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Abstract:  Neutron activation analysis of the Pleurotus ostreatus showed that adding of solid solution of  
ZrO2-Y2O3 hydroxide and oxide (3 mol % Y2O3) nanoparticles of size 4 and 9 nm at a concentration of 0.2 weight 
percent in a nutrient medium (Czapek) alters the character of physiological processes in the biological tissues of 
the mushrooms. This is manifested in the form of a significant change in morphological and physiological 
characteristics of the mushrooms and the elemental composition of the dry biomass. In particular, it is shown that 
the intercalation of nanoparticles into the tissues of the mushrooms leads to an increase of 1.3-1.4 times (more 
than 2.6 g/dm3) of biomass accumulation (industrial strain HK 35) and decrease of 1.7-1.8 times (below  
1.7-2.5 mg/mm3) of concentrations of extracellular proteins into the culture fluid at a substantially constant value 
of the acidity. It is shown that the addition of ZrO2+3 mol % Y2O3 nanoparticles of sizes 4 or 9 nm into tissue of 
mushroom at step of the mother mycelium in very small concentrations can alter effectively the chemical 
composition of the substances produced by the cells and consequently, its physiological activity. It is shown that 
the use of low concentrations of ZrO2 nanoparticles allow to increase the yield and resistance of crops to diseases 
up to 1.2-1.5 times, as well as in the long term can be used in biomedical technologies for the treatment of cancer 
diseases. 
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Introduction 

Last 10-15 years, an interest to the nanomaterials with specific properties has been 
significantly increased. Influence of nanoparticles on living organisms is ambiguous and 
still not well studied [1, 2]. The rapid development of nanotechnology dictates the relevance 
of its investigation, within both the environmental and usage aspects [3]. Recently, numbers 
of facts pointing a significant impact of oxide nanoparticles on the processes arising in 
biological tissues are established. In particular, interesting effects caused by intercalation of 
nanoparticles are chemical modification of tissues, physiological changes in the evolution of 
living organisms [3, 4] and the "reverse effect" [5, 6]. 

Nanoparticles of metals and their oxides are not only relatively easy digested tissue of 
mushrooms, but in some cases are derived physiological processes in biological tissues. 
Application of mushrooms of the Pleurotus genus for nanoparticle synthesis is one of the 
major approaches of green chemistry [7, 8]. Thus, the authors of [9] shows an 
environmentally friendly, non-toxic and cost-effective way to obtain gold nanoparticles 
from aqueous medium by using the culture filtrate of the mushrooms Pleurotus sapidus as 
condensing and stabilizing agent. 

Property of mushrooms to convert (in the physico-chemical interpretation of the word), 
metal ions and oxygen into the solid nanoparticles and the biologically active substances 
represents the multidisciplinary interest. The last has been driven by a unique combination 
of physicochemical and biological properties of these nanoparticles. The authors of [7] 
using an extract of mushroom Pleurotus florida under the influence of solar energy obtained 
gold nanoparticles, which possess anti-cancer properties in relation to different cancer cell 
lines A-549 (Human lung carcinoma), K-562 (Human chronic myelogenous leukemia bone 
marrow), Hela (Human cervix) and MDA-MB (Human adenocarcinoma mammary gland). 
Moreover, no lethal effect was found in studies in Vero for monkey kidney cells 
Chlorocebus aethiops (Green monkey). This refers to the high efficiency of biologically 
active substances synthesized in biological nano-reactors and perspective for medical 
aspects research. Well known that P. ostreatus (Jacq.: Fr.) Kummer have the ability to 
accumulate heavy metals in various organs and tissues [10-12]. In addition, the mushrooms 
of this group contain large amounts of biologically active substances and have good taste 
qualities [13-15]. Increase of manufacturability of mushroom biomass P. Ostreatus (Kumm) 
without the use of transgenic technology makes the relevance of studying the interaction of 
nanoparticles with mushrooms more pronounced. Thus, study of the interaction of oxide 
nanoparticles with biological objects on the example of mushroom P. ostreatus (Jacq.: Fr.) 
Kummer as are relevant from the perspective of ecological and application aspects. 
Mushroom P. ostreatus (Jacq.: Fr.) Kummer is a good model object, since it has high 
sorption properties [16, 17], high viability and short life cycle [4, 18]. 

The aim of this work was to establish the influence of intercalated zirconium dioxide 
and hydroxide nanoparticles in tissue of vegetative mycelium basidiomycete of P. ostreatus 
on its morphological and physiological parameters, and mineral composition. 

Materials and methods 

Work was built on comparison of biological characteristics and the atomic composition 
of the samples of biological material, grown on a nutrient medium with and without oxide 
nanoparticles. As the biological material was used the HK-35 strain and isolate SA 
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basidiomycete P. ostreatus from the collection of the Department of Plant Physiology, of 
Donetsk National University (Ukraine).  
 

 

 
Fig. 1. TEM - pictures hydroxide (a) and an oxide (b) nanopowders of a ZrO2 - 3 mol % Y2O3 solid 

solution  
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Cultivation of P. ostreatus mycelium was carried out superficially in Erlenmeyer flasks 
of 250 mm3 according to standard procedure [19]. To prepare the test samples in each flask 
was poured with 50 mm3 of medium contained 0.1 g of zirconium oxide nanopowders. Two 
varieties of nanoparticles were used: I - Zirconium hydroxide nanoparticles: ZrO(OH)2 (the 
size of 4 nm, Fig. 1a); II - Zirconium oxide nanoparticles: ZrO2 (size 9 nm, Fig. 1b). Both 
sorts of nanoparticles are doped by the same amount - 3 mol % of alloying element - yttrium 
oxide (Y2O3) but different in size, degree of hydration and the level of structural 
organization (crystallinity). Czapek medium used for culturing the mushrooms contain  
30 g/dm3 of sucrose as a carbon source. Czapek's medium was prepared by the method of  
S. Semenov described elsewhere [20]. As control group samples were used objects without 
content of nanopowders in its composition. Hereinafter samples without additives and with 
additives nanopowders will be called the "control" and "experimental", respectively. 
Sterilization of the nutrient medium was carried out in an autoclave at 121°C under  
a pressure of 1.2-1.4 atm. for 45 min. Inoculation was carried out pieces of mycelium, 
previously grown on standard wort-agar medium (at 4° by Balling) in tubes (20x2 cm) 
during 7 days. Cultivation time was 30 days in an incubator at 26°C. At the end of 
experiment the effect of zirconium dioxide and hydroxide nanopowders on morphological 
parameters of mushroom (mycelium surface morphology, biomass accumulation, the ability 
to produce extracellular proteins, pH of the medium after cultivation