination explained that ger-
mination parameters in traditional fertilizer treatment
were significantly lower than in HAP treatment and even
lower than in blank treatment [35]. Most studies on HAP
toxicity in plants have shown concentration-dependent
toxicity. However, in these studies, the toxicity of HAP
nanoparticles was not compared with that of traditional
P fertilizers. A group of researchers studied the toxicity
of HAP nanoparticles on cucumber germination. It was
found that GI and germination percentage increased
rapidly up to a P concentration of 1000 mg/L. Never-
theless, in higher concentrations, inhibitory effects were
observed on shoot and root growth [40]. In another study
by Marchiol et al., the effect of HAP nanoparticles (in the
P concentration of 2—2000 mg/L) on tomato germination
was investigated [10]. The results demonstrated that ger-
mination percentage did not depend on concentration,
whereas root elongation significantly increased as a result
of an increase in concentration. The investigation of the
toxicity of HAP nanoparticles in chickpea revealed that
the highest value of GI was obtained in a concentration of
1000 mg/L and higher concentrations led to a significant
inhibition of plant growth [39].

Fertilizers efficiency in different culture media

According to the literature, in most of the studies, the effi-
ciency of HAP nanoparticles has been investigated only
in one culture medium. In fact, few studies have evalu-
ated the effect of different culture media on the fertiliz-
ing properties of HAP nanoparticles. In 2022, researchers
investigated HAP’s fertilizing effects on tomato growth in
three artificial soils containing vermiculite, perlite, and
peat moss. The pH of these media was manually adjusted
to prepare the culture media with acidic, neutral, and
alkaline pHs. The results demonstrated the fertilizing
potential of HAP nanoparticles in all the three media
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Fig. 8 Germination experiment. The effect of nanoformulations and TSP on root elongation (a), shoot elongation (b), Gl (c), root dry weight (d),
and shoot dry weight (e) in three P concentrations. Different letters indicate statistically significant differences between treatments (p < 0.05).
Abbreviations: TSP, triple super phosphate; HAP(s), hydroxyapatite nanoparticles in suspension form; HAP(p), hydroxyapatite nanoparticles

in powder form; HAP-HA, humic acid-modified hydroxyapatite nanoparticles; Gl, germination index; P, phosphorus

[35]. However, because of using artificial soils, the results
of the above-mentioned study cannot likely be general-
izable to natural soils. Also, in another study, the effect
of HAP nanoparticles on sunflower growth was assessed
in two soils: one acidic and the other alkaline [8]. In our
study, the efficiency of the synthesized HAP nanoparti-
cles was investigated in four different culture media, i.e.,
the mixture of peat moss and perlite, cocopeat, acidic
soil, and alkaline soil.

Fertilizers efficiency in the mixture of peat moss and perlite

As shown in Fig. 9a, b, the measured variables including
aboveground weight and spike weight in HAP(s) treat-
ment were significantly higher than those of the blank,
which shows the fertilizing properties of HAP(s) nano-
particles. Aboveground weights and spike weights were
compared in HAP(s) and TSP treatments, but no sig-
nificant differences were observed between them. The
images of wheat pots and spikes (Fig. 9c, d) confirmed the

above-mentioned results. A study on the effects of HAP
nanoparticles on soybean culture in the mixture of peat
moss and perlite showed that the efficiency of HAP nan-
oparticles was significantly higher than that of traditional
P fertilizer, in such a way that growth rate increased by
32% in HAP treatment compared to the traditional ferti-
lizer [7].

