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ABSTRACT 

The remarkable progress in nanotechnology has extended the application of inorganic nanoparticles (NPs) in the 

agriculture sector, as both economically sustainable and environmentally sound alternatives. Root knot 

nematodes are undoubtedly a foremost problem of agriculture and research strives to develop effective materials 

to tackle this issue. Herein, the microwave-assisted selective polyol synthesis of different compositions of Ca-

based NPs, Ca(OH)2, Ca(OH)2/CaCO3 and CaCO3 is reported and the products were evaluated as nematicides 

and pH adjusters. Two precursors (CaCl2 and Ca(NO3)2) and three polyols (1,2-propylene glycol (PG), 

tetraethylene glycol (TEG), polyethylene glycol (PEG 8000)) that differ in their red/ox potential have been 

utilized to provide selectivity over composition. Based on the utilized polyols, NPs are produced as 

inorganic/organic hybrid formulations with a biocompatible organic coating that provides increased 

colloidal stability and controlled release of active components. Characterization of NPs has been carried out by 

XRD, TGA, FTIR, TEM and pH-metry. Each composition exhibited different pH changing ability, an essential 

feature for agrochemical applications. The in vitro nematicidal activity of Ca(OH)2, Ca(OH)2/CaCO3 and CaCO3 

NPs was evaluated on second stage juveniles (J2) of two Meloidogyne species (Meloidogyne incognita & 

Meloidogyne javanica) based on nematode paralysis experiments. Results unveiled nematicidal activity for all 

evaluated Ca-based NPs, while Ca(OH)2 and CaCO3 NPs appeared to be the most and the least effective one, 

respectively. The nematicidal effect appears to be boosted by the release of [OH]- anions, as indicated by pH-

metric measurements, displaying the crucial role of [OH]- anions in their nematicidal activity.                  
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1. Introduction  

Inorganic nanoparticles (NPs) such as metal and metal oxide based NPs have demonstrated to be efficient 

for bioapplications including medicine, microbiology and agriculture.1 Specifically, nanoagrochemicals can 

be designed as inorganic/organic hybrid formulations with biocompatible organic coatings, resulting in 

high bioavailability, controlled release kinetics, decreased amount of active compounds and minimal loss 

of nutrients.2 Nanoagrochemicals can emerge as multimodal agents acting as both fertilizers and 

pesticides/fungicides confronting the presence of phyto-parasites and phyto-pathogenic microorganisms 

leading to enhanced plant growth, protection and optimal water and nutrient management.3, 4 In fact, it is 

expected that the number of products involving nanotechnology in agricultural applications will increase 

in the near future.5 

Plant-parasitic nematodes are one of the most notorious crop pests associated with the most 

economical important cultures with global annual agricultural losses estimating to exceed US$100 billion.6 

Among them, Root Knot Nematodes (RKN) (Meloidogyne spp.), have been ranked at the top of the list of 

10 most important genera of parasitic nematodes.7 Meloidogyne spp. with Meloidogyne incognita and 

Meloidogyne javanica infect most of the cultivated crops, have a wide host range, show a global distribution 

and cause severe damage to most solanaceous crops worldwide.6, 7 The second-stage larvae (J2) initiates 

the formation of giant cells as root galls that drastically limit water and nutrient uptake on crop plants 

leading to several symptoms, included roots deformation, malnutrition, chlorosis, stunted growth, wilting 

as secondary interaction with other phytopathogens.68, 69 Phyto-nematode control is achieved mainly with 

cultural practices, crop rotation, and resistant cultivars, combined with a few available chemical 

nematicides that are still authorized. Synthetic pesticides such as carbamate, organophosphate, and 

organophthalide formulations have been used in the past as chemical nematicides but most of them are 

restricted due to adverse environmental footprint and health effects.70 Therefore, the development of 

alternative and environmentally friendly nematode management strategies is mandatory, creating a 

significant market opportunity for alternative products such as nanonematicides. 7, 8, 9 Several nanoparticle 

systems have been applied against free living nematodes. More specifically, ZnO NPs studied against 

Caenorhabditis elegans displayed EC50 (half maximal effective concentration) of 635 μg/mL in vitro10 
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while in a recent study, LC50 (half maximal lethal concentration) recorded from 620 to 1000 ppm depending 

on NPs size.11 Moreover, Al2O3 (LC50/24h = 82 mg/L) and TiO2 (LC50/24h = 136 mg/L) NPs were shown to 

inhibit growth and the reproductive capability of the C. elegans comparing with bulk.12 Additionally, 

exposure of J2 M. incognita to Ag NPs (30 to 150 μg/ml) led to >99% nematodes immobilization in 6 h.13  

