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Abstract 

 
Food demand due to the growing population globally has been stretching the agriculture 

sector to the limit. This demands the cultivation of plants in shrinking land areas which 

makes the search for highly effective systems for plant nutrition and pest control 

important. In this context, the application of nanoparticles (NPs) in agriculture can have 

a transformative effect on food production techniques as it can enable the delivery of 

bioactive agents (including growth factors, pesticides and fungicides) directly to plants. 

Herein we report the application of unfunctionalized as well as amine-functionalized 

and polycaprolactone-coated Fe3O4 nanoparticles to seed treatment in tomato (Solanum 

Lycopersicum). The study reveals that the treatment has no side effects on plant 

germination and development. Furthermore, the translocation of NPs in seeds and 

seedlings post-treatment depends on the surface functionalization of the NPs. XRF 

analysis of seedlings suggested that around 66% of unfunctionalized Fe3O4 

nanoparticles were translocated in the cotyledons while only 50% of functionalized NPs 

(both amine and PCL). Our results demonstrate that all particles were uptaken by the 

seeds, thus suggesting that the functionalized NPs can act as a versatile platform for 

delivering of active compounds, such as fungicides and growth factor agents. 
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1. Introduction 

 

Metallic and metal oxide nanoparticles show a significant potential to provide 

eco-friendly solutions for improving agricultural productivity.1 They had been used for 

pest control, enhancing plant nutrition, as well as improving crop production. There 

have been several studies on the effect of nanoparticles to a plant system, but the 

mechanism of interactions between nanoparticles and plant cells is still poorly 

understood.2  

There are two pathways for nanoparticles to be taken up by plants. In the 

symplastic pathway, translocations depend mainly on the movement of water and 

substances between the cytoplasm of adjacent cells by specific structures called 

plasmodesmata. In the apoplastic pathway, the translocation of nanoparticles is outside 

the cells, through the extracellular cavity.3 However, nanoparticle access to the plant 

cell will depend on its size, morphology, crystal structure, coating type, surface charge, 

and hydrophobicity.4,5 Studies have shown that the design of nanoparticles can alter the 

mechanism of plant growth at an early stage, causing functional damage associated with 

tissue differentiation and solute transport.6  

Studies on the effects of metallic and metal oxide nanoparticles on the plants 

development, the physiological and biochemical processes in plants can be found in the 

literature.7 Among these studies, new strategies have been successful in modulating the 

uptake pathway by plants, as well as the translocation.8 For example, 

polyvinylpyrrolidone (PVP) polymer coated gold nanoparticles have been shown to 

enhance leaf surface uptake of nanoparticles, alter aggregation potential and cellular 

effects.8 Moreover, positively charged gold nanoparticles coated with 

polyethyleneimine (PEI) induced mucilage production, which entrapped the particles 

and reduced their uptake in Arabidopsis thaliana plants.9 On the other hand, negatively-

charged citrate coated gold nanoparticle were taken up and translocated in the roots. 

Kumar et al. (2013) 10 showed that gold nanoparticles coated with biomolecules 

extracted from seeds of Syzygium cumini L. increased the seed germination by 10-15% 

and seedling size by about 1.5 times. Also, after the plant development, an increase in 

the antioxidant enzymes activity (by 1.24-2.83 times) was observed.10 In addition, the 

enhanced germination ratio could also be caused by the biomolecules from vegetal 

extract other than by the gold nanoparticles. 
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Iron oxide nanoparticles have already shown some positive effects on plant 

growth. For example, iron oxide nanoparticles was shown to be able to regulate the 

level of phytohormones and antioxidant enzymes in peanuts plants (Arachis hypogaea), 

in turn to promote a better plant development.11 Rui et al. (2016)11 showed that iron 

oxide (γ-Fe2O3) nanoparticles had the potential to act as a fertilizer. A study on Arachis 

hypogaea showed that these Fe2O3 nanoparticles promoted an increase in the plant’s 

biomass, their photosynthetic activity and the uptake of the Fe3+ ions by plants. Hussain 

et al. (2019) 12 used iron oxide (Fe3O4) nanoparticles as an alternative for soil 

remediation when they germinated Triticum aestivum seeds in soils contaminated with 

cadmium. After 125 days, the absorption of cadmium by plant was reduced by 53% and 

the phytotoxic effects were alleviated. Moreover, several studies have reported that iron 

oxide nanoparticles can increase seed germination,13 seedling vigor, plant biomass, and 

yield, and also enhance physiological function.11–15 However, in our best knowledge, 

there is no study found in the literature on the effect of the surface coating of iron oxide 

nanoparticles on plant growth. 

