Genotoxicity of engineered nanoparticles in higher plants
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Abstract
Nanoparticles (NPs) are an emerging environmental threat. However, studies of NPs in
different environmental components are limited. In this review, we discuss studies that have
evaluated the genotoxicity of NPs in higher plants. Among the 29 studies reviewed, silver NPs
were most studied (n=7 articles), with fewer studies reporting the genotoxicity of carbon
nanotubes (n=3), titanium dioxide NPs (n=4), and zinc oxide NPs (n=3). Most of the
genotoxicity studies were performed in the model plant systems Allium sp (n=22), Nicotiana sp
(n=4) and Vicia sp (n=4) using chromosome aberration (n=22), micronucleus (n=15) and comet
assays (n=14). Genotoxicity was observed in most of the studies; however, many studies did
consider key determinants of NP toxicity such as particle characterization, dissolution, and
uptake. From this review, we propose a set of guidelines that should be considered when
reporting results of NP toxicity in plants.

Keywords: Nanotoxicology; plant bioassay; genotoxicity; Comet assay; micronucleus;
chromosome aberration
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1. Introduction
Novel properties of materials at the nano-scale have led to a wide range of applications
in consumer products and the healthcare industry. As a consequence, the production and use of
nanoparticles (NPs) has increased exponentially, which has led to higher probability of NP
release into the environment. Keller et al.[1] estimated that 60% to 89% of nanomaterials
produced (>100 tons/year) are expected to end up in landfills, with the highest amount expected
in Asia, followed by Europe and America. The release could be direct (NP production,
wastewater treatment, use of NP containing agrochemicals, waste disposal during production)
or indirect (use of consumer products and disposal, recycling units etc.) [2] (Fig. 1). A more
recent study [3] based on material flow analysis further described the effect of waste
management and environmental release in Europe. The US Environmental Protection Agency
[4,5] has listed some of the most widely used NPs, including several metal/metal oxide NPs
and carbon-based NPs, as emerging environmental threats, capable of affecting diverse
biological systems.
< Figure 1>
2. Plants as model systems for genotoxicity assessment of NPs
Plants are considered excellent genetic models for screening and monitoring
environmental mutagens [6–8]. Being eukaryotes, higher plants have similar chromosomal
morphology, mechanism of mutation and cell division process as animals [9]. However, they
rank higher than animal systems because of their sensitivity to detect single or complex
mixtures of mutagens and toxic compounds even at low concentrations. The key advantage of
using plant bioassays is the versatility of genetic endpoints from DNA strand breaks to point
mutations [10]. Such bioassays are inexpensive, quick, and easy to use, and can be used with a
range of environmental conditions, pH and temperature. Moreover, they do not require any
ethical regulations as for animal models and cell lines.
Higher plant species such as Allium cepa, Vicia faba, Nicotiana tabacum, Zea mays,
Tradescantia and Hordeum vulgare are widely used for assessing environmental mutagens. A.
cepa and V. faba are accepted by regulatory bodies as models for testing genotoxicity [11,12].
Because of its efficacy, the root tip chromosome aberration (CA) assay with A. cepa and V.
faba has been validated by The International Programme on Chemical Safety (World Health
Organization), United Nations Environmental Programme and International Labor
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Organization as the standard test for screening chemicals and in situ monitoring of genotoxicity
[12–16].
The environmental discharge of nanomaterials causes their accumulation at various
trophic levels. Plants, as primary producers, constitute a vital link [17]. As sessile organisms,
they are highly susceptible to nanotoxicity and can take up NPs by all routes of exposure —
soil, water and air. Hence, plant models are highly recommended as a first-tier bioassay system
for detecting the possible genotoxicity of various nanomaterials. In recent years, model plants
such as Arabidopsis and Nicotiana have increasingly been used for toxicity studies of metal
NPs because of their standardized culture methods and completely sequenced genomes [18,19].
The ease of germination, growth, maintenance, handling and treatment allow the use of Allium
and Vicia as efficient test systems for nanotoxicity evaluations [20–24]. A. cepa root tip
bioassay is most suitable for identifying genotoxic concentrations of NPs, whereas V. faba has
emerged as a standard model for studying genotoxicity from both root and shoot. These findings
can further be correlated with NP uptake and biodistribution within the plant body. A few
studies have also examined edible plants such as maize, tomato, eggplant and radish.
Therefore, plant bioassays can be used for efficient classification of different NPs as
clastogens and/or mutagens. Results can provide further clues on the potential genotoxicity and
carcinogenicity of NPs in animal systems, which can in turn contribute to their environmental
safety appraisal. However, reports of the genotoxicity of nanomaterials in plant systems are
scarce and such studies require further optimization with strategic approaches. Here we review
the available literature and provide recommendations to support the establishment of plants as
model systems for study of NP-induced genotoxicity.
3. Study selection
PubMed was searched on January 31, 2018 for publications related to NP toxicity. More
than 17,355 publications addressed the issue of “NP toxicity”, the release and impact of NPs.
The adverse effects in humans are of primary concern, as reflected by the large number of
studies in vitro and in vivo, whereas studies in ecosystems are limited. In an ecotoxicological
context, plant systems can provide relevant information for a picture of the toxicological
footprint of several compounds. Additionally, as discussed earlier, plant-based toxicity assays
have widely been used as alternative models, with comparable outcomes to those obtained in
animal studies [25]. However, relatively few studies (n=988; PubMed search string
“Nanoparticle toxicity” and “Plants”) have addressed toxicity in plants. These studies could be
4

