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1. Introduction

Continuous formation, production and utilization of nanoparticles
(NPs) and their unregulated release into aquatic as well as terrestrial systems
via number of pathways, have resulted in a growing concern over their
impending environmental effects [1,2]. Among different available NPs,
silver nanoparticles (AgNPs) are of particular interest because of their
well-known antibacterial and antifungal properties due to which they have
been implemented in a wide range of commercial products such as medical
devices, textiles, food packaging, and healthcare and household products
[3,4]. AgNPs are known to induce toxicity in prokaryotic [5], eukaryotic
[3] and aquatic [6] as well as in in vitro systems [7]. The (cyto)toxicity of
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AgNPs has been attributed to several possible mechanisms, including disrup-
tion of cell-membrane integrity [5], protein or DNA binding and damage
[8], reactive oxygen species (ROS) generation [9] as well as apoptotic cell
death [10]. However, it is still not clear to which degree the toxicity of
AgNPs results from AgNPs per se and how much toxicity is related to the
released Ag" [11-13]. Since AgNPs are prone to various environmental
(bio)transformation, which modifies their properties influencing their trans-
port, fate and possible toxicity [14], proper characterisation of AgNPs as well
as direct detection and localisation within plant tissues are indispensable to
reveal direct interaction of silver nanoparticles with plants.

Plants are the vital part of ecosystems as primary producers and they play a
significant role in accumulation and biodistribution of many environmentally
released substances. They are very likely to be influenced by AgNPs, serving as
a potential pathway for AgNP-transport and bioaccumulation into food
chains [15]. Therefore, any negative effects of NPs upon plant growth could
cause significant changes in the ecosystem, potentially causing irreversible
damage. Plants can be adversely affected by AgNPs indirectly, via AgNP-
containing products for human usage that are being released to the environ-
ment [16]. Moreover, they can also be directly exposed to AgNPs through
application of the commercially available products that are being implemented
in agriculture, since nanotechnology has been applied in plant production to
increase plant growth [17] and to improve pest and disease management [18].
Toxicological studies of AgNPs conducted on plants marked positive, nega-
tive or neutral impacts [19,20,20a], which depend on various factors regulat-
ing the uptake and accumulation in plants such as plant species and age, the
nanoparticle size and concentration, as well as on the test conditions i.e.
temperature, duration and method of exposure [21-24].

In this chapter, recently published studies on plant uptake and accumu-
lation of AgNPs and their effects on different aspects of plant physiology
(Fig. 1), including germination, growth and morphological and ultrastruc-
tural changes as well as photosynthesis have been reviewed. Moreover, we
present here a discussion about AgNP roles in promotion of oxidative stress,
followed by responsive plant antioxidant machinery, as well as in changes in
protein expression, which require further research to understand the molec-
ular response triggered by AgNPs in plants.

2. Uptake and accumulation

There is growing evidence that AgNPs are released into the different
types of environment including soil, water and air from where they could be
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Fig. 1 Schematic illustration of silver nanoparticles (AgNPs) interactions with terrestrial plants.
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taken and accumulated in plants. Studies of AgNP-induced phytotoxic
effects conducted on different plant species reported contradictory results,
showing that impacts of AgNPs on plants largely depend on the type and
concentration of nanoparticles, plants species, tissue exposed, and the exper-
imental conditions [reviewed in [25-31]]. Various types of AgNPs can
exhibit distinct characteristics depending on their size, charge and surface
properties, which can influence their behaviour, uptake as well as toxicity
[32,33]. For example, exposure to smaller particles with larger surface areas
resulted in higher cellular uptake and toxic responses [34,35|. Moreover,
different characteristics of the media used for plant growth (pH, ionic
strength, redox conditions, etc.) could modify initial properties of syn-
thetized AgNPs and consequently influence their bioavailability, bio-
accumulation as well as biological effects. Most data regarding the fate of
AgNPs and their behaviour come from investigations in aquatic systems
and several reports pointed out differences in AgNPs behaviour in deionized
water used for preparation of stock solution and various media used for
exposure [reviewed in [14]]. Studies focused on the environmental transfor-
mations of AgNPs show that they undergo slow oxidative dissolution by
molecular oxygen and protons, reactions with reduced sulphur species or
chloride, adsorption of polymers, natural organic matter or proteins, and
aggregation that depends on media and coatings [reviewed in [26,33,36]].
The most important processes for the bioavailability of AgNPs and their
biological effects include agglomeration or aggregation of NPs to form
larger particles, oxidation of elemental silver (Ag”) to silver ion (Ag") and
subsequent dissolution to dissolved Ag" species, speciation and solubility
of Ag" in solution and reactions modifying the reactivity of AgNPs [26)].
For example, the presence of ions in the medium will eftectively destabilize
the AgNPs, leading to aggregation [33,37]. Agglomeration can reduce the
mobility and modify the initial concentration of AgNPs, thus influencing
their toxic effects [38,39]. To stabilize AgNPs against aggregation, different
coating are applied including carboxylic acids (citrate), polymers (poly-
vinylpyrrolidone, PVP), polysaccharides (gum arabic, GA), and surfactants
(cetyltrimethylammonium bromide, CTAB and sodium dodecyl sulfate,
SDS), which change the surfaces of AgNPs and thus aftect their behaviour
and transformations in the medium [33] as well as their toxicity to plants
[32,40,41]. Additionally, the aerobic conditions result in the oxidation of
AgNPs and release of Ag', which can then have a major role in toxicity.
Dissolution is very much influenced by the pH and the presence of strong
binding ligands, which can be very different in the various types of media
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used for plant growth [26]. For example, presence of Cl™ in exposure solu-
tion would result in formation of AgCl, thus removing free Ag’ [42].
Sulfidation i.e. formation of Ag,S is also possible, which can limit AgNPs
bioavailability and toxicity [43]. On the other hand, AgNP transformation
in the soil and other solid media has been poorly analysed [44,45], due to the
lack of adequate techniques. Several studies have shown that surface reactive
particles, such as clays and organic matter-coated particles present in soil, can
affect the behaviour of AgNPs, favouring their aggregation and thus decreas-
ing the risk of toxicity [22,32,42,45]. Moreover, it has been reported that
biotransformation of AgNPs such as dissolution, sulfidation, aggregation,
and adsorption of macromolecules such as proteins can occur during inter-
action with biological environments, for example at root surface or even
after AgNP internalization within the plant tissue [11,43]. Despite the
importance of AgNP transformation for their toxicity, in a lot of studies
investigating AgNP toxic effects on plants, the size and the state of AgNP
aggregation were often measured only before experiments began, in order
to characterize synthetized AgNPs [20,23,24,46-50]. For example, it was
found that AgNPs with different morphologies and sizes (triangular,
47 nm; spherical, 8£2nm and decahedral, 45nm) induced a differential
response regarding plant growth and gene expression in Arabidopsis
(Arabidopsis thaliana) seedlings, but no characterization of the particles in
the Murashige and Skoog medium used for plant cultivation and/or during
the time course of experiment was done. Still, in many studies more thor-
ough characterization of AgNPs was performed immediately after addition
to exposure media [32,51-53] as well as during and after the experiment
[32,34,35,38,54-57|. Substantial aggregation of AgNPs was observed in
nutrient solution used for duckweed Lemna minor cultivation due to the high
1onic strength and change in pH, so dilution of the original medium was
used for exposure [58]. In the work of Barrena et al. [38], besides biological
effects such as germination of cucumber (Cucumis sativus) and lettuce (Lactuca
sativa), the stability of the 2 nm AgNPs was investigated in different media by
dynamic light scattering (DLS) analysis and transmission electron micros-
copy (TEM) images, which showed that there were no relevant changes
in the size distribution and stability of AgNPs before and after the experi-
ments. However, zeta potential measurements indicated that AgNPs had less
negative charge after addition to media, probably due to the interaction of
particle surface coating with molecules from the media, thus forming bio-
molecular or protein corona [59]. Moreover, a small increase of about
1nm in particle size has been observed by DLS, which corresponds to this
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coating phenomenon. Similarly, Jiang et al. [53] investigated toxicity of
7.8nm AgNP-GA (0, 0.5, 1, 5, and 10mgL71) on duckweed Spirodela
polyrhiza and found that the size of AgNPs was slightly increased after
addition to the 10% Hoagland medium. In a study on AgNP eftects on
Arabidopsis, TEM analysis showed aggregation of AgNPs during the expo-
sure in the 1/4 Hoagland medium [60], which is in agreement with other
studies [34,35,56]. The percentage of AgNP dissolution has been also
examined as an important factor influencing the AgNP toxicity and mostly
low amounts of free Ag" have been found [32,53,61,62]. However in
some cases the dissolution was measured in stock solutions of AgNPs,
which however does not have to correspond to what happens in exposure
media. For example, dissolution of 20nm AgNPs was observed in the 1/4
Hoagland medium after 24 h, but it decreased after 14 days of exposure [60],
possibly because of the precipitation of Ag" with electrolytes in the exposure
medium or by adsorbing with other particles in the solution [43]. Similar
initial increase and then decrease of free Ag " released from AgNPs with time
in exposure solution was also reported by Jiang et al. [55]. In investigations
of AgNP toxicity on algae, Miao et al. [39,63] showed that AgNPs aggre-
gated with time in the exposure medium (seawater) and that a considerable
amount of Ag" was released from AgNPs. Mirzajani et al. [64] found that
20nm AgNPs had a lower impact on rice (Oryza sativa) after prolonged
incubation in a medium compared to fresh mixture, possible due to aggre-
gation and agglomeration of AgNPs. Das et al. [65] investigated AgNP tox-
icity on tomato (Lycopersicon esculentum) in soil-plant system through
72 weeks long experiment and found that agglomeration of AgINPs was high
during early phase of exposure, while the dissolution rate increased with
time in soil. Moreover, 40 nm AgNP-PVP was found to be more phytotoxic
to thickspike wheatgrass (Elymus lanceolatus) and red clover (Trifolium
pratense) than AgNOj, probably because transformation products induced
by aging in biosolids resulted in larger pools of extractable Ag" than those
from AgNOs;-biosolids exposures [66]. As pointed out by Reidy et al.
[14], sufficient characterization of nanoparticles in the same solution and
under the same exposure conditions as used in the experiment should
be performed in toxicological studies, since this is crucial for understand-
ing what actually interacts with cells/organisms. The limitations in knowl-
edge about AgNPs (bio)transformation can be attributed to the lack
of adapted techniques for the characterization of nanomaterials in com-
plex matrices, such as soil or plants. At present, many methods are used
for the characterization of AgNP different physicochemical properties
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(e.g., size, distribution), such as DLS, TEM, atomic force microscopy
(AFM), flow field flow fractionation (FIFFF), fluorescence correlation
spectroscopy (FCS), nanoparticle tracking analysis (NTA), etc. However,
all these methods have some shortcomings and the characterization of
AgNPs often requires the combination of different analytical methods [67].

Various studies show both positive and negative impacts of AgNPs on
plants, depending on factors affecting the uptake and accumulation in plants
[20,30]. Uptake of AgNPs depends on size and shape of AgNPs (negatively
correlated) as well as on exposure concentration (positively correlated) [27].
In most investigations regarding the AgNP phytotoxicity, AgNP uptake and
accumulation by plants was confirmed by measuring total Ag content by
inductively coupled plasma—mass or atomic emission spectrometry (ICP-
MS, ICP-AES) or atomic absorption spectroscopy (AAS) without further
specification of silver forms [48,49,52,53,68—70]. These methods do not
allow sources of Ag to be distinguished and might also include Ag that
has not been taken up in cells. Therefore, uptake and toxicity studies require
appropriate controls with an Ag salt (most often AgNOj has been used) as
well as repeated washing of plant material in presence of a strong Ag ligand,
such as cysteine, to remove not internalized particles and Ag" before analysis
of Ag content [26]. Most studies have shown that Ag mostly remains asso-
ciated with the roots and the translocation to the shoots is usually very
low [25,32,35,47]. In several studies, a higher Ag content in root and
shoot was observed after exposure to AgNPs compared to treatment with
AgNOj, suggesting an accumulation of the nanoparticulate form of silver
[35,68,71,72]. Presence of particles as dark depositions detected by TEM
has been considered as confirmation of AgNPs uptake in the form of
nanoparticles in various plant species [23,46,47,53,54,68], while in some
studies the elemental composition analysis of depositions, confirming Ag
presence, was also performed [22,73-75]. However, most of the presented
results are from studies performed in aqueous media, although soil is more
relevant substrate for the plant growth and it could be polluted by AgNPs
through sewage sludge and/or wastewater [76]. Moreover, as already
mentioned the bioavailability and toxicity of AgINPs is different in the soil.
For example, the bioaccumulation and effect of AgNPs on mung bean
(Phaseolus radiatus) and sorghum (Sorghum bicolor) growth was lower in soil
than in agar [22]. The amounts of Ag" released from AgNPs during the
exposure period showed that Ag" was largely responsible for the apparent
toxicity in agar, while the influence of the Ag' was negligible in soil
medium, which may be attributed to their binding to organic substances
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in soil and lower bioavailability [44]. In an experiment investigating the fate
of AgNP-PVP in a sludge-amended soil cultivated with wheat (Triticum
aestivum) and rape (Brassica napus), it was shown that Ag transfer into plants
was very low and no translocation of Ag to the shoots was found, because
Ag was associated with soil S-rich particles (as Ag heteroaggregates and
adsorbed/complexed Ag species) and thus unavailable [77].

