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Abstract Nanoparticles are rising worries because
of recent reports about potential toxicity amid the
incorporation of these emerging materials into con-
sumer products, and industrial and scientific appli-
cations. New developments in the automotive indus-
try are incorporating novel materials, which have
increased the emission of nanoparticles into the
atmosphere. To overcome the difficulty of detect-
ing and characterizing atmospheric nanoparticles,
alternative methods have been proposed, just as the
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indirect detection and characterization with bioindi-
cators. We report the use of Taraxacum officinale as
a sentinel organism to describe the effects of atmos-
pheric nanostructured pollutants. ZnO and CuO
nanoparticles (ZnO-NPs, CuO-NPs) were selected
for this study, as they are two of the most present
nanomaterials in the emerging automotive industry.
The physiological effect on Taraxacum officinale
exposure to ZnO-NPs and CuO-NPs was evaluated
through growth rate, and total chlorophyll content;
and comet assay was performed to evaluate the DNA
damage. The exposure of plants was made by nebu-
lizing dispersions of the nanoparticles. The exposure
to ZnO-NPs presented the maximum DNA damage at
a concentration of 100 mg/L. The DNA damage by
both studied nanoparticles showed a significant dif-
ference against its bulk counterparts. Scanning elec-
tron microscopy (SEM) micrographs showed an accu-
mulation of nanoparticles near the stomata. The study
demonstrated the feasibility of T officinale as a bioin-
dicator of air-related nanoparticles toxicity, and the
high sensitivity of the comet assay for this approach.

Keywords Bioindicators - Comet assay - DNA
damage - Pollution - Toxicity
1 Introduction

Air pollution in megacities is strongly influenced by
topography, meteorology variables, and a wide range
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of natural and anthropogenic sources, with the auto-
motive sector accounting for the largest share of emis-
sions (Dong et al., 2021). Particularly in the automo-
tive industry, there is a demand and need to produce
low-cost, efficient, and sustainable materials (Ibrahim
et al., 2016), with nanotechnology being one of the
most promising resources since it can improve differ-
ent thermal, optical, magnetic, and electrical proper-
ties of the material (Abrica-Gonzalez et al., 2018).
Metal oxides such as MnO, ZnO, CuO, and TiO,
are used as additives (Yuvarajan et al., 2018), and it
has been reported that nanoparticles of CuO, ZnO,
TiO,, and MgO, Al,O; improve thermal conductiv-
ity (Shafique & Luo, 2019). Moreover, with the rise
of electric vehicles and renewable energy sources, the
use of CuO and ZnO nanoparticles has increased for
the development of specialized lubricants and super-
capacitors for solar cells and energy storage (Khan
et al., 2019; Kumar et al., 2020; Rahman & Myo
Aung, 2021; Shah et al., 2022).

The emission of nanoparticles by the automo-
tive sector has resulted in damage to living beings
and ecosystems (Coelho et al., 2012), with negative
effects such as tissue inflammation, cytotoxicity, oxi-
dative stress, DNA damage, neurological problems,
and other diseases (Shafique & Luo, 2019). The quan-
tification of nanomaterials dispersed in the environ-
ment is complex, and on the other hand, the evalua-
tion of their effects on life beings and ecosystems is
a problem scarcely addressed. Previous studies have
shown that remote sensing can be used to assess the
environmental impact of mining facilities by analyz-
ing green cover loss, by comparing the normalized
difference vegetation index (NDVI) and normalized
difference red edge index (NDRe) values from dif-
ferent periods (Cetin et al., 2022a). However, these
studies have been limited in their ability to identify
the specific types of pollutants that are causing the
damage. One way to overcome this limitation is to
use plants as bioindicators to detect a wide range of
environmental pollutants. The utilization of bioindi-
cators represents one of the most effective approaches
for assessing the impacts of pollutants on biodiversity
and the species inhabiting ecosystems (Parmar et al.,
2016). This is particularly relevant in urban environ-
ments where the presence of heavy metals, such as
Al, Cd, Cr, Cu, Fe, Mn, Ni, Pb, Zn, and Co, has been
identified through the utilization of plants as bioin-
dicators (Cortés-Eslava et al., 2023; Gémez-Arroyo
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et al., 2018a, b; Martinez-Pérez et al., 2021). These
findings have been further supported by soil analysis
(Bozdogan Sert et al., 2019; Cetin et al., 2022b, c).
Additionally, plants have proven to be valuable tools
in estimating indoor air quality, even in indoor envi-
ronments where air quality can pose risks to human
health and quality of life due to the presence of par-
ticulate matter (PM) or elevated concentrations of
CO, (Cetin, 2016a). Studies have shown that plants
can indirectly estimate the concentration of indoor
particulate matter, further highlighting their poten-
tial as bioindicators (Van Dyck et al., 2019). Given
the complexity of the behavior of nanoparticles in
the environment, plants are a good option for the
study of their toxicity, as the exposition may occur
by direct foliar absorption, as reported by Zhao et al.
(2017) in a study where submerged leaves contrib-
uted to most of the NPs internalization, or through
the roots, followed by translocation across different
tissues (Lv et al., 2019; Tripathi et al., 2017). Regard-
less of the exposure mechanism, when nanoparticles
end up inside plants or cells, they produce differ-
ent toxic effects that cause abnormal behavior (Cox
et al., 2016). They can cause mitochondrial dam-
age, as has been observed with carbon nanotubes, or
impair permeability as with metallic NPs (Karlsson,
2010); most of the effects caused by NPs in cells refer
to oxidative stress (Martinez et al., 2020). Another
factor that may contribute to the uptake of metallic
nanoparticles by plants is the presence of unsaturated
porous media, where interactions at the air—water-soil
interfaces play important roles (Morales et al., 2011).
Mostly with the presence of humic and fluvic acids
that contribute to the retention of colloidal nanopar-
ticles through the formation of stable complexes,
confirming the importance of the study of airborne
nanoparticles with plants as bioindicators (Adamc-
zyk-Szabela et al., 2021).

