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ABSTRACT 

 

SAVASSA, S. M. Analysis of the interaction of Ag and ZnO nanoparticles in Phaseolus 

vulgaris. 2019. 115 p. Tese (Doutorado) – Centro de Energia Nuclear na Agricultura, 

Universidade de São Paulo, Piracicaba, 2019. 

 

Nanoecotoxicology is a growing field of science driven by the extensive use of nanomaterials 

in commercial products and agriculture. Their use in agriculture is to become a reality through 

fertilizers and pesticides. On the other hand, little is known about possible collateral effects 

that of nanomaterials and therefore they may pose a threat to human health and the 

environment. To shed light on these topics, one must better understand the mechanisms of 

interaction between nanoparticles (NP) and living beings. Seed treatment is a common 

practice that provides micronutrients and protection. This study investigated the effects of 

ZnO and Ag NP on the germination of Phaseolus vulgaris seeds and the interaction (uptake 

and biotransformation) with the seed coat. Zinc-based nanoparticles were chosen because it is 

a plant micronutrient, whilst Ag ones present antimicrobial activity. The common bean seed 

treatments and synchrotron analysis were performed at the ID21 beamline in ESRF, CENA-

USP and XRF beamline in LNLS. The bean seed coat presents three different layers, which 

are one of the objects of this study. The seeds were exposed to Ag2S NP, Ag metallic NP, 

ZnO NP, AgNO3 and ZnSO4 in different concentrations (Ag 100 and 1000 mg L-1 while Zn 

100, 1000 and 5000 mg L-1). After 5 days of post-treatment and germination, seed coats were 

recovered, sectioned and investigated by FTIR, µ-XRF and µ-XANES. μ-XRF analysis 

showed that most of the NP treatments remained trapped in the seed coat, while µ-XANES 

unraveled that depending on the composition of pristine materials they can be biotransformed. 

Finally, FTIR pointed out that the proportion of organic functional groups present in the seed 

tissue were modified due to the presence of NP. 

Keywords: Phaseolus vulgaris. ZnO nanoparticle. Ag nanoparticle. Germination. X-ray 

spectroscopy. X-ray fluorescence. X-ray absorption. Fourier transform infrared spectroscopy. 

Synchrotron-based techniques. 
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RESUMO 

 

SAVASSA, S. M. Análise da interação de nanoparticulas de Ag e ZnO em Phaseolus 

vulgaris. 2019. 115 p. Tese (Doutorado) – Centro de Energia Nuclear na Agricultura, 

Universidade de São Paulo, Piracicaba, 2019. 

 

A nanoecotoxicologia é um crescente campo da ciência impulsionado pelo uso extensivo de 

nanomateriais em produtos comerciais e na agricultura. Seu uso na agricultura está se 

tornando uma realidade através de fertilizantes e pesticidas. Por outro lado, pouco se sabe 

sobre possíveis efeitos colaterais dos nanomateriais e, portanto, podem representar uma 

ameaça à saúde humana e ao meio ambiente. Para esclarecer esses tópicos, é preciso entender 

melhor os mecanismos de interação entre nanopartículas (NP) e seres vivos. O tratamento de 

sementes é uma prática comum que fornece micronutrientes e proteção. Este estudo 

investigou os efeitos de ZnO e Ag NP na germinação de sementes de Phaseolus vulgaris e a 

interação (absorção e biotransformação) com o tegumento da semente. As nanopartículas à 

base de zinco foram escolhidas pelo Zn ser um micronutriente da planta, enquanto as da Ag 

apresentam atividade antimicrobiana. Os tratamentos de sementes de feijoeiro comum e 

análise síncrotron foram realizados na linha de luz ID21 da linha de luz ESRF, CENA-USP e 

XRF no LNLS. A casca do feijão apresenta três diferentes camadas, que são um dos objetos 

deste estudo. As sementes foram expostas a Ag2S NP, Ag NP metálico, ZnO NP, AgNO3 e 

ZnSO4 em diferentes concentrações (Ag 100 e 1000 mg L-1, enquanto Zn 100, 1000 e 5000 

mg L-1). Após 5 dias de pós-tratamento e germinação, as cascas das sementes foram separadas 

e seccionadas para serem investigadas por FTIR, µ-XRF e µ-XANES. A análise de μ-XRF 

mostrou que na maioria dos tratamentos com NP, elas permaneceram aprisionadas no 

tegumento da semente, enquanto µ-XANES revelou que, dependendo da composição dos 

materiais, eles podem ser biotransformados. Finalmente, FTIR apontou que uma parte de 

grupos funcionais orgânicos presentes no tecido das sementes foi modificada devido à 

presença de NP. 

 

Palavras-chave: Phaseolus vulgaris. Nanopartícula de ZnO. Nanopartícula Ag. Germinação. 

Espectroscopia de raios X. Fluorescência de raios X. Absorção de raios X. Espectroscopia de 

infravermelho por transformada de Fourier. Técnicas baseadas em síncrotron. 
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1 INTRODUCTION 

 

The world population continues to grow. There are 7.7 billion people worldwide in 

2019 and, the medium-variant projection indicates growing to 8.5 billion in 2030, 9.7 billion 

in 2050, and 10.9 billion in 2100 (PARANT, 1990). Currently, Brazil is the fifth most 

populated country in the world. The increase in the world population over the last two 

centuries has increased humanity’s impact on the natural resources. The adequate provision of 

resources, space and food for the present and future large world population is a most 

important challenge  of this century (ROSER, 2019). 

Agriculture is one of the key sectors of production that need to innovate to win these 

challenges. Current agricultural practices heavily rely on the use of agrochemicals (fertilizers 

and pesticides) that quite often are applied inefficiently with a large fraction of these inputs 

finally lost or are unavailable to crops.  

For optimal plant development, a balanced proportion of essential nutrients such as 

Zn, Cu, Fe, Mn, B, Mo, Cl and Ni is required. Zinc (Zn) is a micronutrient to plants since it 

plays a crucial role in the biological process such as enzymatic reactions, nitrogen 

metabolism, protein synthesis, among others (HAFEEZ, 2014). Therefore, fertilizers are used 

to supply deficiencies of this micronutrient in crops.  

Pesticides are employed to prevent and control insects and plant diseases. In this 

context, silver (Ag) is known for its high antimicrobial and its different uses in medicine, food 

protection, clothing, and water disinfection (JO et al., 2009). The use of Ag in agricultural has 

recently became a subject of studies. From toxicological standing view, Ag may be safer to 

humans and fauna than common synthetic fungicides (JO et al., 2009). 

Within this framework, Nanotechnology can contribute effectively to improve the crop 

production. The number of research articles in the literature in this topic has increased over 

the last decade. Figure 1 presents the number of publications and citations on Web of Science 

[v.5.32] (accessed date: June 21, 2019) using the keywords “nanotechnology” and 

“agriculture” along the last ten years. In 2009, about only 14 documents with these thematic 

where listed and had 68 citations, in 2018 these numbers significantly increased to 92 

documents and 2299 citations thus demonstrating the importance and urgency of this matter. 
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Figure 1 - Number of publications and citations on Web of Science with the search term 

“Nanotechnology” and “Agriculture” grouped annually. Accessed date: June 21, 2019. 

 

 

There are several definitions for nanoparticles, but almost all of them are in 

concordance that is a particulate substance with one dimension less than 100 nm 

(BOVERHOF et al., 2015). However, this definition should be reconsidered since particles 

larger than 100 nm may present size-dependent properties that differ from bulk analogs. Due 

to their small size interesting novel proprieties of nanoparticles such as chemical reactivity 

due to the higher fraction of atoms on the surface (high surface area), crystallinity, surface 

charge, solubility, dissolution, among others (BUZEA et al., 2007; LUYTS et al., 2013), 

compared with bulk materials make them interesting to develop new products.  

Making use of all the potential of nanomaterials, literature presents a large number of 

studies that seek to perfect and create nanofertilizers and nanopesticides. Nanofertilizes can 

have the benefit to be more effective, minimizing losses comparing with the conventional 

ones (DIMKPA; BINDRABAN, 2018). Several studies showed that the effects of 

nanoparticles as nutritional complement can be positive or negative, depending on the 

properties of the particle, plant species, and phase of plant development. 

Currently, a critical gap regards the concentration range of nanomaterials investigated 

in most studies. Several published studies involving plant micronutrients were carried out 

employing nanomaterials dispersions whose concentrations were far beyond those 

environmental relevant. For instance, in soil solution micronutrient availability is in the order 

of sub or few mg L-1. This factor must be considered before attributing toxic or harmful 
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effects to properties that arise at the nanoscale. This thesis presents results with experiments 

delineated with a range of concentrations from very low concentrations, i.e.1 mg L-1 to as 

many as 5000 mg L-1. 

To follow these advances and reliably evaluate the interactions between nanoparticles 

and plants, precise analytical techniques and powerful equipment are needed. For routine 

elemental content analyzes in plant tissues, techniques such as electrothermal atomic 

absorption spectroscopy (ET-AAS), inductively coupled plasma mass spectrometry (ICP-MS) 

and inductively coupled plasma optical emission spectrometry (ICP-OES) are commonly 

used. However, these techniques present some limitations, particularly the complex sample 

preparation and there is no possibility of analysis in vivo.  

Multielement and non-destructive techniques like X-ray fluorescence spectroscopy 

(XRF), unlike the others mentioned, has a very simple or no sample preparation. This feature 

affords the analysis of in situ samples, fresh and in vivo plant tissues (CRUZ et al., 2017; 

GUERRA et al., 2018; RODRIGUES et al., 2018). In thesis, three variants of the XRF 

technique were employed, namely energy dispersive X-ray fluorescence (EDXRF), scanning 

electron microscope with energy dispersive X-ray spectroscopy (SEM-EDS) and energy 

dispersive microprobe X-ray fluorescence (μ-XRF). They granted quantitative and qualitative 

results as well as distribution maps of the elements of interest (Zn and Ag). 

The limits of detection of benchtop EDXRF and μ-XRF are surpassed by synchrotron-

based XRF. These techniques  are essential for analysis at small samples and low 

concentrations as in environmental and biological samples (CASTILLO-MICHEL et al., 

2017). This thesis used synchrotron-based micro/nanoprobes X-ray fluorescence (μ-XRF), 

synchrotron-based X-ray absorption spectroscopy (XAS), synchrotron Fourier transform 

infrared microscopy (μ-FTIR) and attenuated total reflection Fourier transform infrared 

spectroscopy (ATR-FTIR). 

μ-XRF is an excellent tool to investigate the mineral distribution in biological tissues. 

For example, it can reveal the elemental distribution in primed seeds (DURAN et al., 2017; 

SAVASSA et al., 2018), uptake in root and stem (CRUZ et al., 2017; VAN DER ENT et al., 

2018) and in leaves as well (UZU et al., 2010; VIGANI et al., 2018). On the one hand, XAS 

makes possible to determine the local structural and chemical environment of an absorbing 

atom. This technique takes into account the absorption energies of each atom, an X-ray beam 

(micro or nano lateral resolution) scans the sample over a range of energies below and above 

the absorption edge of the element of interest creating a spectrum. This thesis presents results 

using the X-ray absorption near-edge structure (XANES) by analyzing the specific region 
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around the absorption possibility to determine the oxidation state, geometry and nature of 

ligands around the element of interest (PARSONS et al., 2002; YANO; YACHANDRA, 

2009). 

μ-FTIR and ATR-FTIR were used to determine biomolecular changes of the different 

tissue layers from the common bean seed coat. μ-FTIR allows to visualize the sample and to 

choose a specific region to analyze, being thus possible to examine tissue regions between the 

two surfaces (internal and external) of the seed coat. It requires samples in the order of a few 

micrometers thick. On the other hand, the sample preparation for ATR-FTIR is simpler and it 

allows to analyze the two surfaces from the seed coat, i.e. the cuticle and the parenchyma 

regions. 

This research used as a model plant the common bean (Phaseolus vulgaris) that is one 

of the most consumed food legumes in the world mainly in Latin America and Africa 

(BEEBE et al., 2013). The seed is composed by a semipermeable seed coat (tegument) and an 

embryo (cotyledon). The seed coat has a protective function besides regulating the entrance of 

water for a successful process of germination (SOUZA; MARCOS-FILHO, 2001; SMÝKAL 

et al., 2014). As the seed coat of the bean serves as a kind of barrier, most of the applied 

treatments end up being retained, but another part penetrates. The latter one interact with the 

tissues making them a very attractive topic to be studied. Ultimately, it opened a possibility to 

better unravel the mechanisms of action of nanoparticles on vegetal. 

 

1.1 Hypothesis 

This study tested the following hypotheses:  

● Nanoparticles (ZnO, Ag2S and Ag 0) can overcome the barriers of the 

common bean seed coat and penetrate within the seeds; 

● Nanoparticles can enhance seed germination and seedling growth and to 

present a protective action.; 

● Nanoparticles can be biotransformed after seed soaking;  

● Nanoparticles can be translocated to different parts of plants. 

 

1.2 Objectives 

The aim of this thesis was to evaluate the effects of ZnO and Ag2S, Ag0 nanoparticles 

on the germination and seedling development of Phaseolus vulgaris. For this purpose, several 

experiments were carried out: 



21 

i. Nanoparticle characterization using dynamic light scattering (DLS), X-ray 

diffraction (XRD), EDXRF, scanning electron microscopy (SEM) and transmission 

electron microscopy; 

ii. Seed soaking using a range of concentrations and different sizes of the 

nanoparticles, followed by evaluation of biometric parameters such as germination 

rate and seedling weight gain. 

iii. Benchtop and synchrotron-based techniques like μ-XRF, μ-XANES, ATR-FTIR, 

and μ-FTIR to monitor the uptake, chemical environment and biomolecular changes in 

treated seeds and seedlings. 

 

1.3 Structure of the thesis 

 

 In addition to the introductory text, this thesis is organized in three chapters:  

Chapter 2: Effects of ZnO Nanoparticles on Phaseolus vulgaris Germination and 

Seedling Development Determined by X‑ray Spectroscopy. This chapter corresponds to a 

manuscript published at ACS Appl. Nano Mater. 2018, 1, 6414−6426.  

Chapter 3: Movement and chemical transformation of Ag nanoparticles in common 

bean seed coat during germination investigated by synchrotron-based techniques. [This 

chapter will be sent to publication]. 

Chapter 4: Application of microprobe synchrotron techniques to understand the 

interaction of ZnO nanoparticles in Phaseolus vulgaris seed coat. [This chapter will be sent to 

publication]. 
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2 EFFECTS OF ZnO NANOPARTICLES ON Phaseolus vulgaris GERMINATION 

AND SEEDLING DEVELOPMENT DETERMINED BY X-RAY SPECTROSCOPY1 

 

Abstract 

There is still little information on the potential use of nanomaterials for seed nutrient 

enhancement through seed priming. The use of nanoparticles (NPs) in agriculture is 

promising, but in-depth knowledge on their interaction with plants is required. The aim of this 

study was to evaluate the effects of different concentrations (1−5000 mg L−1) and sizes (20, 

40, and 60 nm) of uncoated ZnO NP compared to ionic ZnSO4 (positive control) on common 

bean (Phaseolus vulgaris) seed germination. The seeds were soaked in ZnO NP aqueous 

dispersions for 20 min. The ZnO nanoparticles did not affect the germination rate. The 10 mg 

L−1 40 nm ZnO treatment showed a tendency to increase weight after 5 days (8.26 ± 0.11 g) 

when compared to the negative control (7.7 ± 0.7 g). However, at 5000 mg L−1 40 nm ZnO 

NP and ZnSO4 weight was reduced to 7.7 ± 0.8 g and 6.05 ± 0.08 g, respectively. Microprobe 

X-ray fluorescence showed that most of the Zn absorbed was trapped in the seed coat, while a 

small fraction entered the cotyledon. X-ray absorption spectroscopy indicated the 

biotransformation of the ZnO NP. In the hilum and cotyledon, Zn was found associated with 

organic molecules such as citrate, malate, and histidine-like compounds. Seedling weight 

reduction depended on the concentration of Zn taken up by the tissue and on the 

biotransformation of ZnO into organically bound Zn. Considering the properties of the studied 

NP, in particular the slow Zn release and lower toxicity compared to ZnSO4, the results 

represent a step forward toward the application of ZnO NP as an agrochemical 

 

Keywords: Phaseolus vulgaris, nano ZnO, germination, X-ray absorption spectroscopy, X-ray 

fluorescence, nanoparticles, seed 

 

                                                 
1 This chapter has already been published as a scientific paper in the ACS Applied Nano Materials: SAVASSA, 

S. M. et al. Effects of ZnO nanoparticles on Phaseolus vulgaris germination and seedling development 

determined by X-ray spectroscopy. ACS Applied Nano Materials, v. 1, n. 11, p. 6414–6426, 26 nov. 2018. 
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2.1 Introduction  

Nearly 49% of worldwide soils are Zn-deficient (SILLANPÄÄ, 1982). This fact 

reduces agriculture productivity (EKIZ et al., 1998; CAKMAK, 2000) afflicting ∼1.1 billion 

people (KUMSSA et al., 2015) and makes Zn one of the nutrients with the lowest adequate 

intake (BEAL et al., 2017). Seed treatment is a widespread practice that intends to supply 

micronutrients such as Zn (FAROOQ et al., 2012; PROM-U-THAI et al., 2012; 

MUHAMMAD et al., 2015; LAVRES et al., 2016). Zinc treatment in cultures of, for instance, 

rice, wheat, chickpea, maize, and cowpea resulted in grain yield increases varying from ∼6% 

up to 36% compared to the control plants (FAROOQ et al., 2012; TAVARES et al., 2013). 

Specifically, for wheat, in calcareous Zn-deficient soils, the grain yield increase promoted by 

seed priming reached 204%. Several Zn sources can be employed for this purpose, e.g., 

ZnSO4, Zn-EDTA, and ZnO (FAROOQ et al., 2012).  

Soluble Zn sources such as sulfates make Zn ions readily available for absorption by 

plants, while low solubility ZnO can slowly release the nutrient. One has to find a delivering 

balance responding to the plant demand and avoiding nutrient-induced phytotoxicity. Several 

studies showed that the solubility of nano-ZnO is affected by particle size 

(MUDUNKOTUWA et al., 2011; REED et al., 2012; CRUZ, et al., 2017). Thus, in principle, 

one could employ ZnO nanoparticles for seed treatment when being able to tune the rate of Zn 

supply to match with that of plant demand. Nanomaterials can be absorbed or biotransformed 

by plants via seeds (RATNIKOVA et al., 2015; DURAN, et al., 2017) stomata (LARUE et 

al., 2014; KIM et al., 2015) and roots (HERNANDEZ-VIEZCAS et al., 2011; CRUZ, et al., 

2017).  

