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ARTICLE INFO ABSTRACT

Keywords: The intensifying production and release into the environment as well as the increasing potential in agricultural
Nanoparticles applications make the relationship between plants and nickel nanoparticles (Ni NPs) a relevant and timely topic.
Nickel oxide The aim of this review is to give an overview and discuss the latest findings about the relationship of Ni NPs and
Eila;tostoxicity plants. Ni NPs can be synthesized using phytochemicals derived from plant parts in an environmentally friendly
Nanofertilizers manner. There are several ways for these nanoparticles to enter plant cells and tissues. This can be demonstrated
Nanofungicides through various imaging and chemical mapping approaches (e.g, transmission electron microscopy, X-ray

fluorescence spectroscopy etc.). NiO NPs affect plants at multiple levels, including subcellular, cellular, tissue,
organ, and whole-plant levels. However, the effects of Ni NPs on plants’ ecological partners (e.g., rhizobiome,
pollinators) remain largely unknown despite their ecotoxicological significance. The main cause of the Ni NPs-
triggered damages is the reactive oxygen species imbalance as a consequence of the modulation of antioxidants.
In non-tolerant plants, the toxicity of NiO NPs can be mitigated by exogenous treatments such as the application
of silicon, salicylic acid, or jasmonic acid, which induce defense mechanisms whereas Ni-hypertolerant plant
species possess endogenous defense systems, such as cell wall modifications and nitrosative signaling against NiO
NP stress. Research highlights the role of Ni NPs in managing fungal diseases, showcasing their antifungal
properties against specific pathogens. Due to the essentiality of Ni, the application of Ni NPs as nanofertilizers
might be promising and has recently started to come into view.

configuration, NMs can be categorized as carbon-based (e.g. fullerenes,
nanotubes), organic (e.g liposomes, dendrimers), inorganic (e.g
metal-based and metal oxides) NMs and nanocomposites (NCs, Mekuye

1. Introduction

Nanotechnology pertains to the realm of science and engineering

dedicated to materials having one or more dimensions of the order of
100 nm (Salata, 2004; Tailor et al., 2023). Nanomaterials (NMs) exhibit
distinct differences from their bulk counterparts, not solely in size but
also in morphology, chemical composition, redox behaviour, biode-
gradability, potential for aggregation, concentration, stability, surface
attributes, solubility, and colloidal stability (Gnach et al., 2015). NMs
are currently applied in a wide array of fields including biology, medi-
cine, electronics, energy production, and environmental studies (Pakzad
etal., 2019; Ahmad et al., 2022) and they carry great potential, as many
of their future applications are promising. Based on structural
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and Abera, 2023).

Metal-based and metal oxide NMs include nickel (Ni)-containing
NMs, and Ni NCs are also known. Ni is a natural component in waters
and soils (Hedfi et al., 2007); and it is considered an essential
ultra-micronutrient for plants; however, its role in urea metabolism is
the only one that has been characterized so far. Beyond urease, Ni is a
constituent of other metalloenzymes including Ni-superoxide dismutase,
and acetyl-CoA synthase (Mustafa et al., 2023). Additionally, Ni has
been found to stimulate the glyoxalase enzyme activity and regulate the
cellular glutathione content (Fabiano et al., 2015). Ni also plays a major
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role in phytoalexin synthesis (Wood and Reilly, 2007). Like most of the
micronutrients, Ni exhibits dual phytoeffects depending on its concen-
tration. Recently, NCs including five essential elements (Co, Fe, Ni, Zn,
and Cu) proved to be beneficial or toxic to wheat depending on the
concentration and also on the sonication time which influence particle
size (Tombuloglu et al., 2024).

Supraoptimal Ni doses can disrupt metabolic processes, leading to
loss of enzyme activities, decreased chlorophyll biosynthesis, and
limited photosynthetic electron transport (Sreekanth et al., 2013; Gen-
chi et al., 2020). Moreover, seed germination, biomass production and
nutrient absorption are phytophysiological processes affected by excess
Ni.

Due to the advancement of nanotechnology, large amounts of Ni-
based NMs are produced and used in diverse areas (e.g. medicine,
sensor development, dye absorption, Jaji et al., 2020) and this results in
their introduction into soil and water, subsequently leading to in-
teractions with plants (Chahardoli, 2023). Plants interact with Ni
nanoforms (mainly nickel oxide nanoparticles, NiO NPs) suffer from
various microscopic (e.g chromosomal aberrations, cell cycle pertur-
bations, Manna et al., 2022) and macroscopic (e.g. chlorosis, necrosis,
growth inhibition, wilting, Lin and Xing, 2007; Stampoulis et al., 2009;
Faisal et al., 2013; Soares et al., 2016) injuries.

The aim of this review is to discuss the available research on the
relationship between Ni NPs and plants, to determine the knowledge
gaps and to identify new research directions.