classified by the reported effects on germination (n= 98, “Nanoparticle toxicity” AND “Plants”
AND "Germination”), cytotoxicity (n= 121, “Nanoparticle toxicity” AND “Plants” AND
"Cytotoxicity”), and DNA damage (n= 50, “Nanoparticle toxicity” AND “Plants” AND "DNA
damage”), and often explained by oxidative stress (n= 159, “Nanoparticle toxicity” AND
“Plants” AND "Oxidative stress”) as the mechanism behind such toxicity. In this review, we
critically discuss studies examining genotoxicity of NPs in model plant systems by using one
or more of the standard genotoxicity testing methods, including comet, micronucleus (MN) and
CA assay.
4. Physicochemical characterization of NPs and interaction with exposure media
Physicochemical properties of NPs greatly affect plant nanotoxicity studies. Size, shape,
crystal-phase, surface area, porosity, aggregation/agglomeration state and surface charge in
addition to chemical composition and purity are important determinants of NP interaction,
uptake and toxicity. The influence of NPs on toxicity in terms of their size, surface area and
other physicochemical properties are well established from in vitro and in vivo studies [26–30].
Also, the dispersion/exposure media greatly affects NP toxicity [31–34]. Therefore, extensive
characterization of NPs in the primary state and exposure conditions are equally important for
proper risk assessment in nanotoxicological plant studies. Most studies reporting the toxicity of
NPs in plants have characterized primary particles, but characterization of experimental
conditions are mostly absent or inadequate. Properties such as such as pH, size distribution,
dissolution and interaction with components of exposure media are often missing. Also, most
of these studies use static-hydroponic exposure conditions, conventionally used for soluble
chemicals. Under such circumstances, the hydrodynamic characteristics change during the
treatment.
A key alteration in NPs is the occurrence of agglomerates (formation of loose clumps)
or aggregates (tight clumps of bulk particles) evaluated by an increase in mean hydrodynamic
diameter/size. This feature is directly related to colloidal stability. NP suspensions are chiefly
colloidal because they comprise homogenous, mostly insoluble mixtures of evenly dispersed
particles in solvent. An estimation of charge (zeta potential) provides crucial information on
stability in the colloidal state. NP suspensions with zeta potentials of > +30 or < -30 mV are
highly stable. When charge is diminished, with zeta potential < │20 mv│, agglomeration is
prominent [35]. In relation to charge, the polydispersity index (PDI) of the suspensions is a
direct measure of agglomeration/aggregation. PDI values close to 1 indicate polydispersity and
hence colloidal destabilization. Monodisperse suspensions ideally show PDI values close to
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0.1. Monitoring the above features before and after the exposure period and at all treatment
concentrations is highly recommended for genotoxicity analyses and dose–response studies.
Only a few reports have explored these aspects in terms of toxicity. Ghosh et al. [36] showed
time- and concentration-dependent colloidal destabilization (low zeta potential and PDI close
to 1) of nano zerovalent iron (nZVI) after 24 h of hydroponic exposure to A. cepa bulbs, leading
to genotoxicity. Similar findings were reported by Bhuvaneshwari et al. [37] in green algae
treated with nZVI. The authors reported a time- and concentration-dependent increase in
hydrodynamic size, which was related to cytotoxicity. Adding to the complexity is that although
the hydroponic exposure condition accompanied by detailed characterization (size distribution,
surface charge, dissolution etc.) provides better understanding, it does not account for the
complex nature of soil and interaction thereof. Nor do the studies account for an increase in
aggregation over time and subsequent sedimentation of particles in aqueous suspension altering
the effective exposure concentration. In addition, we lack information on the potential
transformation/dissolution of the nanomaterial in the exposure condition. The importance of
transformation/dissolution and its association with NP toxicity has been reported for particles
such as silver NPs (Ag-NPs [38,39]), zinc oxide NPs (ZnO-NPs [40,41]) and cerium oxide NPs
(CeO2-NPs [40]). Factors such as NP morphology, dissolution kinetics, morphology, and
interaction with complex macromolecules can affect their toxicity profiles, so lack of such
information may often lead to over-/underestimating the toxicity of the NP examined.
Only a limited number of studies have reported on NP behavior in soil [42,43].
Darlington et al.[44] reported the changes in properties of aluminum oxide NPs (Al2O3-NPs),
finding that transport of particles through a soil column was affected by solution type, surface
properties, size and agglomeration state and surface charge. Tourinho et al.[45] and Cornelis et
al.[46] reviewed the fate and effect of NPs in soil, indicating the significant role of
physicochemical properties in NP–soil interactions and the impact. However, because of the
complex nature of the NP–soil interaction, soil as an exposure medium has not routinely been
used in toxicological studies. Additionally, some studies have used solid/semi-solid culture
media for exposure [47–49]; however, the mobility of particles and their interaction with
components of culture media has not been reported. Lee et al.[50] reported the lower toxicity
of Ag-NPs in soil as compared to agar media. This reduction was explained by the reduced
bioavailability of NPs in soil (because of binding to organic substances, greater aggregation in
pore water and sorption to soil particles) as compared with agar. However, such studies are few.
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Moreover, the experimental physicochemical characteristics of NPs can be altered in an
environmental setting with natural exposure conditions, for difficulties in in situ data prediction.
5. Uptake and bio distribution of NPs: crossing biological barriers
The physicochemical properties of NPs determine NP interaction, uptake, and
subsequent distribution within the plant system. Studying and understanding NP uptake is
critical for properly interpreting toxicological data. However, because of the complex nature of
plant anatomy and inter-/intra-species diversity in cellular architecture, such analysis and
interpretation is difficult. Some toxicological studies are supported by information on uptake
(qualitative/semi-quantitative), but studies on the bio-distribution and cellular uptake of NP in
plants and the mechanism is not well understood.
<Figure 2>
The effect of plant anatomy on uptake and distribution of NPs was elegantly reviewed
by Schwab et al.[51]. The possible mode of uptake and distribution is schematically presented
in Figure 2. The Schwab et al. review highlighted the role and inter-/intra-species variability in
chemical composition/thickness/architecture of the cell and cell wall and the environmental
conditions, which can influence them. It also highlighted the role of symbiotic bacteria and
mycorrhizae in protecting and/or increasing NP uptake. The role of the plant vasculature was
discussed: vascular translocation can be proportional to water flux, which in turn is strongly
related to the drought tolerance and physiology of the plant. Xylem translocation of NPs is well
documented [51,52], but few studies have reported phloem translocation [53,54]. A recent study
of watermelon (Citrullus lanatus) [54] used inductively coupled plasma-mass spectroscopy
(ICP-MS) to study the translocation of gold NPs from leaf to root. The authors suggested that
NPs could enter directly by penetration or by stomatal opening and provided evidence of
phloem transport. They also observed that uptake, distribution and accumulation depended on
physicochemical properties. Ma et al.[53] demonstrated the “root-to-shoot-to-root”
translocation of CeO2-NPs, indicating the role of both xylem and phloem transport in the
distribution of NPs in the plant. Adding to the complexity of the chemical composition of
exposure media in the exposure media–NP interaction, NPs can affect nutrient uptake by plants
and thus could alter/affect the observed response of NP uptake on toxicological outcome. This
is a critical aspect but has only been studied by a few researchers [55].The study by Zaytseva
et al.[55] demonstrated the role of micronutrient distribution as a critical determinant in multiwalled CNT (MWCNT) phytotoxicity and oxidative stress. However, here we focus on the
7