While some metal oxides have been utilized in the
development of fertilizers and have shown potential
for improving growth and nitrogen fixation capac-
ity, it is relevant to consider that they can also lead
to bioaccumulation in seeds and leaves (Siddiqi &
Husen, 2017). Adverse effects on germination have
been reported (Lee et al., 2010), and the internali-
zation of nanoparticles through stomata has been
observed (Lv et al., 2019). Given these concerns, we
investigated the potential genotoxic effects of ZnO
and CuO nanoparticles in plants following exposure
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to leaves through nebulization. This approach mim-
ics a naturally occurring process in which plant leaves
are exposed to airborne contaminant nanoparticles
transported through atmospheric humidity and mist.
Recent investigations in situ have shown that in rainy
seasons, the humidity in the environment can contrib-
ute to the internalization of particulate matter through
the stomata (Gémez-Arroyo et al., 2018b). For this
reason, our investigation focuses on the exposure of
plants to nanoparticles in nebulized aqueous disper-
sion at different concentrations in contrast to the same
components in their non-nanometric form.

Much of the research on ZnO-NPs and CuO-NPs
effects reports oxidative stress (Mukherjee et al.,
2014; Wei & Wang, 2013), damage to vacuoles
(Pokhrel & Dubey, 2013), and reduced root length
(Ma et al., 2010a, b). Despite knowing these effects,
the mechanism is still not clear, although, depend-
ing on the dimensions of the NPs, the dynamics of
particle distribution through different plant struc-
tures have barely begun to be characterized (Wang
et al., 2013, 2016), that is why we found important
to study the effects of plants leaves exposure to air-
borne nanoparticles. Among other factors, concen-
tration plays an important role; studies on soil have
reported that at low concentrations (around 50 mg/
kg), ZnO-NPs have favorable effects on plants. On the
contrary, concentrations higher than 500 mg/kg can
be harmful. Moreover, the aggregation and agglom-
eration of nanomaterials make it difficult to analyze
the presence of nanomaterials in the environment,
and although there are indications that most end up
in aquatic environments (Lin et al., 2010), mainly as
a result of a bad design of urban landscapes where
particles are dragged by runoff storm water (Cetin,
2013), their presence in the atmosphere has raised
concern. Currently, there are no studies that directly
report the concentration of ZnO or CuO nanopar-
ticles in the atmosphere. Several researchers report
the presence of metals indirectly (Dzierzanowski
et al., 2011; Gémez-Arroyo et al., 2018a, b; Lv et al.,
2019). Usually, the reports provide the weighted mass
concentration of Zn or Cu, that may not be enough
for the assessment of the effect of metal oxide nano-
particles in the environment, as the diameter of this
kind of nanoparticles may play a remarkable role due
to the higher number concentration and surface area
(Bystrzejewska-Piotrowska et al., 2009). Since there
is little instrumentation for this type of determination

and given the complexity of capturing and character-
izing particles smaller than 100 nm from the atmos-
phere, the use of plant leaves has been proposed as a
tool for nanoparticle determination. Some researchers
have already verified the feasibility of this method,
reporting better results with small leaves and com-
plex topology, as well as those with trichomes, epi-
cuticular wax, or superficial ridges (Lv et al., 2019).
Other studies have shown that the proper selection of
certain plant species as bioindicators depends on the
type of contaminant to be monitored and the growing
environment (Cetin & Asghar Jawed, 2021), being
able to detect the presence in the atmosphere of heavy
metals such as Ba, which has been previously denied
(Cetin & Asghar Jawed, 2022). One of the advantages
of using plant leaves as bioindicators is that in almost
every type of landscape there can be found plants that
are tolerant to harsh conditions and pollutants. For
the case of urban areas, the developing of landscapes
with green spaces provides the enhancement of qual-
ity of live, and can be useful for the monitoring of
the quality of the environment with the help of Geo-
graphic Information Systems (GIS), even improving
the tourism potential of ancient cities, forest areas,
and coastal areas (Cetin, 2015a, b, 2016b). After
selecting suitable plants species as bioindicators and
a viable methodology, environmental conditions may
be evaluated as a complimentary methodology from
the traditional monitoring stations.

This paper proposes the use of Taraxacum offici-
nale as a bioindicator of the toxicity of metal oxide
nanoparticles, by exposing plants to nebulized dis-
persions of ZnO and CuO nanoparticles in a closed
chamber. This plant species can act as a good bioindi-
cator due to its high tolerance to harsh environmental
conditions and that it can be found widespread, also
it presents a relatively high tolerance to toxic sub-
stances and low sensitivity to cumulated substances
(Degorska, 2013). As a first approach, the phytotox-
icity can be determined successfully by the measure-
ment of total chlorophyll content and growth rate, but
changes in these parameters may be due to different
responses of the internal regulators of plants (Khataee
et al., 2017), that it is important to incorporate meth-
ods more focused on DNA damage, finding in comet
assay one of the best options, considering the high
sensitivity of the method to detect DNA strand breaks
or oxidative DNA lesions (Karlsson, 2010). Comet
assay has been suggested as a good screening test for
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the safety evaluation of nanomaterials, when used
with biomarkers of oxidative damage to DNA (Karls-
son, 2010), particularly with plant models like Tarax-
acum officinale. Comet assay test is a low-cost well-
stablished protocol that has been used since 1990,
capable of evaluating single or double strand DNA
breaks at single cell level, including cross-linked pro-
tein-DNA with high reproducibility. Recently, the use
of comet assay has significantly increased in the study
of genotoxicity and mutagenicity induced in plants,
for ecotoxicological approaches, as in the detection of
environmental agents, and in the characterization of
carcinogenic metals (Cortés-Eslava et al., 2018). The
use of comet assay is increasing to evaluate the toxic-
ity of nanomaterials, as these emerging contaminants
have been related to DNA strand breaks and bioaccu-
mulation. In particular, the alkaline comet assay has
demonstrated great utility in assessing the effects of
nanoparticles and metal oxides (Santos et al., 2015).

