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Abstract: Nanotechnology is a fi eld that, over the years, has been growing in several 
research areas, such as medicine, agriculture and cosmetics, among others. As a result, 
there is a continuous increase in the production, use and disposal of these materials in 
the environment. The behaviour and (bio) activity of these materials in the atmosphere, 
water and soil are not fully studied. Therefore, it is necessary to carry out an analysis of 
the risks of contamination, as well as the possible effects and impacts of nanoparticles 
(NPs) on the ecosystem. In an attempt to investigate these effects on plants, the present 
study aimed to investigate the impact of copper oxide nanoparticles (CuO NPs) on the 
seed germination process of Sesbania virgata. For this, the Sesbania virgata seeds were 
subjected to different concentration of CuO NPs (0, 100, 200, 300 and 400 mgL-1) and 
their germination and development were monitored by optical analysis (thermography 
and chlorophyll a fl uorescence). The results show that the CuO NPs induced a reduction 
on the maximum emission of chlorophyll a, which was concentration-dependent. The 
data also showed that CuO NPs promoted an increase in the energy dissipated by 
non-photochemical pathways and the surface temperature of the seeds. Additionally, 
our fi ndings revealed that CuO NPs caused a root growth inhibition.  In summary, the 
present study demonstrates, for the fi rst time, that CuO NPs can negatively affect the 
physiological status and development of the S. virgata plant, by altering the effi ciency 
of the functioning of photosystem II in its initial developmental stage, depending on the 
concentration of CuO NPs.
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INTRODUCTION

Nanotechnology is revolutionary, applicable 
in various sectors and has the potential to 
benefit human health and the environment; 
however, it is necessary to consider the risks 
and impact of the production and disposal of 
nanoparticles (NPs) on the environment and 
organisms (Carniel 2013). The most accepted 
definition for the term nanomaterials (NMs) 
includes natural or man-made particles with at 
least one dimension less than 100 nm; NPs are 
widely accepted as materials with at least two 

dimensions less than 100 nm (Klaine et al. 2008). 
The possible interactions with ecosystems and 
organisms occur when commercial products 
are released into the environment, for example 
silver nanoparticles (Ag NPs) used in the textile 
industry or titanium dioxide nanoparticles (TiO2

NPs) in cosmetics. Thus, the studies with NPs 
carried out to date should be regarded as a 
hypothesis because, on the level of exposure 
that occurs today, these results would not 
be observable naturally (Brayner et al. 2013). 
However, an increasing concentration of NPs in 
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the environment (bioaccumulation) should be 
expected over the time, as mostly engineered 
NPs are not biodegradable.

A previous study reported that the 
chlorophyll a fluorescence of Soybean (Glycine 
max L. Merr.) plants was impacted when  subjected 
to gold nanoparticles (Au NPs) during the seed 
germination stage.  Au NPs induced a suppression 
of the chlorophyll a fluorescence, and that was 
dependent on the size and concentration of NPs. 
This phenomenon was mainly attributed to the 
effect of the transfer of electrons (e-) through 
photoinduction of chlorophyll molecules (Chl) 
contacting Au NPs, resulting in a decrease in the 
chlorophyll fluorescence signal. The smallest Au 
NPs (5 nm) induced  the highest fluorescence 
suppression (Falco et al. 2011). In another 
study, leaves of fava bean (Vicia faba L.) had 
their chlorophyll fluorescence impacted when 
subjected to Ag NPs. In addition, the interaction 
between Chl and Ag NPs was dependent on 
the size and concentration of the metal NPs 
(Queiroz et al. 2016). Therefore, the particle size 
and distribution are of the great importance 
for the adverse effects of NPs on plants. On the 
nanometric scale, the effective area available is 
considerably increased, changing the nature of 
the interactions between the molecular forces 
of the material. This affects the impacts that 
these processes or nanotechnological products 
can cause to the environment, human health 
and society in general. 

The impacts caused by the release of 
pollutant loads with NPs and/or NMs and 
intervention scenarios is an area of interest for 
researchers, mainly those investigating plants, 
which are an important part of the ecosystem; 
plants may be able to remove, immobilise or 
even reduce the availability of nanomaterials 
(Andrade et al. 2007). In addition to the relevance 
of plant-NP interactions as trophic relationships, 
they have potential uses as bioindicators of 

environmental contamination, through the 
evaluation of sensitivity responses depending 
on the type, size and/or concentration of NPs. 

