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Abstract

As nanoparticles are increasingly incorporated into consumer products and specialized areas, the need to study their
toxicity and the importance of caution in their use are becoming more evident. The use of these novel materials in the
automotive industry is causing increased nanoparticle emissions into the atmosphere, sparking concerns due to recent
toxicology reports. Detecting and characterizing nanostructured atmospheric pollutants represent a complex task that
alternative methods like genotoxic bioindicators may overcome. Ricinus communis was selected as a model plant to
describe the genotoxic effect of air-dispersed nanostructured materials, using comet assay to evaluate the DNA damage
by exposure to ZnO and CuO nanoparticles (ZnO-NPs, CuO-NPs), and total chlorophyll was determined to correlate
the results. The plants were exposed for 1.25 h by nebulizing dispersions of the nanoparticles, and their effects were
evaluated at 24 h and 5 days after exposure. Time was essential in demonstrating the DNA damage induced by lower
levels of CuO-NPs and ZnO-NPs, which showed more significant damage after 5 days than bulk materials. In both com-
pounds (CuO and ZnO), significant differences were observed in the comparison of their nanoscale and their bulk form,
which confirms that the lower size of the nanoparticles presents a more significant genotoxic potential. In the scanning
electron microscopy (SEM) micrographs, the accumulation of nanoparticles was observed near the stomata. The study
demonstrated the viability of the comet assay as a sensitive tool both to assess DNA damage from ZnO-NPs and CuO-
NPs on R. communis as a bioindicator and to investigate the potential risks of emerging nanomaterials, emphasizing the
need for caution in their use.
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Introduction

Air pollution is a significant issue caused by various natural
and anthropogenic sources, including the automotive sector
(Dong et al. 2021). While the industry is seeking low-cost,
efficient, and sustainable materials (Ibrahim et al. 2016) that
can leverage various thermal, optical, magnetic, and electri-
cal properties (Abrica-Gonzalez et al. 2018), it is important
to ensure that the use of these materials does not contribute
to additional pollution.

As such, researchers are studying the environmental
impact of these new nanomaterials, including potential emis-
sions during production and disposal (Maynard et al. 2006).
Metal oxides like MnO, ZnO, CuO, and TiO, are among the
most commonly used additives that can potentially reduce the
environmental impact of the automotive industry by improv-
ing fuel efficiency and reducing emissions (Yuvarajan et al.
2018). However, their environmental impact must be closely
examined through careful evaluation and monitoring due to
the possible presence of emerging contaminating materials
such as nanoparticles. The presence of metallic nanoparticles
in the atmosphere has increased mainly due to the automo-
tive sector (Rabajczyk et al. 2020; Rai 2016). The develop-
ment of new nanostructures is continually increasing both the
quantity and diversity of nanoparticles in the environment,
potentially leading to severe environmental consequences if
left unchecked (Calderén-Garcidueiias et al. 2022).

While toxicological reports on these materials are avail-
able, certain ones have found utility in agricultural practices,
such as their application as fertilizers. These substances
exhibit the potential to enhance growth and nitrogen fixa-
tion. However, they come with inherent drawbacks, includ-
ing their tendency to bioaccumulate within seeds and leaves
(Siddiqi and Husen 2017), resulting in adverse impacts on
germination (Lee et al. 2010). Furthermore, their possible
internalization through stomata has been observed (Lv et al.
2019). Considering this, we deemed it essential to delve into
the genotoxic effects of ZnO and CuO on plants following
leaf exposure via nebulization, a process where a fine mist
of the nanoparticle solution is sprayed onto the plant leaves.
This approach was selected to emulate the naturally occur-
ring way of leaf exposure to airborne nanoparticulate con-
taminants, as these pollutants could plausibly be conveyed
through droplets originating from air humidity and mist.

Using plants as bioindicators has emerged as an effective
complementary tool for assessing the genotoxic potential
of environmental contaminants. The selection of the best
plant species is a critical challenge, as different plant species
respond differently to environmental pollutants (Khalid et al.
2019). Plants not only enable the detection of harmful con-
centrations of pollutants in soil and air but also provide valu-
able insights into changes in the bioavailability and behavior
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of these compounds within plant tissues. The attributes that
make plants excellent biomonitors include their high sen-
sitivity to pollutants, bioaccumulation capacity, and most
importantly, their rapid growth and reproduction. These last
highlight the urgency of our work in understanding and miti-
gating the effects of environmental contaminants, and the
ability to express various biomarkers that reflect exposure
to and the effects of toxic agents (Rai 2016; Asif et al. 2018;
Swislowski et al. 2022). The fundamental challenge that
highlights the significance of our work is identifying the best
plant species to use because different plant species respond
differently to environmental pollutants (Khalid et al. 2019).