In this work, we report the synthesis and characterization of amine-

functionalized, using 3-aminopropyltriethoxysilane (APTES), and polycaprolactone-

coated iron oxide (Fe3O4) magnetic nanoparticles (MNP). The NPs were evaluated in 

terms of their phytotoxicity and their uptake by plants was studied in detail, in order to 

demonstrate their potential as carrier systems for agricultural application. 

 

2. Materials and methods  

 

2.1 Materials 

 

Iron (III) chloride hexahydrate (FeCl3۰6H2O, ACS Reagent) and 

polycaprolactone (PCL, Mw~14000 Da) were supplied by Sigma Aldrich, while iron 

(II) chloride tetrahydrate (FeCl2۰4H2O, 99%) was purchased from Acros Organics. 

Concentrated hydrochloric acid (HCl, 35%), ammonia solution (NH3, 35%) and toluene 

(HPLC grade) were all supplied by Fisher Scientific. 3-Amminopropyltriethoxysilane 

(APTES, 99%) was purchased from Fluorochem. Ethanol (99.5%) and sodium 

hypochlorite (12% aqueous solution) were supplied by Synth, Brazil. The tomatoes 

seeds (Solanum Lycopersicum) were purchased from ISLA Sementes, Porto Alegre, Rio 

Grande do Sul-Brazil.  
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2.2 Synthesis and functionalization of Fe3O4 magnetic nanoparticles (MNP)  

 

2.2.1 Preparation of magnetic nanoparticles MNP 

 

The co-precipitation method was used to prepare the MNP as published 

previously by Zhao et al. (2015).16 Firstly, 5.4 g of iron (III) chloride hexahydrate was 

dissolved in 20 mL of deionized water and 2.0 g of iron (II) chloride was dissolved in 5 

mL of a solution of 2 M hydrochloric acid. Both solutions were added to 100 mL of 

deionized water and mixed thoroughly in a round-bottom flask (250 mL) with 

mechanical stirring using an overhead stirrer (IKA). A 2 M solution (120 mL) of 

ammonia was then added to the reaction mixture slowly to precipitate Fe3O4 

nanoparticles (MNPs). The reaction lasted for 10 minutes at room temperature and the 

speed of the overhead stirring was set at 300 rpm. The black MNPs in suspension were 

then transferred to a beaker (250 mL) and recovered using a neodymium iron boron 

(NdFeB) magnet. These MNPs were then washed using deionized water (100 mL) until 

the solution was neutral (pH 7); this usually takes approximately 10 washes. In order to 

avoid moisture, the particles were then suspended in toluene for further experiments. 

 

2.2.2 Functionalization of MNP using APTES 

 

Amine groups were grafted onto the MNP surface via silanization using 3-

amminopropyltriethoxysilane (APTES) following a prior work.17 Generally, 0.5 g of the 

prepared MNP was suspended in 100 mL of dry toluene in a round-bottom flask (250 

mL). The suspension was then sonicated in an ultrasonic bath for 10-15 minutes until 

the magnetic nanoparticles were fully dispersed in toluene. Approximately a 1:1 mass 

ratio of APTES to MNP is used for the synthesis reaction as 0.5 mL of APTES was 

added to the suspension dropwisely. Excessive APTES was used to ensure complete 

coverage of the surface on MNPs. 

The reaction mixture was then heated to a reflux using a hot oil bath at 110°C 

under mechanical stirring at 300 rpm for 6 h. Once this silanization reaction was 

completed, the sample, denoted as NH2-MNP, was washed with acetone (20 mL) with 

sonication for at least 8 times to remove unreacted APTES and residual toluene. 