Calcium is an important material with several applications in heritage conservation,35 dentistry36 

and civil construction.37 Additionaly, is an important determinant for plant salt tolerance and plays an 

essential role in processes related to plant viability.14, 15 Plants grown under calcium deficient conditions 

are more susceptible to plant pathogens and show reduced growth of apical meristems, chlorotic leaves, 

and cell wall breakdown leading to softening of tissues.16 In the agricultural field, the two main calcium 

amendments are CaCO3 (limestone) and Ca(OH)2 (hydrated lime). Liming materials are generally 

considered benign and beneficial when used to improve the soil pH, while each material exhibits diverse 

pH values and demonstrates a variety of functions. Ca(OH)2 affects rapidly pH, is unstable and may 

eventually revert to insoluble forms while CaCO3 is more stable.17 Till now nanoformulations of limes in 

agricultural applications are limited while most of them refer to fertilization processes;18 ‘Naked’ CaCO3 

NPs of 20-80 nm have been used as fertilizers at a concentration of 160 mg/L to peanut (Arachis hypogaea) 

seedlings grown in sand (15% increase of dry biomass weight); CaCO3 NPs and humic acids (1000 mg/L) 

when performed together, achieved the maximum seedling growth (30% increase over that for the control 

and a 14% over that for the CaCO3 NPs alone); CaCO3 NPs treatments were better at increasing Ca content 

when sprayed on Tankan (Citrus tankan) leaves; application of CaCO3 NPs (60 nm) appeared better in 

terms of protection efficacy against oviposition punctures from Oriental fruit flies on the Indian jujube 

(Zizyphus mauritiana).19 Meanwhile, Ca-based NPs are emerging as pesticides as well as antibacterial 

candidates against gram negative (Escherichia coli, Pseudomonas aeruginosa, Salmonella typhi, Shigella 

flexneri, Klebsiella pneumonia, Proteus vulgaris, Proteus mirabilis) and gram positive (Bacillus subtilis, 

Streptococcus aureus, Micrococcus luteus,) bacteria.20-21 

Herein, in continuation of our research on inorganic/organic hybrid NPs, potential bioapplications 

and nematicidal agents22-29 the synthesis and nematicidal activity evaluation of Ca-based NPs with diverse 

compositions such as Ca(OH)2, Ca(OH)2/CaCO3 and CaCO3 NPs, is reported. To the best of our knowledge, 

this is the first report of Ca-based NPs as nematicidals. The goal of the current study is to develop a simple 
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synthetic protocol for the selective synthesis of diverse Ca-based NPs of small nanosizes, high crystallinity 

and yield to model further these structures as nematicidals. For that purpose, a microwave-assisted modified 

polyol process has been chosen as a green and simple route that is much faster, cheaper and energy efficient 

compared with conventional heating ovens and leads to high crystalline small nanoparticles.27, 38 With a 

need of utilizing NPs as an all set formulation product, synthesis in polyols display multiple advantages 

such as one step fabrication of hydrophilic, eco-friendly and stable products with biocompatible stable 

organic coatings. The mechanistic representation of the polyol process is still in the build, polyols 

participate in red/ox, complexation and decomposition reactions with the cations and anions of the solution 

and form intermediates before yielding nanoparticles.26, 27, 39-46 The products of the red/ox reactions are 

oxidized derivatives of polyols, like glycolaldehyde, glycoxylic acid, glycolic acid, oxalic acid, oxalates 

and CO2. Moreover, it has been shown by us and others that polyols of higher reductive ability and 

cations/anions of higher oxidizing activity react in situ with polyols favoring the oxidation pathway while 

increasing the effectiveness of polyols as carbon sources.26, 27, 39, 41, 44-46 On that basis, polyols of different 

physicochemical properties such as 1,2-propylene glycol (PG), tetraethylene glycol (TEG) & polyethylene 

glycol (PEG 8000) and calcium precursors of dissimilar red/ox potential and activity (CaCl2 & Ca(NO3)2), 

have been utilized. 26, 27,46 The in vitro nematicidal activity of NPs was evaluated on two second stage 

juveniles (J2) Meloidogyne species, (Meloidogyne incognita, Meloidogyne javanica) based on 96 well-plate 

bioassays relating to nematode mobility. The time-dependent stability of Ca-based NPs and EC50 (Half 

maximal effective concentration) values were examined for 24, 42, 74 and 96 hr through ANOVA statistics 

analysis and using probit values. The physicochemical properties of each structure lead to dissimilar pH 

adjusting and nematicidal activities while in the case of Ca(OH)2/CaCO3 NPs synergistic effects have 

arisen.  