Several plant species, including Taraxacum officinale,
Lepidium sativum, Arabidopsis thaliana, and Medicago sativa,
have been utilized as model organisms to assess the toxicologi-
cal impact of nanoparticles (Slomberg and Schoenfisch 2012;
Raklami et al. 2021; Abrica-Gonzélez et al. 2023; Mosenoka
et al. 2024). Ricinus communis, a potential game-charger in
the field, is reported to be an effective biomonitoring plant
(Mendes et al. 2015; Khalid et al. 2019), but its response to
nanoparticulate atmospheric emissions has not been investi-
gated previously. R. communis is a very adapted exotic invasive
species with many applications, including traditional medi-
cine and oil production (Lomash et al. 2010). It has even been
used to synthesize nanoparticles to test its activity against both
microbial pathogens and cancer cell lines, with interest in the
potential use in drug and DNA delivery (Abdul et al. 2018).
The plant seeds have been tested as indicators of tolerance to
Cd and Pb and can be potentially used for phytoremediation of
contaminated areas (de Souza Costa et al. 2012).

Part of the success of this plant is due to its high tol-
erance to highly contaminant environments, like in urban
areas, where vehicle traffic has become the most significant
source of air pollution. It is the main factor contributing to
the bad air quality in cities, where exposure to particles with
diameters below 1 mm is raising concerns, as they are more
easily incorporated through respiration (Dailey et al. 2003).
R. communis is a good bioindicator of genotoxicity and bio-
accumulation near roadsides because it is a significant plant
species from an environmental perspective (Khalid et al.
2019). Furthermore, plants have been shown to provide
adequate results for various environmental parameters, such
as air pollution and soil contamination (Baker et al. 1994).

Notably, it is essential to find potential plant species that
can be used to evaluate the status of bad air quality and
trends related to the health of humans. However, it is impor-
tant to consider that the results may vary depending on the
type of pollutant, and careful consideration should be given
to selecting appropriate plants for a given situation (Muth-
usaravanan et al. 2018).

The alkaline comet assay introduced by Singh et al. (1988)
is a versatile and highly sensitive technique to evaluate



Environmental Science and Pollution Research (2025) 32:18461-18477

18463

genotoxic damage in individual cells. As plant cells have a
wall, Gichner and Plewa (1998) developed a very efficient
mechanical method for isolating nuclei from the leaves of
Nicotiana tabacum. Evaluating genotoxicity in plants using
the comet assay is a useful complement to conventional phy-
totoxicity indicators such as chlorophyll content. Its ability
to detect DNA strand breaks and oxidative damage makes
it a reliable and cost-effective technique for assessing the
effects of nanomaterials and environmental pollutants, thereby
enhancing the practicality of ecotoxicological research. Its
use has expanded notably in ecotoxicological research, par-
ticularly in studies involving nanoparticles and metal oxides,
with plant species like Taraxacum officinale proving to be
effective models (Cortés-Eslava et al. 2018). Considering the
above mentioned, the aim of this work is to evaluate Ricinus
communis as a bioindicator of potential contaminants in urban
areas (CuO-NPs and ZnO-NPs), evaluate its toxic and geno-
toxic effects with the comet assay on these plants, and analyze
its possible bioaccumulation inside its leaves.

Materials and methods
Sources of chemicals

Copper oxide nanopowder (<50 nm, Prod. No. 544868),
zinc oxide nanopowder (<50 nm, Prod. No. 677450), cop-
per oxide powder (< 10 um, 98%), zinc oxide powder (<5
pm particle size), ethidium bromide, low melting point aga-
rose (LMPA), potassium dichromate, and sodium hydroxide
were acquired from Sigma Aldrich (Mexico). Normal point
melting agarose (NMPA), ethylenediaminetetraacetic acid
(EDTA), and tris(hydroxymethyl)aminomethane were pur-
chased from Invitrogen (Mexico) ultraPURE. All CuO and
ZnO nanoparticles and bulk powders were diluted in dis-
tilled water, and the solutions were sonicated for 2 h before
each experiment. All glassware was thoroughly washed with
aqua regia and rinsed with Milli-Q water to avoid metal con-
tamination before use.

Size and {-potential of nanoparticles

The morphology of ZnO-NPs and CuO-NPs was character-
ized by atomic force microscopy (AFM) (Innova, Bruker);
samples were prepared by dispersing the solutions in alco-
hol at a concentration of 1 ppm and left to dry over a glass
substrate adhered to the microscope stub with double-sided
carbon tape. SEM micrographs were used to obtain the size
distribution histograms; nanopowders were mounted on
SEM stubs with double-sided carbon tape, and micrographs
were obtained with an accelerating voltage of 20 kV.