More recent studies and development of new techniques such as laser
scanning confocal microscopy, scanning and transmission electron micros-
copy (SEM, TEM) coupled with an energy dispersive X-ray spectrometer
(EDX) and single particle-inductively coupled plasma-mass spectrometry
(SP-ICP-MS) allowed precise localization and identification of AgNPs
not only in plant tissues, but also inside the cell. Moreover, synchrotron
radiation (SR) based techniques has been recently successfully used in the
analysis of NPs in plants, such as micro-X-ray fluorescence (U-XRF) for
elemental distribution and/or X-ray absorption spectroscopy (XAS) and
X-ray absorption near edge structure spectroscopy using a microfocused
beam (PXANES) for chemical speciation (reviewed in Castillo- Michel
et al. [78]. Micro-particle induced X-ray emission (WPIXE) and Rutherford
backscattering spectroscopy (HRBS) are also promising new tools for
AgNPs distribution and in situ quantification [79] as well as X-ray micro
and nano-computed tomography (p-and nano-CT) for 3D distribution
of NPs [72]. Various studies showed that plant roots are the main route
of plant’s exposure to AgNPs. AgNPs have to cross cell walls and plasma
membranes of epidermal layers in roots to enter vascular tissues (xylem)
and to be translocated to the leaves. Investigating effects of 6nm AgNP-
GA on the common grass (Lolium multiflorum), Yin et al. [32] found that
many AgNPs adsorbed to the surface of roots, although TEM analysis also
revealed the presence of particulates inside the root cells. Similarly, AgNPs
were observed to be adhered onto the surface of mung bean and mustard
root cells [48], while they were detected in Allium cepa root cells after expo-
sure to AgNPs coated with PVP (9.4nm), citrate (61.2nm) and CTAB
(5.6nm) [40]. Moreover, uptake of 40nm AgNPs has been demonstrated
in columella of Arabidopsis roots by a confocal/multiphoton microscope
[25]. Based on the 3D resolution data from the laser scanning confocal
microscope Geisler-Lee et al. [34] suggested that a possible route for AgNP
transport in Arabidopsis root tips grown in hydroponic growth media was
from border cells to root cap, epidermis and columella and then to the initial
cells of the root meristem. Moreover, Geisler-Lee et al. [80] reported that
AgNPs gradually accumulated in a time sequence in Arabidopsis root tip
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and elongation region during 4 weeks of hydroponic growth; on the 14th
day AgNPs entered root hair cells, while by the 17th day they were trans-
ported in vascular tissue, both phloem and xylem. Similarly, in alfalfa
(Medicago sativa) exposed to 11 nm AgNP-PVP synchrotron-based p-XREF
analysis showed that silver nanoparticles mainly accumulated in the colu-
mella border cells and elongation zone [81]. In duckweed Landoltia punctata
exposed to 13nm AgNP-PVP, silver was distributed throughout the root tip
and had the highest concentrations near the apical meristem [56]. At subcel-
lular level, TEM analysis showed that 20 and 40 nm AgNPs could be found
in cell walls and at plasmodesmata, while for the 80 nm AgNPs accumulation
was observed, but the sizes of AgNPs detected in the cell wall were smaller,
indicating that partial dissolution and size reduction may be necessary for
plant uptake [34]. Moreover, aggregated AgNPs were also present in cell
walls, especially in the middle lamella as well as in the plasmodesmata,
demonstrating that symplastic transport could be physically blocked and
that AgNPs might pass intercellular space via apoplastic transport, which
is also in agreement with results of Stegemeier et al. [81]. Massive accumu-
lation and internalization of 10nm AgNPs in Arabidopsis root was also
confirmed by Bao et al. [82], who observed individual particles and aggre-
gated clumps all over the cell wall, middle lamella plasma, intercellular
space, and in the vacuole. Cell internalization of AgNPs of much larger size
than is the size of the cell wall pores (3—8nm) [83,84], raise the question
how these AgNPs can pass through the cell wall. Previously, it has been
proposed that direct uptake of nanoparticles by the plants is possible for
AgNPs smaller than 5 nm, which can cross the cell wall [85]. The underlying
mechanisms for plant uptake of large AgNPs are still poorly understood, but
it is possible that AgNPs may induce the formation of new and larger size
pores or cause ruptures in root structure, which allows the passage of large
AgNPs through the cell wall [11,31]. Further, to get inside the cell, AgNPs
needs to pass the plasma membrane. The potential entries through the lipid
bilayer are not yet clarified, but it has been suggested for other nanoparticles
that they can cross the cell membranes either by the endocytic processes or
using embedded transport carrier proteins or ion channels [11]. The com-
bination of p-CT and p-XRF analyses [72] showed the presence of localized
AgNP accumulation regions adhering on the epidermis of wheat roots
while nano-CT technique revealed that AgNPs accumulated preferentially
in discontinuities between root epidermal cells as well as attached on root
hairs. Pradas del Real et al. [72] consider that these results support two pos-
sible ways of AgNP entry: (i) accumulation of AgNPs in the epidermis,
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which can cause rupture of tissue and facilitate the transfer of AgNPs inside
roots [86] and/or (ii) root hairs, which have a thin cell wall and take up
nutrients by transport, diffusion and endocytosis [87]. It has already been
suggested that translocation of AgNPs is aided by endocytosis [26,88], which
includes the creation of vesicle that enfold the material and finally transport
AgNPs from plasma membrane to the cells [20]. However, in root tissues of
wheat [47] and rocket (Eruca sativa) [46] AgNPs were not observed by TEM
analysis, which suggests that they remain on the root surface and that the
effects of AgNPs are mediated primarily by Ag" released by oxidative dis-
solution of NPs at the root interface. Since the root tip cell walls of wheat
seedlings were rich in matrix components, Vannini et al. [47] suggested that
wheat seedlings exposed to toxic concentrations of AgNPs attempt to pre-
vent or reduce their uptake into root cells by restricting metal ions to the
apoplast by binding them to the cell wall or to cellular exudates. Different
plant species are differently rich in matrix components and thus differently
protected from the AgNPs uptake which could partly explain inconsis-
tencies in uptake results. Moreover, in L. multiflorum, pXRF/pXANES
analysis showed spots of oxidized silver within root tissues, indicating AgINP
oxidation and dissolution within or on biological surfaces [32]. Therefore,
Yin et al. [32] proposed two mechanisms of internalization of silver: (i) direct
AgNPs uptake by the roots followed by the release of oxidized silver species
within the root tissues and (i1) dissolution of the AgINPs on the root surface
followed by internalization of the ionic species by the roots. Ag", which are
isoelectric to Cu", can enter the cell by the high-affinity Cu transporter [26].
Furthermore, the accumulation of Ag in the alfalfa root apoplast, determined
by XRF analysis, and the presence of small NPs in root cell walls, revealed by
TEM, suggest uptake of partially dissolved NPs and translocation along the
apoplast [81]. Bao et al. [82] used the macerozyme R-10 tissue extraction
method followed by SP-ICP-MS to study the uptake and size distribution
of AgNPs in Arabidopsis. Both SP-ICP-MS and TEM measurements indi-
cated that AgNPs accumulated predominantly in the apoplast and that the
size of AgNPs in plant tissue was two to three times larger than the originally
dosed AgNPs, indicating the AgNP biotransformation processes were
involved. Similarly, the combination of pXRF/XAS and nanoXRF rev-
ealed the presence of single AgNPs as well as AgNP aggregates in the vas-
cular region of sunflower (Helianthus annuus) roots, and identified Ag in
coordination to sulphur ligands at the Casparian strip [89]. In wheat,
p-XANES analysis revealed that Ag was mostly present as AgNP in the epi-
dermis, but inside the roots Ag was distributed in the cell walls of the cortex
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as a mixture of Ag-thiol species and other ionic Ag species, evidencing the
biotransformation of Ag [72]. Moreover, no Ag” was observed inside roots,
which implies that AgNPs were completely dissolved and complexed by
organic ligands, which is contrary to results obtained on Arabidopsis
[34,82]. Since Ag was detected inside the cortex cells, in the endodermis
and in the central cylinder, these results suggest both apoplastic and
symplastic transfer of Ag in monovalent form. Based on the results of silver
distribution analysed by pXRF/XAS after 24 and 60h of exposure,
Stegemeier et al. [56] proposed that the primary route of AgNPs uptake into
duckweed L. punctata roots appears to be through attachment onto the root
surface (root cap), dissolution assisted by the acidic local environment in root
cap mucilage, and internalization (and possibly reprecipitation) of dissolved
silver. Direct uptake of AgNPs or sulfidized AgNPs is likely occurring in
parallel as Ag” was also present beside a mixture of Ag,S and Ag-thiol. How-
ever, due to the capabilities of plants to reduce metal ions to elemental NPs
inside plant tissues [54,90], it is possible that AgINPs in plant cells come either
from the direct uptake of AgNPs or in vivo reduction of Ag" dissolved from
AgNPs at root surface and taken in cell [25,56]. In Arabidopsis root cells [34]
as well as in L. punctata [56] treated with AgNO;, Ag’ was detected,
implying the conversion of Ag” to Ag”; so it can be concluded that either
AgNPs or Ag”, in ionic form or converted to Ag” was transported through
intercellular space in cell walls. Results obtained with pPIXE/RBS and
XANES analyses confirmed that Ag inside root tissue of uncoated 40 nm
AgNP-treated lettuce was mainly present as Ag ", with a small contribution
from Ag” (as AgNPs), but these methods also do not distinguish if only ions
are internalized or AgNPs are internalized and dissolved inside the cells [79].
A combination of high resolution imaging techniques including nano
secondary ion mass spectrometry (NanoSIMS), a nanoscopic scale resolution
chemical imaging mass was used to quantitatively investigate elemental dis-
tribution in freshwater green alga Chlamydomonas reinhardtii exposed to
AgNPs [91]. Results confirmed the entrance of AgNPs into the cells of
alga since silver present in the periplasmic space was identified as AgNPs.
However, silver present in the cytoplasm was identified as Ag,S particles
and Ag-thiol. Moreover, when algae were exposed to Ag', Ag was also
found as particles in the periplasmic space, but their crystal structure was
completely different from that of silver crystals arising from exposure to
AgNPs, which excluded the possibility of the formation of AgNPs from
Ag" in the periplasmic space of cells. By contrast, Ag,S particles were
detected in the cytoplasm after exposure to both Ag' and AgNPs,
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implicating that the Ag,S particles in the cytoplasm were formed from Ag"
ion released from AgNPs. Furthermore, Wang et al. [91] did not observe
AgNPs inside the vesicle or the endosome around the cell membrane or
on the way to the endomembrane system, suggesting that there was no
endocytosis or passive diffusion of AgINPs into the cytoplasm. In conclusion,
there is currently no definite evidence of whether the AgNPs enter the cell
intact, or Ag" released from the AgNPs at root surface are taken in cell with
subsequent formation of AgNPs in plants.

After root uptake, translocation of AgNPs to the shoots requires trans-
port across the root, including Casparian strip to the xylem. Previous studies
suggested that AgNPs can move mostly through apoplast, reaching the
cortex and vascular tissue [34,89]; once AgNPs are in the vascular tissues,
they could be transported to the leaves via the long-distance transport
[80]. Presence of AgNPs in leaves of different species has been documented
mostly by TEM and confocal microscopy [54,68,80]. Bao et al. [82] showed
that after the uptake and internalization by Arabidopsis root, AgNPs
could be translocated toward the plant shoot since AgNP aggregates were
observed (by TEM) around the cell wall and in the vacuole of the leaf.
Detection of AgNPs in stem, leaves and fruit of tomato was confirmed by
environmental scanning electron microscope which can differentiate
AgNPs from the other present nanoparticles [70]. Several investigations
revealed that the distribution of silver accumulation in shoot organs is
species-specific. For example, in investigation where poplars (Populus
deltoides X nigra) and Arabidopsis were exposed hydroponically to AgNPs
of different sizes (5 and 10nm AgNPs coated with polyethylene glycol
(PEG) and 25nm AgNP-carbon), Arabidopsis accumulated much more
Ag (measured by ICP-MS) in leaves than in the stem or flower tissues,
whereas poplars accumulated Ag at similar concentrations in leaves and
stems [35]. Mustard (Brassica campestris) and mung bean (Vigna radiata)
exposed to AgNPs in Hoagland medium accumulated more Ag in stem than
in leaves [48]. In tobacco exposed to AgNPs low amount of silver were
determined in leaf tissue, but presence of AgNPs was not detected by
TEM [74], indicating that different Ag" species could be transported to
shoot. Moreover, pPPIXE analysis was used to identify a possible transloca-
tion of Ag towards the leaves of lettuce, but Ag was not detected in the
stem [79]. Therefore, Larue et al. [79] suggested that Ag mostly dissolved
inside plants, resulting with formation of Ag", which are more mobile
and can distribute homogeneously in plant tissue leading to a low local
Ag concentration, below detection limit. However, the more sensitive
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pPXREF analysis detected AgNP as well as other Ag species in the vascular
bundles of the stem [79], thus confirming that AgNPs can be transferred
through the vascular system to the shoot. Although most studies investigated
root uptake of AgNPs, it has been demonstrated that in cotyledons, which
emerged in direct contact with growth medium amended with AgNPs,
AgNPs could enter through the pores of stomata and then be accumulated
in stomata and in cell wall grooves between pavement cells [80]. Moreover,
in lettuce leaves foliar uptake of AgNPs (uncoated, 40 nm) through stomata
has also been demonstrated [92]. In that study, Ag agglomerates were
detected by both, pXRF and SEM analyses all over the surface of leaves,
between the guard cells and in the sub-stomatal chamber. Ag was also
detected inside the leaf parenchyma either inside cells or associated to the
cell walls. Also, AgNPs were observed in the main vein, inside the bundles
and in the cell wall thickenings. In the majority of the analyzed regions,
pXANES spectra identified a mixture of AgNPs and secondary species,
including Ag-thiol, and other Ag" species such as AgCl. The mechanisms
of foliar transfer of NPs are mostly unknown. Results of Larue et al. [92],
showing that NPs were embedded in the leaf cuticle and present in the
sub-stomatal chamber, suggest that AgNPs might follow both the cuticular
and stomatal pathways to penetrate inside lettuce leaves.