2. Overview of Ni nanomaterial synthesis methods: emphasis on
plant-based synthesis

In today’s technology landscape, chemical and physical techniques
are dominant in producing NPs, but at the same time they come with
significant drawbacks. Physical methods often require costly vacuum
systems, while both physical and chemical approaches need strict re-
action conditions, specific temperatures and pressures, high energy
consumption, and flammable solvents. These methods harm the envi-
ronment and living organisms by using hazardous chemicals, resulting
in low yields, toxic by-products, and high energy demands
(Nasrollahzadeh and Sajadi, 2015). Moreover, NPs synthesized through
these routes retain harmful residues on their surfaces, reducing their
compatibility and biological activity. However, in response to these
challenges, there is a growing emphasis on eco-friendly nano-synthesis
or bio-inspired methods as alternative approaches (Khan et al., 2021).
Currently, green synthesis approaches are favourable as they contribute
to waste prevention/minimization, employ safer non-toxic solvents and
reduce pollution (Rénavari et al., 2017). Utilizing green methodologies
for Ni nanoparticle production involves employing plant parts, extracts,
or organisms, offers an alternative, straightforward and easy process as
well as resulting in eco-friendly products that pose no harm to the
ecosystem. Multiple research studies comparing different production
techniques have indicated biogenic green Ni and its oxide-based NPs as
potent antibacterial agents (Uddin et al., 2021a), highlighting their su-
perior photocatalytic attributes (Kumar et al., 2020) as well. The syn-
thesis of Ni NPs has frequently encountered several hurdles. Among
these challenges is the complexity of reducing Ni(II) to Ni(0) at room
temperature (Hossain et al., 2018). Many synthetic procedures rely on
distilled water for rinsing Ni NPs, yet their susceptibility to oxidation in
the air leads to the formation of Ni oxides or hydroxides such as NiO,
NiyO3, Ni(OH)s, or NiOOH, posing significant hurdles in the synthesis
process (Chen and Wu, 2000). Plant extracts, due to their
cost-effectiveness, widespread availability, and plant compatibility,
have gained popularity in reducing metal ions to NPs using bio-
molecules. These extracts, rich in bioactive phytocomponents that act as
reducing and capping agents (e.g. enzymes, aldehydes, alcohols, flavo-
noids, quinines, alkaloids, terpenoids, oils, carboxylic and ascorbic
acids, and phenolic compounds), enable the creation of NPs with diverse
morphologies and sizes through a preferred and environmentally
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friendly phytochemical synthesis. In the synthesis of Ni NPs, plant ex-
tracts from various plant parts (e.g. algae, leaf, flower, fruit, bark, seed,
and root) are combined with aqueous solution of Ni ion, and the
biosynthesis typically occurs at mild reaction conditions using room
temperature and an optimal pH, either with or without stirring (Tailor
et al., 2023, Fig. 1). The effective biomolecules present in plants bind to
the surface of nanoparticle, preventing their aggregation and providing
stability often leading to an enhanced chemical or biological activity.
This synthesis approach has been successfully applied recently using
extracts from various, often exotic plant species such as Berberis balo-
chistanica, Peumus boldus, Gymnema sylvestre, Opuntia ficus indica, etc.
(Bhoye et al., 2023; Tas et al., 2021; Uddin et al., 2021b; Gebretinsae
et al., 2021) as well as the cadmium hyperaccumulator Lactuca sativa
(Hamdan et al., 2024). However, it should be also noted that while
plant-mediated procedures hold great potential; the parameters such as
material selection, control of product properties and synthesis condi-
tions, have a crucial role on the features of obtained materials. There-
fore, these factors, that raise concerns regarding the implementation of
large-scale application of green-synthesized nanoscale metals, require
thorough research prior utilization.

3. Uptake and accumulation of Ni-containing NPs and Ni-ions
derived from NPs in plants: a technical point of view

3.1. Tools of the trade

There are several analytical and imaging techniques that are appli-
cable and has already been tested for the in vivo or in vitro detection and
distribution monitoring of NPs in plants (Gonzalez-Melendi et al., 2008;
Yan and Chen, 2018; Sembada and Lenggoro, 2024; Zhao et al., 2022;
Arruda et al., 2015). Although solution-based atomic spectroscopy,
which requires prior acid digestion of the plant parts investigated can
also be applied to the task in a cumbersome way, but the list of modern
techniques primarily used includes scanning and transmission electron
microscopies (SEM, TEM), often used in conjunction with energy
dispersive X-ray fluorescence spectroscopy (EDS or EDX), fluorescence
microscopy (FLM), laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS), single particle ICP-MS (sp-ICP-MS),
laser-induced breakdown spectroscopy (LIBS), synchrotron-based X-ray
fluorescence microscopy (XFM) and X-ray absorption spectroscopy
(XAS). These techniques, or their “y” variants, have micrometer-range or
better spatial resolution, trace analytical sensitivity (mg-kg~! range or
lower) and, in some cases, chemical (elemental) selectivity to differen-
tiate the analyte bound in a nanoparticle from the surrounding tissue.
The above techniques all have a different combination of features (ad-
vantages and disadvantages), which also limit their applicability and
provided information content. Please also note that smallest detectable
size of NPs also depends on the composition of the particle and the
quality of the element. In this section, we provide an overview of the
capabilities of the techniques and describe the recent results obtained
with them relevant to NiO NPs studies in plants.

SEM and TEM have excellent spatial resolution (around a few nm for
SEM and below a nm for TEM), allowing for the individual detection of
NPs, and generally provide morphological, size distribution and spatial
distribution information. Only when they are coupled with EDX can the
quality of the NPs also assessed or confirmed. This feature is limited
mainly to metallic NPs. In these instances, the detectable particle size
typically increases to 10-20 of nanometers or more. Metal ions cannot
be detected. SEM and TEM sample preparation is not easy, usually in-
volves ultramicrotome sectioning and metallization steps, but as a
bonus, the high resolution visualization of the surrounding tissue is also
obtained, although in a very small area, during the measurement (Zhao
et al., 2022).

