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ABSTRACT: Nanoparticles properties such as solubility, tunable surface charges, and singular reactivity might be explored to
improve the performance of fertilizers. Nevertheless, these unique properties may also bring risks to the environment since the
fate of nanoparticles is poorly understood. This study investigated the impact of a range of CuO nanoparticles sizes and
concentrations on the germination and seedling development of Phaseolus vulgaris L. Nanoparticles did not affect seed
germination, but seedling weight gain was promoted by 100 mg Cu L−1 and inhibited by 1 000 mg Cu L−1 of 25 nm CuO and
CuSO4. Most of the Cu taken up remained in the seed coat with Cu hotspots in the hilum. X-ray absorption spectroscopy
unraveled that most of the Cu remained in its pristine form. The higher surface reactivity of the 25 nm CuO nanoparticles might
be responsible for its deleterious effects. The present study therefore highlights the importance of the nanoparticle structure for
its physiological impacts.

KEYWORDS: Phaseolus vulgaris, CuO nanoparticle, germination, X-ray based spectroscopy

■ INTRODUCTION

In the past few years, a wide range of engineered nanoparticles,
with unique physicochemical properties, has been launched on
the market and consequently to the environment. Such
properties make these materials suitable for applications that
substantially differ from those of the usual bulk form. The
nanoscale particle size of these materials increases the surface to
volume ratio, thus an important fraction of the atoms lies on
the surface. These surface atoms have different properties that
those in bulk, thus affecting their solubility, light scattering and
absorbance, conductivity, melting point, and catalytic proper-
ties.1 Being present also in many daily life goods, nanoparticles
can easily be released into the environment and reach the entire
food chain. This possibility, which may result in toxicological
effects on consumers,2 remains so far uncertain and has been a
matter of intense debate in recent years.
The development of nanotechnologies tailored for agricul-

tural purposes can result in a more rational use of pesticides,
biocides, and fertilizers,3,4 potentially reducing the usage of
these hazardous products in agricultural practices. Such
innovations could lead to cost reduction, less nutrient leaching,
and preservation of the desirable soil microbiota. In this
context, we highlight the possibility of employing nano-
technology for seed coating.5 Seed coating is an attractive
way for micronutrient delivery. It has the potential to improve
seedling growth and crop productivity6 while treated seeds
generally germinate faster and more synchronized than

nontreated seeds.7 Compared to soil fertilization, seed
treatment is an easier and cost-effective way requiring a lower
quantity of nutrients.6 A significant yield increase was observed
when wheat seeds were treated with a low dose of Cu-EDTA
(0.04 kg ha−1).8

The uptake of nanoparticles by plants occurs not only
through the root system9 but also via leaves10 and seeds.11

Studies regarding the effects of the interaction between
nanoparticles and plants are not consensual. While some
studies show that nano ZnO promoted root elongation in
peanut12 and soybean,13 others showed similar results of nano
CeO2 treatments on coriander,14 corn, and cucumber,15 while
studies on tobacco16 and basil17 showed detrimental effects on
germination and growth upon exposure to nano TiO2.
The effects of nanoparticle exposure do not only vary with

the plant species, they also depend on the chemical
composition, reactivity, size, and morphology of the particles
as well as on aggregation state, applied concentration, and
experimental conditions. Inside living cells, they can interact
with crucial processes like oxidative balance, genomic,
proteomic, and metabolomic. The nanoparticles can be
internalized by endocytosis, and depending on their nature,
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can be located in different types of organelles. The entrance is
controlled by biological and physicochemical attributes such as
the cell type, surface chemistry and charge, size, shape, and
mechanical properties of the nanoparticles.18

Specifically regarding the interaction of nanoparticles and
seeds, the literature is still scarce. Table S119−27 in the
Supporting Information compiles some studies that inves-
tigated the effects of Ag, ZnO, Fe, and CuO nanoparticles on
seeds. Depending on nanoparticle size, composition, and
concentration, germination and root elongation can be either
favored or reduced. Studies on Cu-based nanoparticles are even
scarcer.
Nanometric copper is broadly used in catalysts, coatings,

electronic components, medicines, and lubricant compounds.28

It means that regardless of their potential application for seed
treatment, copper-based nanoparticles will ultimately reach the
environment and end up interacting with plants. Therefore, we
must investigate and understand how these nanoparticles affect
seed germination and seedling development. Albeit found only
as a trace element in many plant tissues, copper is considered
essential for vegetal life, being a transition metal involved in
several metabolic processes like photosynthesis, mitochondrial
respiration, oxidative stress protection, and protein synthesis.29

Nonetheless, most reports in the literature show an increased
toxicity in plants exposed to copper nanoparticles. These
reports emphasize an inhibitory effect on seedling growth in
different species such as black mustard,30 green peas,19 mung
beans, and wheat.11

The present study aimed at investigating the effect of
commercial Cu-based nanoparticles, used for seed priming, on
the germination and seedling development of Phaseolus vulgaris,
also known as common bean or kidney bean. In order to verify
their potential use as seed fertilizer and the possible high doses
impairments, we evaluated the impact of three nanoparticle
sizes (25, 40, and <80 nm) at four concentrations (1, 10, 100
and 1 000 mg Cu L−1). Besides monitoring biometric
parameters such as germination rate and seedling weight gain,
a comprehensive characterization was carried out using X-ray
fluorescence (XRF) and X-ray absorption spectroscopy (XAS)
seeking to trace the Cu uptake, storage location, and
biotransformation.

