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Abstract: Metal nanoparticle$MNPs) belong mostly to the engineered type of pamiicles and have not only
unigue physical and chemical properties but al$ferént biological actions. In recent years, noklRPs and
their nano-sized agglomerates (collectively reférr@ as nanoparticles or particles in the subsegsections)
have been the subjects of much focused researctodbeir unique electronic, optical, mechanicahgmetic and
chemical properties that can be significantly défe from those of bulk materials. To enhance theg, it is
important to understand the generation, transm@position, and interaction of such particles. Bgais of
MNPs is based on chemical or physical syntheticguares and by use of biological material (“gregmttsesis”
as an environmentally benign process) includingév&g; algae and vascular plants (mainly metallogg)y In
biological methods for preparation of metal nantips mainly leaf reductants occurring in leafragts are
used. MNPs can be formed also directly in livingnté by reduction of the metal ions absorbed aduble salt,
indicating that plants are a suitable vehicle fmdoction of MNPs. These methods used for preparaif MNPs
are aimed to control their size and shape. Morgophysicochemical properties of MNPs determine rthei
interaction with living organisms. In general, isithe cells nanoparticles might directly provokthes
alterations of membranes and other cell structarexctivity of protective mechanisms. Indirect effeof MNPs
depend on their physical and chemical propertie may include physical restraints, solubilizatiodntaxic
nanoparticle compounds or production of reactivgger species. Toxic impacts of MNPs on plants imected
with chemical toxicity based on their chemical casition g release of toxic metal ions) and with stress or
stimuli caused by the surface, size and shapeeskthanoparticles. Positive effects of MNPs wesenied on
the following plant features: seed germinationwdhoof plant seedlings, stimulation of oxygen evign rate in
chloroplasts, protection of chloroplasts from adimglong-time illumination, increase of the elestrtransfer and
photophosphorylation, biomass accumulation, agtigft Rubisco, increase of quantum yield of phottayslI,
root elongation, increase of chlorophyll as welhasleic acid level and increase in the shoot/rato. However,
it should be stressed that MNPs impact on humareamilonmental health remains still unclear.

Keywords: environmental and human healgneen synthesis, living organisms, metal nanogasti@ositive and
negativempacts, vascular plants

Introduction

In the past decade, research efforts in nanosciandenanotechnology have grown
explosively worldwide. While we are just beginnityunderstand the functionalities that
can be accessed through the use of nanostructuatstiats and surfaces, the tremendous
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potential of “nano” approaches to revolutionize thays in which matter is fabricated,
synthesized and processed is already apparenterflsesitoms, molecules, clusters and
nanoparticles can be used as functional buildiogkd for fabricating advanced and totally
new phases of condensed matter on the nanometyth lsoale. The optimal size of these
unit components depends on the particular proptrtyoe engineered by altering the
dimensions of the building blocks controlling thsurface geometry, chemistry, assembly
and thus it will be possible to tailor functionadi in unprecedented ways. At the start of the
new millennium we are thus confronted with the naed desire to learn more about the
atomic scale structure of matter (in detail seg [1]

Since the early 1990s, enormous efforts worldwigeehed to the production of many
types of nanomaterials. The interest in nanomadseisaa result of the extreme dependence
of properties (electronic, magnetic, optical, medtal, etc.) on particle size and shape in
the 1-100 nm regime [2]. Nanoscale materials haceived considerable attention because
their structure and properties differ significarfilgm those of atoms and molecules as well
as those of bulk materials [1]. Thus, nanotechnpligcluding metal/nanoparticles) is
a major source of innovation with important econongionsequences. However, the
potential risk of applications and procedures ohatachnology for health and the
environment not only appeared but have raised diorme and international levels. Past
experience of sanitary, technological, and enviremtal risks has shown that it is
not a good policy to attempt to deal with them raftee fact. It is thus crucial to assess the
risks as early on as possible [3]. So, new metladipproaches were seeked not only for
nanotechnology in general, but especially for nantiges including the metal
nanoparticles.

Characterization of metal/nanoparticles

In our recent paper [4] we characterized nanopasticand specially metal
nanoparticles in detail. Thus, nanoparticles (N&s)atomic or molecular aggregates with
dimension between 1 and 100 nm that can drastiqalgify their physico-chemical
properties compared to the bulk material. NPs aambde from variety of bulk materials
and they can act depending on chemical composisioape or size of the particles. There
are three types of NPs: natural, incidental andnemged. Metal nanoparticlq8INPs)
belong mainly to the engineered type of NPs andehaot only unique physical and
chemical properties but also different biologicati@ns. In recent years, noble metal
nanoparticles and their nano-sized agglomeratde¢tively referred to as nanoparticles or
particles in the subsequent sections) have beesuthjects of much focused research due to
their unique electronic, optical, mechanical, maignand chemical properties that can be
significantly different from those of bulk matesalTo enhance their use, it is important to
understand the generation, transport, depositiwhjrateraction of such particles [5].