XFM studies generally use thin sectioning sample preparation similar
to SEM and TEM, but on the plus side, atmospheric pressure and in vivo
experiments are also possible. XFM has an inherent elemental
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In planta detection of Ni NPs

Fig. 1. Summarizing the plant-based synthesis and the methods of in planta detection of Ni NPs. See explanations in the text. Abbreviations: FLM/XFM, fluorescence
microscopy/X-ray fluorescence microscopy; ICP-MS, inductively coupled plasma mass spectrometry; LIBS, laser induced breakdown spectroscopy; TEM transmission

electron microscopy; XAS, X-ray absorption spectroscopy.

selectivity, but the detectable elements (ions or particles) are practically
limited to metals too. Its spatial resolution (50 nm at best) is poorer than
that of electron microscopies, but it is still adequate even for the indi-
vidual detection of larger NPs. A significant drawback of XFM is that it
requires a synchrotron facility thus it is less accessible than other tech-
niques. The use of XFM to the imaging of NPs and elements in plants
have been recently reviewed by Kopittke et al. (2018) and Castillo--
Michel et al. (2017).

XAS studies the fine modulation features of the X-ray absorption
coefficient of the sample as a function of excitation energy and also uses
synchrotron radiation, similar to XFM. It provides more chemical in-
formation (e.g. in addition to the composition, the chemical structure is
also probed) than other NP detection techniques. The spatial resolution
is determined by the ca. 1-40 pm® interaction volume between the
excitation beam and the plant sample section. The sensitivity only al-
lows for the detection of quite large NPs (several hundred nanometers in
diameter), or aggregates. Metal ions can also be detected, but only in
higher concentrations. Further data on the use of XAS for NP detection in
plants can be found in e.g. Castillo-Michel et al. (2017).

FLM is widely used for the imaging of biological samples, plants also
among them. It is available in single- and two-photon configurations.
Single photon excitation uses continuous-wave UV or visible light for
excitation, whereas the more complicated two-photon configuration
employs a pulsed (typically femtosecond) NIR laser. The spatial reso-
lution is usually around or slightly below a micrometer, limited by the
diffraction of the excitation wavelength, but the two-photon variant has
a significantly higher depth resolution and better penetration into the
tissue, thereby also allowing for the use of thicker sample sections. In
terms of NP detection, FLM is restricted to natively luminescent/fluo-
rescent NPs (e.g. quantum dots or upconverting NPs) or to NPs func-
tionalized with a fluorophore (e.g. fluorescein isothiocyanate, also
known as FITC, or Alexa Fluor series dyes) (Li et al., 2022). Please note
that FLM usually does not have a sufficient spatial resolution to resolve
smaller individual NPs, but can detect their aggregates. Metal ions can
also be detected, but with a relatively low sensitivity. Plant bioimaging
with FLM, including luminescent NPs, has been recently reviewed by
Dong et al. (2019) and Mizuta (2021).

ICP-MS is a well-established, ultra-sensitive, element and isotope-
selective analytical technique. Its absolute detection limits for metals
are in the attogram range, which not only allows for the sub-ppt con-
centration determination of metal ions in solutions, but also for the in-
dividual detection of medium-sized (e.g 20-40 nm diameter) metallic
NPs, when they are dispersed in a liquid medium. The application of ICP-
MS for the detection and direct analysis of NPs or metal ions in plant

samples is a quite recent research direction and it is executed in one of
two ways. One approach is the use of a focused laser beam to ablate the
plant tissue material with a 5-50 pm spot size and determine the analyte
mass originating from the NPs or metal ions studied (LA-ICP-MS). Due to
the ablative character, depth resolved analysis is also possible. This
approach allows for spatially resolved studies in plants. Metal ions at
ppm-level concentrations and NP aggregates can be detected. Primarily
concentration and compositional information can be obtained. Sample
preparation is minimal, if the top couple of tens of pm layer of the tissue
is targeted. Further information on the application of LA-ICP-MS to NP
effects in biological samples can be found in Galazzi et al. (2020). The
other approach is sp-ICP-MS, where the NPs have to enter the instrument
in a highly diluted dispersion, thus sample preparation (analyte sepa-
ration, matrix digestion, etc.) is needed if the particles are obtained from
a biological sample. Because of this, sp-ICP-MS does not provide spatial
resolution, but the statistical evaluation of particle signal spikes gives
reliable information about the particle composition, size distribution,
structure, dimensions, porosity and more. It can also differentiate be-
tween the ionic and particle-bound analyte signal (Galbacs et al., 2021).
sp-ICP-MS appears to be a very promising, versatile technique in NP
detection and characterization. The first reviews on its application to
biological samples, including plants have been published only very
recently by Laycock et al. (2022) and Loeschner et al. (2023). Lately
some studies even attempt to combine the advantages LA and sp-ICP-MS
methodologies for NP analysis in biological samples (e.g Seiffert et al.,
2023).