■ MATERIALS AND METHODS
Characterization of Pristine CuO Nanoparticles and Dis-

persions. Copper oxide and passivated CuO nanoparticles (herein all
referred as nCuO) were purchased from US Nanomaterials Research
Inc. (USA), in three different sizes: 25, 40, and <80 nm. Copper sulfate
(CuSO4·5H2O) was purchased from MERCK KGaA (Germany) and
used as a copper ionic reference treatment.
The purity of each nCuO was determined by energy dispersive X-

ray fluorescence spectroscopy (EDXRF; EDX-720 Shimadzu, Japan).
The quantification was carried out using the fundamental parameters
method. The procedure of this analysis is described in the Supporting
Information. The crystal structure of the nCuO was determined by X-
ray diffraction (XRD) employing a PW 1877 diffractometer (Philips,
The Netherlands) with Cu−Kα radiation. Through this technique, the
crystallite size was evaluated by the Scherrer equation (detailed in the
Supporting Information). Nanoparticle morphology was evaluated by
scanning electron microscopy (SEM; Inspect F50, FEI Company,
USA) at the Brazilian Nanotechnology National Laboratory (LNNano,
Campinas, Brazil).
The CuO nanoparticles were suspended in deionized water and

dispersed using an ultrasonic processor (model 705 Sonic Dismem-
brator, Fisher Scientific, USA) under 50% amplitude for 8 min at 1, 10,
100, and 1 000 mg Cu L−1. The hydrodynamic size and the zeta

potential were analyzed by dynamic light scattering (DLS; Zetasizer
Nano, Malvern Instruments, U.K.) at the Brazilian Biosciences
National Laboratory (LNBio, Campinas, Brazil).

Germination Assay. Phaseolus vulgaris seeds (common Brazilian
bean), variety BRS Cometa, were supplied by the Brazilian Agricultural
Research Corporation (EMBRAPA), having an average germination
rate of 88%. This seed was chosen as model species because it presents
low dormancy, and it results in a plant of small size and short cycle
which makes it easy to be employed in laboratory studies. In addition,
P. vulgaris is an important and accessible source of food.

Seeds were first immersed in a 10% NaClO solution under stirring
for 10 s for disinfection, followed by rinsing with deionized water.
Subsequently, 20 seeds were soaked for 20 min in the appropriate
concentration of each nCuO size. CuSO4·5H2O solutions at the same
concentrations were used as a positive control, whereas deionized
water was used as a negative control. After the exposure, the seeds
were placed on a 15 cm paper filter fit on the bottom of a Petri dish,
and 8 mL of the soaking solution was added for moisturizing the paper
filter. The Petri dishes were sealed with Parafilm M (Bemis Company
Inc., USA), inserted into a plastic bag for preventing water loss, and
finally incubated in a germination chamber (TE-4020, Tecnal, BR)
under dark and ventilation at 27 °C for 5 days. The experiment was
conducted in quadruplicate per treatment.

The number of germinated seeds was counted daily to determine
the rate of germination. After 5 days, the assay was completed. Fresh
mass was measured and the germinated seeds were rinsed in deionized
water to remove the surface-bound metal or nano metal oxide and
then dried in a laboratory oven (515/4A, FANEM, Brazil) at 60 °C for
2 days to obtain the dry mass. The seed weight gain data was
submitted to statistical analysis. Once the null hypothesis was rejected
in the analysis of variance, we applied Tukey and Dunnett’s tests at
95% confidence interval.

Copper Uptake Quantification. Dried seedlings were carefully
separated in two fractions: seedling and seed coat. One gram of each
component was weighted in a previously decontaminated porcelain
crucible and then digested by dry ashing method using a muffle
furnace (F-2, Fornitec, Brazil) at 100 °C h−1 ramp rate up to 550 °C
and ashed for 14 h. Each dry ashing digestion batch included a blank
for ensuring no contamination. The ashes were dissolved in 5 mL of 1
M HNO3(aq), and 950 μL of this solution was transferred into a 1.5
mL vial and 50 μL of 1 000 mg Ga L−1 was added as an internal
standard. Then, the sample was homogenized using a tube shaker
vortex (MA162, Marconi, Brazil).

The Cu content of the digested samples was determined by
EDXRF. Procedures and analysis conditions are stated in the
Supporting Information.