Although a great progress has been made in understanding the uptake
of AgNPs in plants, many questions still remain. Factors affecting AgNPs
bioavailability and uptake have been identified, but it is necessary to reveal
the mechanisms of AgNPs internalization in roots as well as upward trans-
port to shoots. The mechanisms of foliar uptake and distribution of AgINPs
in leaves are still insufficiently explored.

3. Effects on germination, growth, morphology
and ultrastructure

3.1 Effects on seed germination and plant growth

Positive, negative or neutral effects of AgNPs on plant development
were investigated in many studies via seed germination, when the germina-
tion rate and root length are measured and via growth of seedlings and
plants, in which root/shoot elongation and dry weight are used to assess
acute effects of NP form of silver on plant physiology. In the study of
Tripathi et al. [73], biosynthesized 22nm AgNPs (1000, 3000 and
5000 uM in Hoagland medium) significantly decreased pea (Pisum sativum)
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seed germination. Similarly, Barrena et al. [38] observed that 100 pgmL ™" of
laboratory-synthesized AgNPs (29nm) significantly reduced germination
index in cucumber and lettuce. In the study of El-Temsah and Joner [21]
the eftects of three types of AgNPs with different particle sizes (2, 5 and
20nm), applied in 0-100mgL ™" concentrations, were evaluated using seed
germination tests with ryegrass (Lolium perenne), barley (Hordeum vulgare) and
flax (Linum usitatissimum). The results showed that AgNPs at the concentra-
tion of 10mgL™" had a certain inhibitory effect on germination, but
there were no trends indicating that smaller particles were more toxic than
the larger ones and it seems that effect depended on plant species. The
absence of concentration- and particle size-dependant effects observed in
this study may be due to saturation or equilibrium being reached, possibly
involving an ionic component that was not distinguished in this study [21].
Toxicity of two types of spherical AgNPs, 6nm AgNP-GA and 21nm
AgNP-PVP, as well as of AgNOj (1, 10 or 40mgL ") to the seeds of 11
species of wetland plants on the filter paper and in soil was investigated
[24]. It was observed that the exposure to 40mgL ™" AgNP-GA significantly
inhibited the germination of Scirpus cyperinus, Juncus effusus and Phytolacca
americana. Moreover, AgNP-GA had more negative effects compared to
AgNO;. Authors Yin et al. [24] suggested that the high toxicity of
AgNP-GA was not only due to the presence of Ag but it is more likely
a result of the combination of size, coating and perhaps even surface charge.
Moreover, the only significant effect of AgNPs on germination in the
soil experiment was inhibition of P. americana germination after exposure
to 40mgL ™" AgNP-GA [24], which indicates that the exposure medium
also has an influence on AgNPs toxicity. After Arabidopsis seeds exposure
to 75 and 300pgL ™" of 20nm AgNP-citrate, it was found that plants
suffered gradual degenerative seed viability with a decreasing germina-
tion rate in successive generations [80]; there was no difference in seed
germination among EO generation; however, seed germination rates
decreased from the initially exposed EO generation through the first
(E1) to third (E3) generations exposed to AgNP-citrate. Furthermore, a
stronger toxicity of AgINP-citrate compared to equivalent dosage of AgNO;
was observed [80]. Similarly, a 40nm AgNPs and the same concentration
of AgNOj3, ranging from 200 to 1600mgL ™", were also found to inhibit
seed germination of black mustard (Brassica nigra) in a dose-dependent man-
ner and the AgNPs also had stronger inhibitory effect than Ag" [93]. These
results implicate that AgNPs inhibitory effects observed in germinating
seeds are not only due to the dissolved Ag" released from AgNPs, but also
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can be partially attributed to the nanoparticles themselves. However, the
results showed that both AgNPs and AgNO; suppressed lipase activity
and reduced the conversion of lipids into soluble and reducing sugars, which
led to the decline in oilferous seed germination.

Although AgNPs mainly had negative effects on seed germination, there
are also some opposite results. Namely, treatment with spherical 30—40 nm
AgNPs (10, 20 and 30 pgmL ") accelerated Boswellia ovalifoliolata germina-
tion; on the solid medium with AgNPs, germination completed within
7—10 days, while for control seeds it took 10—20 days [94]. Similar results
were also found after exposure of pearl millet (Pennisetum glaucum) seeds
to 20 and 50mgL ™" of 13nm AgNPs [95]. Study of Almutairi and Alharbi
[96] on seeds of watermelon (Citrullus lanatus), zucchini (Cucurbita pepo) and
corn (Zea mays) treated with 20nm AgNPs showed that the AgNPs con-
centrations at which the highest germination rate was observed differed
among investigated species; for zucchini it was 0.5mgmL™", for com
1.5mgmL ™" and for watermelon 2mgmL ™", which indicates that three
different crop species had different dose responses to AgNPs in terms of
germination. Fayez et al. [97] reported that although 25nm AgINPs signif-
icantly decreased grain germination of barley (Hordeum vulgare) when applied
in high concentrations (0.5 and 1 mM), the lower concentration of 0.1 mM
positively affected the seed germination. On the other hand, in several
studies, exposure to AgNPs did not result with any effects on germination.
No effect on germination percentage of flax was observed after exposure to
2,5 and 20nm AgNPs [21]. Moreover, AgNPs of difterent sizes (20, 50 and
65nm) applied in 50 ppm concentration showed no significant effect on
seed germination of broad bean (Vicia faba) [98]. The lack of effect on ger-
mination was also recorded after exposure of 11 wetland species to AgNP-
PVP [24], in castor bean (Ricinus communis) seeds exposed to AgNP-PVP
[69], in radish (Raphanus sativus) seeds treated with colloidal AgNPs [99],
Arabidopsis seeds after treatment with 10 nm AgNPs [68] and after treatment
of rocket seeds with 10nm AgNP-PVP [46]. From the results of all pres-
ented studies it can be concluded that the susceptibility of plant seeds to
AgNPs exposure is more dependent on the plant species than on the
physico-chemical characteristics of the particles themselves.

Beside germination, the effects of AgNPs on plant growth were also
observed through measurements of root and shoot elongation as well as
of fresh and dry weight. AgNPs (20nm) had a retarding effect on root
growth of corn seedlings and significant decrease was observed at all tested
concentrations, but particularly at the highest ones, 1.5 and 2mgmL ™" [96].
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Exposure of broad bean to 50 ppm of AgNPs of different sizes (20, 50 and
65nm), significantly decreased the root length with the most reduced root
growth recorded after exposure to the AgINPs of the smallest size [98]. Fur-
thermore, 100 pgmL ™" of 29 nm AgNPs had negative influence on cucum-
ber and lettuce root growth [38]. Similarly, the exposure to 10mgL ™" of
10nm AgNP-PVP inhibited the length of roots and shoots of wheat seed-
lings [47]. In the study of Tripathi et al. [73], root and shoot length as well as
fresh and dry weight of pea seedlings were significantly declined due to the
addition of 1000 and 3000 pM of 22nm AgINPs, although in roots the toxic
effects of AgNPs were stronger than in shoots. Furthermore, the 20nm
AgNPs appliedin 0.5 and 1 mgL ™" concentrations significantly reduced root
elongation and root and shoot weight as well as leaf area of rice seedlings
[100]. Similar effects were observed for seedlings of radish exposed to
2nm AgNPs [99], pearl millet treated with 13nm AgNPs [95], barley
exposed to 25nm AgNPs [97] and mustard treated with 47nm AgNPs
[50]. In all these abovementioned studies concentration-dependent reduc-
tion in root and shoot elongation was recorded, although the eftects were
more pronounced in root growth, which is in accordance with the fact that
the roots come in direct contact with the exposure medium containing
AgNPs. Moreover, these observations are in correlation with the fact that
most silver remains associated within the roots [32,74]. In the study of
El-Temsah and Joner [21], it was found that the length of shoots of germi-
nating seeds of three plant species responded differently to AgNPs of difter-
ent sizes; 2nm colloidal AgNPs inhibited shoot growth of flax and ryegrass at
10mgL ™", while the inhibitory effect was observed for all threes species at
20mgL ™" 10mg L™ of 5nm AgNPs reduced shoot growth of flax and bar-
ley, but this effect did not occur at higher concentrations, while for ryegrass
inhibition was observed in all tested concentrations (10, 20 and 100mgL™").
Exposure to 20mgL ™' of 20 nm AgNPs resulted with an inhibitory effect on
shoot growth of all three species. Presented results indicate that effects of
AgNP-exposure on root and shoot growth are also very much dependent
on the plants species, although AgNPs size and concentration also contribute
to observed inhibitory effects. To determine if toxic effects on plant growth
are the result of the nanoparticulate form of AgNPs or a consequence of the
dissolution of Ag ", effects of both types of silver were investigated in several
studies. Tobacco seedlings grown in the nutrient medium, supplemented
with 100 pM of 50 nm AgNP-citrate or AgNOj at the same concentration,
exhibited significantly reduced roots [75]. Furthermore, the 6nm
AgNP-GA induced significantly higher growth reduction in common grass
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than AgNOj; [32]. Moreover, overall growth effects were more pronounced
after exposure to 6 nm AgNP-GA than to 25nm AgNP-GA, suggesting the
particle size-mediated toxicity of AgNPs [32]. In Arabidopsis, 10nm AgNPs
reduced fresh weight and root length in a concentration-dependent manner
and the observed effects were more pronounced after treatments with
AgNPs than with AgNOj; [68]. Similar observation was also reported for
the growth of roots and shoots of black mustard after exposure to 40 nm
AgNPs [93]. Results obtained in these studies demonstrate that AgNP inhib-
itory effects on plant growth can be ascribed not only to dissolved Ag"
released from AgNPs, but also can be partially attributed to the nanoparticles
themselves. However, there are studies which reported that AgNOj3 can
induce more toxic effects on plant growth than AgNPs; Gubbins et al.
[58] reported concentration-dependent growth inhibition of duckweed
L. minor after exposure to 20 and 100nm AgNP-citrate; however, the
greater effects of Ag” compared to AgNPs were observed. Stronger effects
of AgNOj; on root and shoot elongation compared to AgNPs were also
reported for seedlings of mustard [50] and barley [97]. Cvjetko et al. [40]
investigated the toxicity of AgNOj; and AgNPs with different coatings
and sizes: 61.2nm AgNP-citrate, 9.4nm AgNP-PVP and 5.6nm AgNP-
CTAB on A. cepa roots. Among tested AgNPs, the strongest inhibitory
effect on root growth was recorded for AgNP-CTAB, probably due to
the highest uptake of these positively charged NPs of the smallest size,
although ionic form of Ag was confirmed to be more toxic than any of
the AgNPs applied. In the study of Yasur and Rani [69], <100nm
AgNP-PVP (100-4000mgL ™ "), had no significant effects on the root or
shoot length of castor bean seeds, while AgNO; showed drastic effects on
shoot and root growth percentage in a concentration-dependent manner.
In the study of Yin et al. [24], it was observed that exposure of 11 wetland
plants to 40mg L' of 6nm AgNP-GA, 21 nm AgNP-PVP and AgNOj; in
culture conditions, significantly reduced root length of 9, 6 and 8 species,
respectively, while leaf length was less affected. In the soil study, exposure
to AgNP-GA negatively aftected seedling growth of only three tested plant
species, while AgNP-PVP and AgNO; reduced the growth of only one spe-
cies |24], evidencing that the exposure media also might influence toxicity of
AgNPs. Moreover, Lee et al. [22] reported that growth of mung bean and
sorghum seedlings was adversely affected by exposure to 10nm AgNPs-
citrate (0, 5, 10, 20, and 40 mqu) in the agar medium, with mung bean
being more sensitive than sorghum. However, plant growth in the soil
was not inhibited, despite exposure to substantially higher concentrations
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of AgNPs relative to the agar test. The reasons for this involve changes in the
physicochemical properties of nanoparticles in soil as discussed in section
uptake and accumulation.