LIBS elemental mapping is perhaps the tool that appeared most
recently, in about the last decade, in the arsenal of NP detection studies.
It uses a high intensity, pulsed laser beam to generate a microplasma in
the focal spot and observes the atomic emission spectrum. Scanning the
laser beam provides pm-range spatial resolution elemental maps of the
plant tissue. It has trace analytical (ppm level) limits of detection to-
wards all elements in the periodic system and is well capable of single-
shot analysis. It can be used for NP uptake studies, or macro, trace
element or NP distribution studies, even with depth resolution. The
sensitivity typically does not allow for individual NP detection, but the
aggregation of NPs can be detected. In general, LIBS is a promising tool
in the elemental bioimaging of plant tissues, as it is also reflected in
recent reviews exploring this approach by Modlitbova et al. (2020) and
Busser et al. (2018). One unique advantage of LIBS for NP distribution
studies is that it requires very little sample preparation and the mea-
surements can also be performed in the field.
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3.2. Applications to NiO NP uptake and distribution studies

Today it is understood that plants also mediate the dispersion of NPs
into the environment and are contributing to their accumulation in
foodstuff (De Souza-Torres et al., 2021). The interaction of NPs with
plants therefore not only affect the functioning of plants, but also food
quality. NPs might adhere to the plant surface, inducing physical or
chemical harm, or enter the plant body through cell wall pores,
depending on their size (Kurczynska et al., 2021). The cell wall performs
a size exclusion task since it can limit the entrance of NPs to those that
are smaller than 20 nm. At the same time, data support that certain NMs
can also increase the pore diameter or create new pores by changing the
chemical composition of the cell wall (Oliveira et al., 2023). Further-
more, NPs can penetrate the root system via lateral root junctions,
traversing the cortex and pericycle to reach the xylem (Hossain et al.,
2015). Nevertheless, based on the accumulated literature data, the up-
take, and in planta movement of NPs are influenced by various factors
such as size, shape, chemical composition, types, concentration, surface
charge, plant species, growth stage, and environmental exposure con-
ditions (Singh et al., 2021).

Due to the direct and indirect importance of the above processes,
diverse techniques have been developed to monitor the uptake of Ni
NMs into plant organs and tissues. These techniques typically include
imaging and chemical mapping approaches. For instance, Parsons et al.
(2010) identified the different forms and oxidation states of Ni within
the tissues of mesquite seedlings exposed to uncoated and sodium
citrate-coated Ni hydroxide NPs by utilizing XAS. Ni NPs were detected
in roots and shoots of uncoated NP-exposed plants, whereas a Ni
(ID-organic acid type complex was found in the leaves. Additionally,
in plants treated with coated NPs, Ni NPs were detectable only in roots
and a Ni(II)-organic acid complex was present in shoots and leaves.
Recently, the fate of Ni in soybean seeds treated with nanodisperse Ni
(OH); has been investigated by XFM and SEM (de Oliveira et al., 2022).
The results suggest that independently from the type of Ni source, Ni is
associated with the seed coat (especially the hilum) and is not trans-
located towards the emerging cotyledons, as it is transferred to the
rhizosphere and finally absorbed by the radicle or the primary roots (de
Oliveira et al., 2022).

TEM has proven to be a useful tool to reveal nanoparticle uptake,
biodistribution and associations with cell and tissue components due to
its high resolution (Malatesta, 2021). This technique allows the visual-
ization of Ni NPs in the plant cells. Faisal et al. (2013) confirmed that
NiO NPs (average size of 23 nm) reached the cytoplasm of tomato root
cells. The accumulation of NiO NPs within the vacuoles of root cells was
observed, suggesting successful penetration of the NPs through the seed
coats and cell membranes. Additionally, increased number of peroxi-
somes and mitochondria in root cells of the NiO NPs treatment group,
along with degenerated crystal structures and nuclear condensation
were observed. Recently, the accumulation of NiO NPs (23.2 + 8.3 nm)
in the root cell walls of Ni hyperaccumulator Odontarrhena lesbiaca
ecotypes was evidenced by TEM analysis (Kondak et al., 2024).

Ni levels were also monitored in Ni hyperaccumulator seedlings by
LIBS elemental mapping. NiO NP-induced changes in the in planta levels
of other cations such as potassium, sodium, magnesium, and calcium
were also determined and compared to those induced by ionic Ni
treatment. LIBS proved to be a very capable approach for the visuali-
zation of changes in the distribution of macro- and microelements in
seedlings (Kondak et al., 2024).

The study by Manna et al. (2021) revealed using FLM that hydroponi-
cally administered FITC-tagged aminopropyl triethoxysilane-
functionalized NiO NPs (<50 nm particle size) penetrate the epidermis in
Allium cepa roots and move progressively from the meristematic zone into
the elongation and differentiation root zones in a dose-dependent manner.
The NPs penetrate individual cells, dispersing within the cytoplasm or
clustering around the nuclear membrane. Based on these observations, they
concluded that the mode of NiO NP-induced toxicity lies in their ability to
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access cells, leading to damage within essential organelles like the nucleus,
peroxisomes, or mitochondria.

sp-ICP-MS was applied to identify NiO NPs (approx. 40 nm) in
different soybean tissues, aiming to better comprehend the uptake and
translocation of NiO NPs and Ni®* within the plant (Zhou et al., 2023).
According to the findings of the study, as the transport distance from the
roots increased, the content of NiO NPs decreased. The higher concen-
tration of NPs observed in the roots compared to shoots was attributed in
part to the absorption of these particles on the surface of the plant roots.
Additionally, an increase in the average particle size of NiO NPs was
noted in the roots and seeds as the applied concentration of NiO NPs
increased. The study also revealed that only minimal amounts of NPs
could theoretically penetrate the plant through the cell wall pores.
Considering the root system as the primary site of NiO NPs exposure, the
researchers speculated that an elevated concentration possibly led to
increased root secretions, potentially hindering further uptake by the
plant.