 

 

 

2. Materials and methods  
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All the reagents were of analytical grade and were used without any further purification: CaCl2 (Laboratory 

(BDH), M = 110,99 g/mol), Ca(NO3)2·4H2O (May and Baker LtD, M = 236 g/mol), polyethylene glycol 

8000, PEG 8000 (Alfa Aesar), tetraethylene glycol, TEG (Sigma-Aldrich ≥ 99%, M 

2.1. Synthesis of Polyol coated Ca-based NPs  

A microwave assisted polyol process (MW-PP) was chosen as the Ca-based NPs synthetic route. A 

commercial microwave accelerated reaction system (MARS 6-240/50-CEM) running at a maximum 

frequency of 2450 MHz and a power of 1800 W, was utilized.27 Samples synthesized using chloride 

precursors will be assigned as CaC while samples synthesized using nitrate precursors will be assigned as 

CaN. General procedure for sample CaC PEG, CaCl2 (0.8 gr, 7.21 mmol) and PEG 8000 (7.5 gr into 22.5 

ml H2O) were mixed and dissolved, then 10 ml of aquatic solution of NaOH (1.5 M) was added drop by 

drop though continuous stirring, followed by transferring to an autoclave. The reaction was carried out at 

150 °C with a hold time of 30 min and a ramp time heating step (from 25 to 150 °C) set at 15 min. After 

MW-PP, the autoclave was cooled naturally to room temperature and after centrifugation at 5000 rpm for 

20 min, the supernatant liquids were discarded, and a white precipitate was acquired and washed three times 

with ethanol, for the isolation of unreacted precursors. An excess of polyol was utilized in each sample 

preparation. Total amount of solvent was kept constant at 40 ml. Specifically, for the remaining samples: 

CaN PEG: Ca(NO3)2·4H2O (1.7 gr, 7.21 mmol), polyethylene glycol, PEG 8000 (7.5 gr into 22.5 ml H2O), 

10 ml NaOH (1.5 M). 

CaC TEG: CaCl2 (0.8 gr, 7.21 mmol), tetraethylene glycol, TEG (30 ml), 10 ml NaOH (1.5 M).  

CaN TEG: Ca(NO3)2·4H2O (1.7 gr, 7.21 mmol), tetraethylene glycol, TEG (30 ml), 10 ml NaOH (1.5 M). 

CaC PG: CaCl2 (0.8 gr, 7.21 mmol), 1,2-propylene glycol, PG (30 ml), 10 ml NaOH (1.5 M). 

CaN PG: Ca(NO3)2·4H2O (1.7 gr, 7.21 mmol), 1,2-propylene glycol, PG (30 ml), 10 ml NaOH (1.5 M). 

 

 

2.2. Characterization of Ca-based NPs   
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X-Ray powder diffraction graphs (XRD) were recorded at Bragg-Brentano (BB) geometry using a 

two-cycles Rigaku Ultima+ powder X-ray diffractometer with a Cu Ka radiation operating at 40 kV/30 mA. 

Thermogravimetric analysis (TGA) was employed using SETA-RAM SetSys-1200 and carried out in the 

range from room temperature to 900 °C at a heating rate of 10 °C/min under nitrogen atmosphere. Fourier 

transform infrared spectra (FTIR) (400-4000 cm-1) were recorded using a Nicolet FT-IR 6700 spectrometer 

with samples prepared as KBr pellets. UV/Vis spectra were recorded with a Hitachi U-2001 double-beam 

UV/Vis spectrophotometer. Dynamic light scattering (DLS) and ζ-potential measurements were carried out 

at 25 °C utilizing a Nano ZS Malvern apparatus. pH-metry was done in MQ water via a Mettler Toledo pH-

meter. Conventional Transmission Electron Microscopy (TEM) images were obtained with a JEOL JEM 

1200-EX transmission electron microscope operated at an acceleration voltage of 120 kV. For TEM 

observations we have used suspensions of the nanoparticles deposited onto carbon-coated copper grids. 

2.3. Nematode Motility Bioassays  

Nematode Cultures. The nematicidal activity of Ca-based NPs was tested in terms of paralysis 

against  M. incognita and M. javanica second-stage juveniles (J2). Nematodes population were originally 

sampled from naturally infested tomato greenhouses in Heraklion, Crete and reared on tomato (Solanum 

lycopersicum L.) cv. Belladonna, a susceptible cultivation to root-knot nematodes. All nematodes J2 which 

were hatched in the first 3 days were discarded, and thereafter freshly hatched (24 h) second-stage juveniles 

(J2) were collected used for the bioassays according to Ntalli et al.30, 31 

Paralysis Activity of Ca-based NPs 

The activity of Ca-based NPs solutions (Ca(OH)2, Ca(OH)2/CaCO3 and CaCO3)  against J2 of M. 

incognita and M. javanica in paralysis tests was measured at concentrations of 50, 100, 200, 300, 400, 500, 

600, 1000 μg/ml and CaCl2  was tested at concentrations up to 800 mg/ml. The assays were performed in 

Cellstar 96-well plates (Greiner bio-one), using 20–25 J2 per treatment well and treatments were organized 

in a complete randomised design according to Ntalli et al.28, 30 Ca-based NPs and CaCl2 were dispersed in 

water, dissolved using a vortex mixer and sonicator before transfering into the culture plates. J2 suspensions 

were mixed in 96-well culture plates at a ratio of 1:1 v/v. Distilled water, served as control. The plates were 

javascript:popupOBO('CMO:0001099','c2jm31295f')
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covered to prevent evaporation and were maintained in the dark at 27°C in an incubator. Border wells 

containing water with nematodes were placed around the wells of each treatment checking the vapour drift 

among wells to avoid a possible interfere with the efficacy results. Juveniles motility was assessed using 

an inverted microscope (Euromex, The Netherlands) at 40× magnification after 24, 48, 72 and 96 hours and 

were ranked into two distinct categories: motile or paralysed 30 to calculate EC50 values. 