2 Methods

Normal melting point agarose (NMPA), EDTA (Eth-
ylenediamine-tetraacetic acid, disodium salt 2H,0),
and tris(hydroxymethyl)aminomethane (Tris) were
purchased from Invitrogen ultraPURE. Low melting
point agarose (LMPA), copper oxide nanopowder
(<50 nm, Prod. No. 544868), zinc oxide nanopow-
der (<50, Prod. No. 677450), copper oxide powder
(<10 pm, 98%), zinc oxide powder (<5 pm parti-
cle size), ethidium bromide, potassium dichromate,
and sodium hydroxide, were purchased from Sigma-
Aldrich. All glassware was washed with aqua regia
(HCI: HNO; 3:1 v/v) to remove any trace of met-
als. Taraxacum officinale plants were collected and
adapted to laboratory conditions for one month, with
12 h light/12 h dark at 25 °C. Plants with rosette
diameters of 10 and 15 cm were selected for exposure
to nebulized solutions of ZnO, ZnONPs, CuO, and
ZnONPs in the designed exposure chamber.

Bulk ZnO and CuO, as well as ZnO-NPs and CuO-
NPs, were dispersed in distilled water at concentra-
tions of 50, 100, 200, and 800 mg/L as treatments for
plant exposure. Distilled water and potassium dichro-
mate solution (0.05 M) were used as the negative and
positive control, respectively. All solutions were soni-
cated for 2 h before each experiment.

@ Springer

2.1 Nanoparticle Characterization

The optical properties of the nanoparticles used
for exposure were obtained by UV-vis absorption
spectroscopy (Cintra 1010, GBC Scientific Equip-
ment) with standard 10 mm quartz cells. Zeta poten-
tial, hydrodynamic diameter, and polydispersity
index (PDI), of both ZnO-NPs and CuO-NPs, were
obtained by Dynamic Light Scattering (DLS) with
a Malvern Zetasizer Nanoseries (Malvern, UK) at
room temperature, using DTS1060 capillary cells
(Malvern Panalytical Ltd). The morphology of ZnO-
NPs and CuO-NPs was characterized by scanning
electron microscopy (SEM) (JSM-6390LV, JEOL,
Japan). Nanopowders were mounted on SEM stubs
with double-sided carbon tape, and micrographs were
obtained with an accelerating voltage of 20 kV and
working distance of 8.5 mm.

2.2 Plant Exposure

Cost-effective ~ nebulization ~ chambers were
designed to expose plants to each treatment by
nebulization. The chambers were custom built as
600%x300x400 mm boxes of 4 mm thick poly
(methyl methacrylate) (PMMA) sheets, allowing the
exposure of two plants per box (Fig. 1a). The nebu-
lizers were adapted at the top of the boxes, aligned
with the long axis, 150 mm from each side. 115 kHz
ultrasonic piezoelectric ceramic nebulizers (Shenzhen
Electronics) were adapted to the cap of 100 mL glass
vials (Fig. 1b), and the outlets of nebulizers were
placed in a way that each plant gets a symmetrical
and homogeneous exposure from the same distance
and flow direction.

The dispersions of CuO-NPs and ZnO-NPs in dis-
tilled water were nebulized inside the chamber for
plant exposure, as well as solutions of bulk CuO and
ZnO at the same concentrations as references, nega-
tive control, and positive control. The outflux of each
nebulizer was characterized, obtaining a flow of 0.04
L/H of 5 um droplets, forming a nebulizing spray
cone of 20° (Fig. 1C). Each exposure was performed
with 50 mL of treatment dispersion per vial, for a
total of 100 mL nebulized inside the chamber whose
total volume is 72 L. Each treatment lasted 1.25 h,
after completely emptying both vials. A different pair
of plants were used for each type of treatment and for
each repetition, for a total of three repetitions. After
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Fig. 1 Nebulization chambers build with PMMA sheets. a Two nebulizers were adapted at the top of the PMMA box. b Piezoelec-

tric ceramic nebulizers at the cap of vials. ¢ Nebulizers setup

each exposure run, the chamber was left closed until
precipitation of the mist (approximately 2 h). Cham-
bers were washed thoroughly at the end of each run.

Atmospheric data inside the chamber were regis-
tered with a datalogger (CR1000, Campbell Scien-
tific), with humidity, temperature, and pressure trans-
ducers. Separate chambers were used for each type of
treatment.

2.3 Bioaccumulation

After plant exposure, the accumulation of nanoparti-
cles over plant leaves, and the internalization trough
stomata were investigated by low vacuum scanning
electron microscopy (LV-SEM) (Quanta 250 FEG,
FEI Thermo Fisher Scientific). The leaves were pre-
pared directly after exposure without treatment to
avoid samples contamination or loss of material from
the surface. Fresh cuts of leaves of 0.5 mmXx0.5 mm
were mounted in SEM stubs with double-sided car-
bon tape, obtaining micrographs at a pressure of
0.4 to 0.5 mbar, accelerating voltage of 15 kV, and
working distance of 10.5 mm. Elemental analysis
was obtained with the incorporated EDS detector.
The advantage of the use of low vacuum SEM is that
the samples are not modified after preparation, and
the vacuum does not modify the morphology of the
leaves surface.