Recent studies have confirmed that NiO nanoparticles can penetrate
plant systems, primarily accumulating in the roots. Advanced imaging
and chemical mapping techniques have been instrumental in detecting
these nanoparticles within plant tissues (Fig. 1).

4. Phytotoxicity of Ni NPs: different scales of direct effects

Understanding the potential toxic effects of NiO NPs is essential
when considering their application in agriculture, ensuring both envi-
ronmental safety and optimal efficacy. Despite of these, the potential
phytotoxicity of NiO NPs remains inadequately understood. In general,
the impact of NPs on the metabolism and development of plants, de-
pends on the chemistry, concentrations, and sizes of the NPs applied
(Dietz and Herth, 2011; Chahardoli et al., 2020). It is thought that
smaller particles exhibit increased toxicity due to their larger active
surface area, facilitating more interactions with their environment (Yin
et al.,, 2011; Yan and Chen, 2019; Scherer et al., 2019). Moreover,
smaller particles have an increased ability to penetrate the interior of
plant cells, potentially causing damage. The presence of Ni NPs may
exert direct toxic effects on plants and these effects manifest at different
scales from cellular to whole plant level (Fig. 2).

It is widely accepted that NiO NPs exert their multilevel negative
effects on plants primarily by disrupting the homeostasis of reactive
oxygen species (ROS). Changes in activities of ascorbate peroxidase
(APX), catalase (CAT), superoxide dismutase (SOD), glutathione
peroxidase, glutathione reductase (GR), glutathione-S-transferase,
polyphenol oxidase, phenylalanine ammonia-lyase as well as elevated
contents of glutathione (GSH), ascorbic acid (AsA), methylglyoxal,
glucosinolates and phenolic compounds have been observed in NiO NP-
treated plants species like Nigella arvensis, Dracocephalum kotschyi,
Brassica rapa, Solanum lycopersicum, Foeniculum vulgare, Raphanus sat-
ivus, Lycium barbarum, Triticum aestivum, Allium cepa (Chahardoli et al.,
2020; Chahardoli, 2023; Chung et al., 2019; Pinto et al., 2019; Saleh
et al., 2019; Faisal et al., 2013; Besharat et al., 2021; Abdel-Salam et al.,
2018; Manna and Bandyopadhyay, 2023). In addition to enzyme ac-
tivities, the up-regulating effect of NiO NPs also manifested on gene
expressions related to oxidative stress (Chung et al., 2019; Soares et al.,
2018; Manna et al., 2021), on MYB transcription factors, and on
phenolic compounds (Chung et al., 2019). The NiO NP-triggered
changes in antioxidant activities and contents result in ROS (especially
hydrogen peroxide, HoO3) accumulation in multiple plant species
(Oukarroum et al., 2015; Abdel-Salam et al., 2018; Baskar et al., 2018;
Saleh et al., 2019; Chahardoli et al., 2020; Chung et al., 2019; Pinto
et al., 2019; Manna et al., 2021; Manna and Bandyopadhyay, 2023). In
addition to ROS, NiO NPs induce the production of nitric oxide (NO) in
Allium cepa roots possibly due to promoted nitrate reductase activity
(Manna et al., 2021). Recently, moderately elevated NO, peroxynitrite
levels and altered S-nitrosoglutathione reductase enzyme activity and
protein abundance have been observed in Ni hyperaccumulator species
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indicating that in addition to the oxidative processes also the nitrosative
signaling is affected by NiO NPs. As a consequence, in the proteome,
changes in the rate of protein tyrosine nitration are caused by NiO NPs
(Kondak et al., 2024). In the case of NiO NP-induced ROS, the effects on
proteins are barely known (Saleh et al., 2019), but the elevation of
malondialdehyde levels indicating lipid peroxidation has been revealed
by several studies (Manna and Bandyopadhyay, 2017b; Abdel-Salam
et al., 2018; Saleh et al., 2019; Baskar et al., 2018; Chung et al., 2019;
Pinto et al., 2019; Besharat et al., 2021). The effects of NiO NPs on
plants’ oxidative processes are summarized in Table 1. The effect of
oxidative stress on nucleic acids may manifest as genotoxicity, one of the
well-characterized subcellular-level effect of NiO NPs in plants. NiO NP
has been shown to disrupt the regular cell division frequency and trig-
gers chromosomal abnormalities, chromosome breaks consequently
disrupting the cell cycle in correlation with dosage. Moreover, clasto-
genic and mito-depressive traits have also been described in NiO
NP-exposed Allium cepa model plants (Manna and Bandyopadhyay,
2017a; Manna et al., 2022).

Regarding cellular level damage, all of the above NiO NP-induced
processes lead to mitochondrial-dependent apoptotic cell death, which
is characterized by mitochondrial dysfunction, an increase in the num-
ber of apoptotic and necrotic cells, and an increase in caspase-3-like
protease activity (Faisal et al., 2013). Furthermore, NiO-NP exposure
triggers DNA hypermethylation due to oxidative burst (H,O2 and NO
generations), and leads to induction of autophagy, apoptotic and
necrotic cell death pathways depending on NiO NP dosages (Manna
et al., 2023). The compositional changes (pectin accumulation, forma-
tion of an exodermal suberin layer) observed in the root cell walls of the
Ni hyperaccumulator species may contribute to the exclusion of NiO NPs

from the cytoplasm and delay metal ion or metal nanoparticle uptake
(Kondak et al., 2024).