As mentioned above, nanoparticles are atomic or m@e@ggregates with specific
physico-chemical properties compared with the lmditerial. Currently, nanoparticles have
drawn tremendous attention because of their vadugbbperties on optical, electronic,
medical, sensor, and catalytic application. Thett®gis and characterization of metal
nanoparticles (MNPs) have emerged as an importamich of nanotechnology in the last
decade, particularly for noble metals such are Pdi, Pt and Ag (in detail see [6]). Since
the function and use of these materials dependheit tomposition and structure [7]
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interest in MNPs currently focuses on control dditlsize and shape to manipulate their
unique optoelectronic, magnetic, catalytic and raeatal properties [8].

Metal/nanoparticles formation

In the field of nanotechnology, the controlled $wsis of nanoparticle size, shape and
monodispersity is essential in order to exploreirthenique chemical and physical
properties. Currently, there are various chemical physical synthetic methods aimed at
controlling the size and distribution of NPs. Howevmost of them utilise toxic and
expensive chemicals, and problems are often expeErse with nanoparticle stability,
agglomeration of particles and the inability to wohcrystal growth [9]. A practical route
for synthesis of MNPs, as an one type of nanopasticis by chemical, physical and
biological procedures. The utilisation of biolodicsystems has emerged as a novel
technology for synthesis of various nanoparticlasaitempt to control NPs shape,
composition, size and monodispersity [10].

One of the most important route for MNPs formatisnabove mentioned “green
biosynthesis” using not only vascular plants (mailelaf broth) but also algae, bacteria,
yeasts, fungi and actinomycetedn the field of nanotechnology (including
metal/nanoparticles), the controlled synthesis o&naparticle size, shape and
monodispersity is essential in order to exploreirthenique chemical and physical
properties. As it has already been mentioned, tlaeeevarious chemical and physical
methods aimed at controlling the size and distidoutof nanoparticles. For example,
physical synthetic methods such as inert gas caadiem, severe plastic deformation,
high-energy ball milling and ultrasonic shot peglican be used to synthesize Fe(0)
nanoparticles with diameters of 10-30 nm [11]. Thkblemical methods include
microemulsion, chemical coprecipitation, chemicalapour condensation, pulse
electrodeposition and chemical wet reduction [1ipiological methods for preparation of
metal nanoparticles mainly leaf reductants occgrrim leaf extracts are used [12-14].
However, MNPs can be formed also directly in liviplgnts by reduction of the metal ions
absorbed as a soluble salt [15-18], indicating th&nts are a suitable vehicle for
production of MNPs [19].

Experimental methods applied for characterization of metal
nanoparticles

For monitoring of formation and characterization mwietal nanoparticles several
experimental techniques are applied [20-22].

UV-Visible spectroscopy(UV-VIS) is a technique used to quantify the light that is
absorbed or scattered by a sample. Gold and sileesmonic nanoparticles have optical
properties that are sensitive to size, shape, corat®n, agglomeration state, and refractive
index near the nanoparticle surface, which makesW/ spectroscopy a valuable tool for
identifying, characterizing, and studying nanomatsr UV-VIS spectrum, known as the
surface plasmon absorption band, of the individuahoparticles differs from that of
nanoparticles aggregate and sueface plasmon resonance (SPR) of a multi-nanoparticle
aggregate will be red-shifted to a longer wavelbrgimpared with SPR of the individual
particles. Consequently, aggregation is observadde an intensity increase in the
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red/infrared region of the spectrum. Reductionhef inetal ions (A Au’, Pd*) to metal
nanoparticles during exposure to the plant leafaext was followed by colour change and
thus UV-VIS spectrum [23-25].

In Fourier Transform Infrared Spectroscopy (FTIR), a spectrum showing
molecular vibrations is obtained, in order to idignor characterize mainly organic
materials. From such spectra information aboutcti@mical bonds and molecular structure
of a material can be obtained and their compansitin catalogued FTIR spectra enable to
identify the materialgg the biomolecules responsible for the reductiometal ions and
capping of the bioreduced metal nanoparticles sgitled by using plant extract
[26, 27].

Transmission Electron Microscopy (TEM) and Scanning Transmission Electron
Microscopy (STEM) are closely related techniques that use an etedieam to image
a sample and they can also be used to charactenygstallographic phase and
crystallographic orientation (by diffraction modeperiments). A scanning tunnelling
microscope (STM) is an instrument for imaging scefaat the atomic level. For an STM,
good resolution is considered to be 0.1 nm latersblution and 0.01 nm depth resolution
[28, 29].