2.4 Comet Assay

Comet assay was performed to evaluate the genotox-
icity of plants exposed to nebulized nanoparticles.
Three slides were prepared from each repetition, to
obtain more than 100 nuclei per experiment.

2.4.1 Isolation of Nuclei from Leaves

All solutions, instruments, and glassware were stored
at 4 °C before use and kept on ice during the proce-
dure. The comet assay was performed in a darkroom
with dim red light. Leaf sections of 0.5x4 cm were
placed in glass Petri dishes (of 60 mm) with 350 pL.
cold 0.4 M Tris buffer (pH 7.5); the Petri dishes were
kept tilted so that the nuclei could be collected by pre-
cipitation in the buffer solution after making the cuts
perpendicular to the primary vein with a cold razor
blade. Each sample was prepared by adding 50 pL
of the nuclei suspension to 50 pL of 1% low melting
point agarose (LMPA) at 40 °C and mixing gently.
Subsequently, 75 pL of the mixture was placed on a
coverslip to immediately overlap the slide (previously
covered with 0.5% normal melting point agarose)
avoiding the formation of bubbles. For the agarose to
solidify, the slides were placed on a cold surface for
5 min, and the coverslip was removed. Finally, cover
the preparation with a protective layer of 75 pL of
0.5% LMPA at 37 °C (Gichner & Plewa, 1998).
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2.4.2 DNA Unwinding and Electrophoresis

The slides with the nuclei were incubated for
15 min with freshly prepared alkaline buffer
(300 mM NaOH, 1 mM EDTA, pH> 13) to allow
the DNA to unwind. Subsequently, the electropho-
resis was performed in darkness, with the slides in
a horizontal chamber during 20 min at 25 V and
300 mA, at 4 °C. After this, the slides were rinsed
three times in a neutralization buffer (Tris 0.4 M)
for 5 min each and were placed in ethanol for 5 min
for fixation.

To observe the nuclei, an epifluorescence micro-
scope (Axiostar Plus Carl Zeiss) with an excitation
filter of 515-560 nm and a barrier filter of 590 nm
was used. Staining was done with ethidium bromide
(2 pg/mL). At least 50 nuclei per slide and three
slides per experiment were analyzed. The Comet
Assay IV (Perceptive Instruments) software was
used for image analysis and the following param-
eters were used for described DNA damage: tail
moment, tail intensity (%), and tail length (um).

Comet assay results were analyzed by three-way
ANOVA for each pair of ZnO and CuO treatment
sets, being the bulk and nano forms, the normality
of data was confirmed with the Shapiro-Wilk test.
The three considered factors were 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 treatment and
5 days after treatment), p < 0.05 was considered sta-
tistically significant.

2.5 Growth Rate and Chlorophyll

The total surface area of plant rosettes was calculated
by image analysis with ImageJ software. The relative
growth rate was calculated by dividing the measured
area 5 days after exposition by the area after 24 h.
The content of chlorophyll per weight was obtained
by extraction from 5 day-exposed plant leaves with
90% acetone (Meyer); absorbance was measured at
664.5 nm and 647 nm (VE 722-2000, Velab), before
drying, and weighing the leaves. Chlorophyl content
was calculated according to Eq. 1:

total chl = 17.9 Agy; + 8.08 Ageu s (1)
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Two-way ANOVA was used for the results of
total chlorophyll content, taking concentration and
each pair of treatment sets as factors, ZnO vs ZnO-
NPs and CuO vs CuO-NPs.

3 Results and Discussion
3.1 Nanoparticle Characterization

Figure 2 shows the SEM micrographs for both stud-
ied nanoparticles CuO-NPs (Fig. 2a), and ZnO-NPs
(Fig. 2b), along with the size distribution histograms
(Fig. 2e and f, respectively). Mean diameters are
63.504 nm and 52.894 nm for CuO-NPs and ZnO-
NPs, respectively. UV-Vis spectrum of ZnO-NPs
(Fig. 2d), scanned from 300 to 800 nm, shows a
characteristic peak at 362 nm that corresponds to the
characteristic absorption of ZnO-NPs, blue shifted
from the absorption peak of bulk ZnO at 376 nm
(Miri et al., 2019). For CuO-NPs (Fig. 2¢), UV-Vis
spectrum shows a characteristic peak at 390 nm that
confirms the presence of CuO-NPs (Navada et al.,
2020; Sharaf Zeebaree et al., 2021). Table 1 summa-
rizes the characterized properties of CuO and ZnO
nanoparticles.

The more negative zeta potential of CuO-NPs sug-
gests better stability than ZnO-NPs (Nabila & Kan-
nabiran, 2018). It has been reported before that the
toxicity of oxide metal nanoparticles increases with
the stability of the dispersion (Lv et al., 2019; Rotini
etal., 2017).