At first glance, the output of investigations on the effect of nanoparticles (NPs) on 

plants seems to be contradictory. Positive effects were found for seed germination of Cicer 

arietinum immersed at 2000 mg L−1 ZnO NP (PANDEY et al., 2010) and on seed germination 

and seedling vigor of peanut treated with ZnO NP at 1000 mg L−1 (PRASAD et al., 2012), as 

well as for tomato treated with carbon nanotubes (KHODAKOVSKAYA et al., 2013). 

Exposure to 6 mg L−1 Ag as Ag2S NP, however, decreased fresh mass of cowpea and wheat, 

while 0.6 mg L−1 Ag as Ag NP reduced their root and shoot growth (WANG et al., 2015). 

Additionally, 125, 250, and 500 mg L−1 Ag NP increased water loss in radish, whereas  

500 mg L−1 Ag NP decreased root and shoot length (ZUVERZA-MENA et al., 2016). The 

oxidative stress in rice seedlings depended on CeO2 NP exposure concentration (RICO et al., 

2013). In another study, the nutritional value of rice cultivated in soil with 500 mg kg−1 CeO2 

NP was modified (RICO et al., 2013). These discrepancies may be caused by the difference in 
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reactivity of the tested nanoparticles, specific properties of each plant species, differences in 

test media used, the wide range of studied concentrations, and last but not least the lack of a 

unified protocol for such experiments.  

Aside from the environmental concern, nanotechnology might bring benefits for 

agriculture (HONG et al., 2013; SABIR et al., 2014; PETERS et al., 2016), especially for seed 

priming. The amount of nutrients available to seeds is a key factor that will influence the 

germination rate and seedling development (WANG et al., 2017; LIU et al., 2017). To 

increase their nutrient content and improve germination rate and seedling quality, seeds were 

soaked for 12 h in 10 mM ZnSO4 and 50 mM KH2PO4 (AJOURI et al., 2004). However, 

soaking the seeds in 1000 mM ZnSO4 prevented their germination. The challenge is to supply 

the right amount of nutrients without losses by leaching and meantime avoid phytotoxicity.  

From the physiological perspective, seed germination is a dynamic process of 

transport, degradation, and syntheses of compounds. First, seed hydration activates the 

transcription of the DNA region that encodes amylase enzymes. Then, the amylases convert 

the carbohydrate macromolecules of the seed into maltose. These small sugars act as a source 

of energy enabling the radicle to emerge and start the germination (OZTURK et al., 2006; 

IWAI et al., 2012; MIANO et al., 2016). 

An important question to be answered is whether and how engineered nanoparticles 

affect the above-mentioned processes. X-ray fluorescence (XRF) and absorption (XAS) 

spectroscopy are powerful tools to evaluate the fate of nanomaterials in biological systems 

(CASTILLO-MICHEL et al., 2017). Zinc presents absorption edge (9659 eV) and emission 

lines (8640 eV) at energies that make it possible to study this element under air with simple or 

no sample preparation. XRF yields quantitative information for Zn either by fundamental 

parameters calculation or calibration curves. XAS is suitable for chemical speciation, which 

makes it possible to investigate Zn in the local chemical environment. Additionally, the use of 

microprobe grants analysis with lateral resolution for XRF and XAS.  

This study is aimed at investigating whether market available ZnO NPs are toxic or 

can actually promote the development of plants in their very early stages. A thorough 

investigation employing X-ray based spectroscopy (CASTILLO-MICHEL et al., 2017) was 

performed by examining the effect of ZnO NP on the germination of the common (kidney) 

bean (Phaseolus vulgaris) to uncover the pathways of ZnO NP uptake and biotransformation 

over a large range of concentrations and particle sizes. 
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2.2 Materials and Methods 

2.2.1 Nanoparticles and Dispersions Characterization. 

Three sizes of ZnO NP were used in this study. Powdered NP were purchased from 

MK Impex Corp. (20 and 40 nm) (Canada) and Nanophase (60 nm) (USA). Bulk ZnO (7 μm) 

was kindly supplied by Agrichem Company (Brazil). ZnSO4·7H2O was purchased from 

MERCK KGaA (Germany) and used as the ionic (Zn2+) treatment. Energy dispersive X-ray 

fluorescence spectroscopy (EDXRF) (EDX720, Shimadzu, Japan) was used to determine the 

chemical composition of the pristine powders. The quantitative method and the chemical 

composition of the ZnO NP tested and degree of purity of Zn sources are presented in  

Table 1. 

 

Table 1. Degree of purity of Zn sources and concentration of the contaminants present are shown for 

each of the nanoparticles used in this work 

 

Zn source Producer Purity (%)           Contaminants (mg kg-1) 

   Ni Ca 

ZnO 20 nm MK Impex Corp. > 99.7% 335 2183 

ZnO 40 nm MK Impex Corp. > 99.8% 316 1013 

ZnO 60 nm Nanophase > 99.9% 300 --- 

ZnO 7 µm  Agrichem >99.8 %*   

ZnSO4.7 H2O MERCK KGaA <= 100 %*   

 

Scanning electron microscopy (SEM; Inspect F50, FEI Company, USA) was 

employed to image the shape of the nanoparticles (Figure 1). X-ray diffraction (XRD) 

patterns (Figure 2) were recorded with a PW 1877 diffractometer (Philips, The Netherlands) 

using Cu Kα radiation. The crystallite sizes are displayed in Table 2. For these two methods 

the samples were analyzed in powder form as received from manufacturer.  

 

Figure 1. Scanning electron microscopy micrographs of the ZnO NP tested in this study. See Table 1. 

(a) 20 nm, (b) 40 nm and c) 60 nm 
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Figure 2. XRD pattern of the nano ZnO forms tested in this study.  ZnO 20 nm, ZnO 40 nm and ZnO  

60 nm 

 

 

Table 2. Crystallite size (D) in different planes for XRD data of the ZnO NP tested in this study  

(20, 40 and 60 nm), hkl stands for the Miller indexes 

 

 

 

 

 

 

The solubility of the ZnO NP was evaluated by EDXRF (Figure 3). Hydrodynamic 

size was determined by dynamic light scattering (DLS), and the ζ potential was estimated 

using a Zetasizer Nano (Malvern Instruments Ltd., U.K.). The data are presented in Table 3. 

The concentration of the dispersions, expressed in mg L−1, refers to the mass of ZnO in 

deionized water. The pH and conductivity of NP dispersions and ZnSO4 solutions were 

measured using the pH/conductivity meter Mettler Toledo SG23, SevenGo Duo model. The 

ionic strength was estimated using the conductivity values as described in Table 4. For the 

ZnSO4 reference compound, the concentration corresponds to the weight of Zn. 

 

 

Plane (hkl) 

D (nm) 

ZnO 20 nm ZnO 40 nm ZnO 60 nm 

100 14.0  25.5 47.0  

002 14.5 47.0 167.0 

101 14.0 26.0 45.5 
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Figure 3. Concentrations of Zn in the supernatant solution of centrifuged dispersions of different ZnO 

NP and ZnSO4 at different concentrations in deionized water. The measurements were performed in 

triplicate and error bars are the standard deviation of the mean 

 

 

 

 

Table 3. ZnO NP characterization. Zeta potential and Dynamic Light Scattering for the different NP 

sizes (20, 40 and 60 nm) at 1 mg L-1 

 

Nominal size 

(nm) 

Zeta-potential 

(mV) 

Dynamic Light Scattering 

(agglomerate diameter – nm) 

 Peak 1 Peak 2 Peak 3 

20 13 ± 4 913 (73%) 230 (27%) -------- 

40 15 ± 4 5,442 (45%) 739 (31%) 124 (24%) 

60 26 ± 4 299 (100%) --------- -------- 

 

2.2.2 Germination Assay 

The common bean is an economically important crop and significant source of dietary 

protein and carbohydrate for many countries. The seeds of Phaseolus vulgaris variety BRS 

Cometa (FARIA et al., 2008) (88% germination rate), obtained from the Brazilian 

Agricultural Research Corporation (Embrapa), are characterized by a low dormancy level, fast 

germination, and seedling development. These features make this variety suitable for 

laboratory experiments. Deionized water was used as the negative control and aqueous ZnSO4 

as the positive control. Seeds were previously weighed and washed in 10% sodium 

hypochlorite for 10 s and afterward rinsed in deionized water for another 10 s.  



30 

Twenty seeds were soaked for 20 min in the dispersions and then transferred to 15 cm 

Petri dishes covered with filter paper. The paper was moistened with 8 mL of the dispersion. 

Three replicates were used for each treatment. A plastic film (Parafilm) was used to wrap the 

dish edges and partially seal the dishes to avoid loss of moisture. The seeds were incubated 

for 5 days in a dark ventilated germination chamber (TE-4020, Tecnal, Brazil) at 27 °C. 

Subsequently, the germinated seed (seedling + seed coat) weight gains were determined 

(difference between the weight before and after 5 days of germination). 

 

2.2.3 Statistical Analysis of Germination and Weight Gain 

The germination assays were performed as a completely randomized designed with a 

factorial arrangement 5 × 5, with five sources of Zn (ZnO 20 nm, ZnO 40 nm, ZnO 60 nm, 

ZnO 7 μm, and ZnSO4) and five concentrations (1, 10, 100, 1000 and 5000 mg L−1), plus a 

control group (H2O). Seventy-eight experimental units were used for the statistical analyses. 

The model that represents the fixed effects of treatments reads 

Yijk = µ + Si + Cj + SxCij + eijk 

where Y is the dependent variable (weight gain or germination rate), μ is the overall mean, S is 

the fixed effect of sources of Zn, C is the fixed effect of concentration, SC is the fixed effect 

of the interaction between source and concentration, and e is the random error assigned for 

each measurement, assuming that e = iid ∼ N(0,σe2). Dependent variable measurements were 

considered as outliers and were deleted from the database once the externally studentized 

residual was outside the range of −3 to 3. 

The residues (observed − predicted) were plotted as a function of the predicted values 

to check the assumptions of error normality and homoscedasticity. If the assumption of 

normality failed, the data were mathematically transformed (log10(x)) for the analyses. 

However, the results presented are based on the original means. The mixed procedure was 

used and the means were tested by Tukey (P < 0.05).  

 

2.2.4 Quantification of Zn Uptake and Root SEM Images 

The germinated seeds were washed in deionized water to eliminate any externally 

adsorbed Zn, dried at 60 °C for 48 h, and separated in two fractions: seedling and seed coat. 

One gram of each fraction was weighed in a previously decontaminated porcelain crucible 

and placed into a muffle furnace (Fornitec, F-2, Brazil). The temperature was increased at a  

100 °C h−1 ramp rate up to 500 °C, and the sample was ashed for 12 h. Subsequently, the 
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ashes were dissolved in 5 mL of 1 M HNO3 and an amount of 950 μL of the digest was 

transferred into vials to which 50 μL of Ga 1000 mg L−1 was added as internal standard. The 

sample was homogenized on a tube shaker (Marconi MA 162, Brazil). Zn quantification was 

carried out using external standard calibration.  

Afterward, an amount of 15 μL of the sample was pipetted onto a 6.3 window XRF 

cuvette (no. 3577, Spex Ind. Inc., USA) sealed with 5 μm thick polypropylene film. The 

sample was dried at 60 °C in a laboratory oven. This procedure was performed twice. The 

thin-film sample analyses were carried out in triplicate using the same ZnO NP solubility 

analysis conditions. Considering the premise that Zn present in the seed coat was adsorbed, 

we evaluated the affinity of Zn for binding to this tissue using the Freundlich isotherm as 

explained in (HAMDAOUI; NAFFRECHOUX, 2007). The amount of adsorbed solute (qe) 

was the concentration of Zn determined by XRF, and the equilibrium concentration (Ce) was 

the content of Zn present in the solution and dispersions.  

For SEM, five seedlings treated with 100 and 1000 mg L−1 ZnO dispersions were 

used. The primary root sampled was cross-sectioned below the secondary roots zones. The 

samples were processed according (MARQUES et al., 2017). They were fixed using a 

modified Karnovsky’s solution (KARNOVSKY, 1965) (2.5% glutaraldehyde, 2% 

paraformaldehyde, 0.05 M cacodylate buffer (pH 7.2), and 0.001 M CaCl2), dehydrated in a 

graded acetone series (30, 50, 70, 90, and 100%), and critical point drying using CO2 (Leica 

CPD300) mounted on aluminum stubs using double-sided carbon tape and gold coated (Bal-

tec model SCD 050).  

Images were captured using a scanning electron microscope (Jeol, JSM IT 300)  

at 15 kV. 

 

2.2.5 μ-XRF and μ-XANES 

Microprobe X-ray fluorescence spectroscopy (μ-XRF) (Orbis PC, EDAX, USA) was 

used to map the 2D spatial distribution of Zn and other elements, the experimental setup is 

shown in Figure 4 (a). The X-ray was provided with a Rh anode X-ray tube working at 40 kV 

and 300 μA. A 30 μm X-ray beam for the Mo Kα was produced by a polycapillary optical 

element. The detection was carried out by a 30 mm2 silicon drift detector with resolution  

of 140 eV for Mn Kα. The maps were registered using a matrix of 128 × 100 points. The 

dwell time was 1 s per pixel, the measurements were performed under vacuum, and the dead 

time was around 3%.  
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The XRF intensity maps correspond to the net intensity (total Kα peak intensity minus 

background intensity). The calculation of the concentration of Zn spots in the seed hilum was 

performed by emission-transmission. Zn K edge microprobe X-ray absorption near edge 

structure (μ-XANES) was measured at the Brazilian Synchrotron Light Laboratory (LNLS) 

on the XRF beamline (PÉREZ et al., 1999). The beamline was equipped with a bending-

magnet, Si (111) double crystal monochromator, KB mirror system resulting in a 20 μm 

diameter spot size, and silicon drift detector (SDD; KETEK GmbH, Germany). The 

experimental setup is presented in Figure 4 (b). 

 

Figure 4. (a) µ-XRF experimental setup at the LIN-CENA-USP, Piracicaba, Brazil. (b) µ-XANES 

experimental setup at XRF beamline of the LNLS, Campinas, Brazil 

 

 

 

 

 

 

 

 

 

 

As the literature shows radiations of 107 Gy can damage biological tissues, the seeds 

were exposed to a dose of maximum ∼5 × 105 Gy (calculated according to CRUZ et al., 

2017). Additionally, we did observe the appearance of new spectral features in subsequently 

recorded spectra. These two factors suggest no radiation damage, such as induced changes in 

chemical compounds and cells rupture (YANO et al., 2005; JAMES et al., 2016). 

Besides the bean seeds, using the microprobe, we measured several Zn reference 

compounds that were either purchased or prepared in our laboratory according to (SARRET et 

al., 2009). Briefly, a 3.15 × 10−4 M aqueous solution of ZnCl2 (Exôdo Científica, Brazil) and 

then the ligand in acidic form (histidine (Exôdo Científica, Brazil), malate (Exôdo Científica, 

Brazil), citrate (J. T. Baker), phosphate (J. T. Baker), phytate (Sigma-Aldrich)) were slowly 

added in a ratio of 10 mol of ligand/mol of Zn, and finally pH was adjusted to 6 and the 
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mixture was stirred for 2 h. For Zn sulfate (Dinam̂ica Química Contemporânea LTDA) and 

acetate (Synth) PA reactants were used as purchased. The solutions were frozen and freeze-

dried. The obtained powders were pelletized in cellulose at 0.2 and 1.0 Zn wt % and were 

included in the LC analysis as model spectra. To improve the signal-to-noise ratio, three μ-

XANES spectra were merged. The energy calibration was done with a reference Zn foil. 

Spectra normalization and linear combination fitting (LCF) analysis were performed 

through the module Athena in the IFEFFIT package (RAVEL; NEWVILLE, 2005). In the 

LCF procedure we first choose spectra that presented features similar to those exhibited by 

the seed samples, and then we evaluated their suitability through a combinatorial fit routine 

available at the Athena code. The following compounds were tested: Zn-histidine, Zn-malate, 

Zn-citrate, Zn-acetate, ZnSO4, and ZnO. Finally, aiming at presetting more robust LCF 

results, we selected the least number of compounds that returned similar R-factors. The R-

factor represents the mismatch between the actual data and the fitted curve, and more details 

can be found in (CALVIN, 2013). 

 

2.3 Results and Discussion 

2.3.1 Nanoparticles and Dispersions Characterization 

Nanoparticles were characterized using different techniques. Figure 1 shows 

micrographs of the 20 nm, 40 nm, and 60 nm ZnO NPs. In the aggregates it is possible to 

verify different forms in different sizes of nanomaterial. The crystallite size determined by the 

Scherrer equation using XRD patterns (Figure 2) confirms that 20 nm ZnO NP had a spherical 

profile (almost same for the all plane sizes). The 40 and 60 nm ZnO NPs showed an elongated 

form (one plane is different to the others). 

It is possible to verify by DLS (Table 3) that ZnO NP agglomerated in dispersion 

forming multimodal aggregates. The particle size varied from 124 nm to 5.4 μm. It is 

important to highlight that the particles were not dispersed by any surfactant. This was done 

aiming at avoiding the interference of surface agents on the biological results. The ζ-potential 

measurements showed that regardless of the particle, the surface charge was positive. The low 

magnitude of the potential, below 30 mV (Table 3), helps to understand the aggregation trend 

observed by DLS. 

The amount of soluble Zn, shown in Figure 3, was determined using EDXRF.  

The ZnO NP dispersions presented similar amounts of soluble Zn regardless of the particle 

size (4−7 mg Zn L−1). The overlap of the error bars, however, does not allow conclusion that 

the differences in solubility were a function of particle size. The soluble Zn concentrations 
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were smaller than those reported by (BIAN et al., 2011), who found values from 10  

to 57 mg Zn L−1 for ZnO particle sizes ranging from 241 nm down to 4 nm. Table 4 presents 

the pH values of all treatments. For all bulk and nano ZnO suspensions, the pH varied from 

6.99 to 7.92 and was not affected by particle concentration. For ZnSO4 treatments, pH 

decreased from 6.95 to 5.15 as the Zn concentration increased. 