Acetone was finally removed using a vacuum oven (Heraeus) at 50°C for at least 8 h. 
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2.2.3 Polycaprolactone (PCL) coating onto NH2-MNP  

 

Polycaprolactone (PCL) was bound on to the NH2-MNP particles via thermal 

coupling, based on a method published previously.18 In brief, 100 mg of NH2-MNP 

(from section 2.2.2) were suspended in 20 mL of dry toluene in a round bottom flask 

(250 mL) and sonicated at 70°C until full dispersion. PCL (2 g) was dissolved 

separately in 20 mL of dry toluene and heated to 70°C. This PCL-toluene solution was 

then added to the NH2-MNP suspension dropwisely and the reaction mixture was then 

heated to 110°C under mechanical stirring (300 rpm) for at least 8 h. The resultant PCL-

MNP was recovered using a NdFeB magnet and washed with acetone using an 

ultrasonic bath to remove unreacted polymer and solvent. Acetone was finally removed 

using a vacuum oven (Heraeus) at 50°C for at least 8 h. 

 

2.3 Characterization of magnetic nanoparticles 

 

Transmission Electron Microscopy (TEM) imaging was used to examine the 

materials on a nanoscale. The images were taken using a FEI TECNAI TF20 

microscopy fitted with a field emission gun and operated at 200 keV. The sample (< 0.1 

mg) was suspended in ethanol using sonication and then deposited on a holey carbon 

(300 mesh) sample grid (Agar). The prepared sample grid needed to be dried in air for 

at least 24 h before analysis.   

The organic coating on magnetic nanoparticles was characterized using 

Fourier-transform infrared (FTIR) spectroscopy. The analysis was carried out using a 

Perkin Elmer Spectrum 100 spectrometer fitted with an ATR sampling unit. For sample 

measurements, 32 scans in the region from 650 to 4000 cm−1 were recorded with a 

resolution of 4 cm−1. CHN elemental analysis was performed with an Exeter CE-440 

Elemental Analyzer.  

Thermogravimetric analysis (TGA) were carried out to quantify the organic 

content on MNP surface and performed using a TA instrument SDT Q600. Generally, 

the samples (ca. 5 mg) were heated up to 800 °C at a heating rate of 10°C/min, under air 

flow (100 mL/min).  

The Dynamic light scattering (DLS) was used to study particle hydrodynamic 

diameter (nm) and polydispersity index (PDI). The measurements were performed using 
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a Zetasizer Nano ZS90 (Malvern Instrument, UK). The samples were dispersed in 

ultrapure water (0.1 mg/mL) and were measured in triplicate at 25°C with the scattered 

light detected at an angle of 90°C. The zeta potential values (mV) were determined by 

electrophoresis, with analysis in triplicate, at 25 °C, also using the Zetasizer ZS90 

instrument (Malvern Instrument, UK). 

 
2.4 Plant studies 

 

2.4.1 Seed treatment 

 

Tomato seeds (Solanum Lycopersicum) were sterilized in sequential washes for 

1 min in 70% ethanol, 5 min in 2% sodium hypochlorite, and three times for 5 min in 

sterile deionized water. The seeds were treated with different concentrations of 

nanoparticles (0.25, 2.5 and 5 mg/mL). Typically, 50 seeds were added into a flask 

(which contained 10 ml of a given nanoparticle suspension) and then the flask was 

subjected to 24 hours of orbital shaking at 100 rpm in the dark at room temperature.19 

 

2.4.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX) 

spectroscopy 

 

Surface morphology and metal distribution of seed samples were studied by a 

scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) spectroscopy.  

They were performed using Philips XL30 ESEM electron microscope with an Oxford 

Instruments X-act EDX detector. The EDX was calibrated using the INCA EDX 

software with Cu (99.999% purity) as the calibration standard. The SEM micrographs 

provided a visual representation of the morphology of the seed before and after MNP 

loadings while EDX mapping was used to study the localization of MNPs on the seed 

coats. Seeds were placed on carbon tape, followed by palladium sputtering to enhance 

the conductivity prior to imaging since the seed samples were insufficiently conductive. 

All micrographs and EDX spectra were recorded using a beam current of 20 kV. 