3.2 Plant Exposure

Each exposure was performed for 75 min, for each
treatment or nanoparticle dispersion, until emptying
the pair of 50 mL treatment vials at a medium flow
rate of 0.04 L/h. The maximum relative humidity
inside the chamber reached 98.7%, with an external
temperature of 17 °C and an internal temperature
of 18 °C. The obtained droplets of 5 um with incor-
porated nanoparticles are of great interest because
they may form part of the respirable percentage of
aerosolized droplets (Dailey et al., 2003). Five days
after plant exposure, black stains could be observed
in some parts of the leaves exposed to CuO-NPs and
white stains in those exposed to ZnO-NPs, confirm-
ing the accumulation of nanomaterial on the surface.
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Fig. 2 SEM micrographs of CuO-NPs (a) and ZnO-NPs (b), with the respective UV-Vis spectrums, with absorption peak at 390 nm
for CuO-NPs (c), and at 362 nm for ZnO-NPs (d). SEM diameter distribution histograms for CuO-NPs (e) and ZnO-NPs (f)

Table 1 Physicochemical

s of Farticles Diameter (nm) Hydrodynamic  Polydispersity  Zeta potential (mV)
propertle.s of ZnQ and CuO - diameter (nm) index (PDI)
nanoparticles Nominal — SEM
CuO-NPs 50 nm 63.50+16.78 22043 0.320 —18.33
ZnO-NPs 50 nm 52.89+14.46  223.00 0.366 8.15
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3.3 Comet Assay

Figure 3 shows a summary of representative images
of nuclei of Taraxacum officinale with different DNA
damage obtained from comet assays for each treat-
ment at two different times (rows), and all tested
concentrations (columns) for each treatment, includ-
ing negative and positive control. The higher intensi-
ties obtained by digital image analysis correspond to
100 mg/L for ZnO-NPs and 200 mg/L for CuO-NPs.
Three-way ANOVA of tail moments for ZnO
and ZnO-NPs assays showed double interaction
between factors, with statistically significant dif-
ference between treatments (ZnO, ZnO-NPs) and
concentrations (negative control, 50, 100, 200, and
800 mg/L, positive control), treatments and time
(24 h, and 5 days), and concentrations and time
(Fig. 4). The significant difference between treat-
ments confirms that the effects of plant exposure
to Zn differs when the material comes in nanomet-
ric form (Fig. 4a). The effect of each concentration
within both treatments showed a significant differ-
ence against the positive control, except for ZnO-
NPs at 100 mg/L which presented no significant
difference, corresponding with the concentration

Control (-)

Control (-) CuONPs
'Y

CuONPs

100 mg/L

that presented the maximum DNA damage, almost
as toxic as this control. The comparison against
negative control, suggest that the toxicity of ZnO-
NPs is higher than that of ZnO, showing a signifi-
cant difference for all concentrations, where ZnO
only showed a difference against negative control
at 800 mg/L. The analysis was similar for CuO and
CuO-NPs (Fig. 4b), with no significant difference
for all concentrations within CuO against negative
control, and significant difference between treat-
ments, confirming again the effects of the same
material when presented in the nanometric form. In
the same way, CuO-NPs suggest greater DNA dam-
age when compared to bulk CuO treatment, with
a significant differences against negative control
for all concentrations from 100 mg/L. Comparison
among concentrations within treatment and time is
not possible since there was no triple interaction of
factors. The effects of both ZnO-NPs and CuO-NPs
treatments presented significant differences against
their corresponding bulk counterparts at concen-
trations of 50, 100, and 200 mg/L, confirming the
contribution of nanoparticles characteristics to
DNA fragmentation. It is also likely that the aggre-
gation of particles at higher concentrations when

200 mg/L 800 mg/L

Control (+)

Control (+)

CuONPs

Control (+)

Control (+)

Fig. 3 Summary of representative comet assay images for each experiment set. Higher tail intensity is clearly visible for treatments
at 100 mg/L for ZnO-NPs, 200 mg/L for CuO-NPs, and positive controls
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Fig. 4 Genotoxicity results 12 —— a
(tail moment) in Taraxacum = ZEO 5 days
officinale after exposure to 10 | mmmm ZnO-NPs 5 days *
ZnO-NPs (a), and CuO-NPs - === ZnO-NPs 24 h
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Control (-)

interacting with the media reduces the effect of the
nanometric form, as there were no significant differ-
ences at 800 mg/L.

Figure 5 summarizes the results of tail intensity
(% tail DNA). Three-way ANOVA reported statisti-
cally significant interaction among the three factors:
treatment, concentration, and time, for ZnO-NPs
and ZnO, allowing the interpretation of interactions
among concentrations, considering the variation of
treatment and time; this comes as an important fact
to consider the importance of reporting not only one
parameter of the comet assay. There was no signifi-
cant difference in tail intensity values among the dif-
ferent concentrations within bulk ZnO treatment
at 24 h, in contrast to ZnO-NPs treatment (Fig. 5a),
which reported significant differences for all concen-
trations with respect to the negative control, suggest-
ing the genotoxic effects of the nanoparticles shortly
after the exposure. 5 days after exposure (Fig. 5b), the
effects on plants treated with ZnO presented a signifi-
cant difference at 800 mg/L, ZnO-NPs treatment still
showed a significant difference at 100 and 200 mg/L,
but not at 50 and 800 mg/L. This suggests a reduction

CuO "CuO-NPs

800

CuO "CuO-NPs
Control (+)