The imaging of the crystallographic structure cfample at an atomic scale is possible
by the use oHigh Resolution Transmission Electron Microscopy (HRTEM). HRTEM
is a valuable tool to study nanoscale properties cofstalline material such as
semiconductors and metals [30, 31].

Atomic  Force  Microscopy (AFM) provides images with  atomic
or near-atomic-resolution surface topography, ckpath quantifying surface roughness
of samples down to the angstrom-scale. In additigqoresenting a surface image, AFM can
also provide quantitative measurements of featimess such as step heights and other
dimensiong32, 33].

X-Ray Diffraction (XRD) is a versatile, non-destructive technique that abse
detailed information about the chemical compositenmd crystallographic structure of
natural and manufactured materials. Where a mixtirdifferent phases is present, the
resultant diffractogram is formed by addition o thdividual patterns [34, 35].

Energy-Dispersive X-Ray Spectroscopy (EDS or EDXjs an analytical technique
used for the elemental analysis or chemical charaetion of a sample. It relies on the
investigation of an interaction of some source cfa} excitation and a sample. Its
characterization capabilities are due in large parthe fundamental principle that each
element has a unique atomic structure allowing wmiset of peaks on its X-ray spectrum
[36, 37].

X-Ray Absorption Near Edge Structure (XANES) and Extended X-ray
Absorption Fine Structure (EXAFS) have been used as powerful tools for studying the
structures and dynamics of the nanoscale mateANES measures the modulation of the
absorption coefficient at a particular core leviehn atom in a chemical environment and it
has been successfully applied to investigate tleenadal bonding, electronic structure and
surface chemistry. On the other hand, EXAFS hag bsed extensively in the investigation
of local atomic structures such as the number gpe of neighbouring atoms, interatomic
distances, and disorder and it is well suited fetetmining the local structures of both
non-crystalline and crystalline materials [38-40].
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X-ray photoelectron spectroscopy(XPS) uses soft X-rays (with a photon energy of
200-2000 eV) to examine core-levels [41-43].

Toxicity of metal nanoparticles to plants

The physico-chemical properties of nanoparticlexl@iding metal nanoparticles,
MNPs) determine their interaction with living orgems. Cells of plants, algae, and fungi
possess cell walls that constitute a primary sitdrfteraction and a barrier for the entrance
of NPs. Mechanisms allowing NPs to pass throughwalls and membranes are as yet
poorly understood. However, inside cells, NPs migitectly provoke alterations of
membranes and other cell structures and molecalesyell as protective mechanisms.
Indirect effects of NPs depend on their chemical physical properties and may include
physical restraints (clogging effects), solubilinatof toxic NP compounds, or production
of reactive oxygen species [44].

Algae

Toxicity of nano-sized metal oxide particles toagompared with that of larger-sized
bulk particles was found to be higher when dosexjzressed as mass andsE@lues are
generally in the mg/dinrange [45, 46]. Growth inhibition test with theegn alga
Desmodesmus subspicatus treated with two different photocatalytic activdO} NPs
showed that application of MNPs with particle sze25 nm (crystallineform: mainly
anatase) resulted in inhibition of algal growthhwEGs, 44 mg/dmi. It was proven that the
toxicity was not caused by accompanying contamf@asihce toxicity did not significantly
decrease after washing the product. No differenaggrawth reduction was observed for the
tests, regardless of whether preliminary illumioatiook place or not, indicating that the
measured toxic effect was caused by the,Ti€elf and not by a photocatalytic effect. On
the other hand, due to addition of MNPs with p&etisize of 100 nm (crystalline form:
100% anatase) up to 50 mgfimo toxic effects were determined and cleaning rati
result in a decreased toxicity [47]. Acute algadwgih toxicity test of TiQNPs (crystallite
size4.5 nm) and Ag doped T¥NPs (crystallite sizé.6 nm) withD. subspicatus showed
that after 72 hours of exposure thesE@lue was higher for undoped Bi(¥.59 mg/ dri)
than for Ag doped Ti@nanoparticles (4.12 mg/dim indicating higher toxic effect for Ag
doped nanoparticles [48].