Cell wall-associated changes caused by NiO NPs increase cortex tis-
sue thickness which may support tolerance during Ni overload since it
may provide resistance to radial water flow and thus reduce heavy metal
transport (Kondak et al.,, 2024). An additional mechanism that may
contribute to the negative effects of NiO NP is disturbed ionic homeo-
stasis, as the Na/K ratio and Fe, Mg content decrease in
non-Ni-accumulating Allium cepa (Manna et al., 2021, 2023), while in Ni
hyperaccumulator ecotypes, the homeostasis of cations (K, Na, Ca, Mg)
is stable despite the high NiO NP load (Kondak et al., 2024). Damage
caused by NiO NPs in subcellular, cellular and tissue processes results in
organ-level effects such as limitation of root and shoot development.
NiO NPs cause reductions in root elongation and fresh/dry biomass even
in Ni hyperaccumulator species depending on ecotype and NP dosage
(Kondak et al., 2024). Furthermore, a decrease in root and shoot biomass
due to elevating NiO NP concentrations was shown in Solanum lyco-
persicum, Raphanus sativus, Solanum melongena, Triticum aestivum, Nigella
arvensis and Lycium barbarum (Faisal et al., 2013; Abdel-Salam et al.,
2018; Baskar et al., 2018; Pinto et al., 2019; Saleh et al., 2019; Cha-
hardoli et al., 2020). NiO NPs exert a negative effect on the amount of
photosynthetic pigments (chlorophylls, carotenoids), and in Lemna gibba
on the photosynthetic electron transport performance (Chung et al.,
2019; Pinto et al., 2019; Oukarroum et al., 2015; Saleh et al., 2019). The
phytotoxic effects of Ni NPs manifested at different levels are depicted in
Fig. 2.
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Table 1

The effects of NiO NPs on the oxidative processes of plants. Abbreviations: ROS,
reactive oxygen species; H,O», hydrogen peroxide; SOD, superoxide dismutase;
CAT, catalase; APX, ascorbate peroxidase; GST, glutathione-S-transferase; GSH,
glutathione; AsA, ascorbate; NiO NPs, nickel oxide nanoparticles; PSII, photo-
system II; MDA, malondialdehyde; GSSG, oxidized glutathione; POD, peroxi-
dase; GSL, glucosinolate; DPPH, 2,2-diphenyl-1-picryl hydrazyl; RCA, rubisco

activase.

Part of the
plant
examined

Plant name

Size of
NP
(nm)

Effect of NP on
oxidative and
nitrosative
processes

References

Solanum Roots

Lycopersicum

Solanum
melongena

Seedlings
(shoot
and root)

Roots and
leaves

Lemna gibba

Raphanus Seeds

sativus

Roots and
leaves

Hordeum
vulgare

Shoots
and roots

Foeniculum
vulgare

Lycium Shoots

barbarum

23.34

10-20

30

23.3

7-14

0.01-10

100

Higher activities
of antioxidants
(SOD, CAT and
GSH).

Increased ROS
levels.

Increased
intracellular ROS
formation and
MDA production.
The non-
enzymatic
antioxidants such
as flavonoids and
phenolics were
altered in NP-
treated plants.
Increased ROS
levels. Induced a
strong inhibitory
effect on the PSII
quantum yield,
indicated an
alteration of the
photosynthetic
electron
transport
performance.
Inducing toxicity,
lipid
peroxidation and
membrane
damage, ROS
generation, and
antioxidant
activities.
Concentration-
dependent
changes in
activity of
antioxidants
(GSH, CAT,
SOD).

Induced the
occurrence of
oxidative stress.
Increased MDA.
Decrease in the
amount of
dehydrogenase
enzyme in the
root.

Induced
oxidative damage
by increasing
lipid
peroxidation and
ROS content.
Enzymatic (SOD,
CAT and APX)
and non-
enzymatic (AsA,
GSH, proline and
phenols)
antioxidant

Faisal et al.
(2013)

Baskar et al.
(2018)

Oukarroum et al.
(2015)

Abdel-Salam
et al. (2018)

Soares et al.
(2018)

Besharat et al.
(2021)

Pinto et al.
(2019)

Table 1 (continued)
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Plant name

Part of the
plant
examined

Size of
NP
(nm)

Effect of NP on
oxidative and
nitrosative
processes

References

Triticum
aestivum

Brassica rapa
ssp.
pekinensis

Nigella arvensis

Allium cepa

Allium cepa

Dracocephalum
kotschyi

Roots and
leaves

Seedlings
(shoot
and root)

Shoots
and roots

Roots

Roots

Shoots
and roots

54

10-20

5-8

<50

<50

10-20

mechanisms
activated.
Increased the
levels of
antioxidants.
Improved the
antioxidant
defense system
and maintained
AsA/DHA and
GSH/GSSG redox
balances.
Increased levels
of Hy0, and total
ROS, and
antioxidant
enzyme (POD)
activity,
transcript levels
of genes coding
for antioxidant
enzymes (CAT,
POD, and GST)
and
phytochemicals
(GSLs, phenolics,
and flavonoids).
Enhanced
activities of
antioxidant
enzymes (CAT,
POD, APX and
SOD) and
antioxidant
compounds (total
iridoids, total
saponin, and
total phenolic)
along with DPPH
scavenging
activity, total
antioxidant
capacity and
total reducing
power.