CuO CuO-NPs

50

CuO CuO-NPs CuO CuO-NPs

100 200
Concentration (mg/L)

in effects due to agglomeration of nanoparticles at the
highest concentration, considering that their negative
charge may be modified in the presence of organic
matter (Keller et al., 2010), and presumably, that due
to the lower effects at lower concentrations the DNA
may be successfully repaired (Santos et al., 2015).
Despite ZnO is an essential micronutrient for
plants, at excessive concentrations becomes toxic
(Adhikari et al., 2020), as reported from the results
at 5 days of exposure at 800 mg/L; ZnO-NPs at this
same concentration may not present a significant
toxicity due to the agglomeration and precipitation
before uptake. CuO-NPs and CuO presented no triple
interaction between factors, so significant differences
are not labeled in the radar plot (Fig. 5c, d). None
of the concentrations of CuO presented a significant
difference against negative control, in contrast with
CuO-NPs, where all concentrations but 50 mg/L pre-
sented significant differences, suggesting higher tox-
icity due to the properties of nanoparticles. In con-
trast to ZnO-NPs, the significant effect of CuO-NPs
is still observed at a concentration of 800 mg/L after
5 days, suggesting better stability in accordance with
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Fig. 5 Radar plot for tail intensity results of ZnO treatments
after 24 h (a), and after 5 days (b), and CuO treatments after
24 h (c), and after 5 days (d). C Indicates significant difference

zeta potential results. The statistically significant dif-
ference between the effects of bulk and nano cases for
both CuO and ZnO at a concentration of 100 mg/L
is always kept after considering the variation of the
rest of the factors (time and concentration). Confirm-
ing again the importance of considering the potential
damage caused by the pollution of nanostructured
materials in comparison with the same materials in
bulk form.

Figure 6 summarizes the results of tail length.
There is statistically significant interaction among the
three factors for ZnO and ZnO-NPs; data shows no
significant difference for any concentration against
negative control for neither ZnO or ZnO-NPs treat-
ments at 24 h after exposure (Fig. 6a), but after 5 days
(Fig. 6b), there is statistically significant difference
for ZnO-NPs treatment at concentrations of 100, 200,
and 800 mg/L. This may be explained by the fact that,
in general, tail length presents high values when DNA
breaks into pieces of single-stranded DNA of shorter
lengths, corresponding to the long-term genotoxic

@ Springer
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significant difference between treatments

effects when higher number of breakages are present,
this suggests the importance of studying the long-
term effects of ZnO-NPs. Just as the data of tail inten-
sity, ANOVA of CuO and CuO-NPs data presented
no triple interaction between factors for tail length
(Fig. 6¢, d), none of the concentrations of CuO pre-
sented significant difference against negative control,
and CuO-NPs, presented a significant difference for
100 and 200 mg/L, confirming higher toxicity against
its bulk counterpart.

These results confirm the sensitivity of comet
assay for the evaluation of genotoxicity of airborne
ZnO and CuO nanoparticles with Taraxacum offici-
nale as a bioindicator. The tail moment is a good
parameter for the comparison of DNA damage
between nano and bulk forms at different concentra-
tions, and the tail intensity and tail length may be
used to further describe genotoxic effects over time.
All results confirm higher genotoxic effects of the
nanoparticulate forms of CuO and ZnO treatment
compared to their corresponding bulk counterpart,
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Fig. 6 Radar plots for tail length results of ZnO treatments
after 24 h (a), and after 5 days (b), and CuO treatments after
24 h (c), and after 5 days (d). C Indicates significant difference

except at the higher concentration, where the effect
of nanoparticles treatments is not significant different
due to the low stability of nanoparticles dispersions
at high concentrations, in accordance with previous
results (Jo et al., 2012; Landsiedel et al., 2009). The
statistically significant differences between stable
dispersion of nanoparticles against bulk materials or
unstable dispersions are confirmed too (Park et al.,
2014).

Being the taill moment a more general param-
eter for the evaluation of genotoxicity, the three-way
ANOVA results showed no triple interaction between
treatments, concentration, and time; allowing only
the description of significant differences among con-
centrations within treatments, excluding the effect of
time; that is why, as reported in this work, it’s recom-
mended to include at least one of the other parameters
obtained by the analysis of the comet assay images,
i.e., tail intensity or tail length. As the statistical anal-
ysis of tail length and tail intensity results showed in

a b
100 mg/L 50 mg/L 100 mg/L 50 mg/L
=== ZnO-NPs
i
= Zn!
24 h treatment 5 days treatment
200 mg/L Tail length (UM) controf () 200 mgiL ail length (Um) o 4ro) (-
0406080100 0406080100
/ \‘ ‘\
800 mg/L Control (+) 800 mg/L Control (+)
c 100 mg/L 50 mg/L d 100 mg/L 50 mg/L
=== CuO-NPs
-
== Cul
24 h treatment 5 days treatment
200 mg/L Tail length (UM) 6ol (-) 200 mgiL \Tail length (1m) o470 ()
40 60 80 100 A  VaulalalWas
800 mg/L Control (+) 800 mg/L Control (+)

against negative control within treatment and time. * Indicates
significant difference between treatments

this work, Taraxacum officinale exhibited a higher
genotoxic effect when exposed to ZnO and ZnO-NPs
treatments; hence, significant interaction among the
three tested factors was found, allowing the analysis
of DNA damage considering the differences among
concentrations for each treatment at specific times.
This allows us to infer a successful DNA repair
after the exposure at ZnO-NPs treatment at 50 and
800 mg/L after 5 days, since the differences of these
concentrations against negative control are not sig-
nificant, in contrast to the result obtained after 24 h
where all concentrations were significantly different.
The higher DNA damage induced by ZnO-NPs
at 100 mg/L and CuO-NPs at 200 mg/L reported by
the tail intensity parameter of the comet assay could
be explained by the uptake of nanoparticles through
the leaves after the dissociation in the media as ions,
forming complexes with organic compounds or caus-
ing oxidative stress (Adhikari et al., 2020). Other
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«Fig.7 SEM micrographs of stomata from leaves exposed to
CuO-NPs (a), ZnO-NPs (d), and negative control (g). Points
for EDS analysis for CuO-NPs (b) and ZnO-NP (e). EDS anal-
ysis displayed significant Cu (¢) and Zn (f) peaks for leaves
exposed to CuO-NPs and ZnO-NPs, respectively. Neither Cu
nor Zn peaks are shown for the EDS of negative control sam-
ples (h)

be due to vacuole damage (Pokhrel & Dubey, 2013),
and root length reduction (Ma et al., 2010a, b).