Contrary to all presented findings, some positive effects of AgNPs on
plant growth were also recorded. In the study of Savithramma et al. [94],
30—-40nm AgNPs applied in 10, 20 and 30 pgmL ™" concentrations showed
positive effects on growth of Boswellia ovalifoliolata seedlings in the
concentration-dependent manner. This positive effect was ascribed to
AgNPs ability to generate new pores on the seed coat during penetration,
which may help to influx the nutrients inside the seed or NPs may carry
the nutrients along with them, leading to rapid germination and growth rate
[94]. Also, positive effects of 20nm AgNPs on the growth of watermelon,
zucchini and corn seedlings was observed [96]. Similarly, AgNP-PVP had
positive effects on root and leaf elongation of Carex lurida in culture condi-
tions and AgNP-GA on biomass of L. multiflorum in soil experiment [24].
We can conclude that the impact of AgNPs on seed germination, plant
growth and development on plants largely depends on various factors such
as plant species, growth stage of plant, composition and concentration of the
nanoparticles, and the experimental setup (treatment period, media compo-
sition, and method of exposure). Negative, positive or neutral effects could
be observed on seed germination, while the effect of AgNP on plant growth
was more negatively affected with more impact on the plant roots.

3.2 Effects on morphology and ultrastructure

As roots are the major target of AgNPs toxic effects, several authors inves-
tigated root morphology of various plant species treated with AgNPs of dif-
ferent sizes, concentrations and coatings. In the study of Tripathi et al. [73],
anatomical structures of pea root seedlings grown in Hoagland medium for
15 days revealed that due to the addition of 1000 and 3000 pM of bio-
synthesized 22nm AgNPs, the number and length of root hairs was drasti-
cally decreased compared to control. Furthermore, the superficial root cap
cells of germinating wheat seedlings, treated for 5 days with 10mgL ™" of
10nm AgNP-PVP, undergo degradation and plasmolysis occurs in a greater
extent in AgNP- than AgNNOj-treated cells; in these cells large vacuoles and
periplasmic space was observed [47]. Similarly, Yin et al. [32] found that root
tip cells of common grass seedlings failed to develop root hairs, had highly
vacuolated and collapsed cortical cells and broken epidermis and root cap
after exposure to 40mgL ™" of 6nm AgNP-GA for 5 days; in contrast,
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seedlings exposed to identical concentrations of AgNO; showed no such
abnormalities. Moreover, Vannini et al. [46] reported that in rocket seed-
lings root tip cells were also more vacuolated after exposure to AgNPs than
in the root cells after treatment with AgNOj;. Furthermore, in the study of
Pokhrel and Dubey [52], 73.4pgmL~" of AgNP-citrate (56nm) and
200 pugmL ™" AgNOj; both caused changes in primary root cells at the zone
of elongation in 7 days old maize seedlings; cells were consistently elongated
after AgNP-treatment, while they appeared thinner and irregular after expo-
sure to AgNOj3. On the contrary, light microscopy did not reveal any sig-
nificant changes in the organization of root apical meristem and elongation
zone in the study of tobacco seedlings after 30 days-exposure to 100 pM
of 50nm AgNP-citrate, while the roots of seedlings treated with the same
concentration of AgNO; were thicker with reduced root cap [75].

In several studies the impact of AgNPs on the seedlings roots was
analysed in the organelles at the ultrastructural level by transmission electron
microscopy (TEM). Major changes were observed in plastids, vacuole and
endoplasmic reticulum (ER) of root cap, meristems and differentiating cells.
The number of the amyloplasts and the size of the smooth endoplasmic
reticulum (SER) in the root cap columella cells of rocket seedlings were
reduced after both AgNP-PVP- and AgNOj;-treatments [46]. However,
only AgNPs induced morphological modifications of sER in the region
of cell elongation and differentiation of root samples; in particular, an exten-
sive swelling was observed. In wheat seedlings exposed to AgNP-PVP [47],
no starch grains were noticed in the root cap columella amyloplasts and in
the plastids of meristematic cells. Moreover, the vacuolization increased in
the differentiating cells and an extensive swelling was observed in ER,
whose tubules appeared packaged in regular structures which occupy a large
area of the cell. In this root area the production of a large number of lateral
roots primordia was observed, similarly as in wheat roots exposed to AgNPs
[54]. Lateral root primordium originated very early in the AgNP-PVP-
exposed root apex and it initiated immediately under the meristematic root
apex area in the inner root region. This suggests that AgNPs affect mecha-
nisms controlling lateral root production by the pericycle [47], probably by
binding of Ag" to ethylene receptor [101], thus blocking ethylene induced
inhibition of lateral root production usual for dark-grown seedlings. Since in
both studies by Vannini et al. [46,47] it was demonstrated by TEM that
AgNPs did not enter the root cells, while some electron-dense spots were
associated with the cell walls of outer root tip cells, it has been suggested that
the effects of AgNPs are mediated primarily by Ag" released from NPs at the
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root interface. However, there are some investigations showing that
observed morphological effects of AgNP exposure can be a result of the
immediate uptake of AgNPs by root cells as discussed in part uptake and
accumulation.

Beside changes in root cells, AgNPs also induce morphological modifi-
cations in the leaves of seedlings of various plant species. Tripathi et al. [73]
reported that leaf chloroplasts in mesophyll cells, proto-xylem, meta-xylem
and phloem of pea seedlings exposed to AgNPs (1000 and 3000 pM) were
adversely affected. After exposure to 3000 uM AgNPs mesophyll tissue was
not differentiated into palisade and spongy parenchyma cells, while lower
epidermal cells of the leaf midrib were more elongated compared to treat-
ment with 1000pM AgNPs. On the contrary, in the study of Peharec
Stefani¢ et al. [75] leaf anatomy showed no significant changes in the cell
organization of tobacco seedlings exposed to 100 pM AgNP-citrate com-
pared to the control; however, leaves of seedlings treated with 100 pM
AgNOj; were thinner with bigger chloroplasts. In several studies the impact
of AgNPs on leaves of exposed seedlings was also analysed at the ultrastruc-
tural level and TEM studies revealed changes primarily in the chloroplasts;
disturbances in their shape, thylakoid system, plastoglobules and the starch
content were observed. Chloroplasts in the needles of old Scots pine (Pinus
sylvestris) seedlings, treated by spraying seedlings’ aerial parts with 50 ppm
of AgNPs, have been modified from lenticular to round [102], while
chloroplasts of English oak (Quercus robur) seedlings, also treated by spraying
with the same AgNPs, contained large starch granules [103]. In the leaves of
100 uM AgNP-citrate treated tobacco seedlings, chloroplasts were swollen
with dilated thylakoid systems and bigger plastoglobules than the control;
chloroplasts in seedlings exposed to 100 uM AgNOj3 showed similar changes
as those found after AgNP-exposure [75]. These results are partially in agree-
ment with those reported by Qian et al. [68], where 3mgL ™" of both 10nm
AgNPs and Ag" reduced cell size and disrupted the thylakoid membrane
structure in Arabidopsis seedlings; however, the impact on chloroplast
ultrastructure was less pronounced in AgNOs-treated seedlings. In general,
chloroplasts were shown to be the most sensitive organelles in the leaves of
seedlings of different plant species exposed to AgNP-induced stress.

Morphological modifications and ultrastructural changes of roots, stems
and leaves were also observed in the fully developed stage of various plant
species. In A. cepa, the highest applied AgNP concentration of 100 ppm
induced complete disintegration of cell walls for most of the cells [104].
Anatomical investigations of the transverse sections of Bacopa monnieri roots
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exposed to AgNPs in 10 ppm concentration showed disappearance of the
characteristic air chambers and partition filaments in root cortex, although
the same observations were obtained after exposure to 10ppm AgNO;
[105]. In the same study light microscopy analysis also revealed structural
aberrations in the stem anatomy including alterations of shape, size and
distribution of xylem elements, after both silver treatments. In the study
of Cvjetko et al. [74] microscopic analyses showed that the root tip cells
of tobacco adult plants were highly vacuolated after 7 days of exposure to
both 100 pM AgNP-citrate and AgNO;. Furthermore, TEM study showed
that after both types of treatments only nuclei could be observed within
the root cells, due to large vacuoles; however, exposure to AgNO; also
resulted with partly destroyed root cells, while nuclei were highly damaged
[74]. In the same study, AgNPs were detected in the intermembrane space of
the root cells, which proves their direct uptake and accumulation in the root
cells [74]. In the study of tobacco plants exposed to AgNPs, leaf semithin
sections showed no significant changes in the cell organization, except for
the difference in the leaf thickness were the leaves of AgNP-treated plants
were thinner than the control ones [74]. Moreover, Fayez et al. [97]
reported that the leaf chlorosis of barley plants exposed to 25nm AgNP
or AgNOj; appeared after 7-12 days, which was dependent on the dose
and type of treatments, although leaf chlorosis was more evident after
treatments with AgNOj than with AgNPs. Furthermore, analysis of leaf
ultrastructure showed destruction of chloroplasts, mitochondria and nucleus
after both types of treatments. Namely, in response to 1 mM AgNPs, chlo-
roplasts had few small plastoglobuli and well defined grana thylakoids and
stroma lamellae, although a reduction in size of grana thylakoids to stroma
lamellae was observed; additionally, nuclear envelope was ruptured. After
exposure to 1 mM AgINOj; somewhat opposite effects were recorded; chlo-
roplasts were characterized with big plastoglobuli, condensed stroma matrix,
formation of vesicles and dilated grana thylakoids, while stroma lamellae lost
their organization. Moreover, the mitochondrial envelope and cristae were
partially or totally degenerated and in the nucleus clumping of nuclear chro-
matin into more densely packed material was observed [97]. In duckweed
S. polyrhiza, ultrastructural changes in chloroplasts were observed after
72h of exposure to 6nm AgNP-GA and 20nm AgNP-PVP (10mgL™");
chloroplasts were characterized with accumulated starch and large starch
grains as well as with fewer intergranal thylakoids [106]. In leaf cells of
tobacco plants, chloroplasts were smaller and somewhat swollen and rup-
tured, although with well-developed thylakoid system after exposure to
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AgNP-citrate, while those found in cells of AgNOs-treated plants were
bigger than in the control [74]. Ultrastructure damage of chloroplasts, mito-
chondria and nucleus found in abovementioned studies confirms that these
organelles are the main targets affected by AgNPs, although chloroplasts
were shown to be the most sensitive organelles.

In conclusion, the impact of AgNPs on seed germination and growth,
morphology and ultrastructure of plants depends on various AgNP charac-
teristic such as size, chemical composition, surface structure and oxidative
dissolution. Their influence also seems to depend on the plant species and
growth stage of plant, the type of substrate (soil or different nutrient media)
the concentrations of nanoparticles involved and the manner of the applica-
tion (foliar or soil). After AgNP accumulation in plants, they generally start
degrading the quality of plants with generally negative impact on the root
growth of germinating seedlings and the fresh biomass of the plant through
the reduction in root elongation and biomass. Since roots are the first target
tissue to confront with AgNP solution, toxic symptoms appear more in roots
rather than in shoots, but AgNPs also induce morphological modifications in
the stem and leaves. The main cell targets affected by AgNP toxicity are
chloroplasts, mitochondria and nucleus, although there is still an open
debate is the toxicity caused by AgNPs themselves or released Ag”.

4, Induction of oxidative stress

Studies published so far suggest that exposure to metal NPs can induce
increased generation of reactive oxygen species (ROS) [107], which can
react with proteins, lipids and DNA molecules, resulting in a number of
metabolic disorders, destruction of cell membranes and, in consequence, cell
death. Production of superoxide radicals (O,'~) and hydrogen peroxide
(H205), common ROS, was studied by Panda et al. [108], who reported
their increased levels in A. cepa roots after 2h-exposure to AgNPs
(37nm, 0, 5, 10, 20, 40, SOmqu). Exposure of rice seedlings to 0.5
and 1mgL ™" of 20nm AgNPs also resulted in a dose-dependent increase
of (02"7) and H,O, in roots and shoots after 1 week [100]. Moreover,
in the study of Galazzi et al. [109] elevated H,O, production in transgenic
soybean (Glycine max) plants was found after 14-days-treatment with
50mgkg ' of 60nm AgNP-citrate, while increase in ROS production
was also observed in rice seedlings exposed to uncoated AgNPs
(18.34nm and concentration 30 and 60pgmL™") for 7, 14 and 21 days
[64]. A significant dose-dependent increase of ROS was also found after
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exposure of aquatic plants Lemna gibba to 1 and 10mgL ™" of 50 nm AgNPs
[62] and S. polyrhizato 0.5,1.0,5.0 and 10mgL ™" of 6nm AgNPs [106]. In
the study of Cvjetko et al. [40], exposure of A. cepa roots to AgNPs stabilized
with three difterent surface coatings, citrate (AgNP-citrate; 61.2nm), poly-
vinylpyrrolidone (AgNP-PVP; 9.4nm) and cetyltrimethylammonium bro-
mide (AgNP-CTAB; 5.6nm), resulted with significant increase in ROS
content compared to the control at concentrations of 50, 75 and 100 pM,
with AgNP-PVP and AgNP-CTAB exhibiting concentration-dependent
increase. Moreover, in the same study AgNP-treatments exhibited lower
toxicity compared to exposure with AgNOj; indicating AgNP toxicity is
not necessarily associated with dissociation of Ag’ ions. This result can
be, at least partially, attributed to AgNPs coatings, since addition of coating
can stabilize nanoparticles, reducing dissociation of Ag' ions and thus
diminish its toxicity [69]. Nair and Chung [60] also reported stronger
concentration-dependent increase of ROS formation in AgNOs;-treated
Arabidopsis seedlings compared to AgNP-treated ones. Moreover, in the
study of tobacco seedlings exposed to citrate-coated AgNPs for 30 days it
was found that higher concentrations of 50nm AgNPs (100 pM) induced
elevated production of ROS; however, despite the higher accumulation
of Ag in seedlings exposed to AgNPs than in those treated with AgNOs3,
effects of AgNOj; were found to be more toxic than those of nanoparticles
[75]. On the contrary, higher accumulation of total ROS and (O,"7) in
potato (Solanum tuberosum) plantlets exposed to 20nm uncoated AgNPs
was recorded in comparison to AgNOs-exposed ones after application of
10 and 20mgL ™" concentrations of both silver forms [110], which suggests
that the effects of AgNPs on ROS production are not unambiguous. The
study in which adult tobacco plants were treated with 61 nm AgNP-citrate
(25, 50, 75, 100 and 500 pM) no changes in ROS accumulation were
recorded in comparison to the control [74], thus suggesting that the response
to AgNP-imposed stress might also be dependent on the plant developmen-
tal stage. Still, in the majority of presented studies, AgNPs of difterent sizes,
concentrations and coatings induced ROS formation, regardless of the dura-
tion of the exposure and investigated plant species. Therefore, toxicity of
AgNPs in plant cells in majority of the cases can be attributed to the gener-
ation of ROS, whose production might explain the eftects of nanoparticles
on plants. However, at this point it cannot be stated with certainty if AgNPs
induce generation of ROS directly or indirectly through Ag" ions.