 

2.4.3. Quantification of MNP loading on seeds using Atomic Absorption Spectroscopy 

(AAS) 
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Seeds loaded with MNP samples were digested in concentrated hydrochloric 

acid (1 mL), speeded up by sonication. The solution was then diluted with deionized 

water and the atomic adsorption intensity of solution was measured using a Thermo 

Fisher Flame Atomic Absorption Spectrometer (S series unit) fitted with an iron lamp (λ 

= 248.3 nm).  

 

2.4.4. Seed analysis for Microprobe X-ray Fluorescence Spectroscopy (µ-XRF) 

 

Tomato seeds were longitudinally cut using a razor blade, fixed in a proper 

sample holder sealed with a 6 µm thick polypropylene thin film (VHG, USA) and 

probed by a benchtop μ-XRF system (Orbis PC EDAX, USA). The samples were 

investigated along 64 points by a 30 μm X-ray beam generated by a Rh anode operating 

at 45 kV and 300 µA with a 25 µm Ti primary filter selected. The X-ray fluorescence 

photons were counted by silicon drift detector (SDD) and the dead time was smaller 

than 3%.20 For each treatment, the iron intensities in the seed coat and endosperm 

regions were statistically compared by analysis of variance (ANOVA) with Tukey's 

post-hoc test (p < 0.05), using SAS 9.3 software.    

Besides, tomato seeds were transversally mapped by the microprobe X-ray 

fluorescence. The elemental mapping images (Fe, Ca and K) were generated by a 32×25 

pixel matrix investigated using the same instrumental conditions described above, but 

with a 500 µA current and 2 s of dwell time. The maps were obtained by interpolation 

using the OriginLab 2019. Figure S1 details the setup for the XRF analysis (S1-a) and 

the sample loaded into the equipment (S1-b). 

 

2.4.5 Nanoparticles effects of tomato seedlings  

 

To evaluate the effects of magnetic nanoparticles on plants, ten seeds were 

transferred to Petri plate (100 × 15 mm) containing solid agar (1.5%) for germination. 

The seeds were germinated in the dark for 5 days. The germination index, shoot and 

roots length (cm) and seedling dry weight (mg) data were then collected and statistically 

treated with calculation of the means and standard deviations (n=3 Petri plates with 10 

seeds), followed by analysis of variance (ANOVA) with Tukey's post-hoc test (p < 

0.05), using GraphPad Prism 5.01 software. 
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2.4.6. Seedling analysis by microprobe X-ray fluorescence spectroscopy (µ-XRF) 

 

The distribution/localization of MNPs, coated and not coated with APTES and 

PCL, in tomato seedlings also were monitored by μ-XRF. Ten points distributed 

through the cotyledonary leaves, stem and radicle were investigated by a 30 μm X-ray 

beam generated by a Rh anode operating at 45 kV and 900 µA with a 25 µm Ti primary 

filter. The X-ray spectra were acquired using 30 s dwell time by a 30 mm2 SDD 

detector. The dead time smaller than 10%. In this assay, seedlings obtained from seeds 

treated with 5 mg/mL of MNPs were used. The intensities recorded in the cotyledon 

leaves, stems and the radicle were statistically compared among the MNP treatments by 

analysis of variance (ANOVA) with Tukey's post-hoc test (p < 0.05), using SAS 9.3 

software.    

 

2.4.7. X-ray fluorescence spectroscopy data treatment 

  

For all the XRF analysis, the instrumental limit of quantification (ILOQ) values 

were calculated. The values above the ILOQ were not considered in elemental maps 

(Fig. 4) of seeds and the probing of seedlings (Fig. 7), whereas it was denoted with a red 

dashed line in the linescans of seeds (Fig. 5). The ILOQ was calculated in according to 

the equation (1): 

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 8.485 × (𝐵𝐵𝐵𝐵
𝑡𝑡

)
1
2    (1) 

where BG is the average of background count rate under the XRF analyte signal, and t 

(in s) is the dwell time. 

 

Moreover, the XRF analysis, the Fe, Ca and K intensities were divided by the 

Rh Kα Compton scattering of the corresponding probed points, and subsequently, by 

their corresponding elemental sensitivities, determined throughout reading Fe, K, and 

Ca thin film standards (MicroMatter™, Fe: 49.4; K: 26.69, Ca: 30.90 µg cm-2) at the 

same instrumental conditions employed for the samples, in according to the equation 

(2): 

𝑆𝑆 = 𝐼𝐼
𝐶𝐶
      (2) 
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where S is the elemental sensitivity (in µg-1 cm2), I is the intensity of the thin film 

standard (a.u.), and C is the elemental concentration on the thin film (µg cm2). 