Experiments concerning growth inhibition B$eudokirchneriella subcapitata alga by
nanoparticulate and micron size Ga@vealed IGyvalues for reduction in algal growth rate
after 72 h (IGy) as 10.3 and 66 mg/dnfor the nanoparticles and bulk materials,
respectively. The light illumination conditions ratilated photocatalytic activity of CgO
nanoparticles, causing the generation of hydroagtiqals and peroxidation of a model plant
fatty acid what resulted in cell-particle interacticausing membrane damage [45]. Also
silica (SiG) nanoparticles with 12.5 and 27.0 nm diameter i@uad to inhibit growth rate
of P. subcapitata and it was found that the particles clearly adhéoetthe outer cell surface
and no evidence was found for particle uptake. foixcity was attributable to the solid
nanospheres, because no aggregation was obsemefisanlution of the nanoparticles was
negligible [49].

The examination of short-term toxicity of AgMPand ionic silver (Ag to
photosynthesis inChlamydomonas reinhardtii revealed that based on total Ag
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concentration, toxicity was 18 times higher for Ag\than for AgNPs (in terms of Eg).
However, when compared as a function of the” Agncentration, toxicity of AgNPs
appeared to be much higher than that of AgNIbe results indicated that the interaction of
these particles with algae influences the toxioityAgNPs, which is mediated by Agnd
that particles contributed to the toxicity as arseuf Ag which is formed in presence of
algae [44]. Miao et al [50] demonstrated that silegineered nanoparticles can be taken in
and accumulated inside the algal cells of mixotiofteshwater alg&chromonas danica,
where they exerted toxic effects. This indicates tianoparticle internalization may be an
alternative pathway through which algal growth teninfluenced. Exposure @hlorella
wulgaris and Dunaliella tertiolecta to 50 nm AgNPs (0-10 mg/dinfor 24 h resulted in
strong decrease in chlorophyll content, viable latgls, increased ROS formation and
lipids peroxidation [51].

Nanoparticulate AD;, SiO,, and TiQ (DJ3, rutile) had no significant toxicity,
nano-ZnO and nano-T¥QHR3, anatase) greatly inhibited the growthGofvulgaris with
6 d EG, of about 20 and 30 mg/dnrespectively [52]. While at the concentration éow
than 50 mg/drhthe algal toxicities decreased in the followingler Zrf* > nano-ZnO >
bulk-ZnO, at concentrations > 50 mg/&inano-ZnO had higher algal toxicity than*Zions
and released less Znions into the culture media than bulk-ZnO. Thigygests that
dissolved ZA" ions from nano-ZnO were not the dominant mechari@nthe algal growth
inhibition. The comparison of the nanotoxicitieshie presence and absence of illumination
excluded shading effects of nano-ZnO and nang; THIR3) from the main mechanism of
the nanotoxicity. However, observed large aggregafenano-ZnO and nano-TiQHR3)
entrapping and wrapping the algal cells may couatehto the nanotoxicity. The growth
inhibitory effect of alumina nanoparticles was abed for both Chlorella sp. and
Scenedesmus sp. (72 h EG values were 45.4 and 39.35 mgfdmespectively). Bulk
alumina was toxic to a lesser extent (72 hs@lue, 110.2 mg/difor Chlorella sp.;
100.4 mg/dm for Scenedesmus sp.). Moreover, a clear decrease in chlorophyitest was
observed in the treated cells compared with theeated ones, more effect being notable in
the case of nanoparticles [53].

Response of vascular (higher) plants to MNPs

Toxic effects of metal nanoparticles on plants dobe connected with chemical
toxicity based on the chemical compositieg (elease of toxic metal ions) and with stress
or stimuli caused by the surface, size and/or slofpiee particle [54]. It is well known that
at nanosize range, the properties of materialemgfibstantially from bulk materials of the
same composition, mostly due to the increased fpetirface area and reactivity, which
may lead to increased bioavailability and toxidip]. Moreover, toxicity of metal NPs
may involve production of hydroxyl radicals dueigible light generating extracellular
reactive oxygen species (ROS) that may damagerestibranes resulting in the change of
the membrane permeability and consequently, thbgtitity of entry of NPs into the cell
increases [56]. On the other hand, several stuttiefirmed also positive effects of metal
and metal oxide nanoparticles on growth of highants.
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Negative effects of MNPs on plants

According to Navarro et al [44] NPs may induce themation of new and large-size
pores and routes for the internalization of lardgesNhrough cell walls. The investigation of
cytotoxic and genotoxic impacts of AgNPs (below 1@ size) using root tip cells of
Allium cepa as an indicator organism showed that with increpsbncentration of the NPs
(25, 50, 75, and 100 ppm, respectively) decreasfeeimitotic index from 60.30% (control)
to 27.62% (100 ppm Ag NPs) was noticed. The AgNRgaired stages of cell division
causing chromatin bridge, stickiness, disturbedaptese, multiple chromosomal breaks
and cell disintegration [57]. It was reported by dfitaq [58] that F©,, TiO,, and carbon
NPs caused negative effect to seed germinationnaiéelongation, and germination index
of cucumber plants.