Mapping the Cu Accumulation Spots. The seeds were exposed
to 25 and 80 nm nCuO dispersions at 1 000 mg Cu L−1 and 40 nm
nCuO at 5 000 mg Cu L−1 for 20 min, dried at room temperature, and
gently cut in the middle using a stainless steel blade. Subsequently, the
seed was placed in a sample holder with a Kapton tape and the
cotyledon’s inner side exposed for analysis. Chemical images of the
primary root were also recorded at the third, fourth, and fifth day of
germination. For the latter measurements, the same germination assay
procedure was followed, but only the higher nCuO concentration
(1 000 mg Cu L−1) treatment and copper sulfate (positive control)
were analyzed, except for the 40 nm nCuO treatment which seeds
were soaked in 100 mg Cu L−1.

The microanalysis was carried out using a benchtop micro-X-ray
fluorescence spectroscopy (μ-XRF) system (Orbis PC EDAX, USA).
The Supporting Information presents the experimental setup (Figure
S1) and the analysis conditions.

Copper Chemical Speciation Analysis. Sample preparation for
determining copper speciation by micro-X-ray absorption near-edge
structure (μ-XANES) analysis was the same as used for μ-XRF
analysis, but the seeds only received the 1 000 mg Cu L−1 dispersion
treatment. After drying, the samples were stored in sealed Petri dishes
10 days prior analysis. The analysis was accomplished using μ-XANES
at the D09B-XRF beamline at the 1.37 GeV Brazilian Synchrotron
Light Laboratory (LNLS, Campinas, Brazil).
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At XRF beamline, synchrotron radiation was generated by a
bending-magnet and collimated by slits. The monochromatic beam
was produced by a Si(111) crystal and a KB mirror system was used to
focus it to the 20 μm diameter spot size. The μ-XANES was recorded
in fluorescence mode using a silicon drift detector (SDD; AXAS-A,
KETEK GmbH, Germany). The energy was calibrated utilizing a
reference Cu foil.
The chemical maps, previously provided by μ-XRF analysis, aided

selecting the proper seed region for μ-XANES analysis according to
the Cu accumulation spots after the nCuO exposure. The μ-XRF maps
identified three different regions for speciation studies: outside seed
coat, within seed coat, and cotyledon near seed coat. The experimental
μ-XANES setup is presented in Figure S2 of the Supporting
Information.
In order to improve the signal-to-noise ratio, five XANES spectra

were recorded and merged in each sample region. Sixteen reference
Cu compounds were previously synthesized in our laboratory
according to Sarret et al.31 and measured for providing the model
spectra. The μ-XANES spectra were normalized and subjected to
linear combination fitting (LCF) analysis using the Athena software of
the IFEFFIT package.32 The uncertainties stated for the weighted
compounds correspond to 1σ standard errors.
Root Microscopic Analysis. To determine the exact tissue of Cu

accumulation in root samples, seedlings were cleared in a solution of
2.5% commercial bleach in deionized water for 24 h and rinsed in
deionized water five times. Roots were cut from the rest of the seedling
and mounted on glass slides with 50% glycerol. Images were taken on
a Zeiss AxioVert 35 microscope coupled with a Zeiss AxioCam ICc 3
digital camera in brightfield conditions.
Surface Reactivity of CuO Nanoparticles. The reactivity of the

CuO nanoparticles was evaluated measuring its ability to decompose
H2O2 through a Fenton-like reaction.33 In a 25 mL round-bottom
reaction flask, 19.5 mL of a 1 000 mg Cu L−1 aqueous dispersion of the
tested nanoparticle was magnetically stirred. The flask was connected
to a 25 mL graduated pipet through a silicone tube. The pipet was
immersed in a measuring cylinder water column. Then, 0.5 mL of 30%
v/v H2O2 solution was inserted in the reaction flask with a syringe.
The volume of the produced O2 was monitored by following the shift
of a water column in a pipet (see the experimental setup at Figure S3

of the Supporting Information). The procedure was carried out twice.
In addition to the CuO nanoparticles, also the O2 evolution by CuSO4
was determined.

■ RESULTS AND DISCUSSION

Characterization of the Nanoparticles and Disper-
sions. The purity of the nanoparticles as evaluated by EDXRF
(see Table S2 and Figure S4 in the Supporting Information)
was above 99.614% for all nanoparticles. As detailed in the
Supporting Information, the contaminants found were Cr, Ca,
and Sn and their concentrations ranged from hundreds to
thousands mg kg−1. XRD patterns, presented in Figure S5 of
the Supporting Information, showed that crystalline phases
present in the 40 and 80 nm particles corresponded to CuO in
the monoclinic phase. For the 25 nm particles, besides the
standard diffraction peaks attributed to CuO the XRD pattern
also revealed the presence of face centered cubic metallic Cu as
informed by the supplier. The crystallite size in the direction of
the plane 111 of the oxidic phase was 3.91, 23, and 21 nm for
the 25, 40, and 80 nm CuO nanoparticles, respectively. The
crystallite size in the 111 direction for the metallic fraction of
the 25 nm particles was 5.21 nm (see Table S3). The particle
sizes measured by SEM were in agreement with those reported
by the supplier (Figure S6).
The stability of the nCuO aqueous dispersions used for seed

treatments was evaluated by DLS and zeta-potential (see Table
S4 of the Supporting Information). These nanoparticles were
dispersed without any surfactants, and primary particle
agglomeration was observed with average hydrodynamic
diameters of 428, 180, and 273 nm for 25, 40, and 80 nm
nCuO, respectively. Measurements showed that these particles
presented negative zeta-potentials regardless the size, with
values of −21 ± 5, −15 ± 6, and −25 ± 7 mV for 25, 40, and
80 nm nCuO, respectively. The literature reported similar
values for 20−200 nm nCuO water dispersions, for which a