localization of NPs in the target tissue/cellular compartment with use of scanning electron
microscopy–energy-dispersive X-ray (SEM-EDX), transmission electron microscopy (TEM)
and/or ICP-MS. Cellular uptake of NPs in plants was reviewed by Ma et al.[56]. SEM-EDX
was used in some of studies to qualitatively demonstrate the amount of NP adsorption and
uptake[21,36,57,58]. Cellular uptake of NPs was most often studied by TEM [21,57,59–61].
Other studies have relied on atomic absorption and ICP-MS to study the internalization of
particles[36,61].
6. Critical overview of studies reporting genotoxicity
In focusing on genotoxicity in plants, we examined studies reporting DNA damage by their use
of comet assay (n= 20, “Nanoparticle toxicity” AND “Plants” AND "Comet assay”), CA (n=
24, “Nanoparticle toxicity” AND “Plants” AND "Chromosome aberration”) and MN assay (n=
12, “Nanoparticle toxicity” AND “Plants” AND "micronucleus assay”). Additional literature
searches were performed in Scopus and Google Scholar databases. A total of 29 studies was
retained based on their use of comet assay, CA and MN alone or in combination. Here we
highlight the particle characterization, treatment procedure and outcome of these studies. To
efficiently understand and compare these studies, relative frequency (RF) was calculated for
each of the studies.
 RF comet assay (RFcom) = %tail DNA in treatment/%tail DNA in control
 RF CA (RFca) = %CA in treatment/%CA in control
 RF MN (RFmn) = MN in treatment/MN in control
In case of a bell-shaped dose response, treatment refers to the condition with the highest effect;
in studies showing a linear response, it is the highest concentration tested.
Of note, the RF values we calculated are only indicative and are often not comparable
because of differences in particle types, concentrations, test systems and experimental methods.
The RF values calculated for each of the study endpoints are presented in Table 1 and can only
be used for comparison when the studies were performed with the exact same NP in a specific
test system. These values may also be used for future studies as a reference range.
Additionally, each of the studies was assigned a quality score (Supplementary Table 1)
out of a maximum possible score of 10. The scoring criteria is not based on any established
method but was developed for this study, taking into account important determinants such as
particle properties (primary and dispersion), uptake/distribution, and genotoxicity study
8