Lee et al [59] investigated the effects of four ahaixide nanoparticles (nano-&l;,
nano-SiQ, nano-FgO, and nano-ZnO) applied at three different concéoira (400, 2000,
and 4000 mg/df on seed germination, root elongation, and numbiedeaves of
Arabidopsis thaliana and found that the phytotoxicty of nanoparticlesrdased in the
following order: nano-ZnO > nano-§@&, > nano-SiQ > nano-A}O;, which was not toxic.
Inhibition of seed germination by ZnO depended atige size, with nanoparticles
exerting higher toxicity than larger (micron-sizgufirticles at equivalent concentrations.
Significant inhibition observed by the smaller, radisperse nano-ZnO particles (44.4 nm)
could be connected with the fact that intracelluigraces (< 10 mm) in seed coat
parenchyma may be filled with aqueous media fatilig the transport of soluble nutrients
as well as small particles to the embryo. Becaumaptete (100%) inhibition of seed
germination was obtained only with application dd05mg/dni of soluble Zn,ie at
concentration, which was one order of magnitudédrighan the amount released by toxic
levels of nano-ZnO, phytotoxicity of hano-scale ahetxides cannot be explained solely by
the dissolved metal species, and that the partittesnselves also contribute to
phytotoxicity.

The 50% inhibition of growth of duckweedgandoltia punctata, treated with
CuO-NPs and comparable doses of soluble Cu waswettsat 0.6 mg/dsoluble copper
or 1.0 mg/dm CuO-NPs that released only 0.16 mgidsnluble Cu into growth medium
[60]. Application of 1.0 mg/dfhCuO-NP resulted in significant decrease of chlbydign
plants, while treatment with comparable 0.2 mg/dwiuble Cu did not affect the level of
this assimilation pigment. This could be connectéth the fact that the Cu content of
fronds exposed to CuO-NPs was four times highar thdronds exposed to an equivalent
dose of soluble copper. The 2-d median effectiveceatrations foPhaseolus radiatus and
Triticum aestivum exposed to Cu nanoparticles was found to be 33550 mg/dm
respectively, indicating higher sensitivity Blfiaseolus radiatus to Cu nanoparticles. Cupric
ions released from Cu nanoparticles had negligiffiects and the apparent toxicity clearly
resulted from Cu nanoparticles. Bioaccumulatioméased with increasing concentration of
Cu nanoparticles, and agglomeration of particless vadoserved in the cells using
transmission-electron microscopy-energy-disperspactroscopy [61].

Transformation of copper into metallic nanoparsdie and near roots with evidence of
assistance by endomycorrhizal fungi when commonawds plant$Phragmites australis
and Iris pseudoacorus were grown in contaminated soil in the naturaliemment was
reported by Manceau et al [62]. The researchertedstshat this mode of copper
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biomineralization by plant roots under copper stresay be common in oxygenated
environments because the transformation occurdylitee to biomolecular responses to
oxidative stress, similar to reactions used to tidztly synthesize Clinanostructures of
controlled size and shape.

Nekrasova et al [63] observed thatHlodea densa Planch plants treated with copper
ions and Cu nanoparticles enhanced lipid peroxidafio 120 and 180% of the control
level, respectively) was induced. While the nantiplais were more actively accumulated
by plants, catalase and superoxide dismutase t&givh plants treated with nanoparticles
increased by a factor of 1.5-2.0 and photosynthe&ais suppressed at a concentration of
1.0 mg/dm. On the other handGu ions reduced photosynthesis already at a comadiemt
of 0.5 mg/dm. Atha et al [64] reported for the first time thaipper oxide nanoparticles
induce DNA damage in agricultural and grasslandntgla Significant accumulation
of oxidatively modified, mutagenic DNA lesions (#&ydro-8-oxoguanine;
2,6-diamino-4-hydroxy-5-formamidopyrimidine; 4,6adiino-5-formamidopyrimidine) and
strong plant growth inhibition were observed fodish Raphanus sativus), perennial
ryegrass l(olium perenne), and annual ryegrasd qlium rigidum) under controlled
laboratory conditions. Exposure of hydroponicalljtivated Cucumis sativus seedlings to
CU and Z&" as well as to four kind of nanoparticles (size56f nm) resulted in plant
biomass reduction and the corresponding, I@alues were as follows: 333 mg/dm
(Cu NPs), 376 mg/di(CuO NPs), 14 mg/di(Ci#*), 1700 mg/dr(Zn NPs), 629 mg/din
(ZnO NPs), and 262 mg/dm(zn*), respectively [65]. All nanoparticles more grgatl
aggregated in the nutrient solutions than in thérdeed water and the size of the
aggregated Zn and ZnO NPs was found to be 500Tneatment with both NPs increased
the Cu and Zn concentrations @ sativus tissues and it seems that NPs crossed the cell
membrane and formed agglomerates, either with thkes or with other cellular materials
within the cells. Due to the presence of NPs ordgBregates within the cell toxic effects of
NPs occur. Zn accumulation @. sativus following ZnO NP treatments was higher than
those of other NP treatments indicating highly deé&mechanism of this plant to ZnO NP
treatments. Increased metal uptake by plants isgiy connected with the ability of root
exudates to change the properties and behavion©Of zanoparticles in solution. Increased
antioxidant enzyme (SOD, CAT, and POD) activitielant root tissues exposed to CuO
and ZnO NPs were observed, as well.