Bioindicators or environmental indicators 
are important tools used to correlate a given 
anthropic factor (human-made changes) or a 
natural factor with a potential impact. This may 
include an important assessment of ecological 
integrity, as in the condition of an area or 
organism. These studies can be performed by 
comparing individuals, the structure and function 
of a biological community between an impacted 
area and reference areas (Andrade 2010). For 
example, Pistia stratiotes and Eichhornia 
crassipes are indicator species of polluted 
aquatic environments because they develop 
in places with high concentrations of organic 
matter, micronutrients and macronutrients. 
These species are used as indicators of 
pollution levels, because they have a high 
growth rate and an excellent ability to absorb 
and concentrate metallic pollutants in aquatic 
systems; moreover, they do not show symptoms 
of poisoning at high pollutant concentrations 
(Bettinelli et al. 2000). Species such as 
Utricularia breviscapa (utricularia), Nymphaea 
elegans (water lilies) and Nymphoides indica 
(nymph) are also bioindicators of environmental 
pollution (Pompêo 2008). Research conducted 
with the plant Cicer arietinum L. (chickpea) 
exposed to different concentrations of copper 
(II) oxide NPs (CuO NPs) showed that the NPs 
interfered in the growth of the plant, causing 
a delay in the growth of roots and stems (Nair 
& Chung 2015a). Another study showed that 
the growth of rice (Oryza sativa CV. Swarna) 
was affected at three different levels of stress 
caused by copper II oxide (CuO NPs) (0.5 mM, 
1.0 mM and 1.5 mM CuO NPs, < 50 nm particle 
size). Based on these results, it was concluded 
that the rate of germination of the plant was 
significantly reduced. In addition, it was evident 
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that, in leaves, oxidative eruptions occurred 
(Shaw & Hossain 2013).

Another study examined the effects of 
CuO NPs on the germination of seedlings of 
green peas (Pisum sativum L.) at different 
concentrations (0, 50, 100, 200, 400 and 500 
mgL-1). The experimental results demonstrated 
that there was a significant reduction in plant 
growth (shoot and root length), increased 
generation of reactive oxygen species (ROS) and 
lipid peroxidation, and oxidative degradation of 
lipids induced by NPs (Nair & Chung 2015b, Nair 
& Chung 2017). 

In Van et al. (2016), strains of transgenic 
cotton (Bt-29317) and conventional cotton (Jihe 
321) were subjected to different concentrations 
(0, 10, 200 and 1000 mgL-1) of CuO NPs. They 
found that CuO NPs significantly inhibited the 
growth and development of transgenic and 
conventional cotton, impacting the height, root 
length, number of roots and biomass production 
when subjected to CuO NP concentrations over 10 
mgL-1. They also demonstrated that the CuO NPs 
mainly aggregated in the root outer epidermis. 
Nevertheless, CuO NPs aggregates were found in 
the leaf epidermis, and also reached leaf cells 
by endocytosis. 

Metal-oxide nanoparticles (NPs) such 
as copper oxide (CuO NPs) offer promising 
perspectives for the development of novel 
agro-chemical formulations of pesticides and 
fertilisers. (Simonin et al. 2018) showed that CuO 
NPs can have detrimental effects on microbial 
activity in soils with different physicochemical 
properties that had been previously exposed to 
various agricultural practices. The experiments 
showed that CuO NPs had detrimental effects 
on soil microbial activities, but most effects 
occurred at the highest concentration tested 
(100 mgkg-1). Similar to previous studies, they 
observed that the negative effects of CuO NPs 
increase over time, indicating that short-term 

studies (hours, days) may underestimate the 
risks posed by these contaminants. The presence 
of plants influences the microbial response 
to CuO NPs exposure but does not mitigate or 
compensate for the effects.