2.4. Statistical analysis  

Treatments of the paralysis experiments were replicated six times, and each experiment was 

performed twice. The percentages of paralysed J2 in the microwell assays were corrected by removal of the 

natural death/paralysis percentage in the water control, according to the Schneider Orelli formula 33 and 

they were analysed (ANOVA) after being combined over time: 

Corrected % = [(paralysis % in treatment  − paralysis % in control)/(100 −  paralysis % in control)] × 100 

ANOVA indicated no significant difference in time measurements. Corrected percentages of paralyzed J2 

treated with test compounds were subjected to probit linear regression analysis for EC50 calculation. The 

mean value of the six replicates per test concentration and immersion period was used to calculate the EC50 

value. Statistical analysis was performed using IBM SPSS Statistics program, in order to determine the 

effect of the different doses of the NPs after 24, 48, 72 and 96 hours. The dose – response curves were 

created using the program Origin Pro 8 (Graphing and Analysis). 

 

 

 

 

 

3. Results and discussion  

3.1. Synthesis and characterization of Ca-based NPs 
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Figure 1 illustrates the X-ray diffractograms (XRD) of all synthesized Ca-based NPs. Samples are 

labeled as CaN and CaC for syntheses starting with the Ca(NO3)2 and CaCl2 precursors, respectively. NPs 

are grouped based on the utilized polyol, PEG (Fig. 1A), TEG (Fig. 1B) and PG (Fig. 1C). In presence of 

PEG (Fig.1A), both precursors yielded hexagonal Ca(OH)2 NPs as indicated by the reflections that 

correspond to the (001), (100), (101), (102), (110), (111), (201), (103) and (202) planes of Ca(OH)2 

portlandite phase (JCPDS no. 44-1481). No other peaks were present in the diffractogram verifying the 

purity of Ca(OH)2 crystallite. In contrast, synthesis in the presence of TEG in both precursors resulted in 

the appearance of a second phase in the diffractogram (Fig.1B), matching the reflections of the 

rhombohedral calcite phase, CaCO3 (JCPDS no. 72-3917). Both materials produced in TEG (CaN TEG and 

CaC TEG, Fig.1B) are Ca(OH)2/CaCO3 mixtures. Interestingly this is not the case for the even more 

reductive PG (188 oC boiling point). While sample CaC PG synthesized from the chloride precursor is a 

mixture of Ca(OH)2/CaCO3 crystallites (Fig.1C), the reaction of PG with the nitrate precursor produces the 

sole phase of CaCO3 (CaΝ PG, Fig.1C). The crystallite size of all phases in all samples was calculated from 

the Scherrer formula, the D = 0.891λ/β cos θ, and full – width at half-maximum of the main peak of each 

crystallite phase, Ca(OH)2 and CaCO3. Calculated sizes are 40 and 43 nm for the Ca(OH)2 phase of CaC 

PEG and CaN PEG, respectively, 23/31, 30/39 and 23/41 nm for the Ca(OH)2/CaCO3 mixture of CaC TEG, 

CaN TEG and CaC PG, respectively and 64 nm for the CaCO3 phase of CaN PG.  

Ca2+ ions rapidly react with [OH-] to form Ca(OH)2 NPs while the CaCO3 structure arises from 

polyol red/ox reaction products. The products of the red/ox reactions are oxidized derivatives of polyols, 

like glycolaldehyde, glycoxylic acid, glycolic acid, oxalic acid, oxalates and CO2. The reductive ability of 

the polyol mainly depends on its boiling point, lower boiling points correlate to higher reductive ability, as 

shown before by us and others.26, 27, 46 TEG has a lower boiling point than PEG, 314 oC and >350 oC, 

respectively. Therefore, the oxidation polyol pathway is more favored in TEG resulting in the production 

of CO2 inside the autoclave. CO2 is dissolved in the polyol, is transformed in carbonate anions that react 

with calcium cations to give calcium carbonate, CaCO3, according to equation (1):47 

CO2 (dissolved)  H2CO3  H+ + HCO3
- CO3

2- + Ca2+  CaCO3 (1) 
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As polyols react with the anions in the solution, the NO3- anion is a much stronger oxidizing agent than Cl-

.39 Consequently, combining the most reductive polyol, PG, with the most oxidizing anion, NO3
-, results in 

strong carbonation of PG and yields pure CaCO3 NPs. 

From recent studies, Ca-based NPs have been synthesized as Ca(OH)2 with crystallite size of 30-100 nm 

and as CaCO3 with crystallite size of 25-50 nm.20, 48-50 Ca-based NPs synthesized in the current work using 

a microwave assisted polyol process are of the smallest reported sizes and in the desired size range. 