3.4 LV-SEM

Nanoparticles are observed at the surface of Taraxa-
cum officinale leaves (Fig. 7) for both CuO-NPs
(Fig. 7a) and ZnO-NPs (Fig. 7b) samples. ZnO-
NPs showed higher agglomeration at the surface of
leaves when compared to CuO-NPs, in accordance
with the higher toxicity reported by comet assay.
This may contribute to toxicity, as even when ZnO
has been widely used in the formulation of fertiliz-
ers, it has been reported bioaccumulation in leaves
and seeds (Siddiqi & Husen, 2017). Both CuO-NPs
and ZnO-NPs are found more frequently near the
stomata (a, b and c, d, respectively), which reduce
their aperture when particles internalize; this has
been reported before as an important cause of toxic-
ity (Lv et al., 2019). Accumulation of agglomerates
can be observed inside stomata (g, h), where the pres-
ence of Cu and Zn are confirmed by EDS analysis (i,
j» and k, 1, respectively); this may induce internaliza-
tion. Following previous results, DNA damage may
be induced by the internalization of nanoparticles
through the stomata (Uzu et al., 2010; Vecdefova et al.,
2019; Zhao et al., 2017). Moreover, the impact of this
internalization may be exacerbated under high atmos-
pheric humidity conditions, which promote stomatal
opening and increased nanoparticle intake. In situ
studies have demonstrated this effect when comparing
the results between rainy and dry seasons (Gémez-
Arroyo et al., 2018b; Martinez-Pérez et al., 2021).

Zn mass percentage was 5.51%, measured at the
point shown in Fig. 7i, and Cu mass percentage was
2.38%, measured at the point shown in Fig. 7k; the
rest of the contents include mainly C and O, from
the organic composition of samples, the low work-
ing vacuum, and the mounting tape. EDS spectra
recorded at samples of leaves exposed to negative
control showed mass percentage of Cu lower than
0.1%, and lower than 0.01% for Zn; this should be

considered part of the natural occurring micronutri-
ents of plants (Cicek et al., 2022). For all cases, other
elements (F, Ca, Cl, K, Mg) were found at very low
percentages, high presence of Si is found too, up to
14%, due to the presence of soil dust and sand sedi-
ments. EDS of samples exposed to bulk materials,
presented lower contents of Cu and Zn, around 0.37%
and 1.36%, respectively.

3.5 Growth Rate

Figure 8 shows the mean growth rate of plants
exposed to ZnO-NPs and Cu-NPs (bars), in com-
parison with positive and negative control (horizon-
tal lines), and bulk form of ZnO, and CuO (straight
lines and scatter). For concentrations of 100 mg/L
and higher, both types of nanoparticles induced
higher growth inhibition in comparison with their
corresponding bulk form and the negative control.
ZnO-NPs at 100 mg/L induced the highest growth
inhibition, corresponding with the highest DNA
damage obtained by comet assay. CuO-NPs seem to
induce more growth inhibition as the concentration
increases, in correspondence with tail intensity. Given
that given that both Cu and Zn are common micronu-
trients of plants, we must consider that can be taken
up after the release in ionic form, Cu is required in
lower quantities than Zn, and it has been reported
that the excessive release of Cu’" ions affects the
growth by causing oxidative damage (Da Costa et al.,
2020). Sigmoidal dose-response curve fitting was
used to calculate EC50 for each treatment; ZnO-NPs
and CuO-NPs presented lower EC50 values, 50.86
and 65.84 mg/L respectively, in comparison with
their bulk counterparts with higher values, being
100.30 mg/L for ZnO and 104.02 mg/L for CuO,
making evident the higher toxic effects of nanoparti-
cles than their corresponding bulk form. As reported
by Adhikari et al. (2020) and Lee et al. (2010), ZnO-
NPs dissolve faster than bulk ZnO, this, amid the
presence of Zn”>" ions, may contribute with the higher
toxicity of nanometric form of metal oxides, and the
higher effects of ZnO-NPs when compared to other
metal oxide NPs.

3.6 Total Chlorophyll Content

Figure 9 summarizes the quantification of chloro-
phyll 5 days after plant exposure. ZnO-NPs induced
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the higher chlorosis at a concentration of 100 mg/L,
in correspondence with the maximum DNA damage
found by comet assay and growth inhibition; aside to
the internalization of ZnO-NPs, their fast degrada-
tion could contribute to the substitution of the central
atom of chlorophyll by Zn, inducing high chlorosis
at this concentration (Mukherjee et al., 2014). CuO-
NPs induced higher chlorosis at 800 mg/L, according
to the higher growth inhibition. Two-way ANOVA
reported a statistically significant interaction between
the two factors (concentration and treatment) for both
Zn0O vs. ZnO-NPs, and CuO vs. CuO-NPs. All con-
centrations presented significant differences against

@ Springer
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negative and positive controls within each treatment.
For the case of ZnO-NPs, the chlorosis was very
similar for all concentrations, with no statistically sig-
nificant difference among all tested concentrations,
excluding the controls.