Mosa et al. (2018) investigated toxicity on 
the physiological, phenotypical, biochemical 
and genomic levels. It was found that Cu NPs in 
the size range of 10-30 nm (50, 100 and 200 mgL-1 
of Cu NP powders) were toxic to Crocus sativus. 
Cu NPs showed a decrease in the total biomass 
of the treated C. sativus plants. The analysis 
demonstrated that Cu NPs accumulated in C. 
sativus plant tissues, with higher accumulation 
levels in root tissues. The genotoxic effect of Cu 
NP induced genomic DNA modifications in C. 
sativus. Additionally, Cu NP led to a significant 
decrease in chlorophyll a and b contents, an 
increase in H2O2 and MDA contents, as well 
as an increase in electrolyte leakage which 
induced damage to the cucumber root plasma 
membrane. They demonstrated that Cu NP 
induced oxidative stress in C. sativus and Cu-Zn 
SOD gene expression was induced under Cu NP 
treatment.

Sesbania virgata (Cav.) Pers. belongs to the 
family Leguminosae (Fabaceae), the subfamily 
Faboideae (Papilionoideae) (Shuguang et 
al. 2009). The species is popularly known as 
Sesbania, bean, sarazinho and mother-jose. 
The genus Sesbania is characterised by species 
tolerant of poor soils with a high content of heavy 
metals and a high level of adaptability when 
subjected to biotic and abiotic stresses (Yang 
et al. 2003). S. virgata is a fast-growing pioneer 
species, a perennial weed that reproduces by 
seeds, with a shrubby habit that can achieve 
2 to 4 m tall. It is a native species with quick 
growth and hardiness, showing its potential for 
planting in degraded areas or in recovery, as well 
as desertified areas and for the restoration of 
riparian forests (Delarmelina et al. 2014, Araújo 
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et al. 2004). In addition to bringing physical 
benefits to the soil with its highly branched 
root system, it prevents erosion and serves to 
support reforestation and the maintenance 
of areas in recovery (Zanandrea et al. 2009). It 
produces a large number of seeds with high 
viability, which are scattered within indehiscent 
fruits that can float in the water for the dispersal 
of the species (Pott & Pott 1994). The seeds of 
the species undergo rapid germination and are 
homogeneous, an unusual feature among the 
seeds of native plants. They present dormant 
endosperm seeds that accumulate tegmental 
galactomannan as a polysaccharide in the cell 
wall. The germination process of these seeds 
occurs on the second or third day after soaking 
(Buckeridge & Dietrich 1996, Tonini et al. 2007).

 In this context, the present study aimed 
to detect changes in the functioning of the 
photosynthetic apparatus of Sesbania virgata 
(Cav.) Pers. induced by CuO NPs. For this, non-
destructive optical methodologies were applied 
for investigating the phytotoxicity effects of NPs 
on Sesbania virgata (Cav.) Pers. seedlings when 
subjected to different concentrations of NPs.

METHODOLOGY 
Copper oxide nanoparticles (CuO NPs) 
Copper (II) oxide nanoparticles (CuO NPs were 
acquired from Aldrich (USA) in powder - cod. 
544868 - 5g - Copper(II) oxide -  nanopowder < 
50 nm particle size (TEM) (www.sigma-aldrich.
com)). The specification of the product does 
not indicate the purity of the nanoparticles. 
Transmission Electron Microscopy (TEM) 
- Morgagni 268D 100 kV (FEI) was used 
to determine the morphology and mean 
diameter of the nanoparticles. 

Prior to the TEM image collection, the CuO 
NPs were sonicated for 15 min in isopropyl 
alcohol solution. Then, samples were prepared by 

placing a drop of isopropyl alcohol nanoparticle 
solution on a holey carbon grid and dried in 
vacuum during 3 h before the microscopy 
analysis. The nanoparticle size distribution was 
estimated from the measurement of about 100 
particles. The analyzed material was extremely 
agglomerated, which made it difficult to 
count a larger number of nanoparticles. 
The morphology and diameter of the CuO 
NPs were determined by means of ImageJ 
software.