Additionally, Ca(OH)2/CaCO3 samples display a common trend regarding their crystallite size. As CaCO3 

is formed, the size of the Ca(OH)2 is reduced while the size of CaCO3 increases as well as the overall size 

 60nm. This implies that, apart from the CaCO3 phase formation via eq(1), Ca(OH)2 can partially transform 

in the CaCO3 phase. 47 Moreover, the main peak of CaCO3 around 29-30 is shifted to the left as the CaCO3 

content increases and is clearly right-shifted from the peak of the pure CaCO3 (CaN PG sample), as seen in 

Fig. S1 (SI). This suggests that CaCO3 is formed as an outer shell.61           
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Figure 1. X-ray diffractograms (XRD) of Ca-based NPs synthesized with PEG (A), TEG (B) and PG (C), 

with CaCl2 (CaC) and Ca(NO3)2 (CaN) as precursors. 

Thermogravimetric analysis (TGA) was employed to provide the composition and % w/w content 

for the as-produced NPs. TGA enables a composition analysis for Ca-based NPs as the decomposition of 

Ca(OH)2 and CaCO3 structures takes place in different temperatures according to equations (2) and (3):35, 

62  

Ca(OH)2  CaO + H2O (400-600 oC) (2) 

CaCO3  CaO + CO2 (630-800 oC) (3) 

Additionally, decomposition of Ca(OH)2 is accompanied by water loss corresponding to 24 % w/w of 

Ca(OH)2 (MWCa(OH)2 = 74, MWH2O = 18) while decomposition of CaCO3 is accompanied by carbon dioxide 

loss corresponding to 44 % w/w of CaCO3 ( MWCaCO3= 100, MWCO2 = 44). These values are essential when 

quantifying different decompositions happening in the same temperature area. This is especially important 

in the current study, as polyols decompose in the same vicinity as Ca(OH)2, right after 400 oC.26, 27, 44-46 

Moreover, high molecular weight polyols such as PEG form a double layer of coating around the surface 

of the NPs46, 63 that decomposes around the same vicinity as CaCO3, just above 550 oC. 

Figure 2 portrays the thermogravimetric curves of the NPs, displaying the weight loss in relation 

to the temperature (25-850 oC). In all NPs, the thermogravimetric curve is separated into three areas. The 

weight loss in first area (up to 350 oC) is due to the humidity of the NPs, observed in all samples. For 

Ca(OH)2 NPs synthesized in PEG (Fig. 2A and 2B) the weight loss in second area (350-550 oC) corresponds 

to the decomposition of both the surfactant and Ca(OH)2. The weight loss in the third area (550-850 oC) is 

attributed to the double layer of PEG coating on the surface of the Ca(OH)2 NPs. By applying the theoretical 

loss due to the decomposition of Ca(OH)2 (24 % of the total weight loss, MWCa(OH)2 = 74, MWH2O = 18), 

the estimated composition of NPs synthesized in PEG is [81.5% Ca(OH)2/18.5% PEG] and [79% 

Ca(OH)2/21% PEG] for samples CaN PEG and CaC PEG, respectively. For Ca(OH)2/CaCO3 NPs 

synthesized in TEG (Fig.2 C and D) the weight loss in second area (350-630 oC) corresponds to the 

decomposition of both the surfactant and Ca(OH)2. However, the weight loss in the third area (630-850 oC) 
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is not a case of double layer but the decomposition of CaCO3. This is clearly distinct from the decomposition 

of a double coating layer, happening about 100 oC earlier (Fig. 2A and 2B). By applying the theoretical loss 

due to the decomposition of Ca(OH)2 (24 % of the total weight loss, MWCa(OH)2 = 74, MWH2O = 18) and 

CaCO3 (44 % of the total weight loss MWCaCO3= 100, MWCO2 = 44), the estimated composition of NPs 

synthesized in TEG is [65.6% Ca(OH)2/25.3% CaCO3/9.1% TEG] and [67.7% Ca(OH)2/23.9% 

CaCO3/8.4% TEG] for samples CaN TEG and CaC TEG, respectively. For CaCO3 and Ca(OH)2/CaCO3 

NPs synthesized in PG (Fig. 2E and 2F, respectively) the weight loss in second area (350-630 oC) 

corresponds to the decomposition of the surfactant (Fig. 2E) for sample CaN PG and the decomposition of 

the surfactant and Ca(OH)2 (Fig. 2F) for sample CaC PG . The weight loss in the third area (630-850 oC) is 

attributed to the decomposition of CaCO3. By applying the theoretical loss due to the decomposition of 

Ca(OH)2 (24 % of the total weight loss, MWCa(OH)2 = 74, MWH2O = 18) and CaCO3 (44 % of the total weight 

loss MWCaCO3= 100, MWCO2 = 44), the estimated composition of NPs synthesized in PG is [94.3% 

CaCO3/5.7% PG] and [55.8% Ca(OH)2/35.6% CaCO3/8.6% PG] for samples CaN PG and CaC PG, 

respectively. 
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Figure 2. Thermogravimetric analysis (TGA) of Ca-based NPs synthesized with PEG (A & B), TEG (C & 

D) and PG (E & F), with CaCl2 (CaC) and Ca(NO3)2 (CaN) as precursors.  