Fertilizers efficiency in cocopeat medium

Figure 10 shows the fertilizing effects of HAP formula-
tions and TSP in cocopeat medium. The comparison
of the two variables of spike weight and aboveground
weight in HAP treatments and blank indicates fertiliz-
ing properties of HAP nanoparticles. In addition, Fig. 10
indicates that there is a significant difference between
HAP treatments and TSP, which in turn demonstrates
higher fertilizing effects of HAP formulations. For exam-
ple, aboveground weight and spike weight in HAP-HA
treatment in cocopeat medium were 45.51% and 45.05%
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Fig. 9 Fertilizing effects of HAP(s) nanoparticles and TSP on wheat growth in the mixture of peat moss and perlite. This figure shows the effect
of treatment on aboveground weight (a), the effect of treatment on spike weight (b), the growth of wheat plants 4 weeks after germination
under the treatments of HAP(s), TSP, and blank in greenhouse (c), and the images of spikes in blank, TSP, and HAP(s) treatments (d) in the mixture
of peat moss and perlite. Different letters indicate statistically significant differences between treatments (p < 0.05). Abbreviations: TSP, triple super

phosphate; HAP(s), hydroxyapatite nanoparticles in suspension form

higher than those of TSP treatment. Figure 10 also shows
the fertilizing properties of HAP-HA nanoparticles and
that there are no significant differences between HAP(s),
HAP(p), and HAP-HA. To the best of our knowledge,
this study is the first report on fertilizing properties of
HAP-HA nanoparticles.

Fertilizers efficiency in acidic and alkaline soils

Comparing spike weights and aboveground weights
of HAP formulations and TSP in acidic soil (Fig. 11)
revealed that the efficiency of HAP formulations was
higher than that of TSP. Furthermore, there were no sig-
nificant differences between HAP formulations includ-
ing HAP(s), HAP(p), and HAP-HA. In 2015, researchers

investigated the effect of HAP nanoparticles on wheat
growth in two acidic soils. The results of the study indi-
cated that the fertilizing properties of HAP nanoparticles
were significantly less than those of TSP. Also, the study
revealed that plant growth improved in the soil with
lower pH. The authors attributed this effect to the better
solubility of HAP nanoparticles in higher acidity [5].
Figure 12 shows that the fertilizing properties of TSP
are significantly higher than those of nanoformulations in
alkaline soil. For example, aboveground weight and spike
weight in the TSP treatment were 35.18% and 50.52%
higher than those of HAP-HA treatment. This finding is
consistent with the findings of the study conducted by
Xiong et al. where they observed that HAP nanoparticles
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Fig. 10 Fertilizing effects of nanoformulations and TSP on wheat growth in cocopeat medium. This figure shows the effects of different treatments
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Fig. 11 Fertilizing effects of nanoformulations and TSP on wheat growth in acidic soil. This figure shows the effects of different treatments
on aboveground weight (a) and spike weight (b) in acidic soil. Lowercase letters indicate statistically significant differences (p <0.05). Abbreviations:
TSP, triple super phosphate; HAP(s), hydroxyapatite nanoparticles in suspension form; HAP(p), hydroxyapatite nanoparticles in powder form;

HAP-HA, humic acid-modified hydroxyapatite nanoparticles

remarkably improved sunflower growth in an acidic soil
while no significant fertilizing properties were observed
in alkaline soil [8]. In another study carried out by the
same group, when two acidic and alkaline soils were incu-
bated with HAP nanoparticles, it was found that P avail-
ability in acidic soil was higher than in alkaline soil [4].
As a result, they hypothesized that because of the higher
solubility of HAP nanoparticles at low pHs, nanoparticles
may have dissolved in soil and orthophosphate ions may
have been absorbed by the plant. In our study, micros-
copy analyses confirmed the presence of nanoparticles in
the root and stem of the plant, which can be indicative
of nanoparticles uptake by the plant. In contrast, based
on the results mentioned above, in acidic media, i.e., the

mixture of peat moss and perlite, cocopeat, and acidic
soil, HAP nanoparticles showed a high fertilizing effect,
whereas in alkaline soil a slight fertilizing property was
observed. This shows that nanoparticles were likely dis-
solved in soil and that, instead of nanoparticles, phos-
phate ions were absorbed by the plant. These conflicting
results in our study may have occurred because the HAP
nanoparticles were absorbed by the plant via both the
direct absorption of nanoparticles by the roots and
uptake of phosphate ions resulting from HAP dissolution
in culture media. However, the results of our efficiency
tests along with the findings of the above-mentioned
studies [4, 8] show that the main mechanism of P uptake
in the plants treated with HAP nanoparticles is probably
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Fig. 12 Fertilizing effects of nanoformulations and TSP on wheat growth in alkaline soil. This figure shows the effects of different treatments
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the dissolution of P in soil and its absorption in the phos-
phate form.