 

2.3.2 Germination Assay 

We first determined the effect of ZnO NP size (20 nm, 40 nm, 60 nm, and 7 μm) and 

concentration (1, 10, 100, 1000, and 5000 mg L−1) on the morphological development of the 

bean seedlings. Figure 5 shows the root development 5 days after soaking the seeds in the  

ZnO NP dispersions. For the 40 nm ZnO NP treatment, the most beneficial effect was found 

at 10 mg L−1 which presented one of the biggest elongation rates. All treatments at  

5000 mg L−1 had deleterious effects on the bean seedlings; the root system was shortened and 

tangled compared to the negative control and lower concentrations.  
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Table 4. ZnO NP dispersion characterization. Values of pH, conductivity and estimated ionic strength 

for all dispersions and solutions used in this study 

a I = 1.27 x 10-6 x Conductivity (µS cm-1) 1 
b I = 1.60 x 10-5 x Conductivity (µS cm-1) 2 

 

  

Treatments pH 
Conductivity 

(µS cm-1) 

Ionic strength 

calculated according to 

(ZENG et al., 2011)a 

(mmol L-1) 

Ionic strength calculated 

according to (GRIFFIN; 

JURINAK, 1973)b 

 (mmol L-1) 

H2O 7.0 1.8 0.0022 0.028 

20 nm 1 mg L-1 7.6 4.1 0.0052 0.065 

20 nm 10 mg L-1 7.3 13.7 0.017 0.22 

20 nm 100 mg L-1 7.7 12.9 0.016 0.21 

20 nm 1000 mg L-1 7.6 33.0 0.042 0.53 

20 nm 5000 mg L-1 7.0 113 0.14 1.81 

40 nm 1 mg L-1 7.7 4.0 0.0051 0.064 

40 nm 10 mg L-1 7.6 12.1 0.015 0.19 

40 nm 100 mg L-1 7.6 15.3 0.019 0.24 

40 nm 1000 mg L-1 7.7 26.2 0.033 0.42 

40 nm 5000 mg L-1 7.7 59.1 0.075 0.95 

60 nm 1 mg L-1 7.9 2.9 0.0037 0.046 

60 nm 10 mg L-1 7.9 10.2 0.013 0.16 

60 nm 100 mg L-1 7.9 11.1 0.014 0.18 

60 nm 1000 mg L-1 7.8 17.7 0.022 0.28 

60 nm 5000 mg L-1 7.8 16.9 0.021 0.27 

ZnSO4 1 mg L-1 6.9 4.4 0.0056 0.071 

ZnSO4 10 mg L-1 6.6 32.2 0.041 0.51 

ZnSO4 100 mg L-1 6.2 267 0.34 4.27 

ZnSO4 1000 mg L-1 5.6 1,852 2.35 29.6 

ZnSO4 5000 mg L-1 5.1 8,650 0.011 0.14 

ZnO 7 µm 1 mg L-1 7.5 2.6 0.0032 0.041 

ZnO 7 µm 10 mg L-1 7.4 13.5 0.017 0.22 

ZnO 7 µm 100 mg L-1 7.4 11.7 0.015 0.19 

ZnO 7 µm 1000 mg L-1 7.5 15.1 0.019 0.24 

ZnO 7 µm 5000 mg L-1 7.1 14.8 0.019 0.24 
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Figure 5. Common bean (Phaseolus vulgaris) seedlings after 5 days incubation in a growth chamber: 

(a) ZnSO4, (b) bulk ZnO, (c) 40 nm ZnO NP, (d) 60 nm ZnO NP, (e) 20 nm ZnO NP, and (f) control 

(H2O). Higher concentrations of the treatments prevented proper root development, and lower 

concentrations such as ZnO 40 nm 10 mg L−1 presented one of the biggest root elongation and more 

lateral roots 

 

Table 5 presents the seed germination rate (%) as a function of treatment. Neither the 

nanoparticles nor bulk ZnO affected the seed germination rate; i.e., the particle size did not 

play any role in the effects on germination rate. On the other hand, ZnSO4 at 5000 mg L−1 

decreased the number of viable seeds. At the germination level, ZnO NP appeared to be less 

toxic compared to its free ion metal counterpart. This suggests that the deleterious effect is 

promoted by the excess of zinc ions. The NP released just a small quantity of Zn2+ that varied 

from 3 to 7 mg L−1 of Zn. 

Table 6 presents the weight gain (g) of seedlings as a function of treatment. The 

control group (water treatment with weight gain of 7.6 ± 0.4 g) was tested by orthogonal 

contrast. The results indicated no significant differences among treatments (P = 0.60); 

therefore, the data shown in Table 6 are presented without water treatment. Concerning 

particle size, the only significant difference was found for 40 nm ZnO and 7 μm ZnO versus 

ZnSO4. The 40 nm and bulk particles induced the highest weight gain, followed by 60 and  

20 nm ZnO.  
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Table 5. Germination rate (%) in Phaseolus vulgaris bean seeds, five days after treatment with ZnSO4 

or differently sized ZnO NP and different concentrations of each source, in the germination assay 

Concentration ZnO 20nm ZnO 40nm ZnO 60nm ZnO 7µm ZnSO4 Mean 

1 mg L-1 78 75 83 88 73A 79 

10 mg L-1 68 90 83 78 78A 79 

100 mg L-1 78 78 80 81 75A 78 

1000 mg L-1 73 85 81 78 71A 78 

5000 mg L-1 71a 86a 80a 78a 48B b 73 

Mean 74AB 83A 81A 81A 69B  

 

A, B, C means followed by different uppercase letters differ in the column (different NP sizes, ZnO bulk 

and ZnSO4). a, b, c means followed by different lowercase letters differ in the row (different 

concentration, 1 - 5000 mg L-1). Tukey test (P = 5%). 1mean of germination rate values (%) for a 

defined concentration, i.e. rows. 2mean germination rate values (%) given by a defined source of Zn, 

i.e. columns. 

 

Table 6. Weight gain of common bean seeds (g) on the fifth day of the germination assay following 

different treatments with ZnSO4 or differently sized ZnO NP, and different concentrations of each 

source 

  
Concentration ZnO 20nm ZnO 40nm ZnO 60nm ZnO 7µm ZnSO4 Mean1 

1 mg L-1 7.6 7.2B 7.7 8.2A 7.5A 7.6ab 

10 mg L-1 7.6 8.3A 7.7 7.8AB 7.8A 7.8a 

100 mg L-1 7.6 7.6AB 7.7 7.5AB 7.3A 7.6ab 

1000 mg L-1 7.3 7.7AB 7.3 7.5AB 6.9AB 7.3b 

5000 mg L-1 6.9ab 7.0AB a 7.0ab 7.0B ab 6.0B b 6.9b 

Mean2 7.39AB 7.7A 7.5AB 7.6A 7.1B  

A, B, C means followed by different uppercase letters differ in the column (different NP sizes, ZnO bulk 

and ZnSO4). a, b, c means followed by different lowercase letters differ in the row (different 

concentration, 1 - 5000 mg L-1). Tukey test (P = 5%).1mean of weight gain values (g) for a defined 

concentration, i.e. rows. 2mean weight gain values (g) given by a defined source of Zn, i.e. columns.  

 

The lowest weight gain was found for ZnSO4. The lower weight gains were associated 

with the highest concentrations (1000 and 5000 mg L−1).  

The seed germination was less sensitive than the seedling weight gain. The 

concentration of the treatment had more impact on the seedling development than the particle 

size. (GUERINOT, 2000) suggested that under Zn excess some genes, e.g., ZIP1, lose their 
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regulation and affect the metal transporters, leading to toxic effects on the plant. Among the 

treatments, the highest weight gain was observed for 40 nm ZnO. 

 Figure 3 shows the lowest solubility (3.5 ± 0.4 mg Zn L−1) for the 40 nm ZnO NP  

at 100 mg L−1 and the highest one (4.8 ± 0.6 mg L−1) for 60 nm ZnO NP at 100 mg L−1. Since 

ZnSO4 was used as positive control, the observed trend for a beneficial effect of 40 nm ZnO 

dispersions on seedling development cannot be related to the soluble Zn concentration. 

Similar results were presented for Arabidopsis thaliana, suggesting that Zn stress can 

alter the root system architecture. On the other hand, for maize, 10 mg L−1 ZnO NP induced 

the root growth, while 1000 mg L−1 ZnO NP was toxic, decreasing germination rate and 

hindering root development (ZHANG et al., 2015). 

 Wang et al. (2016) reported mass loss of Arabidopsis plants treated with 200 mg L−1 

of ZnO NP. Another study showed that a concentration of 750 mg L−1 was highly toxic to 

rice, reducing germination compared to the control (without ZnO NP). The same happened 

with the roots that showed size reduction with increasing Zn concentrations (SALAH et al., 

2015). Our results showed that seed priming with ZnO NP up to 100 mg L−1 did not harm 

seedling development. The 40 nm ZnO even presented a trend suggesting a positive effect at  

10−100 mg L−1. 

 

2.3.3 Uptake of Zn by Seeds: Quantification and Spatial Distribution 

The germinated seeds were washed to remove any excess of Zn from the surface, but 

since deionized water was used, the procedure did not remove the adsorbed Zn. Then, the 

germinated seeds were divided into seed coat and seedling. After dry digestion, they were 

analyzed by EDXRF. Figure 6 a shows the concentration of Zn found in the seed coat and 

Figure 6 b the concentration of Zn in the germinated seed (cotyledon + primary root). The 

concentration of Zn in both tissues increased as a function of the concentration of the ZnO NP 

dispersion/solution used for priming. The negative control, i.e., the seeds germinated in 

deionized water, presented Zn concentrations of 24.6 ± 1.2 mg kg−1 in the seed coat and  

37.4 ± 0.9 mg kg−1 in the germinated seedling. 

For ZnO NP treated seeds, the seed coat structure retained most of the Zn and had 

concentrations varying from nearly 50 up to 11 385 mg kg−1. The amplitude of the 

concentrations presented lower variation in the seedling. In seeds soaked in 1mg L−1 ZnO NP 

dispersions the Zn did not reach the inner part of the seed. 
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Figure 6. Zinc concentrations, determined using X-ray fluorescence, in the (a) seed coat and  

(b) seedling of common beans (Phaseolus vulgaris) soaked in different concentrations of 20 nm,  

40 nm, 60 nm, and 7 μm ZnO NP and ZnSO4 

 

 

Figure 7 shows the concentration of Zn in the seedling as a function of the 

concentration of dissolved Zn. However, it does not show a clear correlation. 

The data shown in Figure 6a and Figure 6b are also presented without breaks in 

Figures 8 and 9, respectively. These figures show that the uptake of Zn in the seed coat at 

different exposure concentrations followed an asymptotic function. A trend of saturation of 

Zn adsorption sites under high concentrations can be noticed.  

 

Figure 7. Relation of concentration of Zn in seedling (mg L-1) and concentration of Zn in supernatant 

solution (mg L-1) 
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Figure 8. Uptake of Zn by the Phaseolus vulgaris seed coat as a function of the concentration of each 

treatment. The same data are shown in Figure 6 (a) with breaks. At high concentrations the Zn 

adsorption sites seem to become saturated. (a) ZnSO4, (b) 20 nm ZnO NP, (c) 40 nm ZnO NP,  

(d) 60 nm ZnO NP and (e) 7 μm ZnO 
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Figure 9. Uptake of Zn by the Phaseolus vulgaris seed embryo as function of the concentration of each 

treatment. The same data are shown in Figure 6 (b) with breaks. (a) ZnSO4, (b) 20 nm ZnO NP,  

(c) 40 nm ZnO NP, (d) 60 nm ZnO NP and (e) 7 μm ZnO 

 

 

 

One of the simplest mathematical models for adsorption processes revealing constants 

with physical meaning is the Freundlich isotherm (x/m = Kfc1/n), where x is the mass of 

adsorbate, m is the mass of the substrate, Kf is a measure of the binding strength, and 1/n is a 

measure of the linearity and thus of the concentration dependency of the sorption isotherm. 
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Due to the restrictions imposed by the experimental conditions of the present work, 

i.e., the experiments not carried out under isothermal conditions and the equilibrium 

concentrations not determined, the true Freundlich K and 1/n could not be calculated. 

However, as the log−log plots of the concentration of Zn incorporated in the seed coat versus 

the concentration of the treatment returned straight lines with correlation coefficients 

(Pearson’s R) higher than 0.95 (Figure 10), the obtained values were correlated to real 

Freundlich parameters. 

 

Figure 10. Log-log plot of the concentration of zinc found in the Phaseolus vulgaris seed coat versus 

the concentration of each treatment. The straight lines give Pearson’s R above 0.95. The parameters 

1/n and Kf were calculated from the linearized form of the Freundlich isotherm equation 

 

 

The 1/n was similar for ZnO NP and ZnSO4 treatments (Figure 10), but Kf values were 

between 31.6 and 43.6 mg1−1/n L1/n kg−1 for the different ZnO NP and 81.3 mg1−1/nL1/n kg−1 for 

ZnSO4. This indicates that the interaction strength between Zn and the seed coat was higher 

for ZnSO4 than for the ZnO NP and for the latter not affected by nanoparticle size. This might 

be related to stronger binding of the ionic Zn compared to the ZnO NP. 

Similar data processing and reasoning were followed for the data on Zn found in the 

germinated seedling. The log−log plots (not presented) showed a constant concentration of Zn 

in the seedlings for the treatments with ZnO NP between 1 and 100 mg L−1, close to those 

found in the controls, indicating Zn was mostly trapped in the seed coat. The Zn content in the 
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seedlings increased for ZnO NP treatment levels above 100 mg L−1. In the case of ZnSO4, the 

uptake of Zn by the inner part of the seed took place through two different regimes. 

Figure 11 shows the pictures and the corresponding chemical images of the 2D 

location of Zn in the beans exposed to 20, 40, 60 nm ZnO NP (Figure 11 a) and ZnSO4 

(Figure 11 b) at 5000 mg L−1. The images corroborate with the data obtained by quantitative 

EDXRF and show a Zn gradient from the seed coat toward the inner part of the cotyledon. 

The images also indicate the presence of Zn hotspots in the hilum region. The porous 

structure of this tissue allows, in addition to other structures, water entrance, radicle 

hydration, and the beginning of germination (MIANO et al., 2016). Figure 12 shows the 

quantitative analysis for a row of 16 points along the hilum region of a seed treated with 5000 

mg L−1 ZnSO4. The concentration of Zn is not homogeneous, it varied from 184 up to 10902 

mg kg−1. The three NP treatments also showed hotspots of Zn accumulation in the hilum 

region. So together these data show that the hilum structure might be the main entrance of Zn 

in the seed. 

 

Figure 11. Pictures and zinc mapping of common bean (Phaseolus vulgaris) sections exposed to (a) 

20, 40, 60 nm ZnO NP and (b) ZnSO4 at 5000 mg L−1. The number of Zn Kα photon counts is directly 

proportional to the Zn concentration. Zn hotspots were found in the seed coat, especially in the hilum 
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Figure 12. (a) picture of the Phaseolus vulgaris analyzed seed, the red line indicates the scanned 

region; (b) concentration of Zn (mg kg-1) along the scanned point; (c) concentration of Zn determined 

by XRF versus the known concentration of Zn in standards 

 

The quantification and chemical images also show that Zn seed priming can transfer 

the nutrient to the plant through two distinct mechanisms. First, the Zn can be absorbed by 

cells and might be available for use during germination and the first steps of seedling growth. 

Second, the Zn stuck to the outer part of the seed coat may be adsorbed by soil colloids and 

may be available for root absorption later. We did not find any other studies investigating the 

spatial distribution of Zn in the seed coat after seed priming. 

 

2.3.4 Zinc Speciation 

The quantitative assessment of the fraction of Zn species present in the seed is a 

challenging task. XANES spectra recorded in fluorescence geometry can be distorted by 

incident beam self-absorption (IBSA) that reduces the intensity amplitude of the fine 

structure. As a rule of thumb, it becomes visible when the sample concentration is high 

enough to record the spectra in transmission geometry (edge jump above ∼0.1).  

Figure 13 illustrates the effect of sample concentration on XANES spectra; it presents 

the spectra of pelletized Zn organic reference compounds at 0.2 and 1.0 Zn wt %. The energy 

in which the spectral features arises is the same regardless of the sample concentration; 

however, the intensities of their features, especially the white line (∼9668 eV), the shoulder 

(∼9684 eV), and the second absorption crest at ∼9617 eV, are reduced in the 1 wt % 

references. An in-depth discussion of such effect, as well as the strategies to prevent and 

correct it, is outside the scope of the present study and can be found elsewhere (IIDA; 

NOMA, 1993; CARBONI et al., 2005).  
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Figure 13. (a) XANES spectra of Zn complexed to organic molecules. The data was recorded for  

0.2 and 1.0 Zn wt.% cellulose pellets in fluorescence geometry and highlights the ISBA effect.  

(b) XANES spectra for ZnO NP recorded in fluoresce and transmission geometry, the IBSA is 

minimized by the Zn dilution. (c) XANES spectra for Zn-phytate and Zn-phosphate showing distinct 

features that were not observed in the spectra at the seeds 

 

Aiming at avoiding such artifacts, we only performed LCF for the samples whose 

intensity of the feature at 9617 eV matched those of 0.2 wt % diluted standards. This spectral 

region was chosen because it is less sensitive to the chemical environment than the absorption 

edge. For all other samples we qualitatively explored the chemical environment based on the 

energy of the spectral features. 

Another source of error in the LCF is the mismatch between the actual Zn chemical 

environment of the Zn incorporated by the seeds and that provided by the laboratory 

synthetized and pelletized reference compounds. Although the linear combination analysis 

indicated fractions of Zn-malate, it actually means that the Zn embedded in the sample 

presents a chemical environment similar to that of Zn-malate. 

These compromises must be taken into account when investigating such complex 

biological matrices. In the context of this study, it is more important to unravel whether the 

incorporated Zn was biotransformed rather than providing the exact weight fractions of its 

constituents. The speciation was carried out using the seeds soaked in 5000 mg L−1 

dispersions, which according to Figure 6 yielded Zn concentrations of 0.1−0.3 Zn wt % in the 

seed coat (except for the ZnSO4 treatment). Additionally, due to the higher Zn concentrations 

in the sample in the latter treatment, the acquisition time for XANES measurements was 

shorter so that the sample was exposed to a lower radiation dose. 

Figure 14 a show the points where the μ-XANES spectra were recorded for seeds 

soaked in the 5000 mg L−1 ZnO NP and ZnSO4 solutions. The X-ray beam was focused on the 

outside, seed coat (hilum region), and inside the seed, and parts b−d of Figure 14 present the 
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normalized XANES spectra recorded at these regions. The spectral features are a signature of 

the chemical environment. By overlapping the spectra measured on the sample with those 

recorded for reference compounds, one can infer the chemical environment of the Zn in the 

seed. 