The structural composition and crystallite size of all NPs is given in Table 1. It is clear from the calculated 

values that the % w/w of the organic polyol coating on the surface of NPs increases in parallel with the 

molecular weight of the utilized polyol.26, 46 In so, PEG provided the highest % w/w organic coating while 

PG the lowest. Increase in the MW of polyol leads to a more curl type of coating and in the case of PEG a 

double layer is formed. 46, 63 Furthermore, the highest % w/w CaCO3 values were calculated for the most 

reductive PG and the most oxidative NO3
- anion, in agreement with the XRD results and synthetic 

hypothesis. Fabrication products are given in scheme 1.  

Table 1. Characterization of Ca-based NPs synthesized in different polyols and precursors 

Sample 
name 

Precursor Polyol 
dXRD 
(nm) 

Structural composition (%w/w) 

Ca(OH)2 CaCO3 Org. coating 
CaN PEG Ca(NO3)2 PEG 43 81.5 0 18.5 

CaC PEG CaCl2 PEG 40 79 0 21 

CaN TEG Ca(NO3)2 TEG 30/39 65.6 25.3 9.1 

CaC TEG CaCl2 TEG 23/31 67.7 23.9 8.4 

CaN PG Ca(NO3)2 PG 64 0 94.3 5.7 

CaC PG CaCl2 PG 23/41 56 35.8 8.2 
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Scheme 1. System (structure & chemical composition) and synthesis/fabrication. 

Each structure, Ca(OH)2, Ca(OH)2/CaCO3 & CaCO3, was also identified and verified via FTIR 

spectroscopy (Fig. S2, SI). Characteristic bands appeared for each structure; strong, sharp bands at ~ 3600 

& 430 cm-1 corresponding to the OH and Ca-O stretching of Ca(OH)2, respectively, and at 875 & 710 cm-

1 corresponding to the CO3 group stretching mode of CaCO3.35, 48, 51, 64 Peaks in the 1500-1000 cm-1 area 

correspond to the organic coating.                  

 All synthesized Ca-based NPs form stable aqueous suspensions. No sedimentation occurred in 

the time period of 96 hours indicating the stability of the suspensions. The hydrodynamic size and surface 

charge of CaN NPs (suspensions at neutral pH) stabilized by PG, TEG and PEG are 220 nm and -11 mV, 

132 nm and -12 mV, 190 nm and -13 mV respectively. CaN NPs DLS and ζ-potential measurements are 

given in Figure S3 (SI) where only one peak is observed with small polydispersity indexs (pdi) that indicate 
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the presence of monomodal size distribution, no significant aggregation and high colloidal stability. Each 

synthesized composition of Ca-based NPs is expected to adjust pH values. It is well known that, in water, 

Ca(OH)2 can produce [OH]- anions as well as that CaCO3 can produce [CO3]2- anions. The first type of ionic 

release is followed by pH raise while the second by pH drop and neutralizes acidic and alkaline soils, 

respectively. More specific, the ionic release of all NPs aqueous suspensions was unveiled through pH-

metric measurements, shown in Figure 3. pH values for all NPs aqueous suspensions in two concentrations, 

50 and 300 μg/ml, and over four time periods, 24, 48, 72 and 92 hours, are presented. 
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Figure 3. pH-metric measurements of 50 μg/ml (A) & 300 μg/ml (B) aqueous suspensions of Ca-based 

NPs synthesized with PEG, TEG & PG, CaCl2 (CaC) & Ca(NO3)2 (CaN) precursors. 
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Ca(OH)2 NPs (CaN PEG and CaC PEG) display a steady increase in pH values over time and the 

highest pH values amongst all NPs, while higher pH values were measured for NPs with the lower % w/w 

of the organic coating (CaN PEG). Ca(OH)2/CaCO3 NPs (CaN TEG, CaC TEG and CaC PG) demonstrate 

the same pH profile but with lower pH values, due to being mixtures which contain the pH reducing CaCO3 

phase. However, all three NPs have significantly more than 50 %w/w of Ca(OH)2 that overhauls the pH 

reducing ability of CaCO3. Differences in the pH values could be associated with the %w/w structural 

composition of Ca(OH)2/CaCO3 NPs. Rapid changes in pH values could affect plants and microorganisms 

negatively. For this reason, a well-buffered soil is considered more desirable.17 While the Ca(OH)2/CaCO3 

produced lower pH values, changes are not so rapid and can be desirable for second stage agriculture 

applications. In contrast, CaCO3 NPs (CaN PG) show a pH reduction over time, attributed to the acidity of 

[CO3]2- anions. The increase in 24 hours compared to the pH of the water (pH = 7.5, hour = 0) can be linked 

to the alkalinity of PG or partial hydrolysis of Ca2+. Based on the basic pOH equations, the ionic release at 

96 hours were calculated at 8.6 % for CaN PEG while others samples displayed non significant values (< 

4%).             

