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A b s t r a c t  
 

Gold and silver nanoparticles are used in a variety of biomedical practice as carriers of 
drugs, enhancers and/or converters of optical signal, immunomarkers, etc. The review examines a 
decade publications (2007-2016) pertaining to the various influence of nanoparticles of noble metals 
(gold and silver) on growth and productivity of higher plants. In fact, possible phytotoxicity of these 
nanoparticles is being actively studied for over 10 years. The topicality of this field of research is due 
to the detection of a number of natural and human-caused factors resulting in interactions of plants 
with nanoparticles (B.P. Colman et al., 2013; N.G. Khlebtsov et al., 2011). A positive or negative 
impact of nanoparticles on plants is little known, and the information is very contradictory (P. Man-
chikanti et al., 2010; M. Carrière et al., 2012; C. Remédios et al., 2012; N. Zuverza-Mena et al., 
2016). In the study both model (Arabidopsis thaliana) and cultivated plants (soy, canola, beans, rice, 
radish, tomato, pumpkin, etc.) were involved. The discussed data are indicative of both positive and 
negative effects of metal nanoparticles on plants, as well as of the chemical nature, size, shape, sur-
face charge, and the dose introduced being the major factors that are responsible for the processes of 
intracellular nanoparticle penetration. In general terms, it was mentioned that silver nanoparticles 
were more toxic as compared to gold ones being due to more active silver ion diffusion from the 
silver nanoparticle surface. Silver ions are known to inhibit effectively biosynthesis of ethylene — a 
phytohormone controlling processes of plant stress, aging etc., wherein gold ions do not influence 
ethylene biosynthesis and signaling. Considered all, metal ion toxicity exceeds considerably a tox-
icity of nanoparticles. The mechanism of the nanoparticle phytotoxic action is often connected 
with accumulation of active oxygen species in plant tissues. The use of cell suspension cultures 
may be a promising approach to study plant-nanoparticles interaction (E. Planchet et al., 2015). 
The period during which these studies are conducted is still small for elucidating all aspects with 
regard to biosafety. Contradictory (often conflicting) information on the impact of nanoparticles, 
in our opinion, is a result of diverse experimental conditions used. It is noted that while being 
clearly incomplete and contradictory, the obtained data suggest that a coordinated research pro-
gram is needed that would detect correlations between particle parameters, experimental design, 
and the observed biological effects.  
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In recent decades, both scientists and the world community have 
paid much attention to nanotechnology, based on the use of objects no 
larger than 100 nm in the synthesis, assembly and modification of sub-
stances, materials and structures with unusual (often unexpected) proper-
ties. The specific characteristics (physical and chemical, structural, opti-
cal, etc.) and adequate methods of obtaining, studying and using such 
materials and compositions are responsible for definitions of phenomena 
and concepts in this dimension area [1]. Toxicological effects and the effects 
of metal nanoparticles and their oxides on biological systems [2] are of particular 
interest, since the physical and chemical characteristics of nanoparticles are signif-
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icantly different from those for larger particles and massive materials [3]. 
Gold and silver nanoparticles are used in a variety of biomedical practic-

es as drug carriers, amplifiers and/or converters of the optical signal, im-
munomarkers, etc. [4, 5]. Thanks to the development of industrial nanotechnol-
ogies, the accidental impact of artificially created nanoparticles on plant and 
animal cells is becoming increasingly probable, which requires the impact analy-
sis. According to approximate estimations, the annual production of silver nano-
particles (Ag NP) is 3-20 tons in the United States [6)], 5.5 tons in Europe [7], 
and global use is about 800 tons [8]. Nanoparticles may cause difficult-to-predict 
(including undesirable) ecological effects in the environment [9]. Gold nanoparti-
cles (Au NP) are most actively used biomedical purposes [5], necessitating investi-
gations of pharmacokinetics, biodistribution in organs and tissues and possible tox-
icity of these compounds [10, 11]. But if a rather large number of papers have 
been focused on the ways of nanoparticle penetration into cell, the subsequent 
transformation and elimination from the cell and the organism as a whole, the 
toxicity of nanoparticles for microorganisms and animals [10-15], the interaction 
of nanoparticles with plant cells largely remains terra incognita. 