When generation of ROS exceeds the capacity of the cellular antioxi-
dant defence system, oxidative stress occurs, which may lead to inactivation
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and damage of membrane lipids, proteins and DNA molecule. Malon-
dialdehyde (MDA) is one of the final products of oxidative modification
of lipids, and changes of its concentration indicate membrane lipid peroxi-
dation under ROS action as the effect of cellular injury of membrane lipids.
It 1s widely used as an indicator of oxidative stress in plant cells and tissues
[111]. Beside lipid peroxidation, protein oxidation, one of the covalent
modifications of proteins induced by ROS or other products of oxidative
stress, 1s also often analysed to confirm the presence of oxidative stress.
Increased level of lipid peroxidation was reported for rice [100], Arabidopsis
[60] and mung bean [112] seedlings exposed to AgNPs. In the study of
Cvjetko et al. [40], in which eftects of AgINPs stabilized with different coat-
ings were analysed, it was found that treatments of A. cepa roots with 5.6 nm
AgNP-CTAB exhibited concentration-dependent increase in MDA and
carbonyl content, while exposure to 60nm AgNP-citrate and 9.4nm
AgNP-PVP resulted with significantly lower values, which was partially
attributed to the smaller size of AgNP-CTAB. The very small size of
NPs is believed to cause higher toxicity in plants and uptake of AgNPs
has been already associated with particle size and concentration [113]. More-
over, the strong eftect of CTAB-coated AgNPs can also be attributed to the
coating itself because the cell membrane is negatively charged and may enter
into electrostatic interactions with the AgNP-CTAB, due to positively
charged CTAB. The weakest impacts were recorded for citrate-coated
AgNPs, which were of the biggest size; namely, due to the formation of
the aggregates as well as to negative charge, the uptake of AgNP-citrate
by A. cepa root cells was probably somewhat difficult and the AgNPs surface
available for interaction with organic molecules decreased [114], thus lower-
ing their toxic effects. In the study of Barbasz et al. [115] two wheat callus
cultures, one sensitive to oxidative stress and the tolerant one, were exposed
to 20, 40 and 60 ppm of 17 nm AgNPs and it was found that a stronger increase
of MDA content was observed in sensitive cultivar than in the cells of tolerant
callus. Peharec Stefanié et al. [75] reported that in tobacco seedlings increased
contents of MDA and protein carbonyls were recorded only after the highest
concentration (100 M) of the 50nm AgNP-citrate was applied. However,
after exposure of adult tobacco plants to the same concentrations of
AgINP-citrate, none of the applied AgNP-concentrations induced a significant
increase in MDA and protein carbonyl content neither in roots nor in leaves
[74], thus suggesting that plant response to AgNPs might be also dependent on
plant age and/or developmental stage. In several studies, comparison between
plants exposed to AgNPs with those exposed to the same concentration of
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AgNOj3 was performed. In some of them AgNOj-exposure imposed greater
stress than AgNP-exposure [40,74,75,115], which confirms that Ag" is gen-
erally more toxic for plants than Ag nanoparticles and that the AgINP-toxicity
probably does not depend solely on the Ag" ions dissociated from
nanoparticles. However in some cases the results are not unambiguous. For
example, Galazzi et al. [109] reported that after exposure of non-transformed
(NT) and transformed (T; which after transformation gained tolerance to her-
bicide) soybean plants to AgNPs and AgNO; for 14 days, increase in MDA
content was recorded for both soybean genotypes. However, in NT plants
increase was much higher after exposure to AgNO; compared to AgNPs,
while in T plants MDA content was of similarly elevated values after both
types of treatments. This suggests that various factors might influence plant’s
response to AgNP-imposed stress.

Considering the impact on the DNA molecule, AgNPs were found to
induce DNA damage [40,74] and influence gene expression [51,68,116].
Kumari et al. [104] reported that uncoated AgNPs (100nm, 25, 20, 75,
and 100 ppm) may have a genotoxic effect in A. cepa roots, while in the same
plant species it was found that biologically synthesized AgNPs of 20nm
applied in 5, 10 and 20pgmL ™" concentrations caused severe mitotic and
meiotic abnormalities in the root tips and flower bud cells [116]. Moreover,
Patlolla et al. [51] demonstrated that 25, 50 and 100 mgL_1 concentrations
of 60nm uncoated AgNPs significantly increased the number of chromo-
somal aberrations, micronuclei, and decreased the mitotic index in exposed
V. faba roots compared to control. Decrease in mitotic index was also found
after exposure of A. cepa roots to 100 uM AgNP-PVP and AgNP-CTAB
[40]. In several studies an alkaline protocol of the plant comet assay, a reliable
and simple method which is widely used for estimation of the extent of
induced DNA damage, was applied to investigate the possible damaging
effects of AgNPs on plant DNA. In A. cepa roots exposure to 20, 40 and
80mgL ™" of 37nm AgNPs induced DNA damage in a dose-dependent
manner [108]. In the study of Cvjetko et al. [40], in which the effects of
AgNPs coated with citrate, PVP and CTAB as well as of AgNO; were
investigated, a significant increase in tDNA was recorded after exposure
to 75pM AgNP-CTAB and 100pM AgNP-PVP, while treatments with
AgNOj; induced even stronger effects. These results indicate that AgNP
effect on DNA molecule is a result of particulate form, but also suggest that
DNA sensitivity to AgNPs is dependent on the nanoparticle coating, size as
well as on concentration. After exposure of tobacco seedlings to AgNP-
citrate, comet assay revealed that AgNO; induced an increase in tail
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DNA from even the lowest applied concentration (25 pM), while the expo-
sure to AgNPs resulted in significantly increased values of oxidative stress
parameters, including tail DNA, only after the highest applied concentration
(100pM) [75]. Vannini et al. [47] found no changes at the DNA level in
wheat seedlings treated with 1 and 10mgL ™" of 10nm AgNP-PVP. More-
over, Cvjetko et al. [74] reported that none of the applied AgNP-citrate
concentrations (25, 50, 75, 100 and 500 pM) induced increased DNA tail
in roots or leaves of the adult tobacco plants compared to the control, while
AgNOs;-treatments induced significant DNA damage in root tissue at all of
the applied concentrations and in leaves after two highest investigated
concentrations (100 and 500 pM). The overall results indicate that ROS for-
mation and oxidative stress can play a critical role in phytotoxicity mecha-
nism but AgNP size, overall surface charge and/or surface coating as well as
on the plant species and developmental stage may influence plant response
to AgNPs.

Plants have developed very efficient ROS scavenging system, which
depends on the activity of antioxidant enzymes like superoxide dismutase
(SOD), catalase (CAT), ascorbate peroxidase (APX), glutathione reductase
(GR) and stimulate the production of antioxidant molecules such as ascorbic
acid (AsA) and glutathione (GSH). Most of the studies dealing with AgNPs
impact on plants reported changes in activities of antioxidant enzymes,
although results are not unambiguous. Within a cell, the SOD constitutes
the first line of defence against ROS since its neutralization of superoxide
radical to H,O, is very effective in preventing damage to biologically impor-
tant molecules. Vannini et al. [46] reported increased SOD activity and
expression after exposure of rocket seedlings to treatments with 10mgL ™"
of 10nm AgNP-PVP. Peharec Stefanié et al. [75] found enhanced SOD
activity in tobacco seedlings exposed to AgNPs, which was in agreement
with the low level of oxidative damage found in that tissue. The induction
of SOD activity was additionally confirmed in the same study by proteomic
analysis, where up-regulation of Fe-SOD was found. Significant increase in
SOD activity was also reported for potato plantlets exposed to AgNPs [110].
In callus cultures of two wheat varieties, treatments with AgNPs did not
cause a significant change in SODs activity in the variety tolerant to oxida-
tive stress, suggesting that in the tolerant callus, other antioxidants, such as
GSH, whose increased content was measured, may be involved in cell
protection, and/or, applied nanoparticle concentrations were not stressful
for this variety [115]. On the other hand, in the sensitive wheat callus,
changes in SOD activity were concentration-dependent, thus indicating a
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mobilization of enzymatic antioxidant systems. A slight decrease in SOD
activity was observed in non-transformed soybean plants after treatment
with AgNPs, while exposure of transformed, herbicide tolerant plants
resulted with much higher increase in activity of this enzyme [109]. How-
ever, a strong increase in the CAT activity was detected in both soybean
genotypes AgNPs, which suggests that this antioxidant enzyme has a key
role in the protection against the toxic effects of ROS generated by
AgNPs. These findings suggest that AgNPs phytotoxicity might be depen-
dent on the sensitivity of the particular plant species or even on the cultivar
or a variety of the same species.

To protect cells against ROS completely, antioxidant enzymes such as
CAT, PPX and APX have to remove H,O, generated by SOD dismutation
of (Oy'7). Moreover, GR and GSH are two major components of AsA-
GSH pathway, which also plays a significant role in protecting cells against
ROS. Significant increase in the activities of CAT, APX and GR was found
after exposure of potato plantlets to AgNPs, and AgNO; [110]; however, in
AgNP-treated plantlets, GR activity was significantly decreased at higher
concentration, which was accompanied with higher reduction in GSH
and AsA compared to plants exposed to AgNO3, according to which authors
suggested that AgNPs had higher toxicity than the equivalent mass of Ag
ions. Barbasz et al. [115] reported an increase of GSH levels in callus cells
of both wheat genotypes exposed to AgNPs at all used concentrations
(20, 40 and 60ppm); however, the greater change of GSH content was
recorded in the tolerant variety in comparison to the sensitive one, which
indicated that this nonenzymatic compound was the main antioxidant,
the synthesis of which was activated in the tolerant variety in conditions
of oxidative stress induced by AgNPs. In the sensitive variety, a smaller
increase in GSH level was accompanied with simultaneous activation of
SOD and PPX; therefore, authors suggested that in the defence mechanism
against AgNP-imposed stress, both enzymatic and nonenzymatic antioxi-
dants are operating [115]. In the study performed on A. cepa roots, AgNP
treatments induced the PPX activity, while significant concentration-
dependent decrease in CAT and APX activities was noticed, suggesting that
PPX was the enzyme involved in lowering the ROS level [40]. Elevation of
PPX and inhibition of CAT activity has also been reported in B. monnieri
[105] and sensitive wheat calli [115] after exposure to AgNPs. The highest
reduction of CAT activity observed in both sensitive and tolerant wheat calli
at the highest applied concentrations of AgNPs corresponded with the
highest amount of generated ROS, which indicates that CAT synthesis
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was probably inhibited by strong oxidative stress [115]. After exposure of
castor bean seedlings to AgNPs, increase in PPX activity was not
concentration-dependent, while CAT activity was inhibited [69]. In the
study of Peharec Stefanié et al. [75] elevated APX activity, along with the
decreased PPX and unchanged CAT activity, suggested that APX was a
key enzyme responsible for catalysing the conversion of H,O, into H,O
after exposure of tobacco seedlings to AgNPs. On the other hand, increased
CAT activity was recorded in S. polyrhiza [106] and water hyacinth
(Eichhornia crassipes) [117] exposed to AgNPs. In roots of adult tobacco
plants, exposure to AgNPs did not induce significant changes in activity
of PPX, while lower AgNPs concentrations induced higher CAT activity,
which was is in good correlation with no measurable changes in oxidative
stress parameters, indicating that AgNPs induced mild oxidative stress,
which could be efficiently alleviated by antioxidant enzymes [74]. The same
study showed that in leaf tissue, no changes were recorded in APX activity,
while PPX activity increased at lower concentrations and decreased at
higher concentration [74]. Moreover, AgNPs did not induce any significant
oxidative stress in tobacco leaves. Since the Ag concentration in leaves was
much lower than in roots, it is possible that some of the changes observed in
the leaves were just a consequence of the stressful events that took place in
the roots. A decrease in PPX activity at higher AgNP concentrations, after
an initial increase at lower concentrations, was also recorded in leaves of
Pelargonium zonale plants [118]. Several reports in which AgNP toxicity
was compared with those of AgNOj; [74,75] suggested that exposure to
AgNOj induced severe oxidative stress accompanied with stronger response
of antioxidant enzymes; in some cases even severe inhibition of activity was
observed [69], possible due to Ag" binding to SH groups in enzymes. How-
ever, similar effects between AgNP- and AgNOj-exposure were also
observed [115]. Moreover, it has been demonstrated that AgNPs were even
more toxic than Ag" [68] and could alter the transcription of genes involved
in antioxidant synthesis and change the balance between the oxidant and
antioxidant systems. Presented results suggest that different antioxidant
enzymes could play key roles in eliminating ROS accumulated as a result
of nanosilver exposure but the exact mechanism of AgNP action on
antioxidant system in plants is yet to be proven.