Morphological particle characteristics were investigated with electron microscopy. TEM images 

are shown in Figure 4 revealing hexagonal Ca(OH)2 portlandite NPs (CaN PEG) (Fig. 4.A) and 

rhombohedral CaCO3 nanocrystals (CaN PG) (Fig. 4.B). Counting over 100 particles provided TEM size 

and standard deviation of 16.5 ± 0.15 and 76.95 ± 1.48 nm for Ca(OH)2 and CaCO3, respectively. Calculated 

values are in good agreement with crystallite size determined by XRD. For Ca(OH)2 NPs, 

pseudohexagonally plated crystalline features appear due to relatively small size of the NPs in contrast with 

already reported materials, while for CaCO3 truncated surfaces are observed. In general vacancies and 

truncated surfaces can be observed in both compositions, a desired characteristic for many calcium based 

applications. Figure S4 (SI) portrays the TEM image of Ca(OH)2/CaCO3 NPs (CaN TEG), where 

aggregation prevents the identification of distinct nanoparticles. However Ca(OH)2/CaCO3 NPs appear as 

a uniform composition verifying their suggested core/shell morphology.            
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Figure 4. TEM images of (A) Ca(OH)2 NPs (CaN PEG) and (B) CaCO3 NPs (CaN PG) showing the crystal 

hexagonal and rhombohedral morphology, respectively. 

3.2. In vitro nematicidal activity of Ca-based NPs 

Amongst the produced samples, three significantly different formulations with almost the same 

crystallite size, Ca(OH)2 (CaN PEG), Ca(OH)2/CaCO3 (CaN TEG) and CaCO3 (CaN PG) NPs, were 

evaluated as nematicidals. Two nematode Meloidogyne species (M. incognita and M. javanica) were chosen 

for the evaluation and were exposed to Ca-based NPs as well as CaCl2 + (inorganic salt) for 24, 48, 72 and 

96 h. Estimation of the nematicidal activity of NPs was carried out by the means of optical imaging of 

juvenile nematodes (both CaCl2 and NPs’ exposed cultures) where the assessment of the mobility of the 

nematodes revealed the action of NPs. Captions of nematode cultures (both control and NPs’ exposed) can 

been seen in Figure 5.      
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Figure 5.  Optical microscope images (inverted microscope x40) of nematodes (M. incognita) in control 

(A), after treatment with Ca(OH)2/CaCO3 NPs (B), Ca(OH)2 NPs (C) and CaCO3 NPs (D) for 24 hours. 

Paralyzed nematodes can be spotted in the presence of all Ca-based NPs.   

Nematodes in captions were ranked into two distinct categories: mobile or paralyzed. Control cultures 

contain only mobile juveniles (Fig. 5A) while paralyzed nematodes can be spotted in the presence of all 

Ca-based NPs (Fig. 5B-D), portraying their nematicidal activity. Dose responses curves for different aquatic 

suspensions of NPs in all time periods are given in Figure 6 for M. incognita and in Figure 7 for M. javanica. 

EC50 values are summed up in Table 2.     
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 Figure 6. Dose–response curves of Meloidogyne incognita paralysis following immersion in solutions of 

Ca-based NPs for 24, 48, 72 and 96 h. Each point represents the average % number of paralysed nematodes 

of six replications per treatment (×2 experiment replications) after eliminating natural death/paralysis 

measured in the control.  

It is lucid for the data that the nematicidal activity of evaluated Ca-based NPs follows the order 

Ca(OH)2 > Ca(OH)2/CaCO3 > CaCO3. The strongest activity against Meloidogyne incognita larvae was 

presented after Ca(OH)2 NPs treatment with EC50/24h value 255 μg/ml followed by Ca(OH)2/CaCO3 NPs 

with 525 μg/ml and CaCO3 NPs with 828 μg/ml. Fosthiazate, a commercial pesticide has been evaluated as 

a positive control with an EC50 of 20μg/ml. Although, Ca(OH)2 NPs display a 10 fold increase in their EC50 

when compared with Fosthiazate, the EC50/24h value of 255 μg/ml is still promising taking into account that 

commercial chemical pesticides are not environmental friendly and the goal is to be replaced by 

biocompatible materials. The same profile is observed in Meloidogyne javanica with a slightly lessened 

nematicidal activity, strongest activity in the presence of Ca(OH)2 NPs with EC50/24h value of 311 μg/ml, 

with Ca(OH)2/CaCO3 NPs at 628 μg/ml and CaCO3 NPs at 883 μg/ml. In general, an expected dose response 
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was monitored, while EC50 values increased to some extent over time but overall a stable nematicidal effect 

is presented.  