method. The quality of the reviewed studies is summarized in Table 1. In the following section,
we discuss the results of genotoxicity assays based on NP type. The studies reported for each
of the NPs somewhat reflect the global production/use of these NPs (titanium dioxide [TiO2] >
ZnO > CNTs > Ag ≥ AlO)[62]. The NPs most-studied by plant genotoxicity assays are Ag-NPs
(n=7); fewer studies are available for CNTs (n=3), TiO2-NPs (n=4), ZnO-NPs; n=3), and Al2O3NPs; n=2). All other NPs including gold (Au-NP; n=2) are discussed under “Other NPs”.
6.1. Silver NPs
In one of the earliest studies, Kumari et al.[63] reported the toxicity of Ag-NPs by using
A. cepa CA assays. The study was supported by characterization of Ag-NPs (<100 nm) provided
by the manufacturer (Sigma Aldrich, USA). Interpretation of the results of the study is limited
by the lack of proper characterization of the particle in the exposure condition, as is the case for
most of the earlier studies. The authors observed a decrease in mitotic index (MI), induced by
most of the concentrations tested. An increase in CA was observed in the tested concentrations
(0-100 µg/ml). However, the results of CA were represented only qualitatively
(presence/absence) and hence only allow for a limited comparison with other studies. Later, our
group [22] investigated the same Ag-NPs (≤100 nm; Sigma Aldrich, USA) for genotoxicity in
A. cepa and N. tabacum. The study was supported by characterization of primary particles
(SEM, TEM, XRD), in addition to what was provided by the manufacturer. However, particle
characterization in the exposure condition was limited. The measurements were performed only
for the stock concentration, with dynamic light scattering (DLS) suggesting particle aggregation
and zeta potential -4.86 mV. The results of comet assay revealed significant genotoxicity in
root and leaf cells of A. cepa (RFcom = 7.5) and N. tabacum (RFcom = 2.5) with doses of 25 to
75 µg/ml. The genotoxic response was supported by uptake in A. cepa root cells on TEM. These
studies provide an estimation of genotoxicity of the particles but do not consider the effect of
Ag ion. In a later publication by Prokhorova et al.[64], the authors studied the genotoxic effect
of colloidal Ag-NPs in A. cepa by using CA and MN assays. The primary size (5-50 nm) was
determined by TEM; however, particle sizes in the treatment condition were not reported. The
authors indicated that the dispersion for treatment was prepared in distilled water, but the
duration of treatment was not reported. The study reported an increase in MI (at 50 µg/mL) but
no changes in %CA (RFca= 1) or %MN (RFmn= 0.83). The authors concluded that the studied
particles were "genetically safe". Patlolla et al.[20] reported the genotoxicity of Ag-NPs (60
nm; 400 m2/g surface area) by using CA and MN assays with V. faba. Similar to most studies
of A. cepa, an increase in CA (RFca = 9.45) and MN (RFmn = 3.14) was observed in V. faba.
9

Again, the absence of characterization and uptake partially limits the interpretation of the
results.
Not many studies have reported the genotoxicity of surface functionalization of AgNPs. Cvjetko et al.[65] described the toxicity of surface-functionalized Ag-NPs in A. cepa by
using

a

battery

toxicity

test.

The

authors

reported

higher

genotoxicity

of

cetyltrimethylammonium bromide (CTAB)-coated Ag-NPs (~6 nm, spherical), followed by
polyvinylpyrrolidone-coated Ag-NPs (~9 nm, spherical) and citrated-coated Ag-NP (~60 nm,
spherical and rods). The particles used in the study were relatively well characterized, including
DLS, zeta potential and measurement of Ag+ release in the dispersion state. ICP-MS
measurements of Ag uptake in plant material improved the understanding of results. The high
toxicity of CTAB-coated Ag-NP was attributed to the small size and strong positive surface
charge. Cvjetko et al.[66] also reported the genotoxicity of Ag-NPs and AgNO3 in N. tabacum
root and leaf by using comet assay. The authors observed accumulation of Ag for both Ag-NPs
and AgNO3, with high accumulation in root. Higher toxicity was observed for AgNO3 than AgNPs (RFcom Ag-NPs = 1.18 < AgNO3= 2.05). However, a major drawback of both studies was
the presentation of concentrations in molar units of particles, traditionally used for soluble
chemicals.
Most of the studies discussed so far used commercially available Ag-NPs, but Panda et
al.[67] used biologically synthesized Ag-NPs. Plant broth from several plant materials
(including Pungamia pinnata, Hemidesmus indicus, Syzygium cumini) was used in the
production of the Ag-NP (Ag-NPp). The NPs produced was characterized by UV-vis spectral
analysis, Fourier transform infrared, and TEM-EDX. The study design used A. cepa bulbs
exposed to several controls, including Ag+ ion (AgNO3), colloidal Ag chloride (AgCl), and
commercially available Ag-NPs (Sigma, <100 nm) for comparison and better understanding.
The results of comet, CA and MN assays indicated similar toxicity for the biosynthesized AgNPp (RFcom = 4.5; RFmn = ~7; RFca =~18) and the commercially available Ag-NPs (RFcom
= 4.6). The authors also demonstrated the role of oxidative stress and the protective role of free
radical scavenging compounds Tiron and dimethyl thiourea on DNA damage. The study
showed higher genotoxicity for Ag+ ion than Ag-NPs, and colloidal AgCl was the least toxic.
On the basis of most of these studies, Ag-NPs and Ag+ ion seem to induce oxidative
stress. Additionally, most of the studies revealed genotoxicity in a wide range of plant systems
(A. cepa, N. tabacum, V. faba). However, the effect of dispersion/exposure conditions and
10