Figure 14 b shows that despite of intensity distortions attributed to ISBA, based on the 

matching of the energy of spectral features, one can state that the Zn present on the outside 

did not change compared to the pristine Zn salt and NP. The spectra recorded for ZnSO4 and 

ZnO NP treated seeds presented similar features as the ZnSO4 and ZnO NP references. 

Figure 14 c shows the spectra measured on the seed coat. For the sample treated with 

ZnSO4 the shoulder at 9680 eV is less intense than that of the ZnSO4 reference compound, 

which suggests a different chemical environment. For the seeds treated with ZnO NP, the 

features at 9668 and 9679 eV allow detection of the presence of ZnO. The LCF indicated that 

20 and 60 nm particles were biotransformed, and the spectra could be fitted as a mixture of 

ZnO and Zn-malate (Figure 15). The remaining fractions of ZnO were 78 ± 2 and 40 ± 2 for 

the 20 and 60 nm particles, respectively. The spectrum presented for the control seed presents 

similar features to that recorded for the Zn-histidine reference compound, which suggests that 

they have a comparable chemical neighborhood. 

Inside the seed (cotyledon) (Figure 14 d), regardless of the treatment, the chemical 

environment of Zn was the same as for the seeds soaked in water, i.e., Zn-histidine-like 

chemical neighborhood. For the seeds soaked in 5000 mg L−1, the quantitative XRF data 

showed a concentration of Zn inside the seed ranging from 187 up to 5975 mg kg−1. These 

values were at least 5-fold higher than those found for the positive control seeds, suggesting 

biotransformation into Zn-histidine of the Zn incorporated within the seed. This kind of 

coordination was previously reported for Zn stored in cell vacuoles (KÜPPER et al., 1999). 

Despite the claimed ability of phytic acid to chelate divalent ions (LEE; KARUNANITHY, 

1990), we did not find any evidence of the presence of Zn-\ phytate (spectrum shown in 

Figure 15 a). 

Zn-malate reference compound represents a chemical environment in which Zn is 

surrounded by carboxyl groups, whereas histidine can complex it either via oxygen or 

nitrogen. 

Extended X-ray absorption fine structure (EXAFS) analyses showed that Zn-malate is 

coordinated by four oxygen atoms in the first shell with interatomic distances of 2.01 Å, while 

the second one is composed by 2 carbon atoms at 2.80 Å (SARRET et al., 2002).  
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For Zn-histidine, the literature shows four N/O at nearly 2.06 Å and carbon second shell at 

∼3.00 Å (SARRET et al., 1998); however it is not clear whether the binding is realized via 

the carboxyl, amine or imidazole group. 

 

Figure 14. Zn K edge XANES spectra recorded in different regions of common bean (Phaseolus 

vulgaris) seeds treated with 5000 mg L−1 dispersions of differently sized ZnO NP and ZnSO4 solution: 

(a) picture of a bean seed highlighting the regions in which the spectra were recorded; (b) spectra 

recorded on the outside of the seed; (c) spectra recorded in the seed coat; (d) spectra recorded inside 

the seed 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It is important to highlight that other organic acids present in the seed could produce 

chemical environments similar to those of Zn-malate and Zn-histidine. Although most of the 

incorporated Zn atoms were binding carboxyl, the presence of ZnO components in the linear 

combination analysis indicated the possible diffusion of nanoparticles through the spongy 

hilum tissue. 
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Figure 15. Linear combination fit for Zn-K edge XAS spectra recorded (a) outside and (b) at the seed 

coat-inside of a bean seed treated with 40 nm ZnO NP at 100 mg L-1; Linear combination fit for the 

spectra recorded at the seed coat of the seed treated with 5000 mg L-1 of (c) 20 nm and (d) 60 nm ZnO; 

Linear combination fit for the spectra recorded at the primary root of the seedling whose seed was 

treated with (e) 20 nm, (f) 60 nm ZnO and (g) control root 
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The seedling weight gain was influenced not only by the Zn concentration of the 

treatments but also by the size of the particles. Figure 16 presents the seedling weight gain as 

a function of the Zn concentration in the seed coat (Figure 16 a) and in the inner seed part 

(Figure 16 b). Figure 16 a show that the seedling weight gain tended to decrease for Zn 

concentrations in the seed coat above 1000 mg Zn kg−1. This holds for the ZnSO4 and 20 nm 

ZnO treatments but not for 40 nm ZnO, even though the seed coat incorporated as much as 

4760 ± 140 mg Zn kg−1 upon exposure to this nanoparticle size. 

 

Figure 16. Relation between weight gain of common bean seeds and different concentrations of Zn 

found in the seed coat (a) and inside the seed (b) 

 

 

The data from Figure 15 a combined with the XANES fingerprints suggest that the 

reduction of weight, i.e., the deleterious effects, did not only depend on the amount of Zn 

absorbed by the seed. Although it was not possible to quantify the Zn fractions in the 40 nm 

ZnO treated seed, most of the Zn trapped in the seed coat remained in the ZnO form (Figure 

14 c), while most of the Zn from ZnSO4 and 20 nm ZnO was biotransformed into an organic 

Zn form (Figure 14 c and Table 7). Therefore, besides being metabolized by seedlings and 

bound to organic molecules (RICACHENEVSKY et al., 2015), i.e., malate or histidine, the 

Zn may also be stored in cell vacuoles and could be used along the plant development 

(SINCLAIR; KRÄMER, 2012). 

Figure 17 a show the XANES spectra recorded on the outside of the seed coat and on 

the interface between seed coat and cotyledon for a seed soaked in the 100 mg L−1 40 nm ZnO 

NP dispersion. Figure 17 b and Figure 17 c present pictures indicating the location of the 
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measurements. The spectra uncovered the presence of mixtures of pristine ZnO and Zn-malate 

(Figure 15 a and Figure 15 b). The relative proportions of the compounds in the mixtures are 

presented in Table 7. 

 

Table 7. Linear Combination Fittings for the XANES Spectra Recorded for Seeds and Seedlings of 

Common Beans (Phaseolus vulgaris) Treated with ZnSO4 and Differently Sized ZnO NPa 

Analysed sample region 
Percent composition 

R-factor (x10-

3) 
ZnO Zn-malate Zn-histidine Zn-citrate 

5000 mg L-1 20 nm seed coat 78±2 22±2   6.9 

5000 mg L-1 60 nm seed coat 40±2 60±2   4.8 

100 mg L-1 40 nm outside 14±3 86±3   15.0 

100 mg L-1 40 nm seed coat-inside 37±2 63±2   8.2 

Control  34±4 34±5 32±3 9.3 

1000 mg L-1 20 nm root  49±4 51±4  12.0 

1000 mg L-1 60 nm root  67±3 33±3  8.1 

aR-factor =
∑(𝑑𝑎𝑡𝑎−𝑓𝑖𝑡)2

∑(𝑑𝑎𝑡𝑎)2  ; The fitted curves and reference compounds are presented in Figures 13 and 

S15, respectively. Each XANES spectrum was obtained from the merging of three replicate spectra.  

 

Figure 17. Zn K edge XAS spectra recorded in different regions of common bean (Phaseolus vulgaris) 

seeds treated with a 100 mg L−1 40 nm ZnO NP dispersion: (a) picture of a bean seed highlighting the 

regions in which the spectra were recorded; (b) spectra recorded on the outside of the bean and in the 

middle region between the seed coat and the inside 
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Different from the seeds soaked in 5000 mg L−1 dispersions, the low concentration 

treatment presented a smaller fraction of ZnO adsorbed on the outside of the seed coat. ZnO 

was found at the interface of the seed coat cotyledon, which means that nanoparticles could 

migrate from the dispersion and that part of them were biotransformed. Since ZnO is partially 

soluble (Figure 3) and some studies even indicate that the solubility increases for 

nanomaterials, it is still not clear if the biotransformed Zn comes from Zn(aq) that coexisted 

in dispersion and which was eventually coordinated by the organic compounds 

(MUDUNKOTUWA et al., 2011). The alternative hypothesis is that ZnO NPs were dissolved 

inside the hilum and complexed by malate and citrate-like compounds. 

The μ-XANES facility was also used to probe the local chemical environment of the 

Zn in the radicle of seedlings on the fifth day of the germination experiment. Figure 18 a 

present the spectra recorded for samples treated with 1000 mg L−1 ZnO NP dispersions, for a 

control seedling germinated in water, and for the synthetic Zn-malate, Zn-citrate, and Zn-

histidine reference compounds. The linear combination analysis is presented in Table 7, while 

the fitted spectra are shown in Figure S15. 

 

Figure 18. Zn-K edge XANES spectra recorded in the root of a common bean (Phaseolus vulgaris) 

seedling on the fifth day of germination following exposure to 1,000 mg L-1 ZnO NP dispersions. (a) 

Spectra recorded for a control root, Zn-malate, Zn-citrate and for the seedlings previously treated with 

20 nm, 40 nm and 60 nm ZnO NP. The blue circle in (b) and (c) show the points where the spectra for 

the 20 nm and40 nm ZnO were recorded, respectively 
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The non-normalized spectra consistently showed that the amount of Zn was higher in 

roots of treated seeds compared to the control one. The spectra for the control root and that 

treated with 40 nm ZnO were slightly higher than the line compared to the 20 and 60 nm ZnO 

treated ones. The spectrum for the control root could only be fitted with the addition of  

Zn-citrate component. The addition of this third component did not promote a significant 

decrease of the R-factor disagreement parameter. 

Even though the seeds were germinated on filter paper moistened with ZnO NP 

dispersion, the data did not point out the presence of ZnO associated with the root. Such 

association was shown by (WANG et al., 2013), who found that ∼65% of the Zn present in 

the roots of Vigna unguiculata was in ZnO form when seedling was exposed to a 25 mg L−1 

ZnO NP dispersion for 4 weeks. In the present study the roots were washed before to the 

analysis; thus any ZnO adsorbed on the outer part of the root might have been removed. 

Figure 19 shows representative SEM images recorded for cross sections of the primary 

root of Phaseolus vulgaris seedling treated with 100 and 1000 mg L−1 ZnO dispersions. The 

treatments did not cause any apparent damage in the cells of cortex and stele regions. On the 

contrary, the presence of the felogen tissue, i.e., a secondary growth structure, on the treated 

roots suggests that they developed faster than the control one. The micrographs show changes 

at the root hairs that are an outgrowth structure from the epidermis cells. The images show 

that the 100 mg L−1 treatments induced the hair growth for ZnO 20 nm (Figure 19 c and  

Figure 19 d) and 60 nm (Figure 19 h and Figure 19 l) compared to the control. Conversely, 

the 1000 mg L−1 treatments decreased the number and length of root hairs, with the exception 

of ZnO 20 nm (Figure 19 h and Figure 19 f). The most deleterious treatment was ZnSO4 

(Figure 19 q and Figure 19 r). It seems that the outer tissues were more affected by the 

treatments than the inner ones. 

Finally, the present study fosters the potential use of NP in plant nutrition. Due to the 

NP peculiar behavior, it has the potential to act differently from the bulk chemical form, 

allowing a slower nutrient release compared to salts and faster release compared to the bulk 

counterpart. It is suitable particularly for micronutrients, in which the amount required is 

minimum and its toxicity, even at minor levels, is a matter of concern. To the authors’ best 

knowledge, there is no clear sharp reasoning in the literature on the effect of the 20−60 nm 

nanoparticle size range on seed germination. Since the present work focused on the chemical 

speciation of Zn present in the seed coat and roots and their effects on total seedling weight 

gain, additional studies are necessary to uncover the effects of Zn on the development of other 

seedling parts such as the plumule and embryo axis. 
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Figure 19. Scanning electron micrographs of transversal section of primary roots of Phaseolus 

vulgaris. The sections were cut 5 days after germination: (a, b) control plants (soaked in water); (c, d) 

ZnO 20 nm 100 mg L−1; (e, f) ZnO 20 nm 1000 mg L−1; (g, h) ZnO 40 nm 100 mg L−1; (i, j) ZnO 40 

nm 1000 mg L−1; (k, l) ZnO 60 nm 100 mg L−1; (m, n) ZnO 60 nm 1000 mg L−1; (o, p) ZnSO4 100 mg 

L−1; (q, r) ZnSO4 1000 mg L−1; H, root hairs; F, felogen 

 

2.4 Conclusion  

The weight gain, after the fifth day of germination, of Phaseolus vulgaris bean seeds 

was unequivocally affected by exposure to 20 nm ZnO NP and ZnSO4 at 5000 mg L−1. None 

of the other ZnO NP treatments harmed seed germination and seedling development. 

At an exposure level of 10 mg L−1 of both ZnSO4 and ZnO NP, Zn was transferred to 

the inner part of the seeds. At 1 mg L−1, the lowest exposure concentration, the Zn provided 

by the nanoparticles stayed in the seed coat and only in the case of ZnSO4 did the Zn taken up 

reach the cotyledon. 
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For all treatments, most of the Zn (51−97%) was trapped in the seed coat. The amount 

of Zn absorbed by the seed followed an asymptotic function of the concentration, suggesting a 

saturation of the Zn adsorption sites at high exposure concentrations. The Zn uptake was 

facilitated for ZnSO4 which is present as Zn2+ ions in solution. The μ-XRF showed the 

presence of Zn hotspots in the hilum region presenting a concentration gradient from the outer 

to the inner part of the seed. 

Zn K edge μ-XANES showed that in the seed coat a fraction of Zn taken up from ZnO 

NP was present as ZnO, while part as biotransformed to Zn coordinated to organic molecules. 

The chemical speciation showed that ZnO NP neither entered the cotyledon nor was 

incorporated into the primary root. 

Altogether, at a proper concentration and size, ZnO NP may be a suitable form of Zn 

to be used for Phaseolus vulgaris seed priming. Such ZnO NP form supplied Zn to the bean 

seeds, and additionally Zn was biotransformed into Zn bound to organic molecules. 

Compared to ZnSO4 at similar concentrations, the ZnO NP presents the advantage of lower 

toxicity and provides a slow and controlled Zn delivering. In comparison with the bulk ZnO, 

the NP has the advantage of a greater active surface, thus minimizing the loss of this finite 

and limited resource nutrient in crop applications. Additionally, this study only evaluated the 

ZnO NP effect on the germination stage of the common bean. Further studies monitoring the 

effects of the treatments on plant development, grain production, Zn content, and speciation in 

other tissues are currently being carried out by our group and will soon be communicated. 
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3 SYNCHRONTRON-BASED TECHNIQUE ASSOCIATED TO PLANT SCIENCE: A 

CASE OF Ag NANOPARTICLES IN COMMON BEAN GERMINATION 

 

Abstract 

The presence of nanoparticles (NP) in agricultural inputs is a clear fact, as can be seen in 

many patents involving this application. The nano form can improve the performance of 

these, but may cause risks to the environment since the fate of nanomaterials is poorly 

understood. Seed treatment is an extensive practice to provide micronutrients and disease 

protection. The treatment of the bean seed coat before sowing can be performed in a safer way 

compared to the common dispersion method in the field. This study investigates the effect of 

Ag2S NP, Ag0 NP and AgNO3 (100, 1000 mg L-1 and 5000 mg L-1) on the germination 

Phaseolus vulgaris seeds and the mechanism of interaction in the seed coat. Ag treatments did 

not affect the germination rate, but the development of the seedlings was significantly 

improved by Ag2S NP while the AgNO3 presented a negative effect compared to the control 

(water). The bean seed coat presents different layers, which are objects of this study. The 

treated seeds germinated for five days, seed coats were recovered and sectioned. Ag 

distribution and speciation were investigated in the bean testa by means of µ-XRF and µ-

XANES, while the macromolecular composition was assessed by ATR-FTIR and micro-

FTIR. The Ag biotransformation depended on the source. For the FTIR results it is possible to 

verify perturbations in carbohydrate region as well changes in the protein region. The 

combination of these results can contribute to building another step in the understanding of 

how nanoparticles can improve agricultural inputs and benefit food crops. 

Keyword: X-ray absorption spectroscopy; X-ray fluorescence, synchrotron-based Fourier 

transform infrared, Phaseolus vulgaris 

 

3.1 Introduction  

Silver nanoparticles (Ag NP) are present in several materials for diverse applications. 

One of the most well-known utilizations is due to antimicrobial properties (PRABHU; 

POULOSE, 2012). Studies have highlighted the use in textiles (SPIELMAN-SUN et al., 

2018), food conservation (CARBONE et al., 2016; KUMAR et al., 2018), cosmetics 

(KOKURA et al., 2010), drug delivery(TIAN et al., 2007; AUSTIN et al., 2014), and 

agricultural inputs (ANJUM et al., 2013; DESHPANDE, 2019). Previous investigations 
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suggested that nanomaterials, including Ag NP can accumulate in the plants and induce toxic 

effects (WANG et al., 2017; CVJETKO et al., 2018; YAN; CHEN, 2019). Conversely, other 

studies show that plants can benefit from Ag NP, for instance it can enhance plant 

development (HOJJAT; HOJJAT, 2015; PALLAVI et al., 2016) and crop protection (KHOT 

et al., 2012; PARVEEN; RAO, 2015) once different silver-based nanoparticles present 

antifungal and bactericidal properties (ADISA et al., 2019). This property was explored 

against the Gibberella fujikuroi to rice seeds, Ag NP disinfected the seeds and improve the 

seedlings emergence (JO et al., 2015). 

Seed priming is a strategy that aims at delivering nutrients or chemicals directly to 

seeds rather than broadcasting them in the field. This practice increases germination 

(VARIER et al., 2010) and productivity. One of the main advantages of this process is the 

reduced amount of employed chemicals compared to soil application. Since they are deposited 

on the seed, such chemicals can be assimilated by the seedling during the germination process 

or remain in the neighbouring soil and eventually being taken up by roots. Hence, since seed 

treatment is carried out in a warehouse, it also reduces the costs involved in application. Ag 

NP used in seed priming can positively affect aquaporin gene expression and in reactive 

oxygen species (ROS) production, improving the water uptake and consequently the 

germination (MAHAKHAM et al., 2017). Seed priming can be also a strategy to improve the 

crops in salinity soil (i. g. wheat) (MOHAMED et al., 2017). 

Even though silver is not a nutrient, it can affect plant metabolism. Seeds of B. juncea 

(SHARMA et al., 2012) and rice (MAHAKHAM et al., 2017) treated with Ag NP yielded 

seedlings with improved root system and therefore healthier seedlings. On the other hand, 

seed treatment for tomatoes and radish, negatively affected root elongation (SONG et al., 

2013; ZUVERZA-MENA et al., 2016). Silver primed rice seeds presented enhanced 

germination which was associated to increased α-amylase activity and up-regulation of 

aquaporin genes in germinating seeds (MAHAKHAM et al., 2017). 