Figure 1. Morphological characteristics of germinated common bean (Phaseolus vulgaris) seeds soaked in (a) 25 nm, (b) 40 nm, (c) <80 nm CuO
nanoparticles, and (d) CuSO4. Concentrations of the treatments varied from 1 to 1 000 mg Cu L−1.
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hydrodynamic diameter of 480 nm and a zeta potential of −21
± 2 mV were found.34

X-ray absorption spectroscopy (XAS) measurements for the
pristine 25 nm nCuO showed that this nanoparticle contained
metallic Cu, Cu2O, and CuO, as shown in Figure S7. The linear
combination analysis of the XANES spectra revealed the
following proportion: CuO (65 ± 2%), Cu2O (18 ± 4%), and
Cu (17 ± 10%). The XRD input and XAS analysis allowed us
to conclude that the structure of the 25 nm nCuO consisted of
a metallic core made of Cu covered by oxidized layers of Cu2O
and CuO. Therefore, the results obtained for the 25 nm nCuO
may not only be a consequence of their size but may also be
influenced by the chemical composition of its core. One should
keep in mind that the core properties can affect the surface of
the material.
Effects of nCuO on Seed Germination and Seedling

Growth. Figure 1 shows the root development on the fifth day
after the seeds were exposed to the Cu treatments. Qualitative
measurements of growth parameters pointed out that 1 and 10
mg Cu L−1 nCuO promoted root elongation in comparison to
the water control. Root elongation inhibition was noticed from
100 mg Cu L−1 nCuO upward. The only exception was the 100
mg Cu L−1 treatment with 40 nm nCuO that did not affect root
elongation.
Figure 2 presents both (a) germination rate and (b) fresh

mass gain on day 5 after germination. For the water control, the
average germination rate was 80%. All the nCuO treated seeds

had higher or comparable values compared to the negative
control, except for the 40 nm nCuO treatment at 1 mg Cu L−1

that had only 70% germination. The highest and the lowest
germination rates were found for the CuSO4 treatments at 100
(92.5%) and 1 000 mg Cu L−1 (65%), respectively.
Figure 2b displays the fresh weight gain in a 2D plot as a

function of the concentration of Cu in the dispersion and
particle size. For the negative control (water), we considered
zero entry values for particle size and concentration. For the
positive control (CuSO4), we considered a size of 0.8 nm based
on the diameter of CuSO4 molecule35 and the several
concentrations employed in the test. The 2D plot interpolates
sizes and concentrations revealing the trends between the
actual tested points. Figure 2b shows that on the fifth day of the
germination assay, some treatments tended to promote fresh
mass gain (reddish areas) whereas others tended to prevent it
(bluish areas). Seeds exposed to 80 and 40 nm nCuO at 1 and
100 mg Cu L−1, respectively, had the highest mass gain. The 25
nm CuO nanoparticles were deleterious at 100 and 1 000 mg
Cu L−1, while the <80 nm nCuO and CuSO4 reduced seedling
development at 1 000 mg Cu L−1. The difference between the
higher and lower mass gain was statistically significant
according to the Tukey test (p < 0.05). Figure S8 shows that
low concentrations and higher particle size improved mass gain
whereas higher concentrations regardless of the particle size,
including CuSO4, reduced the mass gain. A similar trend was
found for the dry mass (data not shown here).
The mass gain test suggested a hormetic behavior for 40 nm

CuO particles reaching the maximum beneficial effect at 100
mg Cu L−1. According to the Dunnett’s test, mass gain was
significantly different from the control at 100 mg Cu L−1 of 40
nm nCuO and for CuSO4 at 1 000 mg Cu L−1 (Figure S9).
Among the nanoparticles, mass gain showed a dose-related
decrease for 25 nm CuO, with the inhibition being similar to
that of CuSO4 at 1 000 mg Cu L−1.
Copper is a micronutrient, but as any chemical it becomes

toxic at high concentrations. High Cu concentrations reduce
root development, leading to deficient water and nutrient
uptake and consequent growth reduction.36 This was confirmed
by the results shown in Figure 1, where seedling growth is
strongly affected by an excess of Cu.
Increments in germination rate were also observed for other

seed species treated with nano Zn23 and Ag.20 Gokak and
Taranath suggested that Zn nanoparticles may photo generate
radical species that can favor the germination process, Parveen
and Rao argued that Ag nanoparticles might create nano holes
facilitating the water transport. Although these hypotheses
might sound interesting, the experimental strategies in the cited
papers did not prove them. The argument that the radical,
regardless the generation mechanism, found some resonance in
our results. As discussed below, the copper nanoparticles were
reactive (in terms of H2O2 decomposition), it is currently
known that radicals may also act as singling molecule and
therefore, under certain conditions, they could promote the
germination.37