Increased cellular
H,0, content.
Significant
decrease of NO at
higher
concentrations of
NiO NP while
cellular ROS
continued to
increase. CAT,
SOD, and APX,
and the RCA
showed
upregulation.
Intracellular
methylglyoxal,
H,0; levels
increased
significantly.
Major damages to
the AsA-GSH
cycle.

Induced hormetic
effects on
photosynthetic
pigments. Toxic
effects and
oxidative stress

Saleh et al.
(2019)

Chung et al.
(2019)

Chahardoli et al.
(2020)

Manna et al.
(2021)

Manna and
Bandyopadhyay
(2023)

Chahardoli
(2023)

(continued on next page)
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Table 1 (continued)

Plant name Partofthe  Size of Effect of NP on References
plant NP oxidative and
examined (nm) nitrosative

processes

caused by NPs.
Increasing the
activities of SOD,
POD, CAT, and
APX.

5. Mitigation strategies against NiO NP-induced phytotoxicity

The toxic symptoms of NiO NP stress can be ameliorated by exoge-
nous treatments performing induced defence in non-tolerant plant spe-
cies, while Ni hyperaccumulator/tolerant species possesses endogenous
protection mechanisms against Ni NPs.

As an example for exogenously induced defence, Soares et al. (2018)
evaluated the possible impact of silicon dioxide (SiO2) NP on improving
the tolerance of Hordeum vulgare against NiO NP. Exposure to NiO NP
alone adversely affected barley growth and photosynthetic functions;
and co-exposure with nano-SiO, partially alleviated the negative effects
of NiO NP. The molecular mechanism of the beneficial effect of SiO3 NP
proved to be the limitation of the NiO NP-triggered superoxide pro-
duction and lipid peroxidation by the activation of antioxidant enzymes
such as APX and CAT. Additionally, SiO, NP treatment resulted in
elevated Ni content in the root system suggesting that nano-SiO, triggers
Ni compartmentation and accumulation in roots as a defense mechanism
to limit its translocation to aboveground organs.

Exogenously administered AsA in NiO NP-exposed plants alleviates
the inhibition in root elongation and the macroscopic phytotoxic effects
in Solanum lycopersicum seedlings (Spormann et al., 2022). Moreover,
AsA supplementation significantly reduced H2O2 levels in the roots of
NiO NP-treated plants mainly by the increment of AsA, GSH and total
phenols. Among antioxidant enzymes, the activity of SOD and GR is
induced by AsA addition, implying that exogenous AsA activates anti-
oxidant detoxification in case of NiO NP stress (Spormann et al., 2022).

Interestingly, the changes of an environmental condition may trigger
mitigation processes against the NiO NP phytotoxicity. NiO NP-treated
Triticum aestivum grown in the presence of elevated carbon dioxide
(eCOy, 620 ppm) showed promoted photosynthesis and inhibited
photorespiration, resulting in reduced ROS production compared to
plants grown in the presence of ambient COy (aCO,, 400 ppm, Saleh
et al., 2019). Moreover, in case of eCO5 condition, due to limited ROS
formation, protein and lipid oxidation is reduced compared to NiO NPs
+ aCO,. Additionally, eCO; results in elevated peroxidase activity,
increased phenol, tocopherol contents and maintained AsA/DHA and
GSH/GSSG redox balances. These results imply the possibility that
wheat plants will be more tolerant to NiONPs stress under future climate
CO5 (Saleh et al., 2019).

Hyperaccumulator plants have the capacity to accumulate over
1000 mg/kg of Ni in their shoots without toxic symptoms meaning that
Ni hyperaccumulation is coupled with Ni hypertolerance (Hipfinger
et al., 2022). The study by Kondak et al. (2024) examined the endoge-
nous defence mechanisms and revealed that the endurance of Odontar-
rhena lesbiaca ecotypes against NiO NPs manifests at cellular (binding of
NPs by the root cell wall due to compositional modification), tissue (root
anatomical changes), organ/organism (slight modifications in biomass
production) and molecular (changes in reactive nitrogen species meta-
bolism and induced nitrosative protein modification) levels.

6. The beneficial side of Ni NPs: nanofungicides and
nanofertilizers

Plants are continuously affected by other organisms living in their
environment, and the biotic factors such as fungi, bacteria, viruses,
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insects induce loss in crop yield probably more than the cumulative
losses caused by all other stress factors (Saddique et al., 2018). Different
networks of signals and responses participate in creating plant tolerance
against biotic stress, and these networks provide an intricate mechanism
to help plants coping with pathogen attacks (Khoshru et al., 2023). It has
been revealed that the endogenous defence pathways mainly against
fungal pathogens can be activated by exogenous administration of NiO
NPs.

Fusarium wilt, a common vascular wilt fungal disease, is a significant
challenge in vegetable farming. Ni NPs exert antifungal properties
against two specific forms of Fusarium oxysporum (F. oxysporum f. sp.
lactucae and F. oxysporum f. sp. lycopersici) affecting lettuce and tomato
plants in controlled laboratory and greenhouse settings. Ni NPs were
shown to impede the growth and spore production of the fungi in vitro.
When applied in the greenhouse, the use of Ni NPs exhibited substantial
decline in disease severity in lettuce and tomato shedding light on the
potential of Ni NPs as a valuable tool in managing this agricultural
concern (Ahmed et al., 2016). Similarly, the in vitro antimycotic prop-
erties of nickel (and cobalt) ferrite (NiFe,O4 and CoFe;04) NPs against
three phytopathogenic fungi (Fusarium oxysporum, Colletotrichum gloeo-
sporioides, and Dematophora necatrix) has been evidenced (Sharma et al.,
2017). Furthermore, NiFe,O4 NPs supplementation concentration
dependently limited disease incidence (%) in Fusarium-infected
Capsicum annuum implying the possibility of using NiFe,O4 NPs as
potent fungicides in managing plant diseases (Sharma et al., 2017).