Dynamic Light Scattering (DLS) technique 
was used to determine the hydrodynamic size of 
the CuO NPs, as well as to calculate their mean 
hydrodynamic size distribution, Polydispersity 
Index (PDI), and Zeta Potential (ZP). The analysis 
was performed using the Zetasizer Nano ZSP 
equipment (Malvern instruments), using the 
following parameters: laser wavelength of 633 nm 
(He-Ne), scattering angle of 173º, temperature of 
25°C and average refractive index of 1.390. The 
samples were prepared with ultrapure water 
and DMSO at concentration of 1% (v/v) and 
then placed in a cuvette. For each sample, three 
measurements were performed and the mean 
value was recorded.

The CuO NPs (~50 nm), in powder, were 
analyzed by scanning electron microscopy (SEM) 
with a dispersive x-ray energy spectroscopy 
system (Energy Dispersive X-ray Spectroscopy - 
EDS). The equipment is a bench system, brand 
Phenom-World, model Phenom Pro X. The system 
has a nominal resolution ≥ 14 nm, magnification 
of 80 - 130000x, elementary detection range that 
varies from Carbon (C) to Amerício (Am), source 
electron CeB6, color navigation camera with 20 
to 135x zoom and variable voltage acceleration 
from 5 - 15 kV. The equipment has an EDS 
detector of the SDD type (Silicon Drift Detector) 
with integrated software for determining 
the elemental composition, simultaneously 
identifying the different elements of the sample. 
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The measurements were carried out using 
carbon tape for conductivity and deposition of 
the samples.

Seed selected in this study
We used the seed of S. virgata collected in the 
Pantanal-MS, Passo da Lontra 184, Corumbá / MS 
in October 2015. The processing of the seeds was 
manual. The seeds were obtained from plants, 
in a number exceeding 20 individuals for the 
maintenance of genetic diversity. The tested 
seed lot was kept in a dark seed dispersal box 
under refrigeration. Prior to germination, the 
seeds underwent a mechanical scarification 
process by sanding, which consisted of 
submitting the seeds to friction, wear and tear 
with sandpaper, to damage the skin. This is 
one of the most efficient processes to enhance 
hydration, permeation and germination in this 
species (Camargos et al. 2008). 

For the bioassays, the CuO NPs were 
dispersed in aqueous solutions using ultra-pure 
water and agitated in an ultrasonic bath for 30 
minutes. The seed was scarified by sanding, to 
facilitate the hydration of the reserve, and then 
soaked in CuO NPs dispersion at concentrations 
of 0 (control group), 100, 200, 300 and 400 mgL-1. 
Each group was kept submerged in 5 mL of the 
solution in a beaker for 12 h in an orbital agitator 
(TECNAL) with a 5 rpm rotation adjustment to 
facilitate soaking the seeds and for better 
absorption/internalization of the NPs.

Evaluation of germination
After immersion, the seeds were placed in Petri 
dishes with moistened double filter paper and 
kept in a germination chamber with controlled 
temperature, humidity and photoperiod, 
providing ideal conditions for the germination 
and growth of the species. The seeds were 
maintained at 25°C with a 12 / 12 h dark / light 
photoperiod and 65 / 70% humidity with an 

actinic intensity of approximately 300 µmolm-

2s-1. For each concentration of NPs used, 12 seeds 
were evaluated. In vivo analyzes were performed 
for 6 days. The first 24 h were immersed and, 
from the second day on, thermal image 
measurements were performed, the kinetics 
of the chlorophyll fluorescence image and the 
stationary fluorescence were evaluated in 5 days 
and after 5 days, the root size of each seed was 
measured. After the collected data, the average 
for each seed lot was applied and the standard 
deviation for concentration was applied. The 
data presented will be relative to the means of 
each group (0, 100, 200, 300 and 400 mgL-1). These 
procedures were applied to the study of the 
proposed material, copper oxide nanoparticles 
(CuO NPs).