Ghodake et al [66] investigated the phytotoxicifycobalt and zinc oxide NPs using
the roots of hydroponically cultivatellium cepa (onion bulbs) as an indicator organism.
With increasing concentrations of the NPs (frono 20 pg/cnt) the elongation of the roots
was severely inhibited by both the cobalt and time pxide NPs with respect to control
plants. Cobalt oxide NPs were found to be of sglgériruncated, and uneven nature with
an average size of approximately 60-10 nm, whilstnod zinc oxide NPs was rod shaped,
spherical, or hexagonal with sizes ranging betwaggroximately 50 and 100 nm, and the
particles were found to be clustered. During theosure of the\. cepa roots to both metal
oxide NPs these aggregated and precipitated, plplblale to the interaction of the oxide
NPs with unknown extracellular biomolecules. Thetptoxicity of cobalt oxide NPs was
connected with their massive adsorption into thet system, while zinc oxide NPs caused
damage because of their severe accumulation in thethcellular and the chromosomal
modules. It could be supposed that the cobalt okis could block the water channels
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through adsorption and the zinc oxide NPs posgiblyetrate radically into onion roots and
spoil the whole cellular metabolism and stagesetifdivision.

Recently, action of nanoparticles of unusual metalsch are ytterbium (Yb) or
lanthanum (La), were investigated. For example nghet al [67] studied the phytotoxicity
of nanopatrticulate Yi0s, bulk Yb,0O3, and YbC}-6H,0O to cucumber plants and found that
the decrease of biomass was evident at the lowasteatration (0.32 mg/din when
exposed to nano-¥;, while at the highest concentration, the most ieughibition was
from YbCk. The inhibition was dependent on the actual amo@imbxic Yb uptake by the
cucumber plants and in the intercellular regionghef roots, YBO; particles and YbGl
were all transformed to YbRO Similar results were obtained in assessing of the
phytotoxicity of lanthanum oxide (L&;) NPs to cucumber plant in which LaQlas also
studied as a reference toxicant [68]..Qa NPs and LaGl were both transformed to
needle-like LaP@nanoclusters in the intercellular regions of thewnber roots. Because
in vitro experiments demonstrated that the dissolution &D} NPs was significantly
enhanced by acetic acid, the researchers propbs¢dhe dissolution of NPs at the root
surface induced by the organic acids extruded froot cells played an important role in
the phytotoxicity of LaOs; NPs.

Positive effects of MNPs on plants

Positive effects on germination of aged spinacliseasd on the growth of seedlings
were obtained if the seeds were soaked in higmgtineTiO,-nanoparticles-solution (0.25 to
4%0) and the best results provided application dd®8ng/dni nano-TiQ The TiO, NPs
were found to promote growth of spinach and acatemitrogen assimilation [69].
Addition of 0.25% nano-Ti® (rutile) stimulated oxygen evolution rate in spmha
chloroplasts, improved chloroplast coupling andaemied activities of Mg-ATPase and
chloroplast coupling factor | GFATPase on the thylakoid membranes [70] and nam@-Ti
(rutile) protected chloroplasts from aging for letige illumination [71]. Great increase of
the electron transfer, oxygen evolution, and phiatgphorylation was observed also in
chloroplasts from nanoanatase-Fi@eated spinach under visible light and ultravidight
illumination [72]. Biomass accumulation of spina¢Bpinacia oleracea) by TiO, NPs
(by 60%) was also observed by Gao et al [73]. Thkévity of Rubisco in the
nano-anatase-treated spinach was significantlyehititan the control, by up to 2.33 times,
and bulk TiQ treatment had no such significant effects. Togetbee of the molecular
mechanisms ofarbon reaction promoted by nano-anatase is thatdho-anatase treatment
results in the enhancement of Rubisco mMRNA amouhésprotein levels, and activity of
Rubisco, thereby leading to the improvement of Redbicarboxylation and the high rate of
photosynthetic carbon reaction [74].