Contrary to our findings, low doses of <50 nm CuO
nanoparticles decreased the germination of rice (Oryza sativa
L.); the concentrations used were 0.5−1.5 mM (39.8 to 119.3
mg L−1). Root mass and length were equally affected under
nCuO stress. Copper stressed roots showed loss of viable cells
as established by Evans blue staining.38 In green peas (Pisum
sativum L.), mass gain was also impaired at higher nCuO
concentrations (from 100 to 500 mg L−1). An increase in

Figure 2. (a) Germination rate and (b) fresh mass gain of common
bean (Phaseolus vulgaris) seeds exposed to 25, 40, <80 nm CuO
nanoparticles, CuSO4 (1−1 000 mg Cu L−1), and H2O (control) after
5 days of germination.
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reactive oxygen species, lipid peroxidation, and gene expression
in the roots were found.19 Lower concentrations (10 and 20 mg
L−1) of 20−30 nm nCuO reduced the root length and mass
gain of lettuce (Lactuca sativa), accompanied by increased
catalase activity and decreased ascorbate peroxidase activity.39

Thus, in addition to our results that showed that dose and
type of nanoparticles play a role in the seed germination and
growth effects, the literature indicated that the effects may also
vary from one plant species to another.
Determination of Cu Uptake by Phaseolus vulgaris

Seeds. To determine the Cu content of seedlings exposed to
nCuO, CuSO4, and water by EDXRF, the seed coat was
removed to enable separate analysis of the seedling and
respective seed coat (Figure S10 in the Supporting
Information).
Figure 3 presents the concentration of Cu accumulated in the

seedlings (a) and in the seed coat (b). The concentration of Cu

in both the seedling and the seed coat increased as a function of
the nCuO or CuSO4 concentration. Copper was much more
concentrated in the external than in the inner part of the seeds.
It means that the seed coat was an effective barrier for nCuO
absorption, but this was less the case for CuSO4. In the case of
ZnO nanoparticles, Zn uptake by the endosperm of corn
without seed coat during germination was about six times
higher than in the whole grain.22

Deionized water treatment (negative control) gave concen-
trations of 14.8 ± 0.5 mg Cu kg−1 in the seedling and 8.2 ± 1.6
mg Cu kg−1 in the seed coat. Concentrations close to the
negative control were observed for the seeds exposed to nCuO
at 1 and 10 mg Cu L−1, suggesting that at these concentrations
Cu hardly managed to enter and cross the seed coat. The
concentration of Cu incorporated by the seeds sharply rose at
nCuO exposure levels of 100 and 1 000 mg Cu L−1. Compared
to the other two nanoparticles sizes, the 40 nm nCuO seemed
to be less incorporated by the seeds.
A linear correlation was found between the concentration of

Cu taken up by the seed coat and seedling and the CuSO4
concentration of the solution used for seed priming. Both
adjusts (not shown here) gave Pearson’s r > 0.98. The slope for
the relationship between Cu concentration in the embryo and
exposure concentration (Figure 3a) was 11.2 times lower than
that found for the seed coat (Figure 3b).
Cu solubility tests carried out to evaluate the fraction of

soluble Cu ions released by the nCuO (see Figure S11)
indicated that the smaller the nCuO size, the greater the
solubility. At 100 mg Cu L−1, the supernatant fraction of the 25
nm nCuO dispersion contained 1.1 ± 0.3 mg Cu L−1 compared
with 0.18 ± 0.01 mg Cu L−1 for the 80 nm nCuO dispersion.
Such low concentrations in solution suggest that Cu
incorporated by the seedling corresponded mainly to dispersed
nCuO rather than only to ionic Cu in solution. For cucumber
seedlings (Cucumis sativus L.), which seeds were exposed to
ZnO nanoparticles, the Zn content was significantly correlated
with the soluble Zn found in the solution, which indicates that
cucumber seeds uptake Zn mainly in the soluble form.22

Exposure to the 80 nm nCuO led to concentrations of 40 ±
9 and 1 500 ± 400 mg Cu kg−1 in the embryo and seed coat,
respectively. Different from the 25 nm nCuO, no effect on
germination or weight was found for 80 nm nCuO at 1 000 mg
Cu L−1. These results suggest that these latter nanoparticles
may be used in seed priming when it is aimed at overcoming
Cu deficiency.