OPTICAL TECHNIQUES USED FOR 
DETECTING STRESS IN PLANTS
Infrared thermography 
Thermal images obtained through a 
thermographic Testo® camera with an infrared 
detector with a 2.3-megapixel resolution, in 
which the temperature scale is indicated by 
false-colour gradients. The equipment has a 
temperature range between -20 to 350°C. An 
image was collected for each Petri dish containing 
12 seeds for each concentration tested. From the 
Testo® software, the average temperature of 
each seed was obtained from the analysis of the 
temperature in different parts of the 12 seeds. 
These data were subsequently submitted to 
analysis of variance; the comparisons between 
means were performed using Student’s t-test 
with 95% reliability. These measures were carried 
out after a period of adaptation to the dark for 
30 minutes, to avoid any temperature changes 
influenced by light irradiation and with a control 
temperature at 25°C.
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Kinetics of chlorophyll a fluorescence imaging 
To conduct the study on the influence of NPs on 
the photosynthetic apparatus of plants in vivo, 
the kinetic fluorescence imaging technique was 
applied, using a closed FluorCam FC-800 C Mark 
Photon Systems instrument. Composed basically 
of panels of LEDs used as an excitation source 
with actinic light intensity above 2500 µmol 
(protons) m-2 s-1 and a CCD camera collecting 
plant fluorescence in the region between 400 to 
1000 nm, this apparatus provides images with 
a resolution of 512 x 512 pixels at a rate of 50 
frames per second. The system is close, allowing 
the adjustment of the dark seed, before it was 
expose to radiation. Before the measurements, 
the seeds were adapted to the dark for 30 
minutes to ensure that all reaction centres were 
open, allowing for a more effective measure 
of fluorescence. For the kinetic fluorescence 
imaging technique, white light was used as an 
excitation source and a filter was used to select 
only the emission of chlorophyll a, in the region 
of 680 nm; the measurements were performed on 
one side of the seed. The parameters observed 
in the analysis of chlorophyll fluorescence were 
Fm’ (maximums fluorescence of dark-adapted 
measurement) and NPQ´ (non-photochemical 
quenching).

Stationary fluorescence
Fluorescent analyses of in vivo seeds were 
performed using a portable spectrophotometer 
consisting of two lasers, operating at 405 and 532 
nm, a monochromator SB 2000 (FL-OceanOptics), 
a Y-type optical fibre and a laptop, to obtain the 
spectra. The samples were excited at 405 nm 
and the spectra were obtained from 450 nm to 
800 nm. The analyses were carried out directly 
on the top of each seed and were performed on 
all days of the germination process (five days).

Root size
After 5 days of germination, the root length was 
determined with the aid of a calliper (Digimess®), 
to an accuracy of 0.05 mm.

RESULTS AND DISCUSSION
CuO NPs Characterization 
The EDS results show the characteristic copper 
peaks of greater relative intensity: at 0.929 keV, 
referring to the Lα1.2 transition; 0.949 keV for 
the Lβ1 transition; 8.047 keV referring to the Kα1 
transition and 8.905 keV referring to the Kβ1.3 
transition. From the data it is also possible to 
verify the existence of a characteristic oxygen 
peak at 0.525 keV of the Kα1.2 transitions, 
confirming that the samples are composed of 
copper (II) oxide (CuO).

Although the manufacturer reported that 
the CuO NPs (powder) were composed of 
particles with a diameter smaller than 50 nm, 
the results revealed that the CuO NPs had a large 
diameter size with different populations (in the 
range of 28-70 nm) with an average diameter of 
48.26 ± 8.0 nm. In addition, the TEM results also 
demonstrated that CuO NPs had predominantly 
regular spherical shapes (see Figure 1).

The DLS results revealed that CuO NPs 
were highly polydispersed, with average 
hydrodynamic diameter, PDI and ZP of 410.9 ± 
147.4 nm, 0.7 ± 0.1 and –14.1 ± 2.7 mV, respectively. 
These results demonstrate that a higher 
hydrodynamic diameter (Dhidrodynamic; 410.9 ± 
147.4 nm) was obtained when compared to the 
diameter determined by TEM, an expected result 
because the DLS measures the total diameter 
of the NPs together with molecules and ions 
(layers) adsorbed on the nanoparticles of 
surface when they are placed in a solution (Kass 
et al. 2017). The data also show that CuO NPs are 
not monodispersed, as the obtained PDI was 0.7 