For UV-vis absorption spectroscopy, both studied nano-
particles were dispersed in Milli-Q water at a concentration

of 50 mg/L and sonicated for 30 min; samples were pro-
cessed in a Cintra 1010 (GBC Scientific Equipment) with
standard 10 mm quartz cells. Optical properties: Zeta poten-
tial, hydrodynamic diameter, and polydispersity index (PDI)
were obtained with a Malvern Zetasizer Nanoseries (Mal-
vern, UK) at room temperature, using DTS1060 capillary
cells (Malvern Panalytical Ltd).

Plants exposure to nanoparticles

The utmost care was taken in the plant exposure process,
including the use of 115 kHz ultrasonic piezoelectric
ceramic nebulizers (Zibo Yuhai Electronic Ceramic, China)
and the adaptation of the nebulizers to the cap of 100 mL
glass vials to ensure the accuracy of our results. The outlet
of nebulizers was placed directly over the perforations at
the top of custom-built nebulization chambers with dimen-
sions of 600 x 300 X 400 mm, allowing the exposure of two
plants per box (Fig. 1). R. communis secondary branches
were cut by the stem (15 cm from the stem to the leaf, three
leaves by stem) from healthy wild plants and sent imme-
diately for adaptation to laboratory conditions according
to the described by Misik et al. (2011). To preserve the
physiological state of the cuts, they were kept under con-
trolled conditions of light and temperature, and the water
was maintained with constant aeration to avoid stressing
them. Stems were placed in glass vials with tap water for
24 h, with 12 h light/12 h dark at room temperature before
starting treatment inside the chamber. Plant exposure was
performed by nebulizing the prepared dispersions of CuO-
NPs and ZnO-NPs in distilled water. Test treatments (Bulk
ZnO, CuO, and ZnO-NPs, and CuO-NPs) were dispersed
in distilled water at 50, 100, 200, and 800 mg/L concentra-
tions and sonicated before nebulization. Studies previously
conducted on the application of CuO and ZnO nanoparti-
cles in plants served as the basis for selecting the concen-
trations. Distilled water and potassium dichromate solu-
tion (0.05 M) were used as negative and positive controls,
respectively. The outflux of each nebulizer was assessed,
resulting in a steady flow of 0.04 L/H consisting of 5 pm
droplets that form a cone of 20°. A single exposure was
performed for each concentration and type of compound.
Each exposure was performed with 50 mL of treatment
dispersion per vial, nebulizing a total of 100 mL within
the 72 L chamber; treatments were administered for 1.25
h each. Three independent repetitions were conducted,
each using a different pair of plants for every concentra-
tion tested. Following each exposure cycle, the chamber
remained sealed for about 2 h to allow the mist to settle.
At the end of each cycle, the chambers were thoroughly
cleaned. All plants were maintained in water with continu-
ous aeration until used in the respective experiments. A
datalogger (CR1000, Campbell Scientific), with humidity,
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Fig. 1 Nebulization chamber design. Two nebulizers were adapted at the top of the PMMA box

temperature, and pressure transducers, was used to register
the atmospheric data inside the chamber. Distinct cham-
bers were dedicated to each treatment type (copper, zinc
and both controls), maintaining a controlled and isolated
experimental environment. The plants were analyzed 24 h
and 5 days after exposure.

@ Springer

Comet assay

The comet assay was performed under dim light conditions
to minimize the potential influence of light on the results.
All solutions, instruments, and glassware were stored at 4
°C before use and kept on ice during the procedure. Nuclei
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from 0.5 X4 cm sections of plant leaves were extracted by
making perpendicular cuts concerning the primary vein with
a cold razor blade inside tilted Petri dishes so that the nuclei
could be collected by precipitation in the cooled buffer solu-
tion (350 pL of 0.4 M Tris buffer, pH 7.5). This thorough
procedure ensures the validity of the genotoxicity assess-
ment, so that 50 pL of the nuclei suspension was added to
50 pL of 1% low melting point agarose (LMPA) at 40 °C,
and was gently mixed. Next, 75 pL of the mixture was placed
on a coverslip and immediately overlapped onto the micro-
scope slide, previously covered with 0.5% normal melting
point agarose, ensuring the avoidance of any bubble forma-
tion. The coverslip was carefully removed after placing the
slide on a cold surface for 5 min for the agarose to solidify.
Finally, the preparation was covered with a protective layer
of 75 pL of LMPA at 37 °C (Gichner 2003).