There is very little evidence about the positive or negative effects of nano-
particles on plant cells and plants, and these data are highly controversial [16-20], 
although there are many nano-scale particles with which plants can come into 
contact under natural conditions. In addition, technogenic nanoparticles in their 
physical and chemical properties are often close to nanoparticles of natural origin. 
For example, recently it has been revealed that nanostructures, i.e. nanospheres 
and nanoplates, similar in size and shape to those produced at the laboratory are 
formed under the influence of climatic factors in geological deposits enriched with 
gold [21]. The approaches have also been reported for use of plants as a tool for 
biotechnological synthesis of nanoparticles (“green chemistry”) [22]. It is suggest-
ed that the nanoparticle formation can serve as an anti-toxicant mechanisms in 
plants at metal-contaminated soils [23]. 

In this review, we summarized the information evolved recently on the 
interaction of higher plants with nanoparticles of the most widespread noble 
metal, such as gold and silver. 

The pene t rat ion of  nanopar t ic le s  in to p lant  ce l l s  and t i s -
su e s. Recently, several reviews have been published on the interaction of me-
tallic nanoparticles with higher plants [24-27] and algae [28, 29]. It turned out 
that algae, especially unicellular ones, in particular Dunaliella salina Teod., are 
a convenient model to investigate the effects of Au NP and Ag NP on living 
cells [30, 31]. 

One of the first papers on penetration of nanoparticles into tissues and 
cells of plants, fungi and algae was presented by E. Navarro et al. [32]. It is 
known that the cell wall (a structure specific for plants, fungi and algae) limits 
the flow of large molecules and particles, while allowing the small ones to pass. 
It serves as the primary step in the interaction of a cell with nanoparticles and a 
barrier for their penetration. The pores which average 5-20 nm in diameter limit 
the size of nanoparticles that can pull through the cell wall. However, there is 
evidence that nanoparticles can themselves modulate the pore size and, remov-
ing thereby rigid structural limitations, reach the plasmalemma [32]. It is as-
sumed that at the next stage, nanoparticles are able to enter the cell through en-
docytosis, but this process has not been adequately studied in plants. There is evi-
dence that Au NPs penetrate tissues of Oryza sativa L. and Solanum lycopersicum 
L. due to both clathrin-dependent and clathrin-independent endocytosis [33]. 

To investigate the endocytosis in the growing pollen tubes of the Nicotia-
na tabacum L., negative and positively charged Au NPs were used [34]. Electron 
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microscopy has convincingly shown that endocytosis enables the Au NPs to be 
rapidly captured and found in membrane vesicles. Apical growth of pollen tubes 
is a rather rapid process, in which the cortical actin cytoskeleton and plasma-
lemma are constantly changing. Perhaps in such systems (and in protoplasts), 
nanoparticles can be delivered to the cell through endocytosis [35]. Other types 
of nanoparticles, such as gold nanostars [36], paramagnetic nanoparticles [37], 
nanoparticles of silicon oxide [38] and magnesium oxide [39], and carbon nano-
tubes [40], are presumably appear in the plant tissues the same way. 

A number of studies have shown [41-44] that Au NPs were never found 
in the aboveground parts of radish, pumpkin, barley, poplar, and wheat plants 
unlike tobacco, tomato, alfalfa, ryegrass, maize, bamboo and rice. In addition to 
the plant species, the efficiency of Au NPs penetration into the tissues depends 
on the size and surface charge of the nanoparticles. Positively charged Au NPs 
are actively absorbed only by plant roots, while negatively charged Au NPs are 
also able to actively move from roots to stems and leaves [33, 45]. Involvement 
of both plasmodesma and the vascular system of plants in this process has been 
under debate [41, 46]. Small nanoparticles penetrate into the aerial parts of 
plants more readily than large ones and, in addition, they are more toxic. For 
Ag NPs, this fact is probably due to a greater tendency to dissociation in small 
particles and the toxic action of metal ions [13, 47]. 