ELIENE S. SANTOS et al. COPPER OXIDE NANOPARTICLES ON GERMINATION OF S. virgata

An Acad Bras Cienc (2021) 93(3) e20190739 7 | 14 

± 0.1, being classifi ed as highly polydispersed. 
A sample is defi ned as highly monodispersed 
when PDI ≤ 0.1, almost monodispersed for values 
between 0.1 and 0.7, and highly polydispersed 
for values > 0.7 (Stetefeld et al. 2016). In addition, 
the results demonstrate that CuO NPs have a ZP 
value of -14.1 ± 25 mV, indicating that CuO NPs 
dispersed in aqueous solution are relatively 
stable. Guidelines classifying NP dispersions 
with ZP values of ± 0–10 mV, ± 10–20 mV, ± 20–30 
mV and > ± 30 mV as highly unstable, relatively 
stable, moderately stable and highly stable, 
respectively. (Bhattacharjee 2016)

CuO NPs Effects on Sesbania virgata Seeds

Infrared thermography

The thermal image analyses performed showed 
a signifi cant increase in temperature, especially 
in seeds subjected to CuO NPs in the fi rst days 
of germination, but the seeds recovered, as is 
common in living organisms, possibly due to 
homeostasis, when compared with the control 
(0 mgL-1). The average temperature of twelve 
points for each seed and the average of the 12 
seeds was analysed for each concentration. 

Figure 2 shows that the temperature of the 
seeds was signifi cantly changed after subjected 
to the CuO NPs (t-test, p < 0.05; 95% degree of 
confi dence).  However, due to the temperature 
behaviour of the germination and hydrolysis 
processes, there was a slight difference in 
temperature as a function of time, and this 
was clearly not linear, presenting oscillatory 
behaviour between 72 and 96 h. This may be 
because the germination process can be affected 
by several internal and external (environmental) 
factors at the same time, which act alone or 
jointly, which when act as trigger internal signals 
at the molecular level, which can induce the 
activation or inactivation of various compounds 
and metabolic reactions (Kerbauy 2008, SEO et 
al. 2009). More studies on the temperature of 
seeds during germination are needed, because 
this is still lacking bibliographic references.

Fluorescence kinetics of chlorophyll a

A kinetic fl uorescence image analysis of the top 
seeds of S. virgata was performed after 120 h of 
soaking,  at concentrations of 0, 100, 200, 300 and 
400 mgL-1. The parameters presented are Fm’ and 

Figure 1. (a) Transmission electron microscopy micrography and (b) EDS spectrum of CuO NPs.
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NPQ’, measures obtained in the saturating pulse, 
when the seeds were already adapted (Figure 3).

Figures 4a and 4b illustrate a comparison, 
in relation to time, of seeds subjected to the 
presence of CuO NPs and control seeds, as Fm’ 
(maximum fluorescence in the light-adapted 
state) and NPQ’ (indicative of excess radiant 
energy dissipation in the form of heat in PSII). 
The analysis of NPQ’ i.e the last saturated light 
pulse, when the seeds were already adapted 
to darkness, shows that CuO NPs induced 
changes in this parameter at all concentrations, 
evaluated relative to the control, causing 
a significant increase at 48 and 72 h when 
cotyledons are being formed. In a study carried 
out with Vicia faba, it was showed that the NPQ’ 

values increased in the leaves containing the Ag 
NPs, which demonstrates that NPs may cause an 
increase in the dissipation of light energy by non-
photochemical forms, instead of photochemical 
processes (Falco et al. 2020). However, after 72 h, 
a reversal in the behaviour of the NPQ occurred, 
where a significant decrease after 120 h was 
observed; this may be due to the formation of the 
fi rst leaves and the transformation of the seed 
into seedling, being the plant able to performing 
self-adjustment. Morphological or physiological 
adjustments, presented by plants under stress, 
allow them to maintain their metabolism and 
promote the conditions that enable growth even 
under continued stress (Bohnert et al. 1995).