The germination rate, depending on the crop, is not significantly affected by Ag NP in 

general and one explanation can be the protective function of the seed coat. However, a 

previous work raised the possibility of nanoparticles to penetrate through the seed coat 

(MAHAKHAM et al., 2017). For corn, watermelon and zucchini, the germination rate was 

improved when seeds were treated with a range from 500 to 2500 mg L-1 of Ag NP 

(ALMUTAIRI; ALHARBI, 2019). The nanoparticles interaction with the seed coat is a 

subject not so explored.  
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We have previously shown that most of nutrient applied in soluble or nanoparticulate 

forms remains trapped in the seed coat and is latter absorbed by seedlings (DURAN et al., 

2017; 2018; RODRIGUES et al., 2018; SAVASSA et al., 2018). However, the storage 

process within the seed coat and possible chemical transformations taking place in this tissue 

deserves deeper understanding.   

Hence, this study investigated the behavior of silver nanoparticles in the seed coat of 

common bean (Phaseolus vulgaris) during the germination phase using synchrotron-based 

techniques, namely: microprobe X-ray fluorescence spectroscopy (µ-XRF), micro X-ray 

absorption near edge structure (µ-XANES), and Fourier transform infrared microscopy  

(µ-FTIR).    

 

3.2 Materials and Methods 

3.2.1 Characterization of Ag NPs 

 The metallic Ag nanoparticle (Ag0 NP) (15 nm) dispersion was provided by TNS 

company, Brazil. Ag2S nanoparticles (Ag2S NP) (42 nm) were produced through the 

sulfidation of Ag NPs coated with polyvinylpyrrolidone (PVP) (NanoAmor, Nanostructured 

and Amorphous Materials Inc. (USA) according to (LEVARD et al., 2011) as stated in 

(PRADAS DEL REAL et al., 2017).  The ionic control used was AgNO3 (Nuclear, Brazil).  

Aqueous dispersions at 1, 10 and 100 mg Ag L-1 were prepared in distilled water. 

Before application, the Ag2S NP suspension was sonicated with a Fisher Scientific Model 750 

Sonic Dismembrator probe operating at 60 W for three cycles of one minute each and 30 

seconds interval between each cycle. These particles were previously characterized by 

(PRADAS DEL REAL et al., 2017). 

For the Ag0 NP the crystallite dimension (D) (Figure 1(a)) was determined using the 

Scherrer equation. The crystallite dimensions were corrected subtracting the instrumental 

broadening determined by measuring the 111 planes of Si monocrystal. X-ray diffraction 

(XRD) patterns were recorded using a Cu Kα radiation in a Philips PW 1877 diffractometer. 

Scanning electron microscopy (SEM) images were acquired using a Magellan 400 

microscope (FEI Company, USA). For these measurements, Ag0 NP aqueous dispersions  

at 100 mg L-1 were dropped on a carbon tape adhered in a sample holder and dried at room 

temperature (Figure 1 b). 
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Figure 1. Ag0 NP characterization. (a) XRD pattern and crystallite size. (b) SEM imagine and (c) DLS 

and Zeta potential 

 

3.2.2 Germination assay 

Bean seeds, variety IAC Sintonia (Agronomic Institute of Campinas, Brazil) 

(CHIORATO et al., 2018), were disinfected using 10% NaClO solution and rinsed in 

deionized water. After disinfection, the seeds were soaked for one hour in Ag0 NP and Ag2S 

NP dispersions and in the ionic control AgNO3, all of them at 1, 10 and 100 mg L-1 (20 seeds 

per treatment). Deionized water was used as negative control. The seeds were transferred to 

Petri dishes with the bottom and top covered humid filter paper and finally incubated for 

germination during five days at 27 ◦C. The experiment was conducted with five replicates per 

treatment. After the period of germination, the seeds were counted, weighed and the radicle 

length of the seedlings was determined through the Seed Vigor Imaging System software 

(SVIS). The data (germination rate and radicle lenght) were submitted to statistical analysis. 

With the null hypothesis rejected in the analysis of variance (ANOVA), the Tukey’s test at 

95% confidence interval was applied using Minitab® 18.1. 

3.2.3 Scanning electron microscopy (SEM) 

Seeds from each treatment were used for SEM analysis. The hilum region was 

sampled with a scalpel blade and was immediately glued to carbon tape on aluminium stubs, 

gold coated (Bal-tec model SCD 050), and examined with a scanning electron microscope 

(Jeol - JSM IT 300, Japan) at 15 kV and digitally recorded at a working distance of 15 mm. 
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3.2.4 µ-XRF and µ-XANES 

Microprobe X-ray fluorescence spectroscopy (µ-XRF) (Orbis PC, EDAX, USA) was 

used to perform line scans and access the spatial distribution of Ag in the hilum region of 

treated seeds. Seeds were sectioned as described elsewhere (RODRIGUES et al., 2018). A Rh 

anode X-ray working at 20 kV and 400 µA was used to generate the X-ray beam, and a poly-

capillary optical element focused it down to 30 µm in diameter. The detection was carried out 

by a 30 mm2 silicon drift detector with a resolution of 140 eV at Mn-Kα. Thirty-two points 

were scanned yielding a line. The dwell time was 30 s per point, the measurements were 

performed under vacuum, using an Al 25 µm filter and the dead time was around 9%. The Ag 

content was expressed in terms of Lα net count rate. 

µ-XRF maps and µ-XANES were performed at the ID21 beam line at the European 

Synchrotron Radiation Facility (ESRF) in Grenoble, France (SALOMÉ et al., 2013). The 

beamline is equipped with a U42 undulator to generate the X-rays, a double-crystal fixed exit 

Kohzu monochromator with Si (111) crystals for energy selection, and Kirkpatrick-Baez fixed 

curvature focusing optics. μ-XRF maps were obtained with a beam size of 0.5 × 0.9 μm2, 

incident energy of 3.42 keV and a flux of 7.9 x 10 9 photons s-1. µ-XANES energy scans at 

Ag LIII-edge were done in the region from 3.34 keV to 3.42 keV with 0.5 eV constant steps 

and 0.1 ms dwell time per energy step. Samples obtained from the treated seed coats, 

approximately 0.2 x 0.2 cm2, were embedded in OCT resin and cryofixed in liquid nitrogen 

(LN2) before cryo-sectioning. Cross-sections 20 µm thick were obtained using a motorized 

rotary microtome (Leica LN22, Germany) equipped with a binocular microscope and 

diamond blade. The samples were mounted between ultralene films in a cold copper sample 

holder and transfer to a cryo chamber to be analyzed. 

3.2.5 Fourier Transform Infrared Analysis 

Fourier Transform Infrared measurements were carried out in ID21 at the ESRF 

(SUSINI et al., 2007). The µ-FTIR end-station was equipped with a Thermo Nicolet Nexus 

infrared spectrometer (Thermo Scientific, Madison, WT, USA) and Thermo Nicolet 

Continuum infrared microscope (Thermo Scientific, Madison, WT, USA). Seed coat samples 

were prepared as 4 µm thick cross-sections using a cryomicrotome (Leica LN22, Germany). 

The sections were placed between two BaF2 windows (0.4 mm thick) in a metallic sample 

holder, cooled down to LN2 temperature, and freeze-dried for 4 h under vacuum (2 x 10-4 

mbar) and low temperature (-50˚C) followed by 4 h under vacuum and brought up to room 

temperature. Synchrotron FTIR microscopy was performed in transmission mode using a 
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10 × 10 µm² beam. Spectra (average of 128 scans) were recorded over a range of 3000 to 

850 cm−1 with spectral resolution of 4 cm−1. To analyze the external and internal surfaces of 

treated seed coats, circular samples (10 mm diameter) were punched from the treated seed 

coats. Then, they were snap frozen in LN2 and freeze-dried to be analyzed by attenuated total 

reflectance Fourier transform infrared (ATR-FTIR) using a bench top equipment Thermo 

Nicolet Nexus 4700 FT-IR Spectrometer. 

Orange Data Mining software (DEMSAR et al., 2013) was used for statistical analysis, 

including the add-on for spectral data analysis (TOPLAK et al., 2017). Linear Discriminant 

Analysis (LDA) together with Principal Component Analysis (PCA) were used for clustering 

different treated samples. The feature extraction was done using Logistic Regression and 

Least Absolute Shrinkage as Selection Operator (LASSO). Using a K-fold cross validation 

method the model’s robustness parameters AUC (Area Under Curve), receiver operating 

characteristic (ROC) curve, precision, and sensitivity (or recall) were monitored to ensure 

optimal performance of the model. 

 

3.3. Results and Discussion 

3.3.1 Germination assay 

Germination assays were performed under a factorial design of three sources (Ag0 NP, 

Ag2S NP and AgNO3) and three concentrations (1, 10, and 100 mg L-1). Figure 2 show 

seedlings after five days of germination. The Ag2S NP present the shorter hypocotyl and 

longer radicle compared with the other treatments and control. In this treatment the hypocotyl 

also show oscillation curves when compared to the others treatments (SPURNÝ, 1966). For 

Ag0 NP treated seeds, the seed coat seems to come off more easily than in other treatments. 

Significant differences are present in Figure 3. 

 

Figure 2. Phaseolus vulgaris seedlings after five days of germination. Seeds were treated with H2O 

(control) and three different Ag sources: AgNO3, Ag0 NP and Ag2S NP 
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Figure 3a presents the effects of the treatments on radicle length after five days of 

germination. Overall positive impact on radicle length was observed for the seeds treated with 

Ag2S NP (statistically significant at 1 mg L-1), and negative impact was observed for AgNO3 

treated seeds (statistically significant at 10 mg L-1). The Ag0 NP treatments did not show any 

significant effect on radicle length. Figure 3(b) presents the germination rate after five days. 

Tukey’s test was applied and no statistical difference was observed between treatments and 

control. Thus, even though the treatments did not affect the germination rate, it positively 

impacted seedling development. 

The results described above are in line with Vannini et al. (2013) that showed that  

seeds of Eruca sativa (Arugula) treated with Ag-PVP NP (14 nm) at different concentrations 

(0, 0.1, 1, 10, 20, and 100 mg L-1) presented no significant difference in the germination rate, 

while the root elongation was increased, and AgNO3 up to 20 mg L-1 blocked the germination 

process (VANNINI et al., 2013). On the other hand, results reported by El-Temsah and Joner 

(2012) for flax, barley, and ryegrass at 10 mg L−1 Ag NP treatments showed reduced 

germination, but higher concentrations did not present concentration dependent effect  

(EL-TEMSAH; JONER, 2012). For corn, zucchini and watermelon, germination rate was 

improved in comparison with control (untreated plants) at all tested concentrations of AgNPs 

(0.05, 0.1, 0.5, 1, 1.5, 2 and 2.5 g L-1) (ALMUTAIRI; ALHARBI, 2019).  

 

Figure 3. Germination assay. (a) Radicle length (cm) and (b) germination rate (%) of common bean 

seeds on the fifth day of the germination assay following different treatments with Ag2S NP, Ag0 NP, 

AgNO3 at 1, 10, and 100 mg L-1 and H2O (control).a, b, c, d letters represent groups. Tukey test  

(P = 5%) 
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3.3.2 Spatial distribution of Ag in the hilum of Phaseolus vulgaris seeds 

Due to the limit of detection imposed by the benchtop µ-XRF equioment (ca.  

0.0292 cps mg kg-1 tissue), to determine the spatial distribution of Ag in the hilum the seeds 

were soaked in 1000 mg Ag L-1 treatments.  

Figures 4 and 5 presents scanning electron-micrographs of seed surface after the 

treatments. It is clear that Ag2S NP formed clusters around the hilum, micropyle, and lens. 

The same pattern is not verified to Ag0 NP. 

The nanoparticles are trapped in the seed coat, mostly in the hilum region. The hilum 

is a water entrance structure in the seed (AGBO et al., 1987; KIKUCHI et al., 2006) as well as 

micropyle and lens. Thereby, the NPs are carrying more easily to these parts compared with 

the rest of the cuticle in seed coat extension. 

 

Figure 4. Scanning electron-micrographs of Phaseolus vulgaris seed surface after different treatments 

with silver sources. (a)-(d) Control Plants; (e)-(h) silver nitrate; (i)-(l) metallic silver nanoparticles; 

(m)-(p) silver sulfide nanoparticles. Arrows show Ag deposit around the hilum (n); micropyle (o) and 

lens (p). Note that in Ag0 the particles are not visible.  HI – Hilum; MI- Micropyle, RA – Rafe, LE - 

Lens 
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Figure 5. S canning electron microscope with energy dispersive X-ray spectroscopy (SEM-EDS) 

microanalysis for samples treated with (a) H2O (control), (b) Ag0 NP, (c) Ag2S NP and (d) AgNO3 

 

Figure 6(a) illustrates the scanned region (red line) and Figure 6(b) shows the Ag 

intensity along the hilum. Figures 7, 8 and 9 present additional scans at distinct regions. All 

Figures present points of analysis of the Ag net intensity and the respective limit of 

quantification (LOQ) for Ag. 

The ILOQ was determined using the following equation: 

𝐼𝐿𝑂𝑄 =  10 𝑥 √
𝐵𝐺

𝑡
 

ILOQ: Instrumental Limit of Quantification  

BG: background measurement 

t: Time of spectra acquisition (s) 

Figure 6. (a) Representation of the analyzed region. (b) Ag line scans of hilum in common bean 

(Phaseolus vulgaris) sections exposed to Ag2S NP, Ag0 NP and AgNO3 at 1000 mg L-1. The path of 

the points of analysis was from outside to inside the seed, passed through the endosperm and 

tegument. E – endosperm, T – tegument, checkered region the hilum 
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Figure 7. Picture (a) and Ag line scans of hilum in common bean (Phaseolus vulgaris) sections 

exposed to Ag2S NP. Points acquired from (b) X line region, (c) Y line region and (d) Z line region. 

Black points are the Ag net intensity and red points the limit of quantification (LOQ) for Ag. 1 and 32 

indicate the start direction of acquisition of the points of each analyzed region 

 

 

Figure 8. Picture (a) and Ag line scans of hilum in common bean (Phaseolus vulgaris) sections 

exposed to Ag0 NP. Points acquired from (b) X line region, (c) Y line region and (d) Z line region. 

Black points are the Ag net intensity and red points the limit of quantification (LOQ) for Ag. 1 and 32 

indicate the start direction of acquisition of the points of each analyzed region 
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Figure 9. Picture (a) and Ag line scans of hilum in common bean (Phaseolus vulgaris) sections 

exposed to AgNO3. Points aquired from (b) X line region, (c) Y line region and (d) Z line region. 

Black points are the Ag net intensity and red points the limit of quantification (LOQ) for Ag. 1 and 32 

indicate the start direction of acquisition of the points of each analyzed region 

 

According to Figures 6 and 7, 8 and 9, Ag is concentrated in the hilum region, a layer 

of palisade cells connected externally by remaining subcuticular tissue, a “spongy like” one of 

the entries for water to seed (AGBO et al., 1987; ALVES JUNIOR et al., 2016). This is in 

agreement with previous studies that showed that Cu, Zn, and Fe ions and nanoparticles 

remained within the seed coat of common bean seed coat (DURAN et al., 2017; 2018; 

SAVASSA et al., 2018).  

The results showed that Ag2S NP did not penetrate as much as Ag0 NP and AgNO3 

since the net intensity values are half or less than found in Ag0 NP and AgNO3 treatments. 

The uptake through the hilum can depend on NPs dispersion in water. The nominal size of 

Ag2S NPs (42 nm, Zeta potential - 17mV) is bigger compared to Ag0 NP (15 nm, Zeta 

potential + 26.4 mV) and due to its negative charge would tend to aggregate (as seen Figures 

4 and 5) resulting in lower uptake through the hilum. Regarding the accumulation on the seed 

coat, it would be an effective barrier against NPs, only ions and small enough NPs would 

diffuse through the seed coat. Given the tendency to aggregate of Ag2SNPs, the probability of 

finding an Ag2S NP aggregate in the hilum is lower than for the other Ag treatments. This can 

explain the lower Ag intensity found for Ag2S NPs treatment outside the hilum in the XRF 

line scans. 
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3.3.3 Ag localization and speciation in the seed coat 

Considering that most of the nanoparticles are agglomerated in the bean seed coat, it is 

important to investigate the chemical speciation of Ag in this region. 

Figure 10 a shows that despite its short thickness, the seed coat consists of several 

stacked tissue layers. It is possible to identify the cuticle, macrosclereids, osteosclereids and 

parenchyma layers. Therefore, one can hypothesize that chemicals might interact with these 

tissues distinctly.  

From µ-XRF maps, it is possible to determine the localization of Ag in the different 

tissue layers of the seed coat. Silver in ionic treated seeds (Figure 10 b) is mainly located at 

the external layer (epidermis and macrosclereids). Conversely, Ag0 NP treated sample (Figure 

10 c) present Ag along the internal layer (parenchyma layers).  In agreement with µ-XRF 

linescans (Figure 6), the intensity (comparable with concentration) of silver in the treatment 

with Ag2S NP is lower compared with the other treatments.  

μ-XANES allowed investigating Ag chemical speciation in the seed coat of treated 

samples. Figure 10 e shows Ag from ionic treatment was forming AgCl at the surface layer 

and is bound to O in the parenchyma layer. These two species are thermodynamically 

favoured, AgCl more than Ag2CO3 (LEVARD et al., 2012). Once have an abundance of ions 

in this treatment the formation of these molecules is favored. It is necessary to take into 

account that the disinfection of the seed before soaking was done with sodium hypochlorite, 

so there may be traces of Cl ions on the surface. 