Substantial increase d&f. minor biomass accumulation accompanied with increased
root length and number of fronds per colony as veall by increased photosynthetic
efficiency, was observed due to alumina NPs (aweragninal size of 20 nm) application.
This enhancement of biomass accumulation was agedcivith increased efficiencies in
the light reactions of photosynthesis [75]. Aluminanoparticles increased the quantum
yield of photosystem Il, but not the maximal quantyield of photosystem Il (Fv/Fm),
perhaps suggesting that the alumina nanopartidectefs not directly on PS Il. Also
aluminium nanoparticles were found to enhance ebmtgation growth of radish and rape
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(76]. According to Lee et al [59] who observed gigsiinfluence of nano-AD; (applied at
400, 2000, and 4000 mg/don root elongation oArabidopsis thaliana, enhanced root
elongation could be connected with the fact thartimano-AJO; could serve similar
functions as nano-sized perlite, which enhances tgassfer, prevents water loss, and
hinders soil compaction. On the other hand, theseree of nanoscale aluminum (Al)
particles did not have a negative effect on themjroof Phaseolus vulgaris and Lolium
perenne in the tested concentration range, but wiilevulgaris did not show uptake of
aluminum, for rye grass a 2.5-fold increase in éheentration in the leaves was observed
as compared with control tests [77].

Sheykhbaglou et al [78psted theeffects of nano-iron oxide particles applied in the
form of spray on agronomic traits of soybean itdfiexperiments and found that nano-iron
oxide at the concentration of 0.75 gAlincreased leaf + pod dry weight and pod dry
weight. Application of 0.5 g/dimano-iron oxide particles resulted in the highyatn yield
showing 48% increase in comparison with controlndd@on oxide was also found to
facilitate the photosynthate and iron transfertmghe leaves of peanut [79]. Analysis of the
influence of magnetic nanoparticles coated withataethylammonium hydroxide on the
growth of Zea mays plant in early ontogenetic stages showed that egidin of small
ferrofluid concentrations (10-50 mifdn?) induced plant length stimulation, the increase of
chlorophylla (up to 13%) as well that the nucleic acid level {010%) in maize plantlets
during their first days of life, while higher feftaid concentration (100-250 midnT) led
to marked drop in chlorophyé level and the ratio chlorophydl/chlorophyllb (about 35%
decreasing in both cases) [80]. Even though watesedh ferrofluid addition in culture
medium represents a source of iron, it could b@aesgd that ferrophase nanoparticles may
have also a magnetic influence on the enzymatictstres implied in the different stages of
the photosynthesis reactions. Treatmerdaaf mays plantlets with an aqueous dispersion of
water based magnetic fluid constituted by coatimg $mall magnetic nanoparticles with
perchloric acid resulted in slight inhibition ofapit growth and on the leaf surface of plants
treated with an enhanced volume fraction of aquenagnetic fluid solution brown spots
occurred [81]. It could be supposed that the iraitdes provided by the magnetite from
magnetic fluid ferrophase could interfere with twmplex redox reactions involved in the
photosynthesis phenomenon. According to Gonzaleleiie et al [82], the biocompatible
magnetic fluids can be uptaken into whole livingmis and further can move inside using
the vascular system being concentrated in speecifas by application of magnetic
gradients. In an another experiment maize plargsvigrfrom the seeds germinated in the
magnetic fluid presence and then exposed to eleeoetic field during the germination
process (LM-EMF samples) as well as plants grovamfithe seeds germinated in the
magnetic fluid presence but in the lack of electagretic exposure (LM samples) were
tested for the content of assimilatory pigments andleic acids [83]. Because for the
LM-EMF samples a decrease of pigment contents Weasrged, the researchers assumed
that the electromagnetic field exposure moment ccquioduce a process like that of
hyperthermia, a local heating occurring due toeleetromagnetic field energy absorbed by
the magnetic nanopatrticles internalized in vegigalie and this local heating of the vegetal
tissue could affect the redox reactions implicatedhe photosynthesis process. A twice
higher level of nucleic acids in the LM-EMF expeental samples than in the control
samples is probably connected with regeneratiorctimes of the plant metabolism
processes against the putative local heating of whgetal tissue produced by the
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electromagnetic field energy absorbed by the magnenoparticles internalized in vegetal
tissue.

Application of MNPs such are silica, palladium, djoAnd copper nanoparticles
significantly influenced the growth of lettuce plarafter 15 days of incubation which was
reflected in an increase in the shoot/root ratmr(pared to that of the control) [84].