surface modification needs further investigation. Adding to this complexity is certainly the
nature of exposure media (solid, semisolid, hydroponics), which has not been reported.
6.2. Carbon nanotubes
A relatively large number of studies have evaluated the effect of CNTs on seed germination
and plant growth, but only 3 could be selected for the present review. Studies by our group
[21,68] were performed in A. cepa by using chromosome aberration and micronucleus assays.
In both of these studies, a single form of MWCNT was used. The studies described the particle
in its primary state and stock dispersion, but both did not provide characterization in the
experimental condition. In the earlier study [68], we observed an increase in CA (RFca= 5.2)
and MN (RFmn = 6.79) along with a decrease in MI. Results of comet and DNA diffusion
assays confirmed the genotoxicity results. This was one of the first studies to report the
genotoxicity of MWCNT in plants, but it had several design flaws, including the absence of
proper characterization during exposure, insufficient number of cells scored, and absence of
uptake. The later study [21] also reported an increase in CA (RFca = 5) and MN (RFmn = 20)
but a lower concertation than the previous study. An increase in DNA damage was observed by
comet assay and was associated with changes in cell cycle progression. Genomic instability
was also evident from the results of random amplification of polymorphic DNA PCR (RAPDPCR). The study also provided the first of evidence of changes in DNA hypermethylation. This
study [21] considerably improved upon the previous publication [68] by including information
on NP uptake, but additional information on characterization was desirable. Andrade et al. [69]
also reported the toxicity of MWCNT synthesized by the authors. Seeds of A. cepa were
exposed to MWCNT dispersed in phosphate buffered saline in Petri plates for approximately 5
days. However, important issues limit the interpretation and comparison of the results.
Characterization of MWCNT in exposure conditions was not provided. Also, the effective
concentration of exposure might be affected by using filter paper for exposure in Petri plates.
In the reported condition, no significant increase in CA or MN was observed. From the limited
number of studies, all performed in A. cepa, genotoxicity of MWCNT was observed. However,
no reports were available for single-walled CNTs, which must be performed.
6.3. Titanium dioxide NPs
TiO2-NPs are found in a wide variety of food and personal care products and hence are
among the more well-studied NPs in animal test systems. However, fewer studies are available
for genotoxicity in plant models possibly because of the limited use in plants, but contamination
from manufacturing waste should be considered. One of the earlier studies on TiO2-NPs
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(mixture of rutile and anatase, primary size: 100 nm, surface area: 14.0 m2 g−1) from our
group[18] investigated genotoxicity in A. cepa and N. tabacum. Comet assay in both test
systems confirmed the genotoxicity of TiO2-NPs (RFcom, A. cepa = ~6.5; N. tabacum = ~4).
Results of assays of MN (RFmn > 200) and CA (RFca = 5.8) in A. cepa revealed similar
findings. From the genotoxicity test results, a bell-shaped dose response was observed. The
study reported genotoxicity by using multiple test systems and endpoints, but the lack of proper
dispersion protocol, characterization and uptake limits the interpretation of results.
Additionally, the study used molar units of particles to represent the concentration of NPs,
conventionally used for soluble chemicals, which must be avoided.
In one of the better-designed studies, Pakrashi et al.[70] reported the toxicity of TiO2NPs in A. cepa by CA and comet assay. The TiO2-NPs were well characterized in the exposure
condition (primary size: < 25 nm; hydrodynamic diameter: 92-94 nm). The authors observed
an increase in CA (including breaks, laggards and bridges), decrease in MI and increase in DNA
damage by comet assay. An increase in number of MNs was reported, but results were only
qualitative. The findings of the genotoxicity assay were supported by measurements of NP
uptake for all tested concentrations. A dose-dependent increase in DNA damage was found
associated with oxidative stress.
Castiglione et al.[71] reported the genotoxicity of TiO2-NPs (< 100 nm, from 0.2–4.0%)
in V. narbonensis and Z. mays seeds. The authors observed an increase in %CA (RFca, V.
narbonensis= 6, Z. mays = 4) and a decrease in MI. An increase in MN was reported, but it was
not presented quantitatively. No additional information on particle dispersion or uptake was
included in the report. In a later study, Castiglione et al.[24] studied the genotoxicity of two
types of TiO2-NPs (tetragonal crystals <100 nm; spherical shape <10 nm) by using V. faba CA
assay. The toxicity of the NPs was compared to bulk TiO2 but was tested for only a single
concentration, which was not characterized in the dispersion state. Ultrastructural alterations
were observed for TiO2-NPs (<100 nm) and bulk particles accumulated in the cell vacuole.
TiO2-NPs (<100 nm) and bulk material induced an increase in CA, but no changes were
observed for TiO2-NPs (<10 nm). The study also confirmed oxidative stress induced by the NPs
in V. faba roots.
From these studies of the genotoxicity of TiO2-NPs in different plant systems including
A. cepa and V. faba, both the Anatase-Rutile mixture (n=3) [18,24,71] and Anatase forms (n=1)
[70] were found genotoxic on comet, CA and MN assays. However, most of these studies did
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not account for certain critical factors such as the differences between the crystal nature of
TiO2-NP (Anatase, Rutile, Anatase-Rutile mixture) or photo activation, in addition to
dispersion/uptake.
6.4. Zinc NPs
A few studies have addressed the genotoxicity of ZnO-NPs in plant systems by mostly
CA and MN assays. Kumari et al.[72] and Ghosh et al.[23] studied the same ZnO-NPs (primary
size <100 nm, purity: 99.5%, and surface area 15–25 m2 g−1). Both studies used bulk ZnO
particles as additional controls. In addition to the primary particle characterization, Kumari et
al.[72] measured the hydrodynamic diameter and Zn ion release for the test concentrations. The
study reported an increase in genotoxicity in Allium root cells by assays of CA (RFca = ~400)
and MN (RFmn = 9.12). The high frequency of MN and CA was correlated with oxidative stress
and internalization of ZnO NPs. The study by Ghosh et al.[23] used multiple plant systems to
study the genotoxicity. The clastogenic/aneugenic effects were studied by using CA/MN assays
in established models, A. cepa and V. faba. Comet assay was used to study DNA fragmentation
in A. cepa and N. tabacum. The particles were relatively well characterized, reporting primary
characterization (TEM, SEM-EDX) in addition to DLS measurements and dissolution at the
exposure concentrations. All test systems revealed an increase in genotoxicity, oxidative stress,
G2/M cell cycle arrest, and gross ultrastructural alterations associated with ZnO-NP uptake and
accumulation. The study is unique in reporting genotoxicity by using multiple model plant
systems, but it used significantly higher concentrations than what may be environmentally
relevant. Taranath et al.[73] reported the genotoxicity of Zn-NPs biosynthesized by using