Spatial Distribution of Cu in the Soaked Seeds. μ-XRF
is a nondestructive microanalytical method that allows
evaluating the spatial distribution of elements in for instance
biological tissues. To the best of our knowledge, this is the first
μ-XRF mapping of treated seeds. This technique has been
commonly used to investigate the allocation of elements in
nontreated seeds like wheat,40 rice,41 soybean,42 and
Arabidopsis thaliana.43 However, most of these studies
employed synchrotron X-ray sources. Here we show results
acquired using an X-ray tube excitation laboratory benchtop
facility that uncovered the pattern of distribution of Cu in the
nCuO and CuSO4 exposed bean seeds.
Figure 4 shows the mapped area of the seed and the

corresponding Cu chemical image for a seed soaked in CuSO4
(a) nCuO 25 nm (b) and nCuO 40 nm (c). The seeds were
soaked in solutions of CuSO4, nCuO 25 and 80 nm at 1 000 mg
Cu L−1 (shown in Figure S12), and 40 nm nCuO at 5 000 mg
Cu L−1 for 20 min. Additional pictures and chemical images for
potassium are presented in Figures S12−S14 of the Supporting
Information. The images in Figure 4 and Figures S12−S14
were recorded 24 h after the soaking and prior to seed
germination. The μ-XRF maps confirmed the EDXRF results
(shown above) that the Cu was mostly concentrated in the
seed coat but also revealed the presence of Cu hotspots in the
hilum region.

Figure 3. Copper concentrations in the (a) seedling and (b) seed coat
of germinated common bean (Phaseolus vulgaris) seeds treated with
25, 40, <80 nm CuO nanoparticles, CuSO4 (1−1 000 mg Cu L−1) and
H2O (control).
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To be absorbed by the seeds, the water-dispersed nano-
particle must cross the seed coat (or testa). This structure is
composed by a layer of sclerenchyma cells, similar to the

palisade cells, with a thick cell wall. Below this layer, there is
another layer characterized by smaller cells and finally a
parenchyma composed of elongated outer cells and smaller
internal cells with irregular or branched shapes. Common beans
have a hilum associated with the seed coat, which is a scar left
by the funiculus, the structure that connects the seed to the
placenta. Just below the hilum there is the micropyle, a small
pore that allows water uptake into the seed.44

The chemical images also revealed the existence of a
concentration gradient from the outer to the inner region of
the seed. This indicates that movement of Cu is driven by the
higher chemical potential of the nCuO dispersion or CuSO4

solution. Since the seed coat is not a homogeneous structure,
the nCuO particles or Cu ions may find preferential channels,
such as through the micropyle.
Different from the EDXRF assessment, which gave the

average concentrations of Cu in the seedling (comprising the
storage tissue and emerging root) (Figure 3a), the spatial
resolution provided by the 30 μm X-ray beam shows that Cu is
concentrated in a small fraction of the embryo. Therefore,
although Cu is not well distributed along the seedling tissue, its
presence in very specific regions of the tissue was sufficient to
affect seedling weight gain at 1 000 mg Cu L−1.
Because of its high solubility, Cu from the CuSO4 treatment

was more prone to be absorbed than from the nCuO treatment.
This indicates that Cu transport through the seed occurs by
diffusion, since the transport of Cu ions is much faster and
easier than that of nanoparticles.

Chemical Speciation of the Incorporated Cu. Once Cu
accumulation spots were located, we determined its chemical
speciation using XAS, which is a nondestructive tool. Figure 5a
shows the spots measured in the treated seeds, the specific
locations measured for each treated seed are presented in
Figures S15−S17 in the Supporting Information. Figure 5b−d

Figure 4. Pictures and μ-XRF chemical maps for Cu in common bean
(Phaseolus vulgaris) seeds exposed to (a) CuSO4 at 1 000 mg Cu L−1,
(b) nano CuO 25 nm at 1 000 mg Cu L−1, and (c) nano CuO 40 nm
at 5 000 mg Cu L−1.

Figure 5. Cu−K edge XAS spectra recorded in different regions of bean (Phaseolus vulgaris) seeds treated with 1 000 mg Cu L−1 dispersions of CuO
nanoparticles. (a) Picture of a bean seed pointing out the three regions measured, (b) spectra recorded of the 25 nm nCuO treatment, (c) spectra
recorded of the 40 nm nCuO treatment, and (d) spectra recorded of the 80 nm nCuO treatment.
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shows the spectra recorded in the outside, seed coat, embryo,
radical, and pristine nanoparticles used to produce the 1 000
mg Cu L−1 dispersions. Figure 5b presents data for treatments
with 25 nm nCuO, Figure 5c for 40 nm nCuO and Figure 5d
for 80 nm nCuO.
Figure 5b indicates that the chemical environment on the

outside of the seed coat, in the hilum region (seed coat) and
inside the seed (embryo) treated with 25 nm nCuO was the
same. The spectra recorded in these regions are slightly
different from the spectra obtained for the pristine 25 nm
nCuO. The observed differences are the decrease of the pre-
edge feature at 8 982 eV assigned to the 1s to 4p electronic
transition in Cu1+ followed by an increase of the white line
intensity. These two spectral changes are related to the
oxidation of Cu1+ to Cu2+.45 The spectrum recorded in the
radical presented the features of the pristine material.
Figure 5c shows a pronounced pre-edge feature for the Cu