Intriguing data were obtained using mass spectrometry and X-ray fluo-
rescence to study the intake of 5, 10 and 15 nm Au NPs in N. tabacum tissues 
[48]. Au NPs were found not only in the leaves but also in the tissues of tobacco 
hornworm (Manduca sexta), which ate them. Using artificial aquatic ecosystem 
as a model, it was shown [49] that gold nanorods more rapidly penetrate into the 
tissues of mollusks, shrimps and fish than that of aquatic plant Spartina alterni-
flora Loisel. At the same time, the toxicity of Ag NPs in the cells of the algae 
and crustaceans were detected at much lower concentrations compared to 
mammalian cells ( 0.1 mg Ag/l vs 26 mg Ag/l) [13]. 

Bio log ica l  e f f ec t s  in  p l ants  expo sed to  meta l  nanopar t i-
c le s. Various toxic effects of nanoparticles on plants have been discussed in sev-
eral comprehensive reviews [50-56], but data on the mechanisms of phytotoxici-
ty reported in these publications are scarce and controversial. 

S. Arora et al. [57] after studying the effect of nanoparticles on the growth 
and yield of mustard (Brassica juncea L.) in a field trials sprayed the plants with 
the Au NP suspensions of different concentration. The presence of Au NPs in the 
tissues was detected by atomic absorption spectroscopy. The authors reported the 
positive effect of Au NPs: the length and diameter of the stem, as well as the 
number of leaves and shoots increased, and the yield grew. Similar results were 
obtained for germination of mustard seeds on growth medium [58] and with Ag 
NPs [59]. Using a synchrotron X-ray microanalysis and high-resolution transmis-
sion electron microscopy, it has been shown that Au NPs 3.5 nm in diameter pen-
etrate the Nicotiana xanthi plants through the roots and move along the vascular 
system. The Au NP aggregates of 18 nm in size were detected only in the cyto-
plasm of the root cells [60]. Necrotic lesions of the leaves were observed 14 days 
after exposure to small Au NPs, but in the presence of large Au NPs, no differ-
ence vs control was observed. A lack of effect or a minor physiological effect at 
very high concentrations of Au NPs was described for Glycine max L. [61] and 
freshwater aquarium plants [62, 63]. 

When used at the early ontogenesis of Brassica napus L., Ag NPs signifi-
cantly promoted the growth of roots and stems, while the energy and rate of 
seed germination were somewhat decreased [64]. At the same time, the treat-
ment of Boswellia ovalifoliolata N.P. Balakr & A.N. Henry seeds with Ag NPs 
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markedly accelerated the germination and seedling growth [65]. A similar effect 
was observed after exposure to Ag NPs in the Asparagus officinalis L. seeds [66]. 
In addition, the authors noted an increase in the ascorbic acid and chlorophyll 
content in seedling treated with Ag NPs. A decrease in germination, a slowdown 
in the root nodules formation (due to a decreased number of the symbiotic bac-
teria Rhizobium leguminosarum) and shoot growth, and smaller root length in 
Vicia faba L. are described when Ag NPs were added to the culture medium 
[67). In hydroponic culture, the germination rate in Solanum lycopersicum [68] 
and Raphanus sativus L. did not decrease in the presence of Ag NPs, but root 
and shoot length decreased, and the photosynthetic activity was slightly reduced 
[69]. According to C.L. Doolette et al. [70], the potential risk of negative effects 
of Ag NPs on the Lactuca sativa L. plants is very low: the Ag content in the edi-
ble parts of the plant was < 1 % of the total amount added to the soil. Similar 
findings were obtained on Lactuca sativa and Cucumis sativus L. for Ag NPs, Au 
NPs, and iron oxide nanoparticles [71. The authors reported low or no toxicity 
for all types of nanoparticles. The negative effect of the dispersion medium was 
sometimes more significant than that of nanoparticles, which may be due to the 
diffusion of metal ions into the medium. For example, after three months of 
storage the Ag content in nanoparticles decreased by 7 % [72]. 