Nickel-chitosan nanoconjugates (NiCNC, 300-400 nm) have been
shown to exert in vitro antifungal effect against Fusarium solani which
manifested in reduced mycelium radial growth, inhibited spore germi-
nation and sporulation, spore viability possibly due to ROS-mediated
lipid peroxidation. In case of F. solani-inoculated wheat seedlings,
NiCNC supplementation resulted in a reduction of disease incidence (%),
increased shoot and root growth and vigor index (%) in comparison with
untreated seedlings (Chouhan et al., 2022).

Recently, smaller nickel-chitosan nanoparticles (Ni-CHT NPs,
spherical within 20-70 nm) have been prepared and examined as al-
ternatives to fungicides for combating rice blast caused by Pyricularia
oryzae. The application of Ni-CHT caused notable improvement in
germination, shoot and root growth capability of Oryza sativa partly due
to the Ni NP-induced appearance of new polypeptides (Rubisco units)
enabling the enhanced photosynthesis. More importantly, Ni-CHT NP-
treated rice plants showed diminished blast symptoms on their leaves
and the Ni NP treatment displays inhibition of mycelia development in
Petri dishes (Parthasarathy et al., 2023).

Due to the fact that Ni is an essential microelement for plants, its
application within an optimal concentration range stimulates the plant
growth. Conventional nutrient fertilizers possess high release rates
overwhelming the actual nutrient absorption rate by plants which re-
sults in low nutrient use efficiencies. Application of Ni and other nu-
trients in nano-format for fertilizing plants may be beneficial due to slow
nutrient release and increased nutrient use efficiency (Zulfigar et al.,
2019).

Some recent studies focus on the application of different Ni nano-
forms in order to improve plant vegetative growth and yield. The
comprehensive study of Zhou et al. (2023) in which NiO NPs, bulk NiO
(b-NiO), and nickel sulphate (NiSO4) were supplied through the soil for
Glycine max demonstrated that NiO NPs can be directly accumulated by
plants and transferred to soybean seeds in particulate form. Further-
more, realistic dosage of NiO NPs has been shown to effectively improve
soybean yield and nutritional quality (increased fatty acid and starch
contents) by promoting plant photosynthesis and regulating nitrogen
metabolism and hormone levels (indole-3-acetic acid, gibberellic acid,
abscisic acid, zeatin riboside).

Recently, Ni encapsulated NPs with different biodegradable coatings
such as starch, polyvinyl alcohol, gum arabica, gelatin, molasses and
paraffin wax have been prepared and applied for in soil treatment of
Chloris gayana (Beig et al., 2023). Findings demonstrated that the
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application of Ni-coated NPs onto urea granules notably elevated ni-
trogen accessibility, consequently boosting the dry matter production of
Rhode grass. Additionally, NiFe;O4 NPs (12.5 + 0.5 nm) have been
observed to taken up by the barley roots, translocated to shoot and
significantly increase calcium, magnesium, potassium, sodium and
manganese, chlorophyll, carotenoid, and soluble protein contents
without promoting plant biomass production (Tombuloglu et al., 2019)
(Fig. 2).

7. Conclusion and future research directions

The increased production and spread of Ni NMs into the environment
may directly and indirectly affect plants. Balancing the beneficial effects
and adverse impacts of Ni NPs requires precise dosing strategies to
harness Ni NPs’ positive attributes in crop production effectively.

e Advancements in analytical spectroscopy and imaging are expected
to improve the detectable size range of NiO nanoparticles and the
detection limit of Ni-ions. This will allow better spatial resolution
and the possibility to investigate finer effects related to Ni-containing
chemical species in plants. In-field applicable elemental mapping
technologies, such as LIBS instrumentation, show promise for agri-
cultural relevance.
The molecular details of Ni NP phytotoxicity are emerging, with
direct toxicity based on disrupting ROS homeostasis by modifying
antioxidants at both activity and gene levels. Future studies should
investigate the effects of ROS and reactive nitrogen species on
macromolecules and distinguish NP-associated effects from Ni ion
effects. NiO NP-triggered oxidative stress’s consequences should be
explored at cellular, tissue, and organ levels for a comprehensive
understanding.

Indirect effects of NiO NPs on ecological partners like rhizobacteria,

mycorrhiza, and pollinators remain a significant knowledge gap. The

interaction of Ni NPs with other NMs in the plant-soil system and co-
stress effects on plants are also underexplored areas.

e Ameliorating NiO NP toxicity in non-tolerant plants can be achieved
through exogenous treatments or environmental condition alter-
ations, targeting oxidative stress. Hyperaccumulating plant species
possess endogenous defense mechanisms against NiO NP stress.
Exploring additional beneficial agents for Ni NP stress mitigation
holds practical relevance.

e Ni NPs also show promise in alleviating plant stress and exhibiting
beneficial effects in agriculture, such as managing Fusarium wilt and
other fungal diseases. The application of Ni NPs as nanofertilizers is
emerging, and further exploration is essential to fully leverage their
benefits for enhanced stress tolerance and plant health.
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