  

3. Results and Discussions  

 

3.1 Nanoparticles characterization 

 

Results from the characterization of MNP samples using TEM, DLS, 

electrophoresis (zeta potential), FTIR and TGA are shown in Figure 1. Figure 1a shows 

typical TEM images of unfunctionalized MNPs. The particle size was measured and the 

size distribution was shown in Figure 1b (n = 110). The majority (90%) of the particles 

are between 6-13 nm wide with mean diameter around 9 nm. The nanoparticles size 

found in this study is consistent with those reported in the literature.11,21 The 

hydrodynamic diameter from DLS was 4 ± 0.5 nm with PDI of 0.29 ± 0.03. When 

functionalized with APTES (NH2-MNPs), there was no observable change in size 

distribution. With PCL coating, the size of the nanoparticles increased to 76 ± 0.3 nm 

with PDI 0.25 ± 0.002. This is due to aggregation and crosslinking between particles.  

The uncoated MNPs showed zeta potential of –6 ± 0.4 mV, which is near 

neutral. The surface functionalization via silanization consists in a condensation 

reaction between the hydroxyl groups from MNPs and siloxane groups from APTES.21 

The grafting of amines can be confirmed by an increase in zeta potential to a positive 

value, since the nanoparticle surface becomes positively charged in a neutral/acidic pH. 

Consequently, the NH2-MNP showed zeta potential of +37 ± 0.4 mV. The PCL coating 

reduced the zeta potential slightly to +27 ± 2.9 mV, as some surface amine groups had 

reacted with PCL carboxylic acid groups during thermal coupling. 

The identity of the surface functional groups on MNPs were examined using 

FTIR and the spectra are shown in Figure 1e. The additional bands indicate that the 

corresponding functional groups were coated on MNP surfaces. The FTIR spectrum of 

NH2-MNP presented bands at 1000 cm-1, attributed to the Si-O-Si groups. The bands at 

1595 and 3440 cm-1 are due to the N-H stretching vibration and free NH2 groups.21 After 

coating with PCL, the PCL-MNP nanoparticles showed bands at 1730 cm-1 (C=O, 

stretch, ester), 1640 cm-1 (C=O, stretch, amide) and 1300 cm-1 (C-O-C, stretch 

asymmetric). These bands represent the ester structure in PCL.22 The organic content on 

the MNP surface was quantified using TGA and (figure 1f). There is a weight gain of 
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1.4% observed from unfunctionalized-MNP at around 200°C due to the oxidation from 

Fe3O4 to Fe2O3, a consistent observation to published works.17 The NH2-MNP lost 3.5% 

weigh due to organic content while PCL-MNP lost ca. 8% weigh due to the polymer 

coating.  

 

 
Figure 1: Nanoparticles characterization by (a) TEM images, (b) size distribution from 

TEM(n=110), (c) size distribution from DLS, (d) zeta potential, (e) FTIR spectra and (f) 

TGA curves for the unfunctionalized-MNP (i) NH2-MNP (ii) and PCL-MNP (iii).  

 

3.2 MNP nanoparticles localization on seed coats: SEM/EDX study 
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The adsorption of MNP on tomato seeds, kept in aqueous suspension, was 

evidenced by the change in their external color to brownish color and their response to 

an external magnetic field. As shown in Figure 2, the extent of adsorption promotes 

sufficient deposition of the three MNP to make the seeds magnetic. 

 

 
Figure 2. Tomato seeds treated for 12 hours in aqueous suspension of MNP samples. 