Conclusion

It was stated that nanoparticles have drawn tremeéndhttention because of their

valuable properties on optical, electronic, medisainsor, and catalytic application. The
synthesis and characterization of MNPs have emerggedan important branch of
nanotechnology in the last decade, particularlynfaisle metals such are Au, Pd, Pt and Ag.
Function and use of these materials depend on toenposition and structure and thus
interest in MNPs currently focuses on control cditlsize and shape to manipulate their
unique optoelectronic, magnetic, catalytic and raeatal properties. There were found
various chemical and physical synthetic methodsedinat controlling the size and
distribution of MNPs. Recently, utilisation of baglical systems (including bacteria, algae
and vascular plants) has also emerged as a nosiehdigy for synthesis of various
nanoparticles imttempt to control MNPs shape, composition, sizé amonodispersity.
It was found that physico-chemical properties of R&Ndetermine their interaction with
living organisms. Cells of plants, algae, and fumpgissess cell walls that constitute
a primary site for interaction and a barrier fag #ntrance of MNPs into the cells. However,
mechanisms allowing MNPs to pass through cell walils membranes are still poorly
understood. Similarly, impact of MNPs on environtaérand human health remains still
unclear.
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NANOCZASTKI METALICZNE | RO SLINY

Abstrakt: Ze wzgkdu na unikalne wigiwosci fizyczne i chemiczne, ale tak r&ne dziatanie biologiczne
nanoczastek metali (MNPS)gobiektem zainteresowania nowo powstateyimerii tych materiatéw. W ostatnich
latach MNPS metali szlachetnych (zbiorowo dlare w dalszej eZci tekstu jako nanogstki lub castki) byly
poddawane wielu badaniom ze wgl na ich unikalne wikgiwosci elektroniczne, optyczne, mechaniczne,
magnetyczne i chemiczne, ktére mogby¢ znacaco r&ne od widciwosci materiatlow litych.
Synteza MNPS polega na procesach chemicznych 2ybzfiych oraz na wykorzystaniu materiatu biologegm
(,zielona synteza” - proces przyjazriyodowisku), w tym bakterii, glonéw i §bn naczyniowych (gtéwnie
metalofitbw). W biologicznych metodach wytwarzamanocastek metali uywane g gtéwnie substancje
redukujce, wystpujace w ekstraktach zski. MNPS réwnié mogy by¢ utworzone bezpmednio w zywych
roslinach przez redukejjonéw metali absorbowanych w postaci rozpuszczdirsoli, co wskazujeze rasliny sa
odpowiednimérodkiem produkcji MNPS. Metody te pozwajaja kontro$ rozmiardw i ksztaltu egstek. Jest to
wazne, poniewa wihasciwosci fizykochemiczne MNPS okéja ich oddziatywanie zzywymi organizmami.
Zwykle w komorkach nanogstki mog: bezpdrednio wywolyw& zmiany w blonach komoérkowych albo
w innych strukturach oraz megvptywac na aktywné¢ komoérek lub na ich mechanizmy ochronnesrBdnio
skutki dziatania MNPS zate od ich widciwosci fizycznych i chemicznych. Skutki te mogbejmowa
ograniczenia fizyczne, rozpuszczanie toksycznychP8Nub wytwarzanie reaktywnych form tlenu. Toksyczn
wplyw MNPS na réliny jest zwizany z toksyczriwia chemiczm, uzaleniona od sktadu chemicznego
(np. uwalnianie toksycznych jonéw metali) oraz #zgmmilacp lub napéciami wywotanymi przez kontakt
z powierzchni. Istotne g takze rozmiary i ksztalt nanoggtek. Pozytywne wptywy MNPS obserwowano na:
kietkowanie nasion, wzrost siewekslia, stymulacg tempa przemiany tlenu w chloroplastach, ochrpreed
starzeniem chloroplastéw wywotanym przez dlugotewakwietlanie, zwekszenie transferu elektronéw
i fotofosforylacji, gromadzenie biomasy, aktywdoRuBisCO, wzrost wydajrei kwantowej fotosystemu I,
wzrost korzeni, wzrost chlorofilu, jak rowriepoziomu kwaséw nukleinowych i stosunku disgjopedow

i korzeni. Jednak natg podkreli¢, ze wptyw MNPS na zdrowie ludzi i ni@odowisko jest nadal niejasny.

Stowa kluczowe:srodowisko i zdrowie ludzi, zielone syntezy, orgamyzzywe, nanocgstki metali, wplyw
pozytywny i negatywny, &iny naczyniowe