Results obtained on oxidative damage to lipids, proteins, and DNA
molecule as well as on changes in the activity of plant antioxidant enzymes
in plants treated with AgNPs suggest that oxidative stress could have an
important role in the phytotoxicity of AgNPs.
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5. Effects on photosynthesis

Photosynthesis is a key process for life on Earth in which plants and
other photosynthetic organisms, like algae and cyanobacteria, change light
energy into chemical energy. In these organisms photosynthesis represents a
major physiological process for the maintenance of cellular viability and
growth. Photosynthetic process is known to be very sensitive to stress caused
by adverse environmental conditions, such as high light, drought, salinity,
heat and heavy metals [119]. Chlorophyll as a major photosynthetic pigment
is responsible for capturing light energy and its content can be used as an
indicator of plant photosynthetic capacity [120]. A decrease in chlorophyll
content as a parameter of AgNP phytotoxicity has been noticed in various
organisms including marine and freshwater microalgae [63,121,122], aquatic
plants [41,53,55], crop plants [20,30,50,65,100,123] as well as a model
plant Arabidopsis [57,60,68,124]. Beside chlorophyll content, chlorophyll a
fluorescence has been proposed as a sensitive, non-destructive, rapid, and effi-
cient method for detecting the impacts of environmental stress on photo-
synthetic efficiency [125,126]. Light energy absorbed by chlorophyll
molecules can be either used for photochemistry, be re-emitted as heat or
be re-emitted as fluorescence. Since these three processes are in competition
with each other, the yield of chlorophyll fluorescence emission gives us valu-
able information about the quantum efficiency of photochemistry, which is
responsible for providing energy and reducing power for CO, assimilation.
The analysis of changes in chlorophyll fluorescence kinetics provides detailed
information on the structure and function of the photosynthetic apparatus and
various parameters derived from fluorescence measurement data have been
widely used as sensitive biomarkers of phytotoxic effects [126]. Several
authors evaluated AgNP phytotoxicity by measuring different fluorescence
parameters, most often maximum quantum yield (F,/F,) of photosystem
IT (PSII), which corresponds to the efficiency by which an absorbed photon
will be trapped by PSII reaction centres [125], and found that PSII efficiency
in various algae and plants was significantly reduced after AgNP exposure
[20,30,53,55,63,68]. The change of fluorescence parameters under a light-
adapted state, which can provide information about the efficiency of photo-
chemical reactions and/or heat dissipation of chlorophyll excitation energy,
has also been analysed [50,53,127—129]. More recently, a measurement of
rapid fluorescence induction curves with high resolution and the parameters
of the so-called JIP-test have been used to assess the behaviour of various
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components of photosynthetic apparatus in plants and algae exposed to
AgNPs [121,123,127,129,130].

Significant amount of data on AgNP-induced toxic eftect on photosyn-
thesis come from investigations on photosynthetic algae. In alga C. reinhardtii
short-term (1 —2 h) exposure to 801-879nM of uncoated 40nm AgNPs
inhibited the photosynthetic yield of the PSII [61]. Dewez and Oukarroum
[127] found the evidence of a structural deterioration of PSII reaction centre,
the alteration of the oxygen evolving complex and the inhibition of electron
transport activity at the in cells of C. reinhardtii exposed to 5 and 10 pmol L™
of 50nm AgNPs for 6 h. Moreover, operational PSII quantum yield in the
light and the non-photochemical quenching value decreased, indicating that
there was no activation of photoprotective mechanisms. Analysis of fluores-
cence induction curves in C. reinhardtii cells after 24 h incubation with 80 nm
AgNPs at concentrations of 2 and 20 pmolL™" confirmed the inhibition
of electron transport in PSII but showed the absence of direct effect on
reactions of oxidation of the photosystem I (PSI) pigment P700 [130].
Moreover, analysis of induction curves for delayed fluorescence revealed
a decrease in the energization of the photosynthetic membranes in pre-
sence of AgNP. Navarro et al. [130] investigated effect of nine differently
coated AgNPs (chitosan, lactate, PVP, PEG, gelatin, sodium-dodecyl-
benzenesulfonate, citrate, dexpanthenol and carbonate) with average diam-
eters ranging from 17 to 456 nm, on photosynthetic yield of C. reinhardtii.
After 1h exposure all differently coated AgNPs proved to be toxic and
toxicity was neither related to particle size nor to the coatings. In marine
cell wall-lacking microalga Dunaliella tertiolecta and freshwater microalga
Chlorella vulgaris treatment with uncoated 50nm AgNPs (0.1, 1, and
10mgL™") for 24h decreased chlorophyll content and induced a decrease
in the photosynthetic performance mostly due to a change in the maximum
quantum yield for primary photochemistry and electron transport activity
[121,122]. However, AgNPs had a more negative effect on D. fertiolecta
compared to C. vulgaris, which could be due to the absence of cell-wall
in D. fertiolecta and/or biotransformation of AgNPs in seawater growth
medium. In marine macroalga Ulva lactuca, suppression of the quantum
efficiency of PSII electron transport in the light was found at AgNP concen-
trations higher than 15pgL ™" [128]. In marine diatoms, photosynthetic
activity and chlorophyll content were severely suppressed by 10nm
AgNP-PVP in Thalassiosira weissflogii [63] as well as by 10nm oleylamine-
coated AgNPs in Skeletonema costatum |131]. In aquatic plant Wolffia globosa
exposed to AgNPs for 3 days (20nm diameter, 0.1, 1, and 10mgL™"), the
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decrease in chlorophyll content and photosynthetic ability after AgNP-
citrate treatments was much smaller when compared to those obtained after
treatments with AgNPs coated with adenosine triphosphate disodium
(ATP) [41]. In another duckweed, S. polyrhiza, 72h-exposure to 10nm
AgNP-GA as well as to 20nm AgNP-PVP applied in 0.5, 1, 5, and
10mgAgL ™" concentrations inhibited maximum quantum yield and effec-
tive quantum yield in light and reduced chlorophyll content [53,55]. More-
over, AgNP-PVP inhibited the photoprotective capacity of PSII, decreased
carotenoid content and induced inhibition of Rubisco activity [55]. Con-
trary, Shabnam et al. [129] revealed that in S. polyrhiza fronds exposed to
uncoated AgNPs (10-30nm, 1, 10, 50, and 100mgL71, for 24h) F,/fm
and electron transport rate remained mostly unaltered, while parameters
of chlorophyll fluorescence showed marginal decline. Regarding investiga-
tions on crop plants, in seedlings of wheat and sunflower treatments with
AgNPs (uncoated, 20-30nm, 10-100 ppm) for 24 h, did not cause any sig-
nificant alteration in PSII efficiency [123], while in lettuce 7-day foliar expo-
sure to uncoated 40nm AgNPs (1, 10 or 100pg AgNPsg™ ' FW) did not
exhibit toxic effects on photosynthetic pigment content [92]. Contrary,
in rice seedlings after 1-week exposure to AgNPs, a significant reduction
in total chlorophyll and carotenoids contents was observed [100]. After
15 days the treatment with 1 and 3mM of uncoated AgNPs significantly
declined photosynthetic pigments and chlorophyll fluorescence in pea
[73] and mustard seedlings [50]. Similarly, photosynthesis and CO, assimi-
lating efficiency were severely disrupted in tomato after a long-term expo-
sure (56 days) to AgNP-PEG (10nm, 10mgkg ") as a significant decrease in
chlorophyll content as well as in Hill activity and the rate of photosynthesis
were observed [65]. The 7-day exposure of tobacco adult plants to differ-
ently coated AgNPs (citrate, PVP and CTAB) revealed that positively
charged AgNP-CTAB had more adverse influence on chlorophyll content
and fluorescence parameters than AgNPs stabilized with other two coatings
(M. Tkalec et al., unpublished results). Contrary, in leaves of brown mustard
(Brassica juncea) seedlings exposed to AgNPs (30 nm) higher chlorophyll con-
tents and improved photosynthetic quantum efficiency were recorded,
which indicates that more number of reaction centres are in an “open state”
to carry out light reaction [23]. On the other hand, in Arabidopsis treatments
with AgNPs of different concentrations (0.5-3000mgL "), sizes (10, 20 and
40nm), coatings (uncoated, citrate-coated) and of different exposure periods
(3—4 days, 14 days) decreased total chlorophyll content as well as the pho-
tosynthesis efficiency [57,60,68,124,132]. Moreover Li et al. [132] found
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that AgNPs caused an adverse effect on transcript levels of psbA, rbcL as well
as the cyclic electron transport chain-related gene transcripts, thereby reduc-
ing ATP synthesis. Regardless of one study with positive eftects [23], the vast
majority of investigations showed that different AgNPs, regardless of their
characteristics, the duration of the exposure and investigated plant species,
can have a detrimental impact on the structure and function of the
photosynthetic apparatus.

Majority of literature data on AgNP toxicity in various species showed
that AgNP-induced decrease in the chlorophyll content was in correlation
with the reduced chlorophyll fluorescence yield [53,55,73,121,132]. Several
studies showed that the negative effect of AgNP-exposure on photosyn-
thetic parameters can be correlated with the increase in ROS generation
[55,60,65,73,122,124,132]. Increased ROS formation can be responsible
for chlorophyll deterioration, which then affects the conversion of light
energy into photosynthetic electron transport and consequently reduces
PSII photochemistry [121]. For example, in C. vulgaris efficient detoxifica-
tion of AgNPs-induced ROS species by antioxidant enzymes activity
allowed continuation of photosynthesis at growth-inhibitory AgNPs con-
centration. On the other hand, analysis of the rapid rise of chlorophyll
fluorescence revealed that AgNP-induced structural deterioration of
PSII reaction centre, the alteration of the oxygen evolving complex, and
the inhibition of electron transport activity, which could result in formation
of excess ROS [127]. Moreover, this effect was stronger during light expo-
sure compared to dark condition, which may indicate that AgNPs can be
photosensitized and capable of producing ROS that do additional damages
to PSII functional integrity. Zou et al. [41] found that AgNPs can induce a
decline in activity of Hill reaction, a first step of photosynthesis, which also
indicates the negative effects on functional integrity of PSII and electron
transfer efficiency. Using chlorophyll extract, it was found that AgNP-
induced decrease in photosynthetic capacity may be related to a loss of
excited electrons from chlorophyll molecules through an effective interac-
tion between chlorophyll molecule and AgNPs [133,134]. Furthermore, it
was also shown that AgNPs induced inhibition of Rubisco activity [55],
which can lead to slowing down of CO, assimilation, as also observed by
Das et al. [65]. As a consequence of decreased energy consumption excess,
excitation energy is generated and this can promote ROS formation in
the chloroplast [55]. This is consistent with changes in chloroplast struc-
ture observed after AgNP treatment in several investigations [74,97,106].
Alternatively, it is possible that the decrease in chlorophyll content as well
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as in the levels of psbA gene [132], which encodes PSII reaction centre
protein D1, in plants exposed to AgNPs represent a photoprotective mech-
anism to reduce light absorption and photochemical reactions in leaf,
consequently decreasing toxic ROS. Although there are growing evidences
that production of ROS 1is one the mechanisms through which AgNPs
induce their toxic effects, the underlying mechanisms and the cause-and-
effect relationship are still not entirely clarified.