The slides were incubated in electrophoresis buffer
(300 mM NaOH, 1 mM EDTA; pH> 13) at 4 °C for 15 min
to unwind DNA, followed by electrophoresis at 0.7 V/cm
(25 'V, 300 mA) for 20 min. Afterward, the slides were neu-
tralized by rinsing with Tris 0.4 M three times for 5 min
each, then fixation in pure ethanol for 5 min. The slides were
then left to dry overnight. Staining was performed using
ethidium bromide (20 pg/mL). The nuclei were observed
under an epifluorescence microscope (Axiostar Plus Carl
Zeiss) with an excitation filter of 515-560 nm and a barrier
filter of 590 nm. At least 50 nuclei per slide and three slides
were analyzed for each experiment. Image analysis was con-
ducted using Comet Assay IV software, recording the tail
length (um), tail intensity (% of DNA in comet tail), and tail
moment parameters.

SEM micrographs

Following plant exposure, the presence of nanoparticles on
leaf surfaces was examined using low vacuum scanning elec-
tron microscopy (LV-SEM) (Quanta 250 FEG, FEI Thermo
Fisher Scientific) mounting fresh cuts of leaves (previously
washed with running water and sonicated for 5 min) in SEM
stubs with double-sided carbon tape. The obtained micro-
graphs were carried out at a pressure of 0.4 to 0.5 mbar, an
accelerating voltage of 15 kV, and a working distance of
10.5 mm. Elemental analysis was obtained with the SEM EDS
(energy dispersive X-ray spectroscopy). One advantage of
using low vacuum scanning electron microscopy (LV-SEM) is
that the samples remain unaltered during preparation, and the
vacuum does not affect the surface morphology of the leaves.

Spectrophotometry analysis
To obtain the chlorophyll content per weight, we used 90%

acetone to extract chlorophyll from the plant leaves five days
after exposure and measured the absorbance of the extracts

at 664.5 nm and 647 nm using VE 722-2000, Velab. The
solid content was weighed after drying the same leaves used
for extraction. Finally, we calculated the chlorophyll content
using Eq. 1:

Totalchl = 179 A647 + 808 A664A5 (1)

Chlorophyll quantification results were statistically
analyzed by two-way ANOVA, comparing concentrations
within each pair of treatments, ZnO vs ZnO-NPs, and CuO
vs CuO-NPs.

Statistical analysis

A statistical analysis of total chlorophyll content was per-
formed using two-way ANOVA, considering the effects
of concentrations and treatment. Three-way ANOVA was
employed to compare the genotoxic effect of each pair
of ZnO and CuO treatment sets in both bulk and nano
form. The treatments (ZnO vs ZnO-NPs or CuO vs CuO-
NPs), concentrations (negative control, 50, 100, 200, and
800 mg/L, and positive control), and time (24 h after treat-
ment and 5 days after treatment) were treated as factors. A
statistically significant result was considered when p <0.05.

Results and discussion
Size and {-potential of nanoparticles

The AFM data was analyzed to determine nanoparticle
diameter by measuring the particle’s height peaks against
the substrate. The mean diameter of CuO-NPs was found
to be 31.986+9.172 nm and 52.666 + 11.823 nm for ZnO-
NPs. Figure 2 shows AFM micrographs of CuO-NPs (Fig. a)
and ZnO-NPs samples (Fig. 2b), along with the correspond-
ing height profiles of representative particles (Fig. 2c, d)
and histogram of frequencies (Fig. 2e, f), respectively. The
measured diameters of both types of nanoparticles align with
the nominal diameter reported by the manufacturer, which
is <50 nm.

Figure 3 shows the SEM micrographs of both studied
nanoparticles CuO-NPs (Fig. 3a) and ZnO-NPs (Fig. 3b)
with their respective elemental analysis (Fig. 3c, d), exhib-
iting the peaks corresponding to Cu and Zn.

The UV—-Vis spectrum of CuO-NPs (Fig. 3e) exhibits a
characteristic peak at 391 nm, which confirms the presence
of CuO-NPs (Navada et al. 2020; Sharaf Zeebaree et al.
2021), and the UV-Vis spectrum of ZnO-NPs, which was
scanned from 300 to 700 nm (Fig. 5f), exhibits a character-
istic peak at 365 nm. This peak corresponds to the charac-
teristic absorption of ZnO-NPs, and it is blue-shifted from
the absorption peak of bulk ZnO at 376 nm (Miri et al.
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Fig.2 AFM micrographs of CuO-NPs (a) and ZnO-NPs samples (b), corresponding height profiles of representative particles (c), (d), and histo-

gram of frequencies (e), f, respectively

2019). The mean hydrodynamic diameter value for CuO-
NPs was 239.20 nm and for ZnO-NPs 251.19 nm with a
polydispersity index of 0.341 and 0.381, respectively. The
mean zeta potential of CuO-NPs at—17.6 mV suggests bet-
ter stability than ZnO-NPs, which presented a mean zeta
potential of +7.44 mV (Hou et al. 2017; Nabila and Kanna-
biran 2018). Previous reports suggest nanoparticle stability
as indicated by the zeta potential is closely related to toxic-
ity (Lv et al. 2019; Rotini et al. 2017). Specifically, higher
zeta potential values, such as those found for ZnO-NPs, are
often associated with greater toxicity due to increased par-
ticle aggregation and potential cellular uptake.