For Ag0 NP (Figure 10 f) treatment, the spectra suggest that NP are suffering oxidative 

dissolution and forming thiolate complexes in the parenchyma  layer, this result was expected, 

since Ag-thiol-containing organic ligand (Ag-cysteine) has a high stability constant 

(LEVARD et al., 2012), so ease of formation considering that the analyzed point is closer to 

the richer tissue (in contact with the embryo) of the sample. For Ag0 NP the oscillation at 

3380 eV, characteristic of metallic Ag can be related to dissolution and reprecipitation inside 

bean (theory is possible but less likely since with AgNO3 treatment we do not see this 

behaviour) or Ag0 NP enter through seed coat pores or scarifications. In Figure 10 (g), Ag2S 

NPs are not suffering significant chemical modifications both in the surface and parenchyma 

layers. 
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Figure 10. Cross sections of Phaseolus vulgaris seed coat. (a) light microscopy after toluidine blue 

staining method. b-d μ-XRF maps showing Ag (red), P(green) and S (blue) distributions of seed 

sections exposed to: (b) AgNO3 100 mg Ag L-1, (c) Ag0 NP 100 mg Ag L-1 and (d) Ag2S NP 100 mg 

Ag L-1 NP. (e) – (f) Ag-L edge XANES spectra recorded in different regions of the cross sections and 

standards (Ag2CO3, AgCl, Ag-Glutathione, Ag-foil, Acanthite): (e) sample treated with AgNO3 100 

mg Ag L-1 , (f) Ag0 NP 100 mg Ag L-1 and (g) Ag2S NP 100 mg Ag L-1 NP. Number from 1 to 5 

indicate the regions analyzed. C – cuticle, EP - epidermis, MS – macrosclereids, OS – osteosclereids, 

PA – parenchyma layers 

 

Figure 11 shows linear combination fits for some of spots. Due to the challenging 

conditions faced in the present study, i.e. low Ag concentration and high lateral resolution, it 

was not possible to obtain adequate spectra for all treatments and spots. In any case, the linear 

combination fits confirm the transformations occurred by the treatments with AgNO3 and Ag0 

NP and also shows that there was no change with the silver binder in the treatment with Ag2S 

NP, comparison done in Figure 10. 
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Figure 11. Linear combination fit for Ag-L edge XAS spectra recorded (a) regions 1, 2 and 3 from 

seeds treated with Ag0 NP (R-factor: 0.0055732, pattern weights: Ag-foil - 0.640, Ag-glutathione 

0.360), (b) regions 4 and 5 from seeds treated with Ag0 NP (R-factor: 0.0053021, pattern weights: Ag-

foil - 0.606, Ag-glutathione 0.394), (c) region 1 from seeds treated with AgNO3 (R-factor: 0.0089423, 

pattern weights: AgCl - 0.882, Ag2CO3 0.118) and (d) region 1 from seeds treated with Ag2S NP (R-

factor: 0.0187312, pattern weights: Acanthite - 1.000) 

 

3.3.4 Fourier Transform Infrared Analysis 

Vibration spectroscopy herein employed allowed probing the samples from the 

organic tissue standpoint. ATR-FTIR for outer surface (cuticle) and inner tegument surface 

(in contact with the embryo), provides information about possible changes in the main regions 

of the mid-IR spectrum i.e. carbohydrates (800 - 1300 cm-1), proteins (1400 – 1700 cm-1) and 

lipids (2800 – 3000 cm-1). 

 Intending to reduce the large acquired data set, and highlight the most important and 

significant differences, the data was subjected to principal component analysis (PCA) and 

linear discriminant analysis (LDA).  

There are intrinsic differences in organic composition between external and internal 

seed coat tissues (SMÝKAL et al., 2014; SHTEIN et al., 2018). Therefore, the data analysis 
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was conducted separately for these two data sets. The PC-LDA (Figure 12) allowed grouping 

the treatments for both the internal part (Figure 12 a) and the external part (Figure 12 b). 

Figure 12. PC-LDA plots from ATR analysis for different Ag treatments in (a) inner seed coat surface 

(parenchyma tissue) and (b) outer seed coat surface (cuticle tissue). Different colours correspond to 

different groups 

 

The results highlight the differences between the treatments, so much that they are 

grouped in different clusters as it is possible to see in Figure 12. At the inner tegument surface 

(Figure 12 a) the Ag ionic treated samples are grouped in the most opposite side of the control 

and even the Ag2S NP treatment that does not appear with intensity in the internal part in the 

Figure 12 (b) appears grouped differing to control treatment as well as Ag0 NP.   

In the outer tegument surface the cluster in the most opposite side is the AgNO3 

treated samples, result in agreement with Figure 10 b that present more silver in epidermis. 

Again, all the treatments are grouped, presenting differences in comparison to the control.   

The next step consists in extracting features from this large FTIR data set. A consistent 

statistical regression model, based principally in Logistic Regression and LASSO (Least 

Absolute Shrinkage and Selection Operator) was used to unfold it (TIBSHIRANI, 1996; 

MUTHUKRISHNAN; ROHINI, 2016). 

Figure 13 present mean spectra from internal layer (parenchyma layers) with weighted 

LASSO logistic regression coefficients. Two-fold cross validation parameters for this model 

are AUC = 0.997, Precision = 0.963, and Recall = 0.957 (which are averages over treatments). 

These values are considered optimal according to (GAUTAM et al., 2015). 

  

 



76 

Figure 13. Mean spectra from the inner tegument surface (parenchyma layers) of common bean seed 

coat treated samples with weighted Lasso logistic regression coefficients. Differences in all spectra: in 

carbohydrate region (800 - 1300 cm-1), proteins (1400 – 1700 cm-1) and lipids (2800 – 3000 cm-1) 

 

The chemical assignment, based on the literature, was performed examining each of 

the peaks obtained by LASSO. The main assignments are shown in Table 1.  

In the carbohydrate region it is possible to observe differences associated with 

polysaccharides in general: 935-998 cm-1, 1032 cm-1 and 1177 cm-1 (cellulose), 1074 cm-1 and 

1148 cm-1 (amylopectin and amylose). These disturbing can be associated with modifications 

in the content of carbohydrate provided by the Ag NP treatment like showed by Salama 

(2012) for Phaseolus vulgaris L. and Zea mays L. (SALAMA, 2012). 

In the protein region, one can observe peaks corresponding to the cell wall 

polysaccharide (1430 cm-1, 1441-1447 cm-1), amide II bands of proteins (1531 cm-1,  

1540-1549 cm-1, and 1567-1587 cm-1). The lipid region showed fewer differences, mainly in 

the 2924-2925 cm-1 region. Salama (2012) shows further that protein contains can be altered 

(in this case increased) by the Ag NP treatment in Phaseolus vulgaris L. and Zea mays L. 

(SALAMA, 2012) 
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Table 1. The FTIR spectral bands assignment selected by LASSO method for inner tegument surface 

seed coat samples 

Wavenumber 

range (cm-1) 
Attributions Main Compounds Ref. 

838 
C–O–C (α-glycosidic 

bond) 
Carbohydrate molecule (BUTA et al., 2015) 

935 – 998 ν(CO) C-O-C linkages 
(KAČURÁKOVÁ; MATHLOUTHI, 

1996) 

1018 ν(CO), ν(CC), δ(OCH) polysaccharides, pectin (TALARI et al., 2017) 

1032 ν(C–O), ν(C–C) Cellulose (MONNIER et al., 2017) 

1035 ν(OH), ν(C–OH) 
Cell wall polysaccharides 

(arabinan) 
(ZHU; TAN, 2016) 

1044 
ν(C-O), ν(C-C), ν(C=C), 

ν(COC) 

Pectin, various 

polysaccharides, also suberin 

or cutin 

(REGVAR et al., 2013) 

1046 ν(C-O) L-(+)-arabinose 
(KAČURÁKOVÁ; MATHLOUTHI, 

1996) 

1074 β(COH) Amylopectin and amylose 
(KAČURÁKOVÁ; MATHLOUTHI, 

1996) 

1126 ν(C–O) disaccharides (TALARI et al., 2017) 

1130 ν(C-O) L-(+)-arabinose 
(KAČURÁKOVÁ; MATHLOUTHI, 

1996) 

1148 ν(COC), ν(CC) Amylopectin and amylose 
(KAČURÁKOVÁ; MATHLOUTHI, 

1996) 

1177 ν(C-O) 
Ester bonds O=C-O of 

cellulose 
(ZEIER; SCHREIBER, 1999) 

1279 τ(CH2) D-(−)-ribose (WIERCIGROCH et al., 2017) 

1430 δ(O–H) 
cell wall polysaccharide, 

alcohol, and carboxylic acid 
(TÜRKER-KAYA; HUCK, 2017) 

1441-1447 δas(C–H) of CH2 and CH3 
cell wall polysaccharide, 

alcohol, and carboxylic acid 
(TÜRKER-KAYA; HUCK, 2017) 

1507-1509 ν(C=C) aromatic  lignin (TÜRKER-KAYA; HUCK, 2017) 

1513 C=C–C 
approximation of aromatic 

ring bonding 
(BUTA et al., 2015) 

1531 δ(NH); ν(CN) amide II bands of proteins (KONG; YU, 2007) 

1540-1549 ν(C=N); ν(N–H) Amide II (TÜRKER-KAYA; HUCK, 2017) 

1567-1587 δ(NH); ν(CN) amide II bands of proteins (KONG; YU, 2007) 

1607 ν(C=O) aromatic  lignin, alkaloid (TÜRKER-KAYA; HUCK, 2017) 

1626-1628 C=C stretch phenolic compound (TÜRKER-KAYA; HUCK, 2017) 

1661 ν(C=O) amide I-proteins (BUTA et al., 2015) 

1725 ν(C=O), ν(COO−) 
Fatty acids and various 

polysaccharides 
(REGVAR et al., 2013) 

2846 ν(CH2) 

mainly lipids with a little 

contribution from protein, 

carbohydrate, and nucleic acid 

(WIERCIGROCH et al., 2017) 

2914-2916  ν(CH) Carbohydrate molecule (WIERCIGROCH et al., 2017) 

2924-2925 νas(CH2) 

mainly lipid with a little 

contribution from protein, 

carbohydrate, and nucleic acid 

(TÜRKER-KAYA; HUCK, 2017) 

Key: ν - stretching, as – asymmetric, s - symmetric, β – in-plane bending, δ - scissoring, ω - wagging, τ - 

twisting, def – deformation. 
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 The spectra from outer tegument surface, in Figure 14, presented fewer differences 

compared to the inner tegument surface (Figure 13). Still, the two-fold cross validation 

parameters present optimal values: AUC = 1.000, Precision = 1.000 and Recall = 1.000 

(which are the averages over treatments).  

 In this case, the main differences are in carbohydrate region (800 - 1300 cm-1), 

followed by proteins region (1400 – 1700 cm-1) and, finally, in the lipid region (2800 –  

3000 cm-1). 

 

Figure 14. Mean spectra from outer tegument surface (cuticle) of common bean seed coat treated 

samples with weighted Lasso regression coefficients. Differences in all spectra and in carbohydrate 

region (800 - 1300 cm-1), (c) proteins (1400 – 1700 cm-1) and (d) lipids (2800 – 3000 cm-1) 

 

The main assignments are shown in Table 2. The carbohydrate region presents 

differences associated to general polysaccharides: 874 cm-1, 989 cm-1 and 1259 cm-1 

(cellulose), 1077 cm-1 (amylopectin and amylose). The protein region shows differences in 

peaks corresponding to the lignin (1507 cm-1), amide II (1540 - 1541 cm-1) and phenolic 

compound (1622-1623 cm-1). Finally, the lipid region presented the least differences, mainly 

at 2847-2856 cm-1 and 2923-2926 cm-1. 
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Table 2. The FTIR spectral bands assignment selected by LASSO method for outer tegument surface 

seed coat samples 

Wavenumber 

range (cm-1) 
Attributions Main Compounds Ref. 

873-874 ν(C–O) β–d-fructose (TÜRKER-KAYA; HUCK, 2017) 

892 ν(CC), β(CCH) carbohydrate molecule (WIERCIGROCH et al., 2017) 

948 
combination of ν(CO)ring, 

ν(CC) and β(CCH) 
D-(-)-ribose (WIERCIGROCH et al., 2017) 

989 δ(CO) Cellulose (MARÉCHAL; CHANZY, 2000) 

993 C–O stretch Cutin (TÜRKER-KAYA; HUCK, 2017) 

998 ν(CO) α-(1–6) glycosidic bond 
(KAČURÁKOVÁ; MATHLOUTHI, 

1996) 

1011 ν(CO), ν(CC), β(COH) carbohydrate molecule (WIERCIGROCH et al., 2017) 

1026 ν(CO), ν(CC) D-(-)-ribose (WIERCIGROCH et al., 2017) 

1029 O‒CH3 stretching methoxy groups (TALARI et al., 2017) 

1032 ν(C–O), ν(C–C) Cellulose (MONNIER et al., 2017) 

1050-1052 

C–O–C stretch; C–OH 

stretch; C–OH 

deformation; C–O–C 

deformation 

carbohydrate molecule (BUTA et al., 2015) 

1055 
ν(C–O–C); ν(C–OH); 

def(C–OH); def(C–O–C) 

pyranose, and furanose 

ring (carbohydrate 

molecule) 

(BUTA et al., 2015) 

1077 β(COH) Amylopectin and amylose 
(KAČURÁKOVÁ; MATHLOUTHI, 

1996) 

1132 ν(CO) L-(+)-arabinose (WIERCIGROCH et al., 2017) 

1160-1168 νas (C–O–C) Cutin (TÜRKER-KAYA; HUCK, 2017) 

1260 

ν(C-C), ν(C-O), ν(C=O), 

ν(C-N), δ(N-H), νas(PO2), 

ν(P=O) 

Lignin, proteins (amide 

III), and various 

polysaccharides 

(REGVAR et al., 2013)  

1427 δ(O–H) 

Cell wall polysaccharide, 

alcohol, and carboxylic 

acid 

(TÜRKER-KAYA; HUCK, 2017) 

1507 ν(C=C) aromatic  Lignin (TÜRKER-KAYA; HUCK, 2017) 

1527 Stretching C = N, C = C Amide groups (TALARI et al., 2017) 

1540-1541 ν(C=N); ν(N–H) Amide II  (TÜRKER-KAYA; HUCK, 2017) 

1627 ν(C=C) Phenolic compound (WIERCIGROCH et al., 2017) 

1622-1623 ν(C=C) Phenolic compound (TÜRKER-KAYA; HUCK, 2017) 

2847-2856 νs(CH2) 

Mainly lipids with a little 

contribution from protein, 

carbohydrate, and nucleic 

acid 

(TÜRKER-KAYA; HUCK, 2017) 

2915 ν(CH) carbohydrate (WIERCIGROCH et al., 2017) 

2923-2926 νas(CH2) 

Mainly lipid with a little 

contribution from protein, 

carbohydrate, and nucleic 

acid 

(TÜRKER-KAYA; HUCK, 2017) 

Key: ν - stretching, as – asymmetric, s - symmetric, β – in-plane bending, δ - scissoring, ω - wagging, τ - 

twisting, def – deformation. 
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3.4 Conclusion  

 The Ag applied to the common bean seeds did not affect the germination rate, but the 

development of the seedlings was statistically improved by Ag2S NP, while the AgNO3 

presented a negative effect compared to the control (water).  

 Most part of Ag, regardless of the source, remained associated to the seed coat. 

However, the highest penetration was observed for Ag0 NP and the lowest for Ag2S NP.  

Possibly why Ag0 NP enter into the seed coat as entire nanoparticle, and/or due its high 

reactivity with organic molecules like thiol groups while the Ag2S NP is not so toxic as Ag2S 

NP, once less Ag ions are released and consequently less interaction occours (LEVARD et al., 

2012).  

 It was possible to observe that, depending on the source of Ag, it was accumulated and 

biotransformed in different tissues of the seed coat. Ag from ionic treatment was found as 

AgCl at the surface layer and bound to O in the parenchyma layer, while Ag2S NPs did not 

show any detectable chemical changes both in the surface and parenchyma layers.  

 For the FTIR results it was possible to verify perturbations in carbohydrate region 

associated with polysaccharides in general: 935-998 cm-1, 1032 cm-1 and 1177 cm-1,  

1074 cm-1 and 1148 cm-1. These facts can be associated with modifications in the content of 

carbohydrate induced by the Ag NPs treatment as well as the changes observed in the protein 

region of the FTIR spectra, 1507 cm-1, 1540-1541 cm-1 and 1622-1623 cm-1. Since 

carbohydrates and proteins are involved in seed protection mechanisms like: water movement, 

protecting the embryo against injuries (MELLO et al., 2010; ZANOTTI et al., 2012), it is 

possible to conclude that besides disturb the nutrient profile of the seeds, the Ag treatments 

may affect the seed protection. 
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4 APPLICATION OF MICROPROBE SYNCHROTRON TECHNIQUES TO 

UNDERSTAND THE INTERACTION OF ZnO NANOPARTICLES IN Phaseolus 

vulgaris SEED COAT 

Abstract 

In the last decade, the use of nanomaterials in commercial products sharply increased. In 

agriculture, it is mainly applied as fertilizers and pesticides. Seed treatment is a common 

practice that provides micronutrients and protection,enhancing germination and plant 

development. This study investigated the interaction of zinc sources (ZnSO4 and ZnO 40 nm) 

in common bean seed coat after germination. Scanning electron microscopy (SEM) images 

showed ZnO nanoparticles clusters in the edge of the hilum and around the micropyle. X-ray 

fluorescence microanalysis (µ-XRF) for seed coat samples treated with both sources revealed 

a concentration gradient of Zn from the middle layers towards the cuticle (most external 

layer) and parenchyma (most internal). X-ray absorption spectroscopy (XAS) showed that the 

Zn incorporated by the seed coat was biotransformed, into a mixture of Zn-citrate and Zn-

malate, regardless of the Zn source used in priming. Attenuated total reflectance Fourier 

transform infrared (ATR-FTIR) and FTIR microscopy (µ-FTIR) analysis allowed to identify 

differences mainly in carbohydrate and protein groups in the layers of common bean seed coat 

samples exposed to ZnO 40 nm and ZnSO4 at 100 and 1000 mg L-1. Altogether, these results 

presented an overview of the interaction of the tested Zn sources with the seed coat after five 

days of germination. 

 

Keywords: Microprobe X-ray fluorescence spectroscopy, Micro-X-ray absorption near-edge 

structure, common bean, seed coat 

 

4.1 Introduction  

 The proper supply of macro and micronutrients throughout plant development is the 

mainkey for a well succeeded crop. Zinc (Zn) plays an important role in several physiological 

and metabolism processes like gene expression, enzyme activation, synthesis of proteins, 

metabolism of carbohydrates, lipids, nucleic acids and auxins (BROADLEY et al., 2012). 

However, about 50% of crops grows in Zn-deficient soils worldwide (ALLOWAY, 2009). 

Soils low in available Zn usually generates plants with low yield capability and nutritionally 

poor (WELCH; GRAHAM, 1999). 
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 To increase the Zn concentration in plants and promote its development, many 

approaches to Zn fertilization are in use. Besides the conventional broadcasting and foliar 

application, which can cause nutrient losses and require high-cost machinery, an alternative 

method to complement plant fertilization consist of seed priming, in which nutrient is 

effectively provided in an inexpensive way, since it demands few inputs and affordable 

technologies (HARRIS et al., 2007). 