 

Figure 7. Dose–response curves of Meloidogyne javanica paralysis following immersion in solutions of 

Ca-based NPs for 24, 48, 72 and 96 h. Each point represents the average % number of paralysed nematodes 

of six replications per treatment (×2 experiment replications) after eliminating natural death/paralysis 

measured in the control.  

 

 

 

Table 2. EC50 values of Ca-based NPs paralysis activity against Meloidogyne incognita, and Meloidogyne 

javanica calculated for 24, 48, 72 and 96 hours immersion periods in test solutions. 
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Ca-based NPs  

EC50 (± Std. Error) (μg/ml) 

Meloidogyne incognita Meloidogyne javanica 

24 hours 48 hours 72 hours 96 hours 24 hours 48 hours 72 hours 96 hours 

Ca(OH)2 225 ± 0.2 214 ± 0.24 208 ± 0.22 205 ± 0.23 311 ± 0.1 293 ± 0.2 286 ± 0.2 281 ± 0.2 

Ca(OH)2/CaCO3 525 ± 0.3 513 ± 0.32 505 ± 0.3 493 ± 0.4 628 ± 0.3 606 ± 0.4 589 ± 0.3 564 ± 0.4 

CaCO3 828 ± 0.4 813 ± 0.42 805 ± 0.3 800 ± 0.4 883 ± 0.3 856 ± 0.3 837 ± 0.2 830 ± 0.2 

*Statistical R2 values are  0.98 for all EC50 values. 

A CaCl2 solution at concentrations of 50, 100, 200, 400 and 800 mg/ml was also evaluated and did 

not have an effect in both of Meloidogyne species. Similar result was also reported previously 65 and was 

verified in the current study. Moreover, it confirms that any Ca2+ ions released from NPs would not have 

an effect in their nematicidal activity of Ca NPs. It is appealing that each different structure/formulation, 

Ca(OH)2, Ca(OH)2/CaCO3 and CaCO3 NPs, displayed notably dissimilar nematicidal activity. In that 

manner, from this initial assessment nematicidal activity of Ca-based NPs can be linked to the structure and 

composition unveiling that Ca(OH)2 is the most effective nematicidal agent. However, size effects cannot 

be excluded in case of CaCO3 NPs (77 nm) and Ca(OH)2 (16.5 nm) as the EC50 values are 4 fold, 

respectively. Nonetheless, when Ca(OH)2 and Ca(OH)2/CaCO3 with very similar sizes compared, 

nematicidal effect appears to be boosted and favors the hypothesis that [OH]- anions play a crucial role in 

the nematicidal activity. It is important to note that there is no effect on nematodes of bulk Ca(OH)2. 66 The 

action of [OH]– anions can be correlated to oxidative stress induced to the nematodes as previously reported 

67 while transport of anions happens through the ion canals of the nematodes. Based on the nematicidal and 

pH experiments, Ca(OH)2 is proposed as the best nematicidal agent against M. incognita and M. javanica, 

CaCO3 as the most stable pH adjuster while the combined Ca(OH)2/CaCO3 NPs appear to have an 

intermediate action.    

 

 

4. Conclusions  
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Root knot nematodes are undoubtedly a main problem of the agricultural sector and striving to 

develop effective control agents to deal with the issue is urgent and considerable efforts are needed. 

Inorganic/organic hybrid nanoparticle formulations appear as strongly promising materials among other 

novel substances under evaluation as economically sustainable, environmentally sound, highly stable and 

biocompatible alternatives, with control over the release of active components both for pest control and soil 

and plant boost. Amongst inorganic materials, Ca-based nanoparticles should be viewed as a biocompatible 

material with dual functions, able to boost plant growth via raising soil pH and protect the plant from 

microorganisms and pests. Herein, a simple synthetic process was developed to provide selectivity over the 

structure of the as-produced Ca-based nanomaterial, Ca(OH)2, Ca(OH)2/CaCO3 and CaCO3, by using 

chemical protocols involving proper polyol and precursor combinations. The structure-activity relationship 

shows that structural alterations among used compounds induced dissimilar nematicidal effects. 

Nonetheless, given that each structure is linked with a diverse pH adjustment as well as that these changes 

in pH can also affect plant growth, depending on the type of crop the appropriate composition can be chosen 

when either stable pH changes and/or strong nematicidal actions are required. The biological activity shows 

a concentration-dependent function. Ca(OH)2 NPs proved to be more efficient than Ca(OH)2/CaCO3 against 

M. incognita and M. javanica in vitro. However, the multimodal action of Ca(OH)2/CaCO3 could rise as 

the most appealing two way nanofertilizer. On the other hand, CaCO3 exhibited the lowest EC50 values, but 

could be utilized for its soil pH lowering activity. These results encourage the research to proceed in in-

vivo experiments and examine further the multimodal activity of Ca-based nanoparticles in boosting crop 

growth and tackle the occurrence of phyto-parasites and phyto-pathogenic microorganisms.   
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