Justicia adhatoda leaf extract. The synthesized primary particles were well characterized, but
no characterization was reported for the dispersion. Additionally, the NPs were prepared in
percentages of stock solution and absolute concentrations were not reported. The authors
reported an increase in CA and decrease in MI in A. cepa root cells, but the lack of statistical
representation did not allow for further interpretation. Despite the limited number of studies,
all confirmed the genotoxicity of ZnO-NPs in plants (A. cepa/V. faba). However, similar to
studies for other NPs, these studies provide only limited understanding of ZnO-NP toxicity,
mostly lacking information on dissolution and/or uptake.
6.5. Aluminum oxide NPs
As compared with the previously discussed NPs, the genotoxicity of Al2O3-NPs is
relatively less studied. Rajeshwari et al.[74] reported the genotoxic effect of Al2O3-NPs (<50
nm; Sigma Aldrich, USA) in A. cepa. The results of CA assay were well supported by proper
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characterization, results of oxidative stress and internalization of particles. The particles
induced a significant dose-dependent decrease in MI and an increase in %CA (RFca > 130)
from 0.01 to 100 µg/ml. A later study by De et al.[75] reported similar findings for the same
Al2O3-NPs (<50 nm; Sigma Aldrich, USA) in A. cepa. The authors observed a decrease in MI
and an increase in CA (RFca= 12.1) and micronuclei formation (RFmn> 200) with a 0- to 5µM dose. The authors also reported an increase in %tail DNA (RFcom = ~5) as observed by
comet assay. This study is also important because it compared the effect of Al2O3-NPs with that
of Al2O3 bulk particles in the same concentration range and observed higher toxicity of the nano
form. The increase in DNA damage was attributed to increased oxidative stress. Despite a good
design, the study was limited by the lack of NP uptake measurements and representation of
treatment concentration in molar units.
6.6. Other NPs
Nagaonkar et al.[76] reported the toxicity of Cu-NPs in A. cepa. The authors reported
the DLS (“5 µl of colloidal CuNP solution with 2 ml distilled water”) and zeta potential (“30
µl of colloidal NP sample with 2 ml distilled water”), but measurements were not performed in
the same condition and are not representative of the exposure conditions. The tested
concentration conferred a decrease in MI and increase in CA, but insufficient numbers of cells
were scored (500-600), and lack of clear representation of statistical analysis limits the
interpretation. However, synthesized Cu-NPs were more toxic than the Cu ion, as the control.
Faisal et al.[77] described the genotoxicity of cobalt oxide NPs (Co3O4-NPs, Sigma
Aldrich, USA), together with oxidative stress, mitochondrial dysfunction and cell cycle
progression in Solanum melongena seeds. Several concentrations were used, but in our opinion,
the concentrations used were much higher (up to 1 mg/ml) than would be environmentally
relevant. Additionally, DLS and zeta potential measurements were performed at 10 μg/ml,
which is not representative of the concentrations used in the study (lowest dose used: 0.025
mg/ml or 25 μg/ml). Uptake of NPs was observed on TEM and an increase in Olive tail moment
was observed for the treatment concentrations.
The phytotoxic effect of NiO-NPs in tomato was reported by Faisal et al.[78], who
evaluated DNA damage by comet assay along with other oxidative stress parameters. The
studies considered the dissolution of Ni ion, now established as a critical determinant in NiONP-induced toxicity from animal studies. The publication reported an increase in
apoptotic/necrotic cells, but the results of comet assay (%tail DNA) were not presented
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quantitatively. NiO-NPs were studied in A. cepa and other Allium species (A. fistulosum, A.
schoenoprasum, A. sativum, A. porrum) by using a series of cyto-genotoxicity and oxidative
stress endpoints[79]. The study reported CA/MN in multiple Allium species but gave
insufficient information on chromosome numbers/ploidy. The study considered NiO-NP
characterization in the stock dispersion by using DLS and zeta potential, and Ni uptake in plant
tissues was measured by ICP. The authors observed a decrease in MI and an increase in MN
and CA in all species tested, with the highest genotoxic effect observed at 125 mg/L. The study
would have additionally benefited from measurement of dissolution for the tested
concentrations and better-defined scoring criteria for MN.
Rajeshwari et al.[80] studied the cytogenetic effect of CTAB and polyethylene glycol
(PEG)-capped gold nanorods (Au-NRs) by using an Allium test. The study used wellcharacterized CTAB-capped Au-NRs and PEG-capped Au-NRs at 0.1, 1, and 10 μg/mL
dispersed in water. However, it did not characterize particles at the individual experimental
concentration. The results indicated a decrease in MI and an increase in %CA for the CTABcapped Au-NRs (RFca= 163), whereas for PEG-capped Au-NRs, the change in MI and %CA
(RFca=31) was lower. The results showed higher toxicity of CTAB-capped Au-NR than PEGcapped Au-NRs, but the use of pristine Au-NPs would have provided a better understanding of
the effect of surface capping. Additionally, the study would have benefited from the
measurement of NP uptake. Rajeshwari et al.[81] studied the effect of different sizes of citratecapped Au-NPs (Au15- 15 nm, Au30- 30 nm, Au40- 40 nm). The citrate-capped particles were
tested for genotoxicity by using an Allium test and citrate as controls. The results indicated clear
association between the genotoxicity and smaller size of Au-NPs (RFca Au15 = 21.7 > Au30
= 18.8 > Au40 = 16.2). Oxidative stress induced by Au-NPs in root cells were also observed.
However, information on NP uptake was not provided.
The genotoxic effect of ferric oxide nanoparticles (Fe2O3-NPs) was reported in
Raphanus sativus by comet assay [82].The NPs were well characterized in the primary state
(TEM: 22.3 ± 3.1 nm; atomic force microscopy: 26 ± 2.8 nm) and in the dispersion state for the
stock concentration (hydrodynamic diameter: 271 ± 2.4 nm, zeta potential: −4.1 ± 0.9 mV).
Ultrathin sections confirmed the uptake and localization of Fe2O3-NPs, along with damaged
mitochondria and altered mitochondrial membrane potential, oxidative stress and extensive
vacuolation. Comet assay showed a dose-dependent increase in DNA damage (RFcom = 4.3).
However, the percentage of the “sub G1” population mentioned was much higher than expected
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from the comet assay results. In this case, it might be important to measure the percentage of
apoptotic cells from the comet assay itself or use DNA diffusion assay.
The comet assay and Allium test has been used to study genotoxicity of inidium tin oxide
[ITO; Indium (III) oxide (In2O3, 90 %) and tin (IV) oxide (SnO2, 10 %)]. One study [83] used
ITO (<50 nm) in the hydroponic condition, which resulted in increased MI, %CA (RFca= 1.89)
and comet assay findings (RFcom= 3.06). However, it did not report characterization of
particles in the hydroponic condition used for the experiment, nor did it provide information on
the NP uptake. CA in roots from A. cepa seeds were studied for chitosan NPs loaded with
paraquat [84]. The stability was well characterized for the particle. The authors observed