The effect of nanoparticles on the development of plants can be dose-
dependent. It was found [73] that when the Oryza sativa seeds were germinated 
on the culture medium containing Ag NPs (30 mg/ml), the root growth was en-
hanced, but when the concentration of nanoparticles increased to 60 mg/ml, the 
growth of seedlings slowed down compared to the control. In addition, the 
number of rhizosphere microorganisms decreased due to the damage to the bac-
terial cell wall under the influence of Ag NPs. Inhibition of growth depending 
on the Ag NP dose and exposure was demonstrated for Lemma minor L. [74]^ 
signs of oxidative stress and changes in the structure of chloroplasts were ob-
served at high concentrations. In Phaseolus radiates L. and Sorghum bicolor L. 
the growth inhibition due to the addition of Ag NPs was more pronounced on 
the culture media, but not in the soil [75]. The particle size also affects toxic 
effects. Thus, small (6 nm) Ag NPs proved to be more toxic than large ones (20-
1000 nm) for Spirodela polyrhiza L. [76]. It has also been shown that colloidal 
silver, in comparison to solid metal, inhibited the growth of Cucurbita pepo L. to 
a larger extent [77]. 

A number of the studies on the mechanisms of the nanoparticle penetra-
tion and phytotoxicity have been performed on Arabidopsis thaliana (L.) Heynh., 
a classical model in plant physiology [78-81]. 

There is evidence of the Au NPs influence on A. thaliana seed germina-
tion [82]. Addition of Au NPs with a diameter of 24 nm (10-80 mg/l) to the 
growth media led to a 3-fold increase in the total germination of the Arabidopsis 
seeds compared to control, as well as to a marked increase in the length and 
diameter of the stem and roots. Interesting results were presented by A.F. Taylor 
et al. [83]. They revealed that the root length in A. thaliana when grown on an 
agar medium containing Au NPs (100 mg/l) was reduced by 75 %. This was ac-
companied by an increase in the expression of genes that encode proteins in-
volved in plant response to stress, i.e. glutathione transferase, glucosyltransferase, 
peroxidase and cytochrome P450. At the same time, the expression of genes that 
encode aquaporins and proteins involved in the transport of copper, cadmium, 
iron, and nickel ions has slightly decreased. 

A much more pronounced genotoxic effect was revealed for gold chlo-
ride [84]. In general, the toxicity of metal ions significantly exceeds the toxicity 
of nanoparticles [85], and the phytotoxic effect of Ag NPs is higher than that of 
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Au NPs [86]. The toxic effect was manifested in inhibition of elongation of the 
arabidopsis roots, an increase in the vegetation period by 2-3 days, a decrease in 
seed germination rate in the offspring, and, according to the authors, was due to 
the diffusion of silver ions from the Ag NP surface. 

However, another study [87] showed that sublethal concentrations of 
Ag NPs (up to 1 mg/l) had a pronounced stimulating effect on arabidopsis 
plants. The authors observed an increase in root length and wet weight, and 
the intensification of evapotranspiration in the seedlings. In this case, silver 
nitrate had a toxic effect even at a concentration of 0.05 mg/l. 