 

SEM-EDX revealed seed morphology and MNPs localization. The top panel of 

SEM micrographs in Figure 3 shows that the morphology of seeds was not altered by 

the MNP loading. At a higher magnification, the MNPs were found trapped inside the 

fibers on the seed coat (middle panels). There is no observable difference between 

MNPs with different surface functionality. Localization of MNPs was highlighted by 

the EDX mapping (bottom panels) as strong iron (Fe) signals were recorded. Further 

analysis using EDX spectroscopy (Figure S2) on the seed surface confirmed the identity 

of the particles as there was no Fe signal from the control sample. A Fe signal was 

observed for all MNP-loaded seeds, while seeds loaded with NH2-MNP and PCL-MNP 

nanoparticles also showed an enhanced carbon (C) signal due to the propylamine chain 

on APTES and PCL polymer. This result indicates that this MNP system can adapt to a 

wide range of surface functionalities, allowing further development as carriers for 

delivery of (bio)molecules including bio-active reagents, e.g. pesticides. There is also 

no observable damaging effect on seeds, suggesting that application of these MNP 

systems to plants are possible with minimal adverse effects. The amount of MNPs 

loading on seeds was also quantified using AAS (Figure S3). The results suggested that 

around 0.018 – 0.029 mg MNPs were loaded onto 1 mg of seed, equivalent to around 

1.8 – 2.9%. 
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Figure 3: Scanning Electron Microscopic (SEM) images for seed samples loaded with 

MNP at 5 mg/mL. Images at the top panel show the overviews while in the middle 

panel, images with a higher magnification show the morphology of coats before and 

after MNP loadings. The iron maps from EDX are shown in the bottom panel, the areas 

of interests are indicated as red rectangles in the middle panel. No iron was detected in 

the control sample.  

 

3.3 Nanoparticle uptake in seeds: X-ray fluorescence (XRF) evaluation 

 

Further analysis for determining the distribution/localization of MNPs in seeds 

was carried out using XRF elemental mapping. Figure 4 shows microscopic images and 

the µ-XRF elemental maps for calcium (Ca), potassium (K) and iron (Fe) for S. 

lycopersicum seeds. The chemical maps reveal high intensity of the Ca at the seed coat 

region (second column, ii), while the K is found in the endosperm (third column, iii). In 

addition, hotspots of K intensity are observed in the embryo region. The counting rate 

of both Ca and K intensities, however, are very similar among the treatments and the 

control.  

On the other hand, Fe intensity increased substantially in the treated seeds 

(Figure 4 b.iv, c.iv and d.iv). The line scan measurements (Figure 5) indicate that most 

MNPs remained in the seed coat, this is statistically confirmed for seeds treated with 

PCL-MNP and unfunctionalized-MNP (Figure S4a).  
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Statistical analysis in Figure S4c also show that the amount of iron in the 

endosperm of treated seeds was higher than that found for the control ones, following 

the sequence NH2-MNP > PCL-MNP ≈ unfunctionalized-MNP > control. It is worth to 

note that, even though we performed several seed cuts and they were reproducible, one 

cannot exclude the possibility the part of iron observed in the endosperm have been 

dragged during sample slicing. However, the median number of counts at the 

endosperm of treated seeds were from three to ten-fold higher than that of control 

(control: 3.1×10-4; NH2-MNP: 3.3×10-3; PCL-MNP: 1.1×10-3; unfunctionalized MNP: 

1.2×10-3; unit: counts µg cm2), thus, excluding the contribution of spikes from dragged 

MNP.  

These results were consistent with literature results for bean seeds (Phaseolus 

vulgaris L.) soaked in a 5.0 mg mL-1 solution (similar concentration to our study) 

containing 25 and 40 nm CuO NPs and 20, 40, 60 nm ZnO NPs.23 Among the three seed 

samples loaded with MNPs, no difference was observed in the distribution of Fe at the 

surface of the seeds. This observation suggests that the particle adsorption was not 

influenced by surface groups or surface chemistry of MNPs.  

 
Figure 4: Seed images on left side (a.i, b.i, c.i and d.i) and X-ray fluorescence chemical 

revealing the spatial distribution of Ca (a.ii, b.ii, c.ii and d.ii), K (a.iii, b.iii, c.iii and 

d.iii) and Fe (a.iv, b.iv, c.iv and d.iv) of tomatoes (Solanum lycopersicum) treated with 

various MNP samples at 5 mg/mL. 
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Figure 5. XRF longitudinal line scans for tomato seeds. The dashed red line refers to 

the instrumental limit of quantification (ILOQ) for Fe. Samples are represented by (a) 

control, (b) NH2-MNP, (c) PCL-MNP and (d) Unfunctionalized-MNP. In all seeds 
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treated with Fe sources, the number of Fe counts was higher on the seed surface and on 

the hilum region. All measurements were made in triplicate (i, ii, iii).   