reduced toxicity of paraquat when encapsulated inside the chitosan NP. The study included
proper characterization of the particle synthesized, but the number of cells scored
(700/replicate) were relatively lower than recommended. Additional information on NP uptake
would have improved the interpretation. Nevertheless, the study used suitable controls, which
allows for proper interpretation of the results.
Despite their large-scale release into the environment and controversial phytotoxicity,
the genotoxicity of cerium oxide NPs (Ce-NPs) is rarely studied in plant systems. In a pioneer
study, López-Moreno et al. [85] investigated the genotoxicity of Ce-NPs (0, 500, 1000, 2000
and 4000 mg L-1 in water) in Glycine max seedlings. Despite the primary characterization, the
particles were not characterized in suspension under the exposure conditions. The seedlings
were treated for 1 week and assessed for genotoxicity by using RAPD-PCR. Results showed
new bands at the higher concentrations of 2000 and 4000 mg L-1, signifying a genotoxic
response. This finding was attributed to maximum uptake at the highest concentration as studied
by ICP-optical emission spectrometry. However, the interpretation of results by RAPD-PCR is
rather qualitative because no other confirmatory quantitative genotoxicity tests were performed.
Later, Mattiello et al. [86] reported the genotoxicity of Ce-NPs in H. vulgare seedlings by using
RAPD-PCR and MI. Germinated seedlings were exposed to aqueous dispersions of the NP (0,
500, 1000, and 2000 mg L−1 in water) for 24 h. The NPs were properly characterized for primary
features and hydrodynamic size, charge and PDI, at 1000 mg L−1 in water, although no
information on the changes in physicochemical characters after treatment was provided.
Reduced MI was reported at 2000 mg L−1 Ce-NPs. This was supported by maximum variability
in RAPD banding pattern at the same concentration. Qualitative assessment of internalization
by TEM showed Ce-NP clusters in the cortical parenchymal tissues and xylem of root cells.
However, MI revealed only a reduced frequency of cell division, which can be better associated
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with cytotoxicity. Furthermore, cytological studies with parameters such as MN, CA and NA
are required to fully understand the effect of Ce-NPs at the chromosomal level. In a recent in
vitro study of tobacco BY-2 cells, Sadhu et al. [87] reported Ce-NP–induced DNA damage at
a high concentration (250 mg L−1) and autophagy-mediated anti-genotoxicity against H2O2
challenge at a low concentration (10 mg L−1) by comet assay. The study involved proper
physicochemical characterization of CeNP in powdered form and in exposure media along with
quantitative assessment of adsorption/internalization. Dissolution of Ce ion at exposure
concentrations was also provided. Moreover, the authors used culture media devoid of chelating
agents. The study also provided a reproducible protocol for comet assay with tobacco BY-2
cells for nanotoxicity analyses. To our knowledge, no other reports are available on the in planta
genotoxicity of this abundantly dissipated nanomaterial. Because most nanotoxicity studies of
Ce-NPs are performed with edible plants and focus on their phytotoxicity and/or fate, their
genotoxicity should be studied in model plants with quantitative parameters.
One of the better-designed studies using plant-based genotoxicity assays examined
nZVI particles (nZVI-1 and nZVI-2) in A. cepa [36]. The study incorporated characterization
of the primary particle together with characterization at all exposure concentrations over the
duration of the experiment (0 and 24 h). The study also considered the dissolution and uptake
of particles along with adsorption and morphological alterations. Adsorption of nZVI was
associated with epidermal and root hair damage. An ultrastructural study showing cellular
internalization and biodistribution would have added visual insights to support the above data.
Of the two particles tested, nZVI-1 induced higher genotoxicity than nZVI-2. These particles
also induced oxidative stress leading to membrane lipid peroxidation, electrolyte leakage and
mitochondrial depolarisation. The authors also showed the occurrence of programmed cell
death because of nZVI-induced DNA fragmentation. The results provide significant new
information on the toxicity of nZVI and importantly presented a suitable study design, which
could be followed.
7. Summary and recommendations
In total, 29 studies reported the genotoxicity of different NPs, mostly performed in the model
plants Allium sp (n=22), Nicotiana sp (n=4), and Vicia sp (n=4) and commonly used ecotoxicity testing (Fig 3). Most of these studies used hydroponic exposure conditions (n=20) and
exposure in Petri plates (n=7). As discussed earlier, none of the studies evaluated the effect of
exposure media/soil. Genotoxicity was mostly evaluated by using CA assays (n=22), along with
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MN (n=15) and comet assays (n=14). A few studies also used RAPD analysis, not discussed in
detail here. Genotoxicity was observed for most of the reported studies.
<Figure 3>
Most of the studies discussed did not consider certain aspects that are essential for
nanotoxicology studies. The quality score for each of the studies highlights the need for
improved study design and scoring criteria and an emphasis on particle characterization and
uptake. However, most of the studies published after 2014 obtained a higher average score.
Assay methods and scoring criteria used in each of the studies affected the results and
therefore significantly affected the quality score. In many of the publications, an insufficient
number of cells was examined for a conclusion. In addition, the criteria used for scoring and
presenting the results were not uniform among the studies. Discussing the technicalities of
scoring used for each of the assays is beyond the scope of this review, but we briefly highlight
the common errors we observed as follows:
 Significantly higher MI (often > 60–70), not clearly defining how results have been
presented. Studies should state clearly whether MI is presented as cells in mitosis/1000 cells
or calculated with the more accepted standard formula [(number of cells in mitosis/total
number of cells) x100].
 Scoring of nuclear buds/artefacts as micronucleus
 Incorrect identification of nuclear/chromosomal aberrations including c-mitosis, laggard
and vagrants
 Mistakenly identifying late telophase or interphase nuclei of A. cepa, which often show two
nucleoli per nucleus [88], as binucleate cells.
The scoring revealed that earlier studies, which often lacked proper characterization of
materials and information on uptake/localization, had a lower score than newer studies. Many
of these studies did not report characterization of particles in the exposure conditions and others
did not use suitable controls. We found lack of uniform/standard methods, which might affect
the assay outcome. From our understanding of nanotoxicology, based on some studies in plants
and mostly those performed in animal cells in vitro, factors that might affect assay outcome and
the interpretation must be properly defined and controlled for.
From the above discussion and our observations, we suggest some basic recommendations that
should be considered when reporting NP toxicity in plants.
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-