The effect of the shape and size of Ag NPs on the expression of phyto-
hormone genes and the development of seedlings in arabidopsis was reported 
[88] and found to dose-dependent. These nanoparticles induced the expression 
of the auxin-dependent transcription factor gene and one of the key enzymes for 
the synthesis of abscisic acid. In addition, Ag NPs reduced the inhibition of root 
growth in the arabidopsis seedlings caused by ACC (aminocyclopropane-1-
carboxylic acid, the precursor of ethylene synthesis), and also reduced the ex-
pression of ACC synthesis gene (ACS7) and gene of ACC conversion to ethylene 
(ACO2). It was concluded that Ag NPs act at the ethylene reception stage and 
adversely affect its biosynthesis [88]. It is known that silver ions effectively inhib-
it the biosynthesis of ethylene, which is a phytohormone, regulating the process-
es under stressens, aging (maturation), etc., while gold ions do not affect the 
ethylene biosynthesis and signaling [89, 90]. It was shown that the plasma mem-
brane of A. thaliana is susceptible to Ag NPs, and when their concentration in a 
growth medium is 300 mg/l, root elongation and leaf growth are inhibited, and 
the photosynthetic efficiency decreases [91]. There is a suggestion [92] that phy-
totoxicity is due to the accumulation of reactive oxygen species in the tissues 
(mainly under the influence of silver ions diffusing from Ag NP surface). 

The research of the nanoparticle penetration into cells and cytotoxicity is 
often carried out on suspension cultures of animal and human cells [10-12, 93]. 
Given that the protective mechanisms against adverse factors have much in 
common for all living organisms, we suggest that the use of plant cell suspension 
cultures can be quite effective in studying the effect of metal nanoparticles on 
plant cells. A distinctive feature of plant cell suspension cultures is their higher 
susceptibility to a wide range of compounds and abiotic effects compared to the 
whole plant [94, 95]. These properties are determined by the peculiarities of the 
physiological state of cells, including the ability to reproduce various responses at 
metabolic and gene regulation levels. The development of biochemical and phys-
iological responses in the cell culture occurs over a short period and fairly evenly 
throughout the population (unlike entire plant or its organs). In addition, one 
can expect more pronounced effects of nanoparticles on cells of the suspension 
culture due to the absence of specialized protective structures, such as cuticle, 
epidermis, etc.  

It has been shown that the addition of Au NPs and Ag NPs of 20 nm in a 
diameter to growth media positively influences the biomass gain in A. thaliana cell 
suspension. It has been found out that the nature of changes in pH of the culture 
media containing Au NPs and Ag NPs is not identical, since Ag NPs caused se-
vere acidification while Au NPs alkalinized the culture medium. In the presence 
of metal nanoparticles, the specific respiratory activity of the A. thaliana cells in 
the suspension was insignificantly, though steadily decreased, and a decrease in the 
intracellular pool of free amino acids (alanine, -aminobutyric acid, valine) was 
seen, which is characteristic for responses to abiogenic stresses [96]. Moreover, the 
addition of nanoparticles changed the patterns of extracellular proteins and the 
structure of the actin cytoskeleton in the A. thaliana cell culture [97]. 
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From our point of view, contradictory (often conflicting) data on the ef-
fect of gold and silver nanoparticles on plants (Table) are due to differences in 
design of experiments (i.e. unequal sizes and charges of nanoparticles, doses, time 
of observiton, etc.). 

The effects of noble metal nanoparticles on plants 

Diameter, 
nm 

Conditions 
Plant Effect 

Refer-
ence dose substrate time 

A u  n a n o p a r t i c l e s  
10 10 mg/l H 2 weeks Barley No effects on the seed germination; 

decrease in biomass and root length 
[43] 

5, 10, 15 30, 100 mg/l H 3-7 days Tobacco Increased growth [48] 
3.5 
18 

48 mg/l 
76 mg/l 

H 2 weeks Tobacco Necrotic lesions of leaves 
No effects 

[60] 

10-20 0-100 mg/kg FE 50-70 
days 

Mustard Increase in height and diameter of the 
stem, number of leaves and shoots, yield 

[57] 

50 0-400 mg/l CM 10 days Mustard Increased root length [58] 
5, 10, 20 0-17 μM S 2 weeks Soybean No effects [61] 
24 10-80 mg/l CM 15 days Arabidopsis Increased total germination of seeds [82] 
7, 18, 49, 108 0-400 mg/l CM 2 weeks Arabidopsis Reduced root length [83] 
20 50 mg/l CM 72 hrs Arabidopsis Increased biomass of the suspension 

cell culture 
[97] 