 Currently, seed priming with nanoparticles has gained importance due to unique 

physicochemical characteristics of nanomaterials that are capable to boost crop development 

and yield (JOSHI et al., 2018). Nanomaterials interact with cells and interfere in key vital 

processes of the early plant growth stages such as germination rate (GOKAK; TARANATH, 

2015), seedling and root development (LI et al., 2015) and cellular metabolism (BABAJANI 

et al., 2019; KASOTE et al., 2019). Seed priming with nanomaterials is also a promising 

approach to grains biofortification to combat malnutrition (SUNDARIA et al., 2019).  

 Seeds primed with zinc oxide (ZnO) nanoparticles improved seedling growth and Zn 

concentration in roots, shoots and grains of wheat (MUNIR et al., 2018; ELHAJ BADDAR; 

UNRINE, 2018). Also raised the number of germinated seeds and accelerated the growth of 

roots and leaves of soybean (HOE et al., 2018). In pearl millet, ZnO nanoparticles enhanced 

seed germination, vigor, seedling growth and the activity of defense enzymes (NANDHINI et 

al., 2019). 

 Common bean seeds are covered by seed coat that give the embryo protection against 

mechanical stress and pathogens, and also control gas exchange and water uptake (QUTOB et 

al., 2008). The outermost layer of the seed coat is the waxy cuticle followed by the 

macrosclereids, that are elongated palisade cells with the long axis oriented perpendicularly to 

the surface. The next layer is the osteosclereids, which is characterized by extensive network 

of intercellular spaces. The fourth and the deepest layer consists of elongated parenchyma 

cells that also have prominent intercellular spaces (YEUNG, 1983; SOUZA; MARCOS-

FILHO, 2001). Thus, it is possible that these layers respond differently to the application of 

seed priming compounds.   

 A previous work demonstrated that P. vulgaris seeds soaked in ZnO 40 nm dispersion 

prior to germination resulted in seedlings with the highest weight gain when compared to 

those treated with ZnSO4 and other ZnO nanoparticles sizes. Moreover, most of the applied 

Zn remained trapped in the seed coat (SAVASSA et al., 2018). Therefore, this study aimed to 

investigate the interactions between Zn sources (ZnSO4 and ZnO 40 nm) and common beans 

seed coat. Scanning electron microscopy (SEM) exhibited the distribution of these sources on 



89 

the seed coat surface. X-ray fluorescence spectroscopy (XRF) uncovered the Zn storage 

location whilst X-ray absorption near edge spectroscopy (XANES) revealed the Zn chemical 

environment within the treated seed coats. Fourier transform infrared (FTIR) determined 

differences in the organic profile of the seed coat layers. 

 

4.2 Materials and Methods 

4.2.1 Nanoparticles dispersion and common bean seeds 

 The nanoparticle ZnO 40 nm (MK Impex Corp.) tested in this study was previously 

characterized (SAVASSA et al., 2018). ZnSO4·7H2O (MERCK KGaA, Germany) was used 

as the ionic treatment (Zn2+). The nanoparticles were suspended in deionized water and 

dispersed using a Sonics and Materials Vibra-Cell™ CV18 (Sonics and Materials Inc., USA) 

(130 watts) at 100, 1000 and 5000 mg L-1. 

 Phaseolus vulgaris seeds (variety IAC Sintonia) used in this work were supplied by 

the Agronomic Institute of Campinas (IAC; Brazil) (CHIORATO et al., 2018). Seeds were 

washed with 10% NaClO solution and rinsed in deionized water, and then soaked for one 

hour in ZnO 40 nm dispersions and ZnSO4 solutions, both at 100, 1000 and 5000 mg L-1. 

Deionized water was used as control. After soaking, the seeds were transferred to Petri dishes 

covered with filter paper moistened with water and finally incubated for germination during 

five days at 27 ◦C.  

 

4.2.2 Scanning electron microscopy (SEM)  

 Five seeds treated with ZnO 40 nm and ZnSO4 at 5000 mg L-1, and a control seed 

(treated only with deionized water) were used for SEM analysis. The hilum region was 

sampled with the aid of a scalpel blade, glued to carbon tape on aluminum stubs, gold coated 

(Bal-tec model SCD 050), and analyzed with a scanning electron microscope (Jeol - JSM IT 

300) at 15 kV and digitally recorded at a working distance of 15 mm. 

 

4.2.3 Microprobe X-ray fluorescence spectroscopy (µ-XRF) and micro-X-ray 

absorption near-edge structure (µ-XANES) 

 µ-XRF was employed to obtain chemical maps of Zn in the treated seed coat samples. 

For this purpose, treated seed coat fractions (around 0.2 x 0.2 cm2) were collected and 
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embedded in OCT resin, cryofixed in liquid nitrogen (LN2) and cryo-sectioned in 50 µm 

thick slices using a cryostat (Leica CM1850). The cross-sections were placed between 

ultralene films accoupled in a plastic sample holder (Figure S1) and freeze-dried.  

 The 2D spatial distribution of Zn in the samples were mapped using a benchtop µ-

XRF equipment (Orbis PC, EDAX, USA) operated with a Rh anode X-ray tube working at 40 

kV and 300 µA and equipped with a poly-capillary optical element to focus it down to 30 µm 

in diameter and a 30 mm2 silicon drift detector with a resolution of 140 eV for Mn-Kα. The 

maps were obtained using a matrix of 32 × 25 points and dwell time of 2000 msec per point.  

 The µ-XANES analysis were carried out at the Zn K edge at XRF beamline of 

Brazilian Synchrotron Light Laboratory (LNLS). The beamline is composed of a bending-

magnet, Si (111) double crystal monochromator, KB mirror system given a 20 μm diameter 

spot size beam, and silicon drift detector (SDD; KETEK GmbH, Germany). 

 

4.2.4 Fourier transform infrared analysis 

 The Fourier transform infrared (FTIR) analysis from this work were performed at 

ID21 beamline of the European Synchrotron Radiation Facility (ESRF) (SUSINI et al., 2007). 

The FTIR microscopy (µ-FTIR) end-station uses a Thermo Nicolet Nexus infrared 

spectrometer (Thermo Scientific, Madison, WT, USA) and Thermo Nicolet Continuum 

infrared microscope (Thermo Scientific, Madison, WT, USA). 

 Treated seed coat cross sections of 4 µm thick, were prepared analogously to µ-XRF 

and µ-XANES analysis. The sections were placed between two BaF2 windows (0.4 mm thick) 

accoupled in a sample holder, freezed using LN2, and freeze-dried for 4 h under vacuum  

(2x10-4 mbar) and low temperature (-50 ˚C) followed by 4 h under vacuum and brought up to 

room temperature. 

 Synchrotron µ-FTIR was carried out in transmission mode using a 10 × 10 µm² beam. 

Spectra (average of 128 scans) were recorded over a range of 3000 to 850 cm−1 and spectral 

resolution of 4 cm−1. The external and internal surfaces of treated samples were cut in a 

circular shape (around 10 mm diameter), frozen in LN2 and freeze-dried to be analyzed by 

attenuated total reflectance Fourier transform infrared (ATR-FTIR) using a bench top 

equipment (Thermo Nicolet Nexus 4700 FT-IR Spectrometer). 

 All the acquired data were processed using Orange Data Mining software (TOPLAK 

et al., 2017). Linear Discriminant Analysis (LDA) and Principal Component Analysis (PCA) 

were used to clustering differently treated samples. The feature extraction was done using 
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Logistic Regression and Least Absolute Shrinkage and Selection Operator (LASSO). Using a 

K-fold cross validation method the model’s robustness parameters AUC (Area Under Curve), 

receiver operating characteristics (ROC) curve, precision, and sensitivity (or recall) were 

monitored to ensure good quality of the model. 

 

4.3 Results and Discussion 

4.3.1 Scanning electron microscopy  

 A previous work demonstrated that germinated seeds of P. vulgaris whose seeds were 

soaked in ZnO dispersions and ZnSO4 solutions prior to germination had Zn more 

concentrated in the seed coat, mainly in the hilum region (SAVASSA et al., 2018). However, 

microscopy images regarding the interaction between these two sources and the hilum were 

not provided.  The hilum is the "scar" created in the seed surface when the seed is detached 

from the funicle (the stalk by which the seed is attached to the pod). The hilum along with the 

micropyle plays dominant role in water uptake during the soaking process (DESHPANDE; 

CHERYAN, 1986; MIKAC et al., 2015). 

 Figure 1 presents scanning electron-micrographs of the hilum region (including 

micropyle, rafe and lens) of control, ZnO 40 nm and ZnSO4 treated bean seeds. One can note 

that, contrary to what was observed for ZnSO4 and control samples, the ZnO nanoparticles 

formed clusters in the edge of the hilum and specially around the micropyle (Figures 1f-g). 

The hilum is composed by a spongy-like tissue and thus a favorable area for agglomeration. 

 Besides Zn, it was also demonstrated that common bean seeds soaked in Cu and Fe 

oxides nanoparticles dispersions accumulated these elements in the hilum region (DURAN et 

al., 2017; 2018). Additionally, X-ray spectroscopy and tomography combined to SEM showed 

that magnetite nanoparticles penetrated within the hilum (DURAN et al., 2018). 
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Figure 1. Scanning electron-micrographs of Phaseolus vulgaris seed surface after different treatments 

with 5000 mg L-1 Zn sources. (a)-(d) control samples; (e)-(h) ZnO 40 nm; (i)-(l) ZnSO4. Arrows show 

ZnO 40 nm deposit around the hilum (f) and micropyle (g).  HI – Hilum; MI- Micropyle; RA – Rafe; 

LE – Lens 

 

4.3.2 Zn localization and speciation within the seed coat 

 Figures 2a-b shows 50 µm-thick cross sections of P. vulgaris seed coats whose seeds 

were exposed to ZnSO4 and ZnO 40 nm at 5000 mg L-1, respectively. Albeit this 

concentration is too high for seed treatment and can lead to detrimental effects on seed 

germination and seedling development (SAVASSA et al., 2018), it was chosen in order to 

avoid lower detection limits of the technique employed. Moreover, the higher the analyte 

concentration, the lower the acquisition time for the measurements and consequently the 

sample is exposed to a lower radiation dose. 

 The 2D Zn chemical maps recorded for these sections were acquired by µ-XRF and 

are presented in Figures 2c (ZnO 40 nm) and 2d (ZnSO4). For both sources, a concentration 

gradient of Zn from the middle layers towards the cuticle (most external layer) and 

parenchyma (most internal) is observable. However, Zn was more concentrated in the ionic 

treatment, which was expected since soluble Zn sources such as ZnSO4 make Zn ions readily 

available for absorption than ZnO that present very low solubility.  

 With the Zn accumulation regions located, two points of the samples were selected to 

be probed by XANES since the Zn chemical environment can vary according to the position 

where the data is recorded. Figures 1a-b illustrates these points (referred to as P1 and P2). 

Figures 2e-f presents the normalized Zn-K edge XANES spectra recorded for ZnSO4 and ZnO 

40 nm treated samples, respectively, and for the reference compounds Zn-citrate and  
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Zn-malate. The spectral shape allows identify whether the incorporated Zn was 

biotransformed into the seed coats. For both treatments, P1 and P2 display Zn in a chemical 

environment similar to the reference compounds. 

 The linear combination fit (LCF) for each of these points are in Figure 3, this analysis 

allows identifying the proportion of each component in a mixture. The LCF fittings were done 

using Zn organic acid reference compounds (citrate and malate) that are good proxies for the 

Zn chemical environment in plant tissues (SARRET et al., 2002; 2004).  

 For ZnSO4 treated sample, the LCF of the XANES spectra determined that P1 is a 

mixture of 57.9 ± 2.3% of Zn-citrate and 42.1 ± 5.4% of Zn-malate (Figure 3a), whereas P2 is 

a mixture of 24.1 ± 2.7% of Zn-citrate and 75.9 ± 5.9% of Zn-malate (Figure 3b).  In the case 

of the samples exposed to ZnO 40 nm, the ratio found in P1 was 56.2 ± 3.5% of Zn-citrate 

and 43.8 ± 6.3% of Zn-malate (Figure 3c), while P2 was 47.3 ± 3.5% of Zn-citrate and 52.7 ± 

6.3% of Zn-malate (Figure 3d). 

 In a previous work, chemical speciation analysis carried out in common bean seeds 

treated with ZnO 40 nm at 100 mg L-1 found Zn in the external seed coat surface as mixture of 

14 ± 3% of pristine ZnO and 86 ± 3% of Zn-malate, and in the interface between seed coat 

and cotyledon as mixture of 37 ± 2% of pristine ZnO and 63 ± 2% of Zn-malate. Zn bound to 

citrate was only found for untreated sample (SAVASSA et al., 2018). It is possible to 

conclude that Zn interact differently with the seed coat layers. In the internal layers, Zn was 

found bonded only with organic acids and in different proportions than those found for the 

external tissues. 

 Some organic ligands, like malate and citrate, can be easily bonded with different 

metals including Zn and are present in different regions of the plants, such as vacuoles and 

xylem (TOLRA; POSCHENRIEDER; BARCELO, 1996). Malate and citrate participate in 

detoxification mechanisms (KOPITTKE et al., 2017). 
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Figure 2. Zn chemical maps and speciation. (a) and (b) 50 µm-thick cross sections of Phaseolus 

vulgaris seed coat. (c) and (d) Zn mapping of seed coat sections exposed to ZnSO4 and ZnO 40 nm at 

5000 mg L-1, respectively. (e) and (f) normalized Zn-K edge XANES spectra recorded in P1 and P2 of 

the cross sections treated with ZnSO4 and ZnO 40 nm, respectively, and reference compounds  

(Zn-citrate, Zn-malate) 

 

Figure 3. Linear combination fit for Zn-K edge XANES spectra recorded for (a) P1 (R-factor: 

0.0058808) and (b) P2 (R-factor: 0.0088177) at the seed coat cross sections of Phaseolus vulgaris 

seeds treated with ZnSO4 at 5000 mg L-1; and for (c) P1 (R-factor: 0.0096479) and (d) P2 (R-factor: 

0.0129750) at the seed coat cross sections of bean seeds treated with ZnO 40 nm at 5000 mg L-1 
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4.3.3 Fourier transform infrared analysis 

 Exposing plants to nanoparticles implies potential changes in their organic profile and 

nutritional properties (MORALES et al., 2013; SURESH et al., 2016). ATR-FTIR analysis 

was employed to identify changes in functional groups in the outer (cuticle) and inner surface  

(in contact with the embryo) of common bean seed coat samples exposed to ZnO 40 nm and 

ZnSO4 at 100 and 1000 mg L-1, including a sample treated only with water (control). It 

allowed to uncover possible changes in the main regions of the mid-IR spectrum, i.e. 

carbohydrates (800 - 1300 cm-1), proteins (1400 – 1700 cm-1) and lipids (2800 – 3000 cm-1). 

 Firstly, all the acquired data were submitted to PC-LDA in order to reduce it and 

underline the most important and significant differences.  The PC-LDA plots for the data 

obtained in the outer and inner surface of the seed coat are presented in Figures 4a and 4b, 

respectively.  

 For the outer surface (Figure 4a), it is possible to differentiate the control (H2O) from 

the ZnSO4 100 mg L-1 and ZnSO4 1000 mg L-1 along component 1 (horizontal axis), 

suggesting a dose-dependent response. Regarding ZnO 40 nm, it can be observed that the 

clusters are not separated as good as ZnSO4, the response was different for the lowest 

concentration ZnO 100 mg L-1, which was the cluster most away from control. Also, it is 

important to consider the input from component 2 (vertical axis) in order to distinguish the 

nanoparticle from ionic treatments. 

 For the inner surface (Figure 4b), one can note good separation among groups. Along 

component 2 (vertical axis) there is the separation of Zn sources, and along component 1 

(horizontal axis) there is the separation of the concentrations of treatments.  

 

Figure 4. PC-LDA plots from ATR-FTIR analysis for common bean seed coat in the (a) external 

surface (cuticle) and in the (b) inner surface (parenchyma). Samples were treated with water, ZnO 40 

nm and ZnSO4 at 100 and 1000 mg L-1. Different colors correspond to different groups 
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 The organic profile of the seed coat samples was then determined by applying a 

consistent statistical regression model in the acquired FTIR data set. The chosen model is 

based principally in Logistic Regression and LASSO (TIBSHIRANI, 1996; 

MUTHUKRISHNAN; ROHINI, 2016). Figure 5a shows the mean spectra from the outer 

surface and Figure 5b from the inner surface with weighted LASSO regression coefficients. 

Two-fold cross validation parameters for this model are for external AUC = 0.977, Precision 

= 0.868, and Recall=0.867; and for the inner AUC = 0.999, Precision = 0.954, and Recall = 

0.950, optimal values according to (GAUTAM et al., 2015). 

 The chemical assignment was conducted by examining each of the peaks obtained by 

LASSO and, based on the literature, they were assigned to chemical compounds that can be 

absorbed in the selected region of the FTIR spectra. Table 1 presents the main assignments. 

 

 

Table 1. Chemical assignment of FTIR spectral bands selected by LASSO method for inner and outer 

seed coat surface samples 

Wavenumber range  

(cm-1) 

Seed coat 

region 

Attributions Main Compounds Ref. 