Characterization of primary particle: Report the primary size, shape, surface area and
purity of the particle. Moreover, if applicable, the size of bulk aggregates should be
provided.

-

Well-defined dispersion protocol: The use of surfactant/solvent/dispersion media and
sonication conditions should be clearly described. The process by which exposure
conditions are obtained from stock solution should be clearly mentioned. Any
surfactant/solvent/dispersion media used should be a vehicle control for the experiment.
The use of liquid media is prevalent in plant nanotoxicity studies involving long-term
exposure. For metal NPs, the presence of chelating agents (eg, Pi-EDTA-FeSO4) in the
medium enhances agglomeration/aggregation. Such media components should be avoided
as much as possible.

-

Characterization of NPs in exposure conditions: DLS/zeta potential and if possible
sedimentation of particles must be measured in the exposure condition. These
measurements are critical to determine effective exposure concentrations. Additionally,
dissolution of metal NPs must be considered.

-

Medium of exposure: Mostly hydroponic exposure is used in genotoxicity studies, but any
exception should be supported by information on NP–exposure media interaction. This is
important because mobility and behaviour of particles is greatly affected by the components
of exposure media.

-

Concentration selection: Most studies involved high concentrations of NPs. An
understanding of the genotoxicity of NPs at a wide range of concentrations is important, but
the use of environmentally relevant exposure concentrations is highly recommended.

-

Uptake of NPs: Toxicity results must be complemented with results of NP uptake. They
could be qualitative, by using TEM (for CNTs), or quantitative, by using ICP (for metal
NPs) or both.

-

Use of proper scoring criteria: Often in experiments, a fewer number of cells than required
were scored for CA, MN and comet assays. We recommend a minimum of 1000 cells/root
in triplicate (1000 x 3) be scored for MI and CA and MN assays. For anaphase/telophase
aberrations, a minimum of 500 cells/treatment condition should be scored. In addition,
proper scoring criteria for aberration and micronucleus assay should be followed. Reference
images for different kinds of aberrations, which may be used for proper scoring, are in the
review by Leme and Marin-Morales[10] and could be used. For comet assay, 25-50
cells/replicate in triplicate (depending on the plant species and ease of nuclei isolation) per
concentration must be scored. Authors should additionally consider possible interference in
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scoring, especially at high concentrations of NP exposure. Edge effect (formation of
distorted comets due to drying at the edges of the gel) on comet slides should be considered
to avoid false-positive results. Additional uncertainties arising due to scoring biases should
be considered.
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Figures

Figure 1: Schematic representation showing potential routes of nanoparticle (NP) release into
the environment that could affect plants.

Figure 2: Schematic representation of possible routes of NP uptake in plant system through
stomata or an opening in the root and subsequent translocation by xylem/phloem and biodistribution leading to localization, oxidative stress and genotoxicity in target cells.
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Figure 3: Summary of the reviewed studies showing number of publications A) using different
plant systems, B) mode of NP exposure, and C) genotoxicity assays/endpoints studied. D) The
average quality score for studies by year of publication.
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