In our study, the results obtained from efficiency tests
in acidic and alkaline media can be explained according
to Ca/P ratio in calcium phosphate compounds in the fol-
lowing way: It is well-known that the solubility of calcium
phosphates depends on their Ca/P ratio [41]. The lower
the Ca/P molar ratio, the more water-soluble and acidic
the calcium phosphate compound. Thus, calcium dihy-
drogen phosphate (Ca/P ratio of 0.5) that is the the main
component of the TSP fertilizer is the most acidic and
water-soluble calcium phosphate and HAP (Ca/P ratio of
1.67) is the most alkaline and water-insoluble [41, 42]. In
our study, HAP nanoparticles showed higher efficiency in
acidic media because, according to the facts mentioned
above, they are alkaline. Hence, despite their very low
solubility in water, they are soluble in acidic media and
their solubility in acidic media is more than in alkaline
media, while TSP is highly acidic, and as a result, dis-
solves in alkaline media more than in acidic ones.

The results of our study in alkaline soil also showed
higher efficiency of HAP-HA nanoparticles compared to
that of HAP(s) nanoparticles and HAP(p) nanoparticles
in a way that aboveground weight and spike weight in
HAP-HA treatment were 33% and 42% higher than those
of HAP(p) treatment. This may have occurred for two
reasons. First, according to the solubility tests, the solu-
bility of HAP-HA nanoparticles was higher than that of
HAP nanoparticles. The concentrations of soluble P were
0.4 ppm and 0.7 ppm in HAP(p) and HAP-HA nanopar-
ticles, respectively. As a result, more soluble P may have
been absorbed by the plant. Second, the dissolution of
HAP-HA nanoparticles in soil releases HA, which can in

turn improve plant growth. The higher efficiency of HAP-
HA nanoparticles compared to other HAP particles may
confirm the hypothesis of nanoparticles dissolution in
soil and their absorption in the form of phosphate ions.
However, the exact mechanism of uptake and transloca-
tion of nanoparticles in plants is not yet fully elucidated.
To understand this mechanism accurately, a comprehen-
sive quantitative analysis using speciation techniques like
X-ray absorption spectroscopy should be performed on
different parts of the plant treated with nanoparticles to
determine what the structure of P is in different parts of
the plant. Also, P speciation should be performed in cul-
ture media before planting and after harvesting. The pre-
sent research study will develop in this direction.

Conclusions

To conclude, it was found that the fertilizing properties
of HAP nanoparticles depended on the culture media. In
the culture media of cocopeat, the mixture of peat moss
and perlite, and acidic soil HAP nanoparticles showed
remarkable fertilizing properties comparable with those
of TSP as a conventional P fertilizer. However, these
nanoparticles showed just a slight fertilizing effect in
alkaline soil. This occurs probably because the first three
culture media are acidic and HAP nanoparticles dissolve
in these media, whereas the solubility of HAP nanopar-
ticles is negligible in alkaline media. This finding may
indicate that HAP nanoparticles dissolve in soil before
they are absorbed by the plant in the form of nanopar-
ticles. In fact, orthophosphate ions are absorbed by the
plant and translocated to the aboveground parts of the
plant. However, further research studies are required to
confirm this finding. Moreover, this study revealed that
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it is not necessary that all formulations be in suspen-
sion form to act as a fertilizer. According to the results
obtained through our study, powder nanoparticles, i.e.,
HAP-HA and HAP(p), showed fertilizing effects without
the need to convert them to suspension. The inhibitory
effects were observed in germination test in high concen-
trations of P in both HAP formulations and TSP. How-
ever, these effects were more significant in TSP in such
a way that the lowest values of germination parameters
were obtained for TSP. The values of these parameters
were even lower than those of the blank.
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