836 Outer C–O–C Carbohydrate 

molecule 

(BUTA et al., 2015) 

837 Inner C–O–C (α-glycosidic 

bond) 

Carbohydrate 

molecule 

(BUTA et al., 2015) 

876 Outer ν(C–O) Β–d-fructose (TÜRKER-KAYA; 

HUCK, 2017) 

891 Outer C–H deformation Carbohydrate 

molecule 

(TÜRKER-KAYA; 

HUCK, 2017) 

935 Inner ν(CO) C-O-C linkages (KAČURÁKOVÁ; 

MATHLOUTHI, 

1996) 

945 Outer combination of 

ν(CO)ring, ν(CC) 

and β(CCH) 

D-(-)-ribose (WIERCIGROCH et 

al., 2017) 

990 Outer δ(CO) Cellulose (MARÉCHAL; 

CHANZY, 2000) 

992 - 994 Outer C–O stretch Cutin (TÜRKER-KAYA; 

HUCK, 2017) 

  



97 

Table 1 (continued) 

1032 Inner ν(C–O), ν(C–C) Cellulose (MONNIER et al., 

2017) 

1035 – 1037 Inner / outer ν(OH), ν(C–OH) Cell wall 

polysaccharides 

(arabinan) 

(ZHU; TAN, 2016) 

1038 – 1039 Inner / outer O–H and C–OH 

stretch: cell wall 

polysaccharides 

Arabinan, cellulose (TÜRKER-KAYA; 

HUCK, 2017) 

1045 Outer ν(C-O), ν(C-C), 

ν(C=C), ν(COC) 

Pectin, various 

polysaccharides, 

also suberin or cutin 

(REGVAR et al., 

2013) 

1051 – 1054 Inner C–O–C stretch; C–

OH stretch; C–OH 

deformation; C–O–C 

deformation 

Carbohydrate 

molecule 

(BUTA et al., 2015) 

1060 Outer C–O stretch Cell wall 

polysaccharides 

(TÜRKER-KAYA; 

HUCK, 2017) 

1074 Inner pyranose, and 

furanose ring 

Amylopectin and 

amylose 

(KAČURÁKOVÁ; 

MATHLOUTHI, 

1996) 

1076 – 1077 Inner / outer β(COH) Amylopectin and 

amylose 

(KAČURÁKOVÁ; 

MATHLOUTHI, 

1996) 

1083 Outer C–O deformation Secondary alcohol, 

aliphatic ester 

(TÜRKER-KAYA; 

HUCK, 2017) 

1108 Inner C–O–C sym stretch Cutin (TÜRKER-KAYA; 

HUCK, 2017) 

1131 – 1133 Inner / outer ν(C-O) L-(+)-arabinose (KAČURÁKOVÁ; 

MATHLOUTHI, 

1996) 

1142 Inner / outer C–O–C asym stretch Cellulose (TÜRKER-KAYA; 

HUCK, 2017) 

1149 Outer ν(COC), ν(CC) Amylopectin and 

amylose 

(KAČURÁKOVÁ; 

MATHLOUTHI, 

1996) 
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Table 1 (continued) 

1246 Outer C=O stretch Pectic substances, 

lignin, 

hemicellulose, 

suberin/cutin esters 

(TÜRKER-KAYA; 

HUCK, 2017) 

1427 Inner δ(O–H) Cell wall 

polysaccharide, 

alcohol, and 

carboxylic acid 

(TÜRKER-KAYA; 

HUCK, 2017) 

1446 Inner δas(C–H) of CH2 and 

CH3 
Cell wall 

polysaccharide, 

alcohol, and 

carboxylic acid 

(TÜRKER-KAYA; 

HUCK, 2017) 

1507 - 1508 Inner / outer ν(C=C) aromatic Lignin (TÜRKER-KAYA; 

HUCK, 2017) 

1515 Inner / outer C=C aromatic strech Lignin (TÜRKER-KAYA; 

HUCK, 2017) 

1539 - 1549 Inner / outer ν(C=N); ν(N–H) Amide II (TÜRKER-KAYA; 

HUCK, 2017) 

1622 - 1629 Inner / outer C=C stretch Phenolic compound (TÜRKER-KAYA; 

HUCK, 2017) 

1633 - 1651 Inner / outer amide I (C=O strech) Protein, pectin, 

water associated 

cellulose or lignin, 

alkaloids 

(TÜRKER-KAYA; 

HUCK, 2017) 

1733 - 1742 Inner / outer saturated ester C=O 

strech 
Phospholipid, 

cholesterol ester, 

hemicellulose, 

pectin, lignin, 

suberin/cutin esters 

(TÜRKER-KAYA; 

HUCK, 2017) 

2846 - 2848 Inner / outer νs(CH2) Mainly lipids with a 

little contribution 

from protein, 

carbohydrate and 

nucleic acid 

(TÜRKER-KAYA; 

HUCK, 2017) 

2922 - 2925 Inner / outer νas(CH2) Mainly lipid with a 

little contribution 

from protein, 

carbohydrate and 

nucleic acid 

(TÜRKER-KAYA; 

HUCK, 2017) 

Key: ν - stretching, as – asymmetric, s - symmetric, β – in-plane bending, δ - scissoring, ω - wagging, τ - 

twisting, def – deformation. 
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 In the outer seed coat surface (Figure 5a), most notorious differences were found in 

the carbohydrate region, most of them associated with general polysaccharides such as 

cellulose, amylopectin and amylose. The variation observed in the range 1400 cm-1 to  

1700 cm-1 regards to peaks mainly correlated to lignin, pectin, cell wall polysaccharide and 

hemicellulose. The lipid region presented few and low intensity peaks, indicating that no 

expressive lipidic differences occurred among the treatments.  

 In the inner surface (Figure 5a) case, the main divergences occurred in the range  

1400 cm-1 to 1700 cm-1, it is possible to see a peak (shoulder) at around 1645 cm-1 assigned to 

amide I from protein. Comparing with the outer surface (Figure 5b) it is noticed that this 

shoulder is prominent in the inner layer indicating that has more protein than the outer layer. 

But also that there are differences for the treatments, where the ZnSO4 treated samples seems 

to have less protein. Protein is essential to a seed as source nitrogen to embryo development 

and synthesis of new enzymes (BEWLEY; BLACK, 1994). It is also possible to observe 

prominent differences for both surfaces in the FTIR spectra from 850 cm-1 to 1200 cm-1. In 

the outer surface (Figure 5a) the absorbance pattern is smoother, while in the inner surface 

(Figure 5b) clear features at 1100 cm-1, 1030 cm-1 and 1000 cm-1 can be noticed, including an 

intense one at 830 cm-1 that is not present in the FTIR spectra for the outer surface.  

 

Figure 5. Mean spectra from ATR-FTIR analysis for the (a) outer surface (cuticle) and the (b) inner 

surface (parenchyma) of common bean seed coat treated samples with weighted LASSO regression 

coefficients 

 

 

 Although ATR-FTIR provided valuable information regarding the seed coat surfaces, 

it cannot specify if the treatments affected the organic profile of the seed coat internally. For 

this purpose, µ-FTIR was employed to identify the internal organic composition of the 

external (macrosclereids), middle (osteosclereids) and inner (parenchyma) layers of common 

bean seed coat. The samples consisted of 4-µm-thick seed coat slices exposed to ZnO 40 nm 

at 100 mg L-1 and ZnSO4 at 100 and 1000 mg L-1, and a sample treated only with water 
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(control). The reason why a sample treated with ZnO 40 nm at 1000 mg L-1 was not included 

in this batch is due to the poor signal quality obtained for this sample during µ-FTIR analysis, 

this effect is likely due to scattering by the large nanoparticles agglomerates that are formed at 

this high concentration treatment.  

 Figure 6 shows the PC-LDA plots obtained from the µ-FTIR dataset. For the three 

tissues it is possible observe a group separation for treatments and the control (H2O). At the 

macrosclereids layer (Figure 6a) and parenchyma tissue layer (Figure 6c), along component 1 

(horizontal axis)  it is possible to observe ZnSO4 1000 mg L-1 treatment are grouped in the 

most opposite side of the control (H2O). For osteosclereids layer (Figure 6b) it is not so clear 

which group is in the opposite direction to the control but also have good separation of groups 

between the treatments. 

 Figure 7 shows the µ-FTIR mean spectra from the macrosclereids, osteosclereids and 

parenchyma layers with weighted LASSO regression coefficients. Two-fold cross validation 

parameters are to external layer, Figure 7a  AUC = 0.974, Precision = 0.883, and Recall = 

0.878, to middle layer, Figure 7b, AUC = 0.981, Precision = 0.915 , and Recall = 0.910 and to 

internal layer, Figure 7c, AUC = 0.957, Precision = 0.852 , and Recall = 0.840, again, optimal 

values according to (GAUTAM et al., 2015). Since the LASSO models did not point out 

relevant features in the highest wavenumbers regions, i.e. the lipid region of the mid-IR 

spectrum, it was only presented the spectral wavenumber range from 900 cm-1 to 1800 cm-1. 
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Figure 6. PC-LDA plots from µ-FTIR analysis for common bean seed coat in the (a) external layer 

(macrosclereids), (b) middle layer (osteosclereids) and (c) inner layer (parenchyma tissue). Samples 

were treated with water, ZnO 40 nm and ZnSO4 at 100 and 1000 mg L-1. Different colors correspond 

to different groups 
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Figure 7. Mean spectra from µ-FTIR analysis for the (a) external layer (macrosclereids), (b) middle 

layer (osteosclereids) and (c) inner layer (parenchyma tissue) of common bean seed coat treated 

samples with weighted Lasso regression coefficients 

 

 

 The detailed chemical assignments of the peaks are shown in Table 2. Few differences 

were observed among the three spectra. Differences were observed among the three spectra. 

Figures 7a and 7b presents big changes in the absorbances. In Figure 7a, control showed 
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intense band at 1600 cm-1 while the bands for the Zn treatments were low and shifted. Figure 

7b shows the opposite, treatments presented more intense bands at 1600 cm-1 compared with 

control and it is possible to see a shift to high wavenumbers. Figure 7b also presents changes 

in the absorbance at 1050 cm-1 for control.  

Cucumber fruits from plants cultivated in substrate with the addition of ZnO 10 nm at 

400 and 800 mg kg-1 presented FTIR data with altered carbohydrate pattern when compared 

to control (ZHAO et al., 2014). Changes in the peptide-protein, lipids, lignin, polysaccharides, 

hemicellulose, cellulose, and carbohydrate bands were also found for roots and shoots of 

maize seedlings whose seeds were coated with ZnO nanoparticles (76–334 nm) at 1600 ppm 

(ESTRADA-URBINA et al., 2018). 

 

Table 2. Chemical assignment of FTIR spectral bands selected by LASSO method for outer 

(macrosclereids), middle (osteosclereids) and outer  (parenchyma) tissues of common bean seed coat 

samples 

 

Wavenumber range  

(cm-1) 

Seed coat 

region 

Attributions Main Compounds Ref. 

970 Mid, inner ν (C-O) Cutin, 

polysaccharides 

(HEREDIA-

GUERRERO et al., 

2014) 

992 Outter C–O stretch Cutin (TÜRKER-KAYA; 

HUCK, 2017) 

1012 - 1014 Mid, outter ʋ(CO), ʋ(CC), δ(C-

OH), 

Pectin (BUTLER et al., 

2017) 

1021 Outter C–C, C–O Stretching Carbohydrates (THUMANU et al., 

2015) 

1030-1033 Mid, inner, 

outter 

ν(C–O), ν(C–C) Cellulose (MONNIER et al., 

2017) 

1034 - 1037 Mid, outter ν(OH), ν(C–OH) Cell wall 

polysaccharides 

(arabinan) 

(ZHU; TAN, 2016) 

1040-1041 Inner, 

outter 

O–H and C–OH 

stretch: cell wall 

polysaccarides 

Arabinan, cellulose (TÜRKER-KAYA; 

HUCK, 2017) 
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Table 2 (continued) 

1046 Outter ν(C-O), ν(C-C), 

ν(C=C), ν(COC) 

Pectin, various 

polysaccharides, 

also suberin or cutin 

(REGVAR et al., 2013) 

1054 - 1058 Outter C–O–C stretch; C–

OH stretch; C–OH 

deformation; C–O–C 

deformation 

Carbohydrate 

molecule 

(BUTA et al., 2015) 

1060 - 1061 Mid, inner C–O stretch Cell wall 

polysaccharides 

(TÜRKER-KAYA; HUCK, 

2017) 

1074 Mid pyranose, and 

furanose ring 

Amylopectin and 

amylose 

(KAČURÁKOVÁ; 

MATHLOUTHI, 1996) 

1078 Mid, inner β(COH) Amylopectin and 

amylose 

(KAČURÁKOVÁ; 

MATHLOUTHI, 1996) 

1084 Inner C–O deformation Secondary alcohol, 

aliphatic ester 

(TÜRKER-KAYA; HUCK, 

2017) 

1103 - 1106 Mid, inner, 

outter 

νs(C-O-C), ester Cutin (TÜRKER-KAYA; HUCK, 

2017) 

1107 - 1108 Inner, 

outter 

C–O–C sym stretch Cutin (TÜRKER-KAYA; HUCK, 

2017) 

1141 Inner C–O–C asym stretch Cellulose (TÜRKER-KAYA; HUCK, 

2017) 

1148 Outter ν(COC), ν(CC) Amylopectin and 

amylose 

(KAČURÁKOVÁ; 

MATHLOUTHI, 1996) 

1156 - 1158 Mid, inner, 

outter 

C–C ring Cellulose (THUMANU et al., 2015) 

1162 - 1163 Inner ʋ(C-OH), ʋ(C-O-C) Polysaccharide, 

cellulose 

(BUTLER et al., 2017) 

1510 Inner ν(C=C) aromatic Lignin (KAČURÁKOVÁ; 
MATHLOUTHI, 1996) 

1514-1518 Mid, inner, 

outter 

C=C aromatic strech Lignin (TÜRKER-KAYA; HUCK, 
2017) 
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Table 2 (continued) 

1520 Mid ν(C–C) aromatic Phenolic 

compounds 

(SKOLIK et al., 2019) 

1550 Inner ν(C=N); ν(N–H) Amide II (KAČURÁKOVÁ; 

MATHLOUTHI, 1996) 

1599 - 1601 Mid, outter ʋ(COO-) Pectin, carboxylic 

acids 

(BUTLER et al., 2017) 

1607 Mid ν (C-C) aromatic Phenolic 

compounds 

(HEREDIA-GUERRERO et 

al., 2014) 

Key: ν - stretching, as – asymmetric, s - symmetric, β – in-plane bending, δ - scissoring, ω - wagging, τ - 

twisting, def – deformation. 

 

4.4 Conclusion  

 As shown in the SEM images and µ-XRF maps most part of Zn, regardless of the 

source, was associated to the seed coat of the treated seeds. µ-XANES chemical speciation 

and LCF analysis unraveled that Zn from both treatments (ionic and nanoparticle) was 

complexed with organic molecules in an environment comparable to that of Zn-malate and 

Zn-citrate in similar proportions.  

 ATR-FTIR and µ-FTIR analysis allowed to identify differences in the regions of the 

spectra from 800 cm-1 to 1300 cm-1 (region of the carbohydrates assigned in the FTIR spectra) 

and from 1400 cm-1 to 1700 cm-1 (region of the protein, phenolic compounds, lignin, pectin, 

etc, assigned in the FTIR spectra) in the different layers of common bean seed coat samples 

soaked in ZnO 40 nm and ZnSO4 at 100 and 1000 mg L-1. More protein content was found in 

the inner surface than in the outer surface. Observing the differences among the inner surface 

treatments, samples treated with ZnO 40 nm and ZnSO4 at 100 mg L-1 showed reduced 

protein content. Carbohydrates and proteins are closely linked to enzymatic processes that 

occurs in the germination of the beans (BEWLEY; BLACK, 1994) and are also involved in 

protection mechanisms of the seeds(MELLO et al., 2010). 
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5 GENERAL CONCLUSIONS 

The investigation of how nanoparticles (NP) interact with plants, in special seeds, 

proved to be a challenging and motivating subject. The study covering a wide range of 

concentrations and sizes, in addition to two compositions, granted an in-depth view of how 

nanoparticles are trapped in the seed coat and how they are biotransformed.  

Regarding the stablished hypothesis, this thesis showed that nanoparticles remain 

mainly trapped at the seed coat. At proper concentration and size, NP may be a suitable form 

for Phaseolus vulgaris seed priming and therefore improves germination rate and/or seedling 

development. The evaluated nanoparticles can be biotransformed along the seed coat, and at 

least ions leached from the nanoparticles might translocate from the seed coat to the root tip.  

Spectroscopic methods such as µ-XRF and µ-XANES are crucial tools to investigate 

the interaction of nanomaterials in biological tissues. The increasingly analytical power of 

synchrotron machines will allow, taking due precautions to avoid tissue damages, to obtain 

maps with enhanced lateral resolutions. Ultimately, tracing the biotransformation throughout 

the sample under real time. This statement is also true for FTIR, including its variants, such as 

µ-FTIR and nano-FTIR. These techniques, dedicated to probe the organic compounds, are 

complementary to X-ray based ones.      

Scanning electron microscopy (SEM) images showed that ZnO 40 nm and Ag2S NP 

agglomerated around the hilum structure and in spots in the seed coat. µ-XRF revealed that 

part of the Zn, regardless of the source, was associated with the seed coat and embryo. For Ag 

treatments, µ-XRF shows stronger interaction betw een treatments and seed coat for AgNO3 

and Ag 0 NP (15 nm) than Ag2S NP (42 nm). These results suggest that not all the 

nanoparticles have a strong interaction with the bean seeds, i.e. that both their composition 

and size can interfere. 

The biotransoformation of nanoparticles within the seed coat depended on the particle 

composition. µ-XANES revealed that Zn, issued from ZnSO4 and nano ZnO, was associated 

to similar organic-like molecules such as malate and citrate. Linear combination analysis 

indicated similar proportions of these molecules in samples. For Ag treatments, the results 

depended on the source. In the AgNO3 treatment, Ag was found as AgCl on the surface layer 

and Ag2CO3 in the parenchyma layer. For Ag0 NP treatment, it was found as Ag-thiol-

containing organic ligand (Ag-cysteine). Ag2S NP was not biotransformed. These results are 

lined up with the literature. Although the causal relationship between composition and 

biotransformation is not established, the Ksp value for bulk Ag2S, 1.1 x10 -51 suggests that 
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solubility might be an important driver. However, one has to keep in mind that Ksp values for 

bulk may differ for nanomaterials.  

Regarding morphological aspects, ZnO 40 nm at 10-100 mg L−1 improved the 

germination rate and seedling development, while ZnSO4 used as ionic control, in most cases, 

presented toxic results. For Ag, none of the treatments presented meaningful differences in 

germination rate compared to control. On the other hand, Ag2S NP at 1 mg L-1 improved 

seedling development.  

This positive result might be related to the entrance of nanoparticles, or dissolved ions, 

through the hilum of the seed. This statement is supported by images that revealed this 

structure as the most important accumulation hot spot (as shown in this study). Another 

hypothesis that is also supported by literature regards the generation micro/nano scarifications 

in the seed coat by the nanoparticles. Ultimately, it would increase the flow of water and 

nutrients, therefore accelerating the germination. 

Finally, additional studies are necessary to complement the results here presented. 

Considering that certain types of nanoparticles at specific concentrations can improve the 

germination and early stages of the development, it is necessary to tune the nanoparticle to 

obtain greater yields. Since the presumed use of nanotechnology in seed coat will require 

large amounts of nanomaterials, its feasibility is dependent on making them affordable. In 

other words, the cost-benefit of nanomaterials must be competitive in relation to current 

inputs. It is also necessary to reflect about methods of application of these compounds to not 

put the health of rural workers at risk. As previously mentioned, this is an urgent, challenging 

and motivating subject that requires substantial research. 
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