Comet assay

To determine the genotoxic potential of CuO and ZnO nan-
oparticles, as well as their bulk counterparts, the alkaline
comet assay was employed for detecting DNA damage, par-
ticularly strand breaks and other lesions that are converted
into strand breaks under alkaline conditions. To achieve
a rigorous quantification of the extent of induced genetic
damage, the following analytical parameters were selected:
tail length, tail intensity, and tail moment, in accordance
with the methodological guidelines described by Koppen
et al. (2017), Mgller et al. (2020), and Collins et al. (2023).
Figure 4 displays representative comet assay images illus-
trating the extent of DNA damage observed at a 100 mg/L
concentration (central row), including negative and positive
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control (leftmost and rightmost columns, respectively). The
high DNA damage at 100 mg/L for ZnO-NPs and CuO-NPs,
like that of the positive control, is visually evident and is
confirmed by the values obtained by digital image analysis.
This visual confirmation highlights the significant relevance
of the findings.

Figure 5 summarizes the tail length results in plants
exposed to ZnO and CuO compounds. The three-way
ANOVA for ZnO treatments (bulk and nano) did not show
an interaction among all factors; however, a significant inter-
action was observed between treatment and concentration,
as well as between concentration and time. No concentration
of bulk ZnO induced significant damage compared to the
negative control. In contrast, 100 and 200 mg/L of ZnO-NP
caused significant damage relative to the negative control,
without considering the effect of time due to the absence of
a three-way interaction among the factors.

The three-way ANOVA for the tail length of CuO data
presented a triple interaction of factors, allowing the consid-
eration of the effect of time. CuO-bulk treatment after 24 h
presented a significant difference against negative control
for 200 and 800 mg/L concentrations, and CuO-NPs pre-
sented a significant difference only at 100 mg/L. However,
there is no statistically significant difference between the
treatments within this time value. After 5 days of treatment,
a significant difference can be found between the bulk and
nano forms of CuO treatments, with a higher effect for CuO-
bulk at 200 mg/L and 100 mg/L for CuO-NPs, confirming
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Fig. 3 Elemental analysis and SEM micrographs (insets) of ZnO and CuO nanoparticles accumulated inside the stomata

that the nanoparticulate form of materials plays an important
role. At 100 mg/L and 200 mg/L, Zn exhibited significantly
different effects between the bulk and nano treatments.
Tail intensity results, shown in Fig. 6, are of significant
relevance. The three-way ANOVA reports a triple interaction
between factors for both ZnO and CuO pair of treatments

(bulk and nano forms). Tail intensity, which showed better
sensitivity for this research, reports significant differences
against the negative control for all the tested concentrations
of ZnO-NPs, for the CuO 200 and 800 mg/L at 24 h, and
for the three higher concentrations of CuO-NPs at 5 days of
treatment for both cases. The difference in the effect of the
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Fig.4 Summary of representative comets images at 100 mg/L against controls. Negative control (a), ZnO-NPs (b), CuO-NPs (c), and positive

control (d); 24 and 5 days after exposure

nanoparticulate form is more evident for ZnO-NPs 5 days
post-treatment, as there was a significant difference between
treatments for 50, 200, and 800 mg/L; the significant dif-
ference between CuO treatments (nano vs. bulk) was found
only at 200 mg/L after 5 days. These findings underscore the
relevance of our research in toxicology and nanotechnology.