located in the embryo of the seed primed with nCuO. This
feature is associated with Cu1+ and indicates that 40 nm nCuO
was reduced compared to that found in the seed coat and
outside of the seed. The linear combination analysis (Figure
S18) showed that spectra recorded in the embryo could be
described as a mixture of 34 ± 1% Cu2O and 66 ± 1% CuO.
Figure 5d shows that the chemical neighborhood of Cu
incorporated by the seed tissues and radical in the samples
treated with 80 nm nCuO did not change and remained as
CuO. The spectra recorded in the samples perfectly overlapped
that recorded for the pristine 80 nm nCuO powder.
The copper chemical environment in harvested Arabidopsis

thaliana seeds treated with 20 and 50 mg L−1 nCuO was also
mostly in the form of CuO (88.8%), with some Cu2(OH)PO4
(2.0%), Cu-acetate (3.2%), and Cu2O (6.0%).48 This suggests
that nCuO can be also accumulated in plant progeny.
Although our results showed a slight redox behavior for 40

and 25 nm nCuO in a physiological environment, the Cu-based
nanoparticles used in this study were not as reactive as ZnO.40

This can be partially explained by the low solubility of the CuO
based nanoparticles. However, one has to keep in mind that the
sensitivity of XAS would hardly be able to identify the presence
of Cu factions below 5 wt %.
The combined data supplied by EDXRF, μ-XRF maps, μ-

XANES, and literature background on seed morphology44

suggested that the main Cu uptake mechanism takes place
through diffusion driven by the concentration gradient. The
main entrance region was the hilum spongy tissue. The
presence of CuO and Cu2O most likely indicated that the CuO
nanoparticles were incorporated as entire particles instead of
anions. In addition to the spectroscopic speciation, this
hypothesis was supported by the hilum pore size, which
reaches tens of micrometers (Figure S19). The presence of Cu
in the endosperm region away from the hilum (Figure 4c) also
implied that possibility of Cu to cross the seed coat structure.
Nevertheless, the extent of the penetration into the endosperm
was smaller. In this context, it is worth mentioning that there
are many pathways of Cu transportation in plants. In cell-to-cell
migration, Cu can be coordinated by proteins like Cu
chaperones and Cu carriers, which transport Cu to the
organelles.47

In Vivo Spatial Distribution of Cu in the Seedlings. In
addition to the chemical maps that uncovered the spatial
distribution of Cu in the seeds after the priming, we mapped
the in vivo chemical distribution of Cu in the primary root of
the seedling under development. We monitored seedlings

primed in CuSO4 at 1 000 mg Cu L
−1 and 40 nm nCuO at 100

mg Cu L−1 since these treatments showed significant effects
compared to the control according to the Dunnett’s test.
Figure 6a−c shows the pictures and corresponding Cu−Kα

chemical images for the emerging primary root of the seedling

primed in CuSO4 at 1 000 mg Cu L−1 on the third, fourth, and
fifth day of germination, respectively. The chemical images
revealed a hotspot of Cu on the tip of the primary root, which
remained on the same location along the monitored period and
was not diluted during the growing process.
Figure 7 presents the pictures and chemical maps for the tip

of the primary root of the seedling treated with 40 nm nCuO at
100 mg Cu L−1 on the third (a), fourth (b), and fifth (c) day of
the seedling growth. The results were similar to those found for
CuSO4.
Figure 8 presents an optical microscope image that was

allowed to precisely identify the tissue in which the Cu spots
were found. It corresponded to the root cap. We believe that
the root cap incorporated Cu from the seed coat during the
radical emergence. It is also noteworthy mentioning that the
incorporation and diffusion of Cu could be favored by the
chemical properties of mucilage, especially in the soluble form.
The chemical images also showed that the Cu transferred to the
root cap had low mobility. Part of the Cu could have been
transferred to the meristem, site of intense cell division activity,
which at low concentrations may have favored root growth
while at high concentration it might have prevented it. Previous
experiments carried out by Wang and colleagues, in the model
species Arabidopsis thaliana, showed that nCuO treatments
induce modulation of auxin related genes, supporting the idea
that changes in root growth rates are related to the modulation
of auxin sensing and root size control.