A g  n a n o p a r t i c l e s  
30 0-400 mg/l CM 1 week Mustard Increased root length, enhanced photo-

synthesis 
[59] 

10 0.75-18 μM CM 1 week Rapeseed  Increased weight of roots and stems; 
reduced energy and rate of seed germi-
nation 

[64] 

30-40 10-30 mg/l CM 3 weeks Boswellia Accelerated seed germination and 
growth of seedlings 

[65] 

20 100 mg/l CM 25 days Asparagus Increased content of ascorbic acid and 
chlorophyll 

[66] 

5-50 800 mg/kg Soil 5 weeks Beans Reduced germination, slowing down 
the formation of root nodules, inhibi-
tion of shoot growth and root length 

[67] 

10-15 0-1,000 mg/l H 6 days Tomatoes Significant root growth inhibition, 
reduced photosynthesis 

[68] 

2 0-500 mg/l CM 5 days Radish No effects on germination; decreased 
length of roots and shoots 

[69] 

20 30, 60 mg/l CM 1-3 weeks Rice Concentration-dependent in-
crease/decrease in root growth  

[73] 

10, 100 5 mg/l CM 2 weeks Duckweed Dose- and exposure-dependent inhibi-
tion of growth; oxidative stress, changes 
in the chloroplast structure 

[74] 

5-25 0-40 mg/l S, CM  5 days Sorghum, 
beans 

Growth inhibition [75] 

6, 20, 1000 0.5-10 mg/l CM 72 hrs Spirodela Growth inhibition depending on the 
particle size 

[76] 

100 0-500 mg/l H 1 week Pumpkin Decreased biomass [77] 
20-80 67-535 mg/l H 2 weeks Arabidopsis Inhibition of root elongation, vegetation 

period is 2-3 days longer, a decrease in 
seed germination rate in the offspring 

[86] 

5, 10, 25 0.01-100 mg/l H 6 weeks Arabidopsis Increased length of roots, raw biomass, 
and evapotranspiration  

[87] 

8, 45 0-100 μM CM 3 days Arabidopsis Increased root length; activation of the 
expression of genes involved in cell 
proliferation, metabolism, and hormone 
signaling  

[88] 

40 300-5,000 mg/l CM 4-10 days Arabidopsis Inhibition of root elongation and leaf 
growth, decreased photosynthetic effi-
ciency 

[91] 

100 50-100 μM CM 10 days Arabidopsis Oxidative stress [92] 
20 30 mg/l CM 72 hrs Arabidopsis Increased biomass gain in suspension 

cell culture 
[97] 

N o t e. H — hydroponics, CM — culture medium, S — soil, FE — field experiment.  
 

To summarize, active studies on the toxicity of nanoparticles in plants 
are being carried out for no more than 10 years. This period seems to be still 
small to clarify all the aspects of the problem as required by the biosafety princi-
ples but sufficient for some preliminary principal conclusions. The data obtained 
indicate both positive and negative effects of metal nanoparticles on plants [98]. 
Factors that undoubtedly determine the processes of intracellular penetration of 
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nanoparticles are their chemical nature, size, shape, surface charge, and dose. 
The available methods for the determination of metals in organs, the localization 
and identification of nanoparticles at the cellular and subcellular levels, as well 
as for in vitro estimation of cytotoxicity are relevant, and has been robustly 
tested. The cell suspension cultures may serve a promising tool for studying the 
effect of metal nanoparticles on plants. 

Therefore, the problem of metal nanoparticles-plants interaction, despite 
the urgency, is far from a convincing solution. We need a coordinated research 
program that would reveal the correlations between the parameters of the particles 
(size, shape, surface functionalisation), the design of experiments (model, dose, 
method and timing, duration of observations, studied organs, cells, subcellular 
structures, etc.) and the observed biological effects, including these in trophic 
chains. In addition, concerted efforts are required to introduce standards for 
particles and methods used to test the toxicity of nanomaterials 
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