Figure 7 shows the box plots of the tail moment, grouped
by type of treatment. Three-way ANOVA reported significant
interaction between treatments and concentrations, as well as
concentration and time for both ZnO and CuO treatments. Data
showed no triple interaction between factors. The effect in the
tail moment for ZnO-NPs presented a statistically significant
difference against negative control for all the evaluated con-
centrations, suggesting higher toxicity than ZnO-Bulk which
presented no statistically significant difference against negative
control for any of the evaluated concentrations. The ANOVA
results of CuO treatments suggest lower sensitivity to CuO-
NPs, as the statistically significant difference against negative
control was presented only by 100 mg/L and 200 mg/L. How-
ever, it is interesting to note that even CuO-bulk presented a
significant difference at a concentration of 200 mg/L. Com-
parisons among concentrations and treatments at specific times
are not possible since there was no triple interaction of factors
as reported by ANOVA. The effects of Zn between bulk and
nano treatments presented significant differences at concentra-
tions of 100 mg/L and 200 mg/L, confirming the significant
contribution of the nanoparticulate form of the material to
DNA damage against its bulk counterpart; the same case is
presented between CuO bulk and nano treatments at the same
concentrations. This may confirm the higher stability of the
nanoparticulate form at these two specific concentrations.

All the results obtained by the comet assay show a higher
response to concentrations of 100 and 200 mg/L than the
results obtained for 800 mg/L. This difference may be due to
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the instability of highly concentrated nanoparticle dispersions
leading to agglomeration and precipitation before uptake.
The significant differences found between nano and bulk
forms of treatments confirm the potential damage caused by
the pollution of nanostructured materials and the importance
of performing further studies. These findings show the sig-
nificant effect of nanoparticle stability and concentration on
plant health and the environment, highlighting the impor-
tance of our research in this field.

A comprehensive examination of the genotoxic effects of
CuO nanoparticles indicated that this increased DNA strand
breaks, exhibiting a higher level of damage compared to
their bulk counterpart. Moreover, it was observed that DNA
damage increased in a concentration-dependent manner
until reaching a threshold, beyond which the genotoxicity
decreased, possibly due to nanoparticle aggregation, which
would reduce their bioavailability. Additionally, DNA dam-
age intensified over time following exposure to the treatment.
Previous studies using RAPD analysis have reported that CuO
nanoparticles can induce genetic damage in various plant
models, such as Cucumis sativus and Hordeum vulgare (Mosa
et al. 2018; Petrova et al. 2021). Similarly, in Vicia pannonica,
chromosomal aberration assays have demonstrated that these
nanoparticles can cause chromosomal breaks and bridge for-
mations (Tasar 2024); these findings may correlate with the
comet assay results observed in the present study. Given that
copper can participate in Fenton-type reactions and gener-
ate reactive oxygen species, it is plausible that the observed
damage is, at least in part, the result of oxidative stress on the
DNA (Fidalgo et al. 2013). Collectively, these results support
the genotoxic potential of CuO nanoparticles.

Besides, ZnO-NPs exhibited genotoxic behavior comparable
to that observed with copper oxide nanoparticles, evidenced by
increased DNA damage and a higher number of strand breaks
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compared to their bulk form. Genetic damage increased in a
concentration-dependent manner, reaching a threshold after
which it plateaued. Moreover, this damage intensified signifi-
cantly five days after exposure. Several studies have documented
that ZnO NPs induce micronuclei formation and DNA breaks
in plant models such as Allium cepa, Vicia faba, and Nicotiana
tabacum. Consistently, ZnO nanoparticles have been shown to
cause significantly more genetic damage than their bulk forms,
highlighting the increased toxic potential associated with the
nanoscale (Ghosh et al. 2016). These implications call for fur-
ther research and careful consideration using ZnO nanoparticles.

Additionally, RAPD analyses have shown that ZnO NPs
compromise DNA integrity (Plaksenkova et al. 2020). While
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bulk ZnO is involved in the regulation of antioxidant enzymes,
its nanoparticle form has been reported to promote the genera-
tion of hydrogen peroxide (H,0,), which, through Fenton-type
reactions, produces reactive oxygen species capable of induc-
ing oxidative DNA damage (Marreito et al. 2017; Belal and
Gad 2023). These findings confirm that ZnO nanoparticles
have a higher genotoxic potential than their bulk counterparts,
likely mediated by mechanisms related to oxidative stress.

SEM micrographs

Nanoparticles were observed on the surface of R. commu-
nis leaves (Fig. 8) for both CuO-NPs (Fig. 8a inset) and
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Fig.6 Box plots for the distribution of tail intensity results in R. com-
munis exposed to ZnO and CuO (bulk and nano forms) after 24 h and
5 days of treatment. The symbol & indicates a significant difference