Figure 2. Mean temperature of 12 seeds of Sesbania virgata, as a function of time at all concentrations of CuO NPs 
(< 50 nm) compared with the control (0 mgL-1). * Signifi cant difference (t-test, p < 0.05, n = 12).
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Stationary fl uorescence

The stationary fl uorescence measurements were 
performed on cotyledons, the fi rst leaves that 
emerge from the embryo. The samples presented 
two emission bands in the red and far-red range, 
when excited at 405 nm, with peaks at 685 and 
735 nm, respectively. These fl uorescence bands 
are due to the Chl molecules present in the 
photosystem II and photosystem I, located in the 

thylakoid membranes of chloroplasts (Mishra & 
Gopal 2010). Based on the spectrum, an increase 
in fl uorescence intensity of Chl was observed 
with treatment at 100 and 200 mgL-1 CuO NPs 
and a suppression at the concentrations of 300 
and 400 mgL-1, when compared with the control 
(H2O Milli-Q). These results are presented in 
Figure 5. These results may be attributed to 
the consumption of chlorophyll molecules as 

Figure 4. (a): Means of Fm’ of 12 seeds of Sesbania virgata, as a function of time, after soaking for 12 h in an 
aqueous solution of 0, 100, 200, 300 and 400 mgL-1 CuO NPs (< 50 nm). * Signifi cant difference (t-test, p < 0.05, n = 
12). (b): NPQ’ means of 12 seeds of Sesbania virgata as a function of time after being exposed to 0, 100, 200, 300 
and 400 mgL-1 CuO NPs (< 50 nm). * Signifi cant difference (t-test, p < 0.05, n = 12).

Figure 3. Fm’ and NPQ’ images, 120 h after soaking in 0, 100, 200, 300 and 400 mgL-1 of CuO NPs, obtained by means 
of chlorophyll a fl uorescence imaging.
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reserves, because as this ratio increases, the 
concentration of chlorophyll is lower, owing to 
the selective re-absorption of red relative to 
far-red fl uorescence by chlorophyll molecules 
(Cerovic et al. 1999, Caires et al. 2010). In a study 
with rice (Oryza sativa L.) exposed to CuO NPs 
under hydroponic condition, it was showed a 
reduction of the pigment content in the leaves, 
including chlorophyll a, chlorophyll b, and 
carotenoids. According to the authors, CuO 
NPs, especially at a concentration of 250 mgL-

1, affected the growth and development of rice 
seedlings, probably due to oxidative damage 
and disturbance of chlorophyll and carotenoid 
synthesis (Yang et al. 2020). 

The fl uorescence ratio F685/F735 provides 
information about the physiological state and 
the chlorophyll content of plants (Buschmann 
2007). This relationship is used to quantify the 
maximum effi ciency of PS II. In the analysis of 
the chlorophyll content, the fl uorescence ratio is 
an indicator of oxidative stress (Lu et al. 2000). 
The analysis of F685/F735, i.e. the fl uorescence 
intensity of the characteristic peaks of 
chlorophyll a (in Figure 5a and 5b), shows that 
there were changes in the chlorophyll content 

of seeds treated with CuO NPs, differences were 
not signifi cant.

Root size

The analysis of the average root length of 12 
seeds of S. virgata germinated with CuO NPs 
demonstrated that there was a root length 
inhibition.  An average length of 18.6 and 18.9 
mm was determined to the roots subjected to 
the CuO NPs at 100 and 200 mgL-1, respectively. 
These results show a signifi cant reduction of 
the root length (t-test, p < 0.05, n = 12) when 
compared to the control group (H2O), which 
presented an average length of 23.4 mm. At 
the higher concentrations of 300 and 400 mgL-

1, roots had an average length of 21.2 mm and 
19.9 mm, respectively, which showed a reduction 
in the length of the roots, but there was no 
signifi cant difference (t-test, p < 0.05, n = 12) 
when compared to the average of the root of 
the control group (H2O). A representative image 
showing the root length inhibition is shown 
in Figure 6. The present findings corroborate 
previous studies showing that, when subjected 
to stress induced by nanoparticles, plants tend 

Figure 5. (a) Fluorescence intensity of seeds of Sesbania virgata treated with different concentrations of CuO NPs, 
with 405 nm excitation, at 120 h of germination; (b) F685/F735 ratio according to the CuO NP concentration, with 
excitation at 405 nm and 120 h of germination.
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to decrease the size of the shoot or the root 
(Rousseau et al. 2013). Other authors corroborate 
to the present phytotoxicity observation. For 
instance, Pelegrino et al. (2020) described the 
effects of the CuO NPs on Lactuca sativa L. They 
observed that CuO NPs over 40 mg-1 inhibited 
the seed germination and root growth. Yang, et 
al. (2020) evaluated the phytotoxicity of CuO NPs 
(sized <50 nm) in rice (Oryza sativa L.), under 
hydroponic condition. They showed seven days 
of exposure to 62.5, 125 and 250 mgL-1 of CuO 
NPs significantly suppressed the growth rate 
of rice seedlings compared to the control. In 
addition, physiological indexes associated with 
antioxidants, including membrane damage and 
antioxidant enzyme activity, were also detected.