 

3.4 Biological evaluation in tomatoes seeds 

 

Following seed priming, the seeds were sown in Petri dishes, and then 5 days 

later evaluated in relation to the shoot and root size, and dry mass of the plant (Figure 

6). For all treatments the germination index was 100% (data not shown), and the 

treatment with three MNP samples did not promote observable effects on root size, 

shoot size and dry mass compared the control. It indicates that the nanoparticles 

evaluated in this study did not affect plant growths in the initial stage. Therefore, the 

MNPs might be applied to plants without detectable side effects. This is consistent with 

relevant research works in the literature where iron oxide nanoparticles were found to 

be non-toxic to the plants, and could even stimulate plant development.11,14,15 

According Sundaria and co-workers (2019), the effects of 80 nm γ-Fe2O3 

(maghemite) nanoparticles for wheat seed priming were dependent on the nanoparticle 

concentration.13 Concentration at 0.6 mg/mL inhibited seed germination, while 

concentrations below 0.2 mg/mL can stimulate the germination as well as increase the 

nanoparticles uptake by the seeds. Reactive oxygen intermediates formed during seed 

germination may increase the germination percentage, but in large amounts, the 

presence of transition metals leads to excessive formation of hydroxyl radicals via the 

Fenton reaction and may cause damage to plant DNA.13,24 Another study by Duran et al. 

(2018) also showed that Fe3O4 nanoparticles (ca. 12-14 nm at 1 to 1000 mg Fe/L or 1.38 

x 10-3 to 1.38 mg/mL) stimulated the radicle growth of Phaseolus vulgaris seedlings 

(8.1 ± 1.1 cm vs. 5.9 ± 1.0 cm for the control). A key factor that triggered the observed 

results was the poly(ethylene glycol) (or PEG) coating on nanoparticle, inducing an 

increase in water uptake.25 In the present work, there was no growth inhibition observed 

up to 5 mg/mL of these MNP samples.  
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Figure 6: Evaluation of seedlings sprout from seeds treated with magnetic 

nanoparticles. The figure corresponds to root and shoot length data (a), dry mass of the 

plant (b), and image of seedlings after 5 days of seeding (c). The results represent the 

average of 3 Petri plates, containing a total of 10 seeds per plate. Statistical analyses 

were performed using one-way ANOVA with Tukey’s test and none of the comparisons 

were significant (significance level of p < 0.05). 

 
3.5 Nanoparticle uptake in tomato seedlings: A microprobe X-ray fluorescence (µ-XRF) 

evaluation 

 
Localization of MNPs post germination would be of particular interest if this 

MNP system is to be developed for the delivery of bio-active agents. Figure 7 shows the 

iron distribution in different parts of tomato seedlings loaded with MNP samples. 

Higher XRF counts for iron in seedlings germinated from treated seeds showed that iron 

was transferred from seed to root and cotyledon during the germination process. 

Comparing the iron count in the different parts of the seedlings with the control, it is 

observed that the uptake by seedlings occurs more expressively for unfunctionalized 

MNPs, while both functionalized MNPs showed similar iron count distribution to the 

control. Since NH2-MNPs and PCL-MNPs have similar zeta potential while the 

unfunctionalized MNPs and NH2-MNPs have similar hydrodynamic size, surface 
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charge could be the predominant factor over particle size in influencing the 

translocation of particles in seedlings.  

However, results in reported literature are not always coherent and factors 

influencing uptake can be complex. First is the size of nanoparticles. Generally, small 

nanoparticles are more likely to be taken up by the seeds than larger nanoparticles.26 In 

our study, the hydrodynamic size of NH2-MNPs is 4 ± 0.5 nm while MNPs coated with 

PCL increase to 76 ± 0.3 nm in size but showed no difference in translocation Instead, 

our results showed that the charge of nanoparticle surface could override the size factor 

as NH2-MNPs have comparable hydrodynamic size as unfunctionalized MNPs. Studies 

in the literature have also shown that surface charge (or zeta potential) can influence the 

nanoparticle uptake in plants where nanoparticles with a positive zeta potential are 

retained in the seeds coated due to the interactions with proteins. On the other hand, 

negatively charged nanoparticles are more likely to cross the seed coating.27-29  

Systematic studies on the particle parameters including size, charge, surface 

functionality and even shape are needed to fully understand the relationship between 

particle uptake, interaction with plants and their translocation.  