ZnO-NPs (Fig. 8b inset). ZnO-NPs exhibited more signifi-
cant agglomeration on the leaf surface than CuO-NPs, align-
ing with higher reported toxicity in comet assays. Despite
Zn0O’s widespread use in fertilizers, this agglomeration may
contribute to toxicity as it has been documented to accumu-
late in leaves and seeds (Siddiqi et al. 2017). Agglomeration
near the stomata may restrict their opening upon internaliza-
tion, a known cause of toxicity (Lv et al. 2019). The pres-
ence of Cu and Zn in the accumulated particles near the
stomata was confirmed through EDS analysis, potentially
inducing internalization. Consistent with prior research,
nanoparticle internalization through stomata may lead to
DNA damage (Uzu et al. 2010; Zhao et al. 2017; Vecetova
et al. 2019). The Cu mass percentage at the point shown in
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against negative control (C-), within treatment and time. & indicates
differences between treatments within concentration and time

Fig. 8a was 27.9%, while the Zn mass percentage measured
at the point shown in Fig. 8b was 1.4%. The remaining con-
tents mainly comprised C and O from the organic composi-
tion of samples, the low-working vacuum, and the mounting
tape. EDS spectra for leaves exposed to the negative control
revealed Cu mass percentages below 0.1% and Zn below
0.01%, likely representing natural plant micronutrients. In
all cases, other elements (F, Ca, Cl, K, Mg) were present
at very low percentages, with high percentages of Si due
to soil dust and sand sediments. EDS analysis of samples
exposed to bulk materials showed lower Cu and Zn contents,
approximately 1.46% and 0.11%, respectively.

Stomata, essential components of plant physiology, play
a crucial role as highly sensitive structures in response to
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Fig.7 Box plots for the distribution of tail moment results in R.
communis exposed to ZnO and CuO (bulk and nano forms) after 24
hours and 5 days of treatment. (C-) negative control (C-), (C+) posi-
tive control (C+). * Indicates significant difference against negative

stress caused by exposure to heavy metals. The accumula-
tion of these elements, facilitated by biogeochemical cycles,
induces significant alterations in stomatal morphology and
functionality, directly impacting vital physiological pro-
cesses such as transpiration and gas exchange (Guo et al.
2023). Our research, along with various studies, have shown
that in environments with high concentrations of heavy met-
als, these elements tend to deposit on the leaf surface, from
where they can penetrate the plant interior through the sto-
mata and subsequently accumulate in different plant tissues
(Salih and Aziz 2019). This dynamic is consistent with the

control, without considering time. * Indicates a significant difference
between bulk and nano treatments within concentration without con-
sidering time

observations in Fig. 8, which shows an accumulation of nan-
oparticles near the stomata, suggesting a potential internali-
zation process that could contribute to the genotoxic damage
detected, as indicated by the DNA alterations observed. Fur-
thermore, the same figure clearly illustrates that the stomata
begin to exhibit signs of partial or complete closure. This
phenomenon is closely linked to an increase in the concen-
tration of abscisic acid (ABA), a key phytohormone known
as the “stress hormone.” Under adverse conditions, such as
exposure to and internalization of heavy metals, the accumu-
lation of ABA promotes turgor loss in guard cells, inducing
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Fig.8 Elemental analysis and SEM micrographs (insets) of ZnO and CuO nanoparticles accumulated inside the stomata
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stomatal closure as an adaptive strategy to reduce water loss
(Xiong et al. 2019). These findings open intriguing possibili-
ties for further research and potential applications in plant
physiology and environmental science.

Spectrophotometry analysis

Figure 9 summarizes chlorophyll quantification 5 days
post-plant exposure. ZnO-NPs induced severe chlorosis at
200 mg/L, aligning with maximum DNA damage results
reported by comet assay compared to CuO-NP treatment.
Two-way ANOVA revealed a significant interaction between
concentration and treatment for ZnO vs. ZnO-NPs and CuO
vs. CuO-NPs. All concentrations differed significantly from
negative and positive controls within each treatment. For
ZnO-NPs, chlorosis was similar across concentrations, except
for controls and 50 mg/L vs. 100 mg/L, and 50 mg/L vs.
800 mg/L. The DNA damage induced by NPs likely reduces
chlorophyll synthesis and structural gene expression for pho-
tosystem I, impacting photosynthesis efficiency. Metal ion
complexation with phytochelatins may disrupt metal uptake
and cellular metal homeostasis pathways (Adhikari et al.
2020). In the case of CuO-NPs, high chlorosis at the highest
concentration may result from Cu-induced chemical chloro-
phyll degradation (Zhao et al. 2017). Considering the valu-
able insights from chlorophyll content and genotoxic effects,
further studies should assess carotenoid levels as important
reactive oxygen species scavengers (Adhikari et al. 2020).

The pronounced chlorophyll decline induced by CuO-NPs
and ZnO-NPs may also be linked to thylakoid stacking reduc-
tion and thylakoid membrane damage (Da Costa et al. 2020).