The DNA damage caused by the studied NPs,
probably reduces the expression of chlorophyll syn-
thesis genes and structural genes of photosystem I,
impacting the photosynthesis efficiency, next to the
complexation of metal ions with phytochelatins that
may break the balance between the metal uptake
and fine tuning of cellular metal homeostasis path-
ways, just as reported by (Adhikari et al., 2020). In
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the particular case of CuO-NPs, the quantification
of chlorophyll showed higher chlorosis for the high-
est concentration; this effect may be caused not spe-
cifically by DNA damage but by the chemical deg-
radation of chlorophyl in the presence of Cu, just as
reported by Zhao et al. (2017). Given the valuable
information obtained by chlorophyll content and
growth inhibition, in addition to the genotoxic effects
reported by comet assay, it is suggested to perform
further studies with the inclusion of carotenoids level
evaluation, as these pigments play important roles as
scavengers of reactive oxygen species (Adhikari et al.,
2020). The higher chlorophyll decline by exposure to
CuO-NPs and ZnO-NPs may be explained too by a
reduction of thylakoid stacking and distortion of the
thylakoid membranes (Da Costa et al., 2020), effects
that should be studied by advanced microscopy stud-
ies. Table 2 summarizes the obtained results of total
chlorophyll and growth rate.

Aside from the DNA damage, the reported toxicity
of both ZnO-NPs and CuO-NPs expressed by growth
inhibition and chlorosis may be caused by the disturb-
ing of important physiological processes of the plants
due to the accumulation of nanoparticles near the sto-
mata, as can be seen in LV-SEM results, followed by
the penetration trough this highly capacitive pathway
or the clogging of the ostioles, as reported by (Uzu
et al., 2010). Some studies about the distribution and
dynamics of nanoparticles suggest the collapse of
the vascular system after agglomeration (Cox et al.,
2016); this may be the reason of the growth inhibition
after exposure to highly concentrated dispersions of

nanoparticles. The reported results of growth inhibi-
tion and chlorosis are reinforced by the higher sensi-
tivity of the comet assay to the nuclear DNA damage
induced by exposure to nanoparticles, confirming the
relevant role of this assay for the evaluation of emerg-
ing contaminants like nanomaterials, following recent
studies (Santos et al., 2015).

4 Conclusions

This study validates the use of Taraxacum officinale
as a bioindicator for the genotoxicity of nebulized
dispersions of ZnO-NPs and CuO-NPs, as representa-
tive atmospheric nanostructured pollutants, taking
advantage of the high sensitivity of the comet assay.
The specific concentrations that cause greater DNA
damage, as 100 mg/L for tail moment, may be taken
as reference for further studies with other metal oxide
nanoparticles, and the interaction of these concentra-
tions with leaves surface should be further studied.
SEM results demonstrate that nanoparticles dispersed
in an atmosphere may accumulate in the surface of
plant leaves, and, that the high humidity conditions
may contribute to the agglomeration and internaliza-
tion of nanoparticles through the stomata, increasing
the genotoxicity, growth inhibition and chlorosis. The
chlorosis results presented no significant difference
among the tested concentrations for ZnO-NPs, but all
of them indicate important damage to the photosyn-
thesis efficiency as they present a significant differ-
ence against negative control, in contrast to the results

Table 2 Summary of total chlorophyll content and growth rate. * Indicates the higher chlorosis for each treatment. x indicates the
higher growth inhibition for each treatment. ZnO-NPs induce higher chlorosis and growth inhibition at 100 mg/L

Control (-) 50 mg/L 100 mg/L 200 mg/L 800 mg/L Control (+)

Bulk ZnO Total 270.46 154.88 126.38 133.40 99.95%* 67.39

Chlorophyl (ug g7')

Growth rate 129.22 87.89 92.34 73.74% 85.84 54.11
ZnO-NPs Total 270.46 131.50 110.40* 120.69 112.96 67.39

Chlorophyl (ng g7')

Growth rate 129.22 90.01 63.77" 69.88 72.21 54.11
Bulk CuO Total 270.46 198.21 190.21 123.66 119.29* 67.39

Chlorophyl (ug g_l)

Growth rate 129.22 132.35 125.50 90.59% 109.06 54.11
CuO-NPs Total 270.46 125.13 147.36 170.96 86.35% 67.39

Chlorophyl (ug g7')

Growth rate 129.22 142.00 103.23 70.09 58.14% 54.11

@ Springer



443 Page 16 of 19

Water Air Soil Pollut (2023) 234:443

obtained by comet assay, that proved to be more
sensitive to the tested concentrations. In the case of
CuO-NPs, the level of chlorosis at 800 mg/L presents
the highest difference against the rest of the concen-
trations, this may be due to the direct degradation of
chlorophyll by the interaction with CuQO. The con-
centration-dependent growth inhibition and chlorosis
is clear, this has important ecotoxicological implica-
tions that should be investigated given the capacity of
this kind of nanoparticles to induce oxidative stress
and DNA damage.

Comet assay, in contrast, presented significant dif-
ferences among most of the tested concentrations,
suggesting a high sensitivity of the method to evaluate
the toxicity of nanoparticles using plants as bioindi-
cators. According to the obtained results, it is recom-
mended to consider the three parameters of the comet
assay, tail moment, tail intensity, and tail length, as
each one provides valuable information depending
on the sensitivity of the bioindicator and the charac-
teristics of the evaluated material. Tail length proved
to be most significant to investigate the long-term
effects of nanoparticles on plants, as it gives high
values 5 days after plant exposure. The DNA damage
induced by the lower tested concentrations of CuO-
NPs and ZnO-NPs has an effect that persists over
time, as confirmed by the results obtained from the
assays performed after 5 days. This suggests the need
to perform further studies of the genotoxic effects of
metal oxide nanoparticles, extending the studies of
comet assay with other bioindicators, considering the
possible changes in the tolerance to different kind of
particles across species.
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