Hence, the functionalization and coating appear to provide a barrier to 

internalization and uptake of the MNPs into tomato seedlings. Although 

unfunctionalized MNPs showed a better uptake they are unlikely to act as carriers of 

bio-active reagents. From this perspective, since both PCL-MNPs and NH2-MNPs still 

showed preferential localization towards the cotyledons and root they can be of 

particular interest for food production and disease treatments. Since the phytotoxicity 

tests showed that these nanoparticles did not affect plant development in relation to 

germination and plant growth, both NH2-MNP and PCL-MNP have shown promising 

potential for agricultural applications. For example, they can act as viable nanocarrier 

systems for the targeted pesticides delivery systems that could be more effective and 

less harmful to the environment. In particular, they can be suitable as vehicles for 

specific delivery of pesticides, and among other desired reagents, to the cotyledons or 

roots. Nevertheless, more research on their effects in other plants and organism models 

using different techniques is required to guarantee their safe application. Moreover, 

since plant species react to nanoparticles in various ways, evaluation of factors such as 

the production of reactive oxygen species (ROS), changes in gene regulation and 

changes in nutrient content, and among other factors, is necessary for understanding the 

safety effect of MNPs. 
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Figure 7. XRF iron counts at cotyledon leaves, stem and root of tomato seedlings 

exposed to MNPs. The counts represent the average of the measurements in three 

independent measurements (n = 3). Statistical analyses were performed using one-way 

ANOVA with Tukey’s test and none of the comparisons (significance level of p < 0.05). 

The capital letters compare the effect of different treatments within a specific tissue. 

Lower case letters compare the effect of a single treatment on the different tissues. 

 

4. Conclusions 

 

In conclusion, the surface of Fe3O4 MNPs with the average size of 9 nm can be 

functionalized with amine-groups and polycaprolactone. No appreciable size increases 

were observed for amine-functionalized NP while after the coating with (PCL) their 

average size increased to 76 nm. These MNPs can be internalized into the seeds. 

Although the XRF mappings and line scans showed a variation in iron content across 

the seeds; the internalization of the seeds was mostly located in the seed coating. XRF 

also showed that the functionalization and coating of MNPs considerably reduced the 

presence of iron in the cotyledon that hinders nanoparticle uptake and translocation. The 

reason for the preferential translocation of nanoparticle is still unclear and further 
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studies are required to fully understand the phenomenon. However, the phytotoxicity 

tests showed that these nanoparticles did not affect plant development in relation to 

germination and plant growth. The phytotoxicity tests show that these nanoparticles 

have no detrimental effect on plant development in relation to germination and plant 

growth. Therefore, both NH2-MNP and PCL-MNP could be promising targets for 

agricultural applications. For example, they can act as viable nanocarrier systems for the 

targeted pesticides delivery systems that could be more effective for stimulating plant 

growth and less harmful to the environment. Nevertheless, still, it is necessary to 

investigate the effects in other plants and organisms’ models using different techniques 

to guarantee its safe application. Besides, as plants react to NPs in various ways, the 

evaluation of factors such as the production of reactive oxygen species, changes in gene 

regulation and changes in nutrient content, among other factors, is necessary for 

understanding fully the safety of MNPs. 

Furthermore, the ability of polycaprolactone coated nanoparticles to deliver 

atrazine herbicide was previously demonstrated.30 The produced formulation remained 

stable and showed good herbicidal activity at relatively low concentrations compared to 

commercial formulations. Thus, the PCL-MNP samples prepared in this study could 

serve as a platform for further development of asset delivery systems. Moreover, since 

they are externally aggregated to seeds, these MNPs can be used as carriers for seed 

treatment for seed priming to deliver nutrients in the early stage of plant development or 

seed coating for pest control. 
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