Previous research suggests that nanoparticle stability can
affect their toxicity in plants. Aggregated and unstable nano-
particles may cause local effects, such as physical obstruction
of the xylem or alteration of the root microbiome (Buzea and
Pacheco 2017), while smaller and more stable nanoparticles
may have a higher potential for uptake and translocation in
plant tissues, resulting in systemic toxicity that affects plant
growth and development (Zhu et al. 2008; Wang et al. 2011;
Larue et al. 2012a, b). Our study, which involved nebulized
nanoparticles that primarily reached the plant leaves, supports
these findings. The results provide insight into the effects of
nanoparticle bioaccumulation in leaves and highlight the need
for further investigation into the mechanisms underlying nan-
oparticle toxicity in plants, which are not yet fully understood.

The results reflect the genotoxic effects induced by acute
exposures and represent a starting point for designing new
experimental strategies for a more comprehensive environmen-
tal risk assessment. While this type of acute testing constitutes
a fundamental tool in regulatory toxicology, oriented toward
protection of human health and the environment, the growing
concern over the chronic toxic effects of chemical compounds
highlights the pressing need to adopt more sustainable and
preventive approaches. Continuous or repeated exposure to
low levels of pollutants in environmental matrices can have
cumulative consequences, affecting both non-target organisms

Fig.9 Total chlorophyll. Bars:
ZnO-NPs and CuO-NPs. Control (-)
Scatter-lines: Controls and bulk 1000 + =1 ZnO-NPs @ ZnO
treatments BN CuO-NPs —y- CuO
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and the stability of ecosystems. In this context, it is essential
that genotoxicity assays expand their applicability in ecologi-
cal risk assessment by incorporating the ability to detect and
characterize genotoxic effects resulting from prolonged expo-
sures, which may last for months or even years, depending on
the characteristics of the biomonitor used (Macko et al. 2021).

Conclusions

Comet assay was demonstrated to be sensitive in detecting
the genotoxic effect of ZnO-NPs and CuO-NPs, finding
significant differences where the rest of the tests were not
sensitive enough. LV-SEM allowed the detection of bioac-
cumulated nanomaterials near the stomata, suggesting the
probable internalization through leaves as one of the main
ways of toxicity. These findings validate R. communis as a
bioindicator for genotoxicity caused by nebulized ZnO-NPs
and CuO-NPs. The tested concentrations that induced sig-
nificant DNA damage can be a reference for future studies
involving other metal oxide nanoparticles and their inter-
action with leaf surfaces, particularly concerning stomatal
accumulation, which plays a crucial role in nanoparticle tox-
icity. The comet assay demonstrated significant differences
among most tested concentrations, highlighting its sensitiv-
ity in evaluating nanoparticle toxicity with plants. The tail
length, tail intensity, and tail moment parameters should all
be considered, offering valuable information that depends on
bioindicator sensitivity and material characteristics.

R. communis presented high resistance to the effects of
ZnO-NPs and CuO-NPs as reported by total chlorophyll
assessment, presenting higher tolerance to CuO treatments in
its nano and bulk form. The chlorosis results indicated sub-
stantial damage to photosynthesis efficiency by exposure to
ZnO-NPs compared to the negative control. The high chloro-
sis of CuO-NPs and CuO-bulk at 800 mg/L exhibited the most
significant chlorosis, possibly due to direct chlorophyll degra-
dation via CuO interaction. Concentration-dependent chloro-
sis is evident, with important ecotoxicological implications.

Notably, DNA damage induced by lower concentrations
of CuO-NP and ZnO-NP increased over time. This find-
ing emphasizes the necessity for extended studies on the
genotoxic effects of metal oxide nanoparticles, employing
different bioindicators and accounting for potential species-
specific tolerance variations to various particle types.

Given that nanomaterials exhibit unique physicochemical
properties, such as dynamic agglomeration, a high surface-to-
volume ratio, prolonged environmental persistence, and the
ability to translocate between biological compartments and
tissues, it is crucial to develop and implement standardized toxi-
cological assessment protocols that take these distinct behav-
iors into account. Conventional toxicology, based on paradigms

@ Springer

designed for macro- or molecular-scale chemical compounds, is
not always suitable for predicting the potential effects of nano-
particles on organisms and ecosystems. Therefore, only through
methodological approaches adapted to the nanoscale—which
integrate both acute and chronic studies, as well as in vitro,
in vivo, and environmental simulation models—will it be pos-
sible to robustly and realistically assess the emerging risks
associated with the increasing use of nanomaterials in natural
and biological systems. This adaptation is essential to ensure
responsible and informed management of nanotechnological
development, aligning with sustainability and environmental
protection principles, and to mitigate the potentially severe risks
that come with the increasing use of nanomaterials.
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