Figure 6. Pictures and μ-XRF chemical maps for Cu in the primary
root of a common bean (Phaseolus vulgaris) seed exposed to CuSO4 at
1 000 mg Cu L−1 on the (a) third, (b) fourth, and (c) fifth day of
germination.
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Chemical Reactivity of Cu Based Nanoparticles and
Physiological Effects. The deleterious effects of the 25 nm
CuO nanoparticles at 100 and 1 000 mg Cu L−1 could not be
explained by the treatment concentration, since a different
behavior was found for 40 and 80 nm nCuO. The crystal phase
effects could not be accessed in the present study since for all
particles the CuO were monoclinic. However, the literature
indicated that for rutile and anatase TiO2 the crystal phase did
not influence the uptake and translocation of TiO2 in wheat.46

Figure S20 shows the degradation of H2O2 by the CuO
nanoparticle dispersions used to prime the seeds. The 40 and
80 nm nCuO presented similar behavior, taking nearly 300 min
to produce 7.9 and 8.5 mL of O2, respectively. CuSO4 produced
18.5 mL of O2 in 180 min. The most reactive nanoparticle was
the 25 nm CuO that readily produced 18.5 mL of O2 in 30 min.
The surface properties of core−shell structures can greatly

differ from those exhibited by single phase materials. For
example, the catalytic activity of Ru−Cu nanoparticles in
converting NH3 into N2 and H2 depends on the number of Cu
layers on top of Ru.49 Facing the low solubility shown by all
Cu-based nanoparticles used in the present study and the
similar results obtained for the 40 and 80 nm CuO particles, we
hypothesize that the deleterious effects of the 25 nm particles
may be caused by their modified surface properties.
Considering the excess of Cu ions, the deleterious effects can

be explained in the light of previous studies. The literature
reports after 5 days of germination under normal conditions, an
increase in protein and amino acid content in Phaseolus beans.50

On the other hand, cotyledons of germinating bean seeds
(Phaseolus vulgaris) exposed to 200 μM CuCl2 (26.9 mg L−1)
showed protein damage and oxidative stress. In common beans,
Cu toxicity caused inactivation of the ubiquitin-proteasome
pathway, an important nonlysosomal proteolytic system, and
inhibition of leucine and proline aminopeptidase activities.
These injuries led to a deficiency in the cell’s capability to
remove oxidatively damaged proteins.51 Oxidative stress was
also found in lettuce treated with nCuO at 20 mg L−1. Cu
reduced catalase and ascorbate peroxidase activities, two
important antioxidant enzymes.39 Nevertheless, our chemical
speciation did not detect Cu binding to proteins. The chemical
environments were mostly similar to those of pristine materials.
It means that in the case Cu−protein interaction actually
happened, the fraction of Cu playing this role was below the
XAS detection limit. In linear combination analysis of XAS, a
component weighting less than 5% would be hardly detectable,
since normalization can introduce errors on the order of 10%.
Besides preventing the development of P. vulgaris, Cu based

treatments led to reduction of the content of Ca, Fe, K, Mn, Zn,
carbohydrates, and amino acids as was also observed in the
embryonic axis of seeds exposed to excess Cu (5 mmol L−1 or
672.2 mg L−1 of CuCl2). Oxidative damage may be enhanced in
Cu-intoxicated tissues and affect membrane integrity due to the
lipid peroxidation process, which induces solute leakage from
germinating seeds.52

Chemical imaging combined with spectroscopic speciation
showed that although Cu was located in small hotspots instead
of being spread homogeneously throughout the tissues, and
most of the incorporated Cu remained in its pristine form, it
strongly affected the germination of the seeds and the growth
of the seedlings. As discussed above, it is likely that low
concentrations of promptly available Cu ions may have
impaired the proper functioning of proteins.

Figure 7. Pictures and μ-XRF chemical maps for Cu in the primary
root of a common bean (Phaseolus vulgaris) seed exposed to nano
CuO 40 nm at 100 mg Cu L−1 on the (a) third, (b) fourth, and (c)
fifth day of germination.

Figure 8. Optical microscopy of primary roots of the common bean Phaseolus vulgaris. The root cap is the site that contained the highest Cu
concentrations after exposure of the beans to CuO nanoparticles or CuSO4.
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In agreement to the published literature, the present study
shows that much attention has to be paid to the concentration
of the nanoparticles used in seed priming. At concentrations
from 1 to 100 mg Cu L−1, 40 and 80 nm nCuO did not harm
the seed germination and seedling development, while 40 nm
nCuO at 100 mg Cu L−1 favored weight gain. The 80 nm
nCuO did not affect weight gain, although it was able to
increase concentrations in the embryo to 40 ± 9 mg Cu kg−1.
This might be a consequence of the slow release of Cu ions
from the oxide structure to the physiological solution.
Therefore, Cu in these oxide forms can be used by the
developing seedling instead of intoxicating it, different from
what happened for CuSO4 at 1 000 mg Cu L−1 which prevented
seedling growth. Hence, depending on its physical-chemical
properties, CuO based nanoparticles might be considered for
seed priming rather than soluble Cu sources, since the
possibility of phytotoxicity by the latter is higher.
The current study also highlighted the importance of the

structure and chemical nature of the nanoparticle. The effects of
25 nm nCuO, which presented a metallic core covered by an
oxide shell structure, deserve further investigation. This
nanoparticle, probably due to its higher surface reactivity, had
deleterious effects on bean seedling development. These results
reinforce the necessity of care regarding the disposal of
nanoparticles in the environment and their usage as fertilizers.
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