The results obtained in experiments with 
CuO NPs on seeds of S. virgata showed that 
the values of Fm‘ and NPQ’ increased during 
germination, as expected, as the photosynthetic 
apparatus is still developing; however, when 
evaluating and comparing with control seeds, 
only NPQ’ increased. The fact that non-
photochemical quenching does not increase 
dissipation was evident when we analysed the 
temperature plot as a function of time, since 
there was an increase in the temperature of the 
seeds with CuO NPs, especially in the period 
of 72 h, as shown in Figure 2 and Figure 4. This 
fact may indicate that seeds are dissipating 
energy in the form of heat, mainly due to 

the process of oxidative stress that produces 
free radicals, which are oxidant species that 
induce oxidative reactions and heat dissipation 
(Junfei et al. 2017, Müller et al. 2001). As for the 
chlorophyll content of the cotyledon leaves of 
S. virgata, after 120 h of germination, there was 
an increase in chlorophyll fluorescence intensity 
in photosystem II at lower concentrations 
of nanoparticles and a suppression of 
chlorophyll activity at higher concentrations 
of nanoparticles, which suggests that CuO NPs 
were able to penetrate the seeds. In a study 
on pumpkin plants (Cucurbita maxima) grown 
in an aqueous medium containing iron oxide 
nanoparticle, the plants were able to absorb, 
translocate and accumulate nanoparticles in 
plant tissues (Zhu et al. 2008). When analysing 
the F685/F735 ratio (Figure 4b) although this 
value was higher for the seeds treated with 
CuO NPs, there was no significant difference in 
relation to the other treatments.

This more intense activity may possibly 
relate to a lower concentration of nanoparticles 
in solution with less surface activity of the 
nanoparticles available for induction of 
oxidative stress in situ. As the concentration of 
nanoparticles increases, there is a tendency for 
agglomeration to occur, with a loss of surface 
area and reduction in the reactivity of metallic 
nanoparticles due to the decrease in surface 
area and reactivity; furthermore, agglomeration 

Figure 6. Size of root at Sesbania virgata, with different concentrations of CuO NPs. Photo: Eliene Santos.
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inhibits permeation in the body. Plants block the 
channels and/or reduce the intensity of oxidative 
stress reactions with a consequent reduction 
in the production of radical species, which 
are strong oxidants. In view of the foregoing, 
the suppression of chlorophyll in plants of S. 
virgata may related to the NP-induced inhibition 
of biochemical processes of plants, causing 
changes in their photosynthetic activities and, 
for this reason, decreased fluorescence yield 
of dissipated chlorophyll. With regard to root 
development, we observed a decrease in length 
at all concentrations of NPs when compared to 
the control, with significant differences in the 
treatments at 100 and 200 mgL-1.

CONCLUSION

The present investigation showed that CuO NPs 
caused a significant alteration in the temperature 
of the seeds and a reduction in the root length 
of the seedlings, indicating metabolic damage 
and changes in energy dissipation and plant 
growth. The data demonstrated that all observed 
changes promoted by NPs were concentration-
dependent. Nevertheless, it is important to stress 
that, for all tested concentrations of NPs, our 
results also revealed a trend of plant recovery 
after 72 h of NPs exposition. Based in these 
findings, we can conclude that the formation and 
operation of the photosynthetic apparatus of the 
seedlings were impacted when submitted to CuO 
NPs, which affects the development and growth 
of the plants, especially the root development. 
In summary, the present study demonstrates 
that NPs affect the photosynthetic performance 
of the S. virgata seedlings, which indicates that 
CuO NPs may present a potential risk to plant 
organisms. Finally, our results also suggest that 
the non-invasive optical techniques have great 
potential to be applied as analytical tools for 

detecting physiological impact of NPs on plants 
during their early stage of development.
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