As in the studies of AgNPs’ effects on growth, germination, oxidation
stress and other physiological processes, there is still no clear answer to
whether the toxic eftect on the photosynthesis is caused directly by
nanoparticulate form or Ag" released from AgNPs. It has been established
that AgNPs are prone to oxidation in aqueous solutions depending on
pH, ionic strength, and the presence of ligands [26]. In most of the studies
considering phytotoxic effects of AgNPs, the contribution of Ag’ coming
from AgNPs dissolution has been accounted by exposing plants to AgNOs.
In some studies no considerable difference in photosynthesis-related param-
eters was observed between effects of silver in the form of nanoparticles and
Ag" ions [41,130] while in others it was demonstrated that nanoparticulate
form of silver has less toxic effects on photosynthesis than ionic form
[50,53,123,128,129]. Most of these investigations showed significantly
higher Ag content in the plants exposed to Ag' than those exposed to
AgNPs [53,123,128,129], which could explain the more negative effect
of Ag" than that of AgNPs. In the experiments where Ag" dissociated from
AgNPs in exposure solution were removed either by diafiltration or free
Ag" were complexed with ligands such as thiols, no toxicity of AgNPs
on PSII quantum yield and chlorophyll content was observed, indicating
indirect toxicity of AgNPs [63,135]. These findings are in agreement with
abundant literature data showing that AgNPs toxicity is caused mainly by the
release ong+ from nanoparticles [22,46,47,55,56,63]. It is well known that
Agions can block the electron flow in PSII, which then causes production of
ROS [136]. Analysis of chlorophyll fluorescence measurements in
S. polyrhiza revealed that exposure to Ag" decreased electron transport rate
and increased heat dissipation [129]. Moreover, it was reported that silver
can interfere with chlorophyll biosynthesis and/or breakdown [136], by
interaction of Ag" with thiol group of enzymes of chlorophyll biosynthesis.
However, in some studies amount of Ag" present in media was very low
(1-3%), so it was assumed that it cannot explain the inhibitory effect on
photosynthesis [53,61,135]. In a few studies on Arabidopsis, a more pro-
nounced decrease of the various photosynthetic parameters induced by
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AgNPs compared to AgNOj; was, at least partially, explained by the high
level of Ag accumulation in plants treated with AgNPs [57,60,68,124].
Several investigations showed presence of AgINPs not just in roots but also
in the leaves [68,79,80,82], confirming that Ag in plant tissues can arise from
direct uptake of AgNPs and contribute to the AgNP toxicity on photosyn-
thetic processes. However, as already mentioned, only a small fraction of
AgNPs has been transported from the roots to the shoots [32,35,47,82],
which implies that the negative effects of AgNPs on roots, which provide
nutrition for physiological activities including photosynthesis and chloro-
phyll synthesis, can significantly reflect on photosynthetic processes, which
take place in leaves [132]. In investigation on algae, the photosynthetic yield
in C. reinhardtii after exposure to AgNPs with different coatings was com-
paratively lower when calculated as a function of measured Ag" concentra-
tions than that of algae which were exposed to Ag' [135]. However, since
excess cysteine completely blocked toxic effects, authors suggested that
interaction between the particles and the algae can increase Ag " release from
AgNPs, thus causing toxic effect [61,135]. It has been suggested that the pro-
duction and secretion of ROS by algae might lead to increased Ag dissolu-
tion [137,138]. Several authors proposed that toxic effects of AgNPs on
plants can be attributed to free Ag", originating from absorbed nanoparticles
in plant cells [55,62]. As previously mentioned, Larue et al. [92] revealed
AgNP agglomerates in various regions of the lettuce leaves, but also detected
significant changes of internalized AgNPs, including partial or total oxida-
tion of AgNPs, and formation of secondary Ag" species such as Ag" bound
to thiols and AgCl. The results show that the negative effects of AgNPs on
photosynthesis are associated with Ag accumulation in the root and/or in the
shoot, but it is not yet fully explained whether the effects come from
nanoparticles, Ag" or both.

Based on presented literature data we can conclude that exposure to
AgNPs has a detrimental impact on the structure and function of the pho-
tosynthetic apparatus. Certain divergence in the AgNP-imposed effect
observed can be attributed to differences in the type of coating, size, time
of exposure or plant species used in experiment as has already been
established for toxic effects on other parameters like growth, germination,
etc. The question whether the toxic effect on photosynthesis is specific
for nanoparticles or it is the result of the action of Ag" released from AgNPs
in exposure solution and/or after biotransformation in the cellular structures
remains unsolved.
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6. Changes in protein expression

The area of nanomaterial phytotoxicity has attracted attention in
recent years, but still the mechanisms involved in changes of plant protein
expression as a result of exposure to nanoparticles are unknown. Therefore,
it is necessary to develop a more standardized approach in order to under-
stand the plant-INPs interactions. Proteomics techniques, which detect
quantitative and qualitative changes in protein expression profiles, are pow-
erful tool for the identification of proteins related to specific developmental
and/or environmental signal [139]. Therefore, to examine the molecular
bases of AgNPs phytotoxicity, proteome analysis can be applied. Informa-
tion obtained from proteomic studies can improve the knowledge of
interactions between plants and nanoparticles, since these studies reflect
the nanoparticles effects on gene expression. So far proteomic-based
approach for studying plant responses to AgNP-induced stress has been
employed in only a few studies [46,47,75,140,141]. This chapter throws
light on the current literature since results of these studies offer new insight
into plant response to AgNP exposure and provide important information to
support the sustainable use of AgNPs.

From the obtained data it is difficult to draw unambiguous conclusions
since in different studies different sizes of nanoparticles were applied and
AgNPs were stabilized with different coatings or were uncoated (Table 1).
Namely, Mirzajani et al. [140] exposed rice seedlings to 18.34nm uncoated
AgNPs; 15 nm AgNPs without coating were also applied in treatments of soy-
bean seedlings [141]. In the proteomic studies of exposure of rocket and wheat
seedlings, 10nm AgNP-PVP were used [46,47]. AgNP-citrate was examined
in tobacco seedlings (50 nm, |75] and soybean plants (60 nm, [109]), while in
the study conducted on the green algae C. reinhardtii the 20nm AgNP-PEG
was applied [142]. Moreover, the exposure times also differed among publi-
shed studies and extended from short exposures of two [141], three [142] or
5 days [46,47] to much longer treatments which lasted for 14 [109], 20 [140)]
and 30 days [75]. Exposure media used for AgNP-treatments included soaked
filter paper [46,47], silica sand [141], liquid [140,142] or solid nutrient
medium [75] and deionized water [109]. It is also important to emphasize
that proteomic methodology applied in these studied mostly involved
protein separation by means of two-dimensional electrophoresis followed
by either nanoLC-ESI- [46,47,109,142] and nanoLC/FTICR- [140] or



Table 1 Proteomic studies of plant and green algae response to AgNP-imposed stress.

AgNP size AgNP Exposure Analysed Proteomic
Species (nm) AgNP coating concentration time (days) Exposure medium tissue methodology Reference
Eruca sativa 10 Polyvinyl- 10mgL ™" 5 Filter paper soaked in  Roots 2-DE, nanoLC- [46]
(rocket) pyrrolidone deionized water ESI-MS/MS
Chlamydomonas 20 Polyethylene 215pgL ™" 3 MBL medium Whole cell  2-DE, nanoLC- [142]
reinhardtii glycol ESI-MS/MS
Triticum aestivum 10 Polyvinyl- 10mgL ™" 5 Filter paper soaked in Roots and  2-DE, nanoLC- [47]
(wheat) pyrrolidone deionized water shoots ESI-MS/MS
Oryza sativa 18.34 Uncoated 30, 20 Hydroponic medium  Whole 2-DE, nanoLC/ [140]
(rice) 60 pgmL ™" seedlings FTICR MS
Glycine max 15 Uncoated 2ppm 2 Silica sand Roots and  Gel-free, [141]
(soybean) cotyledons ~ nanoLC-ESI-

MS/MS

Nicotiana 50 Citrate 100 pM 30 Solid MS medium Whole 2-DE, MALDI [75]
tabacum seedlings TOF/TOF MS
(tobacco)
Glycine max 60 Citrate 50mgKg™ ' 14 Deionized water Leaves 2-D DIGE, [109]
(soybean) nanoLC-ESI-

MS/MS
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MALDI-TOF/TOF-MS/MS [75]. Only the study of Mustafa et al. [141]
employed gel-free nanoLC-ESI mass spectrometry.

In the studies of Mirzajani et al. [140] and Peharec Stefanié et al. [75] the
proteomes of whole rice and tobacco seedlings, respectively, were analysed
upon AgNP-exposure. In rice, 28 protein spots showed significant differ-
ences in response to treatment with uncoated AgNPs and the majority of
AgNP-induced changes was associated with decreased abundance [140],
contrary to tobacco, in which 39 responsive proteins were detected upon
exposure to AgNP-PVP, majority of which was up-regulated [75]. Given
the prolonged exposure of the seedlings to silver treatments (from seeds
to fully developed seedlings) in these two studies, observed changes in the
proteomes reflect the adjustment of plant metabolism to AgNP-induced
stress. Contrary, in the following studies, where proteome changes were
analysed after a few days of exposure, differences in protein expression might
be a result of instant up-/down-regulation in response to AgNPs. After five-
day exposure of rocket seedlings to AgNP-PVP, only the proteome of root
tissue was analysed and 22 AgNP-responsive proteins were found, among
which 15 proteins exhibited enhanced expression [46]. The same treatment
applied to wheat seedlings resulted with 27 responsive proteins in roots and
12 in shoots, majority of which was up-regulated; interestingly, no common
proteins in roots and shoots were found [47]. Mustafa et al. [141] reported
that in the differential analysis of soybean seedlings exposed to uncoated
AgNPs, the abundances of 107 root proteins were significantly changed,
while in cotyledons only 9 proteins were found to be responsive; majority
of the proteins were found to be down-regulated. Moreover, only one
protein, glyoxalase II 3, was found to be common for roots and cotyledons,
although its response was opposite; in the root tissue, glyoxalase IT 3 ex-
pression was down-regulated, while in cotyledons it revealed enhanced
expression. In our study on adult tobacco plants, only several common pro-
teins (osmotin, basic beta-1,3-glucanase, CBP20, Fe-SOD, glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), triose phosphate isomerase (TPI)
and malate dehydrogenase (MDH)) were found to be regulated by AgNPs
in both roots and shoots (P. Peharec Stefani¢ et al., unpublished). This
tissue-dependent response probably results from differences in metal con-
tent, as silver accumulation in roots was several times higher than in leaves,
after both types of treatments. Tissue-specific response has not been exten-
sively studied so far, although reports on metal-induced stress show that pro-
teins in roots and leaves are differentially regulated, generating different
detoxification mechanisms [143]. Abovementioned proteomic analyses
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[47,141], P. Peharec Stefanié et al., unpublished], in which roots and shots
were separately analysed, show that roots are the major site of proteome
changes thus confirming that roots are the principal targets of the toxic
effects of AgNPs. Additionally, studies in which coated AgNPs (PVP
[46,47]; PEG, [142]; and citrate, [75]) were applied, resulted with mostly
up-regulated responsive proteins, while in two studies performed with
uncoated AgNPs [140,141] majority of the proteins exhibited decreased
expression. These findings could be related with higher stability of coated
AgNPs, which are less prone to release Ag' ions compared to uncoated
ones. Despite abovementioned differences, some common features of iden-
tified responsive proteins in these published studies can be found; namely,
performed studies have indicated that AgNPs predominantly affected pro-
teins related to cell metabolism, stress response and signalling.

Majority of the proteomic analysis performed so far showed that many of
the identified proteins with differential expression after plant treatments
with AgNPs were those involved in the processes of primary metabolism.
In the studies of the AgNP effect on wheat [47], soybean [141] and tobacco
seedlings [75] as well as on green alga C. reinhardtii [142] it was revealed that
proteins involved in photosynthesis were impacted. The study on tobacco
seedlings exposed to AgNPs reported the up-regulation of proteins involved
in primary reactions of photosynthesis i.e. protein PsaD as important part of
PSI, proteins of the oxygen-evolving complex of PSII and plastid ATP
synthase CF1 epsilon subunit, as well as enzymes involved in carbon reac-
tions i.e. Rubisco, Rubisco activase 2, the enzyme that is required for the
activation of Rubisco and beta-carbonic anhydrase, which ensures a suffi-
cient amount of CO, for fixation by Rubisco [75]. These findings suggest
that the up-regulation of enzymes involved in photosynthesis might help
seedlings exposed to AgNPs to accelerate their energy production and pro-
duce additional reducing power, which is necessary to overcome AgNP-
induced stress. However, the opposite effects on photosynthesis-involved
proteins after AgNP-exposure were also recorded. Namely, several proteins
of PSII complex were down-regulated after exposure of flooded soybean
seedlings to AgNPs [141]. Moreover, Galazzi et al. [109] reported decreased
expression of Rubisco small and large subunits and oxygen-evolving
enhancer protein 2 of PSII after exposure of soybean plants to AgNPs.
The later was also found after exposure of C. reinhardtii to AgNPs [142],
although chlorophyll a-b binding protein of PSII and Rubisco activase were
found to be up-regulated. The negative impact of AgNP-treatment on pho-
tosynthesis of wheat seedlings was also indicated by the down-regulation of
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HCF136 protein, which is essential for photosystem biogenesis [47];
however, in the study conducted on C. reinhardtii this protein was
up-regulated [142].

The enhanced expression of proteins involved in glycolysis 1.e. plastidic
aldolase, TPI, GAPDH and 2,3-bisphosphoglycerate-independent phos-
phoglycerate mutase (IPGAM) was recorded after exposure of tobacco seed-
lings to AgNPs [75]. Moreover, GAPDH was found to be a responsive
protein in AgNP-exposed rice seedlings [140]. These proteins improve a
plant’s ability to maintain glycolysis in order to ensure sufficient energy pro-
duction. Moreover, TPI and GAPDH are multifunctional proteins, which
exhibit activities distinct from their classical functions, such as involvement
in oxidative stress response [144]. In the study on soybean seedlings in
response to AgNPs treatment under flooding stress, among proteins that rev-
ealed enhanced expression were G-proteins, which are regulatory proteins
that function as essential signal transducers in hypoxia signalling pathway,
which can help plants to alter their carbohydrate metabolic pathways to sup-
port ATP generation through glycolysis and fermentation under oxygen-
deprived conditions [141]. In general, the enhanced expression of proteins
involved in photosynthesis and glycolysis may serve to ensure sufficient
energy to cope with stress in AgNP-exposed seedlings. Moreover,
up-regulation was also found for MDH [46,47,75] and NAD-dependent
isocitrate dehydrogenase [142], proteins involved in tricarboxylic acid
(TCA) cycle, which links glycolysis to the mitochondrial electron transport
chain. Moreover, expression of mitochondrial and chloroplast ATP synthase
subunit was also enhanced after exposure of plants to AgNPs [75], which
indicates increased ATP production. However, an exposure of transformed,
herbicide tolerant soybean plants to AgNPs resulted with down-regulation
of TPI and mitochondrial ATP synthase subunit [109]. Still, enhancement of
the protein expression, found in the majority of the studies, suggests that
metabolic adaptations of plants might play an important role in mitigating
the stress imposed by AgNPs. Alterations in energy metabolism are aimed
to enhance energy production in an immediately available form, such as
ATP, needed for increased biosynthesis of stress-related compounds [145].

Studies have shown that plant exposure to AgNPs often results with acti-
vation of different proteins responsible for biosynthesis, folding, assembly,
translocation and degradation of proteins in many cellular processes. For
example, the expression of eukaryotic initiation and elongation factors,
which have important roles in protein synthesis regulation, translation, elon-
gation and mRNA turnover, were found to be up-regulated after AgNP
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exposure in several studies [46,75,142]|. Moreover, among proteins involved
in protein folding, peptidyl-prolyl cis-trans isomerases (PPlases), which
catalyse a rate-limiting step in protein folding, were found to be
up-regulated in C. reinhardtii [142] and tobacco seedlings [75] upon expo-
sure to AgNPs, although their down-regulation was reported in soybean
plants [109]. Up-regulation of special class of proteins, heat shock proteins
(Hsps), whose enhanced expression has an important role in maintenance of
protein homeostasis in plants under a wide range of environmental stressors
[146], was also found in several studies. Peharec Stefani¢ et al. [75] reported
the up-regulation of chloroplastic-like 20kDa chaperonin and Hsp70 pro-
tein after exposure of tobacco seedlings to AgNPs. Moreover, Vannini et al.
[46] found enhanced expression of the 17.4kDa class heat shock protein in
rocket seedlings exposed to AgNPs, although the expression of the heat
shock protein 702, involved in ER -associate degradation, was decreased.
Exposure of C. reinhardtii to AgNPs resulted with up-regulation of ClpB
chaperon, a member of Hsp 100 family [142]. Moreover, Kunitz family
trypsin and protease inhibitor proteins increased in soybean seedlings
exposed to AgNPs [141], probably to degrade irreversibly damaged proteins
since stress conditions result in the aggregation of misfolded proteins [147].
In compliance with that, in rice seedlings exposed to AgNPs some proteins
involved in protein synthesis/degradation processes, including proteasome
subunit ®-10 and subunit B-11, were identified [140]. Since it is known that
Ag" acts on protein structure [148] and that AgNPs can interact with pro-
teins [149] enhanced abundance of proteins involved in degradation of dam-
aged proteins as well as in protein synthesis and folding may have an
important role in adaptation of plants to silver-imposed stress.

It was shown that AgNP-treatments can also alter the expression of some
pathogenesis related (PR) proteins, such as f-1,3-glucanase and chitinase, that
are usually induced in response to wounding or infection [150], but are also
involved in metal stress response [47,151]. In the study of Peharec Stefani¢
et al. [75], the up-regulation of basic beta-1,3-glucanase and acidic chitinase
was found in tobacco seedlings exposed to AgNPs. Since AgNPs were
observed in plasmodesmata, cell wall, and middle lamella [34], it is possible
that the accumulation of beta-1,3-glucanase, which has a roll in the regulation
of callose at plasmodesmata [152], might increase their permeability in
response to AgNPs as has been observed for some metals [153]. Moreover,
jacalin lectin family protein was found to be up-regulated in rocket seedlings
after exposure to AgNPs [46], while in the study of wheat seedlings exposed to
nanosilver, the enhanced expression of several PR proteins was found [47].
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Most of the proteomic research on plant response to various stress factors
revealed positive correlation between stress tolerance and increased abun-
dance of antioxidant proteins [154]. It has been shown that AgNP-induced
stress can also accelerate the production of cellular antioxidant enzymes in
order to reduce ROS. In the rocket seedlings exposed to nanosilver an
increased abundance of SOD and Type2 peroxiredoxin (PRX), a thiol per-
oxidase, was found [46], while Mirzajani et al. [140] reported the
up-regulation of SOD, APX and glutathione-S-transterase (GST) in rice
seedlings exposed to AgNPs. Enhanced expression of CAT, APX and
Fe-SOD, proteins involved in defence against oxidative stress, was also
found after exposure of tobacco seedlings to AgNPs [75]. However, there
are opposite results; SOD isoforms were found to be down-regulated in soy-
bean [109] and C. reinhardtii [142] exposed to AgNPs. Still, majority of the
findings confirm that enhanced expression of proteins involved in defence
against oxidative stress in seedlings exposed to AgNPs could be one of the
protective strategies against nanosilver-induced ROS formation. It is well-
known that accumulation of detoxification-related and ROS scavenging
enzymes mitigates harmful effects of oxidative stress as well as increased
amounts of toxic byproducts of cellular metabolism as a consequence of
imbalances in cellular homeostasis [154,155].

The up-regulation of calcium-binding messenger proteins (CaM), such
as calmodulin, one of the most extensively studied Ca®"-sensing proteins
involved in cell signalling, was also recorded in plant tissue after AgNP-
treatment |140]. Intracellular changes in Ca*" ions in response to different
stimuli detected by calmodulin influence the activities of CaM-binding pro-
teins, which have been implicated in plant adaptation to adverse environ-
mental conditions [156].

Proteomic studies published so far investigated impact of AgNPs mostly
on plant seedlings, while studies comparing the effects on young (seedlings)
and fully developed (adult) plants are completely lacking, except for our
studies on tobacco. Comparing changes in protein expression in tobacco
seedlings [75] and adult plants (Peharec Stefani¢ et al., unpublished) exposed
to AgNP-citrate, we found correlation in 37 proteins (25 in leaves, 5 in
roots, and 6 in both roots and leaves), majority of which are proteins of car-
bohydrate and energy metabolism. These results indicate that there are pro-
teins responsive to AgNP-induced toxicity, regardless of the age of the plant
age and that exposure to AgNP represents stress factor which induces imbal-
ances in cellular metabolic pathways, especially aerobic respiration and pho-
tosynthesis, leading to enhanced ROS formation [145]. However, it is
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important to emphasize that the majority of these common proteins were
up-regulated in seedlings, but down-regulated in roots and leaves of adult
plants, which suggests that the mode of their expression is dependent on
plant developmental stage as well as on duration of the exposure (7 days
for adult plants vs. 30 days for seedlings from the seed stage). Moreover,
more prominent oxidative stress and activation of antioxidant enzymes
was found in tobacco seedlings after 30 days of exposure [75] compared
to adult plants [74] exposed to AgINPs for 7 days. In the recent study of Gal-
azzi et al. [109] it was reported that after exposure of soybean plants to
AgNPs, leaf proteome analysis showed that the majority of the responsive
proteins were down-regulated, which corresponded with low values of oxi-
dative stress parameters and activities of antioxidant enzymes. These results
indicate that adult plant, which have fully developed root system and leaves,
exhibit different response to AgNP-induced stress than the young plants,
exposed to the nanosilver from the seed stage. Similar observations were
reported for tobacco seedlings and adult plants exposed to heavy metal stress
[157,158].

Only three studies published so far have compared changes in plant
proteomes after simultaneous exposure of the same plant species to AgNPs
and AgNOj; [46,75,109], while one study was conducted on green alga
C. reinhardtii | 142]. Proteomic studies performed on seedlings [46,75] revealed
significantly higher number of AgINOj-responsive proteins compared to
AgNPs. Vannini et al. [46] found only four proteins in rocket seedlings,
exposed to AgINPs and AgNO; for 5 days, which were common to both treat-
ments, while 18 and 39 proteins were specifically expressed after AgNP- or
AgNO;-exposure, respectively and were all mainly up-regulated. Low level
of overlap of identified proteins as well as much higher number of responsive
proteins found in AgNO3- compared to AgNP-exposed seedlings indicates
that AgNPs and AgNOj cause distinct changes in the proteome of the root
cells. However, there is evidence that they share some common mechanisms
of action. Namely, both treatments induced the accumulation of proteins
related to metabolism of sulphur, an important constituent of many stress-
related compounds, such as GSH, cysteine, methionine and thioredoxin.
Moreover, both Ag treatments consistently induced two key enzymes in cys-
teine biosynthesis: O-acetylserine(thiol)lyase in AgNOs-treated roots, and
cysteine synthase in AgNPs-treated roots. Cysteine can chelate dissolved
Ag" and alter the surface chemistry, aggregation, and dissolution of zero-
valent AgINPs [159]. Moreover, cysteine is a direct coupling step between sul-
phur and its incorporation into GSH, important in plant stress tolerance to
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ROS. In addition, AgNP exposure caused the accumulation of a vitamin-
B12-independent methionine synthase isozyme, which is involved in the bio-
synthesis of the methionine, the sulphur-containing amino acid. These results
indicate that in both Ag treatments the metabolism of sulphur not only plays
an important role in growth and development of roots, but it is also involved
in Ag tolerance. Moreover, both Ag treatments activated some common
enzymatic and nonenzymatic pathways of ROS detoxification machinery,
including SOD and PRX [46] in order to cope with ROS generation induced
by AgNPs and/or Ag". On the other hand, in tobacco seedlings treated with
the AgNPs and AgNOj; for 30 days, it was found that among 49 identified
proteins, only 12 of them exhibited different expression depending on the
type of exposure (AgNPs or AgNO3), thus indicating that dissociated Ag
could be in large part involved in AgNPs toxicity [75]. The majority of
the proteins were up-regulated by both treatments and were those involved
in the processes of primary metabolism, indicating enhanced energy require-
ments to cope with Ag" stress. This can be correlated with up-regulation of
Hsps and PR proteins, as well as enhanced expression of several proteins
involved in defence against oxidative stress (CAT, APX and Fe-SOD)
[75], which were activated against silver-induced toxicity. The study con-
ducted on the green alga C. reinhardtii revealed that majority of the proteins
were up-regulated by both AgNPs and AgNO3, among which the proteins
with the highest score were those involved in thiamine biosynthesis, Calvin
cycle and photosynthesis [142]. These results also suggest that AgNPs and
AgNOj3 both tend to regulate metabolism in similar ways, thus suggesting that
the toxicity is mainly due to release to free Ag'. However, no increase in reg-
ulation of typical antioxidant enzyme was found in algae; the only identified
protein involved in antioxidant system was SOD, which was found to be
down-regulated by both treatments compared to the control [142], indicating
species-specific differences in response to (nano)silver. In our study on adult
tobacco plants treated with AgNPs and AgNOj for 7 days, AgNP-exposure
resulted with somewhat higher number of differentially expressed proteins in
roots and leaves compared to treatment with AgNOj3, which was more pro-
nounced in leaf compared to root (Peharec Stefani¢ et al., unpublished).
Moreover, a high overlap of differentially expressed proteins between AgNPs
and AgNOj treatments was found in roots; namely, only four out of 29 pro-
teins had different expression level depending on the type of the treatment.
On the contrary, in leaf tissue half of the proteins (18 out of 35) exhibited
different expression level between AgNPs and AgNO; exposure, which is
more in accordance with findings obtained in rocket [46] and soybean
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[109]. In the study by Galazzi et al. [109], in which leaf proteomes of non-
transformed (NT) and transformed (T, herbicide tolerant) soybean plants were
compared after exposure to AgNPs and AgNO; for 14 days, it was found that
22 proteins were differentially abundant for NT-AgNP vs. NT-AgNO;
group, while 9 difterentially abundant proteins were found for T-AgNP vs.
T-AgNO;, which suggested that beside silver form, the difference in plant
genome may also affect the interaction between plant and (nano)silver-
exposure. Namely, in NT-soybean treatment with AgNOj3 had a more neg-
ative effect on expression on photosynthesis-related proteins compared to
AgINP, although the expression of the majority out of 10 overlapping proteins
was more down-regulated by AgNPs; on the contrary, in T-soybean all five
overlapping proteins were more repressed by AgNOj; treatment. These data
add further evidences that the AgINP effects are not simply due to the release of
Ag ions, which is in accordance with results obtained on AgNPs stability
analyses.

7. Conclusion

In conclusion, the uptake of AgINPs by plants depends on the size and
shape of AgNPs as well as on the exposure concentration, but mechanisms of
AgNPs internalization and distribution in plants are not fully understood.
Their impact on morphological and physiological features of plants depends
on AgNP characteristics, transformation possibilities as well as on the plant
species and developmental stage and the way of exposure. Since roots are the
first tissue to be in contact with AgNP solution, toxic symptoms appear
more frequently in roots than in shoots, although AgNPs also induce mor-
phological modifications in the stem and leaves. The main subcellular targets
affected by AgNPs are mitochondria, nucleus and in particular chloroplasts,
which is in line with detrimental impact of AgNPs on the structure and
function of the photosynthetic apparatus. Moreover, damaged chloroplasts
contribute to ROS generation and oxidative stress has an important role in
the phytotoxicity of AgNPs. However, the underlying mechanisms of
AgNP-mediated ROS production need further investigations. Proteomic
analyses indicate that AgNPs predominantly affect proteins related to cell
metabolism, stress response and signalling. The question whether phytotoxic
effect is specific for nanoparticles or it is the result of the action of Ag"
released from AgNPs in exposure solution and/or after biotransformation
in the cellular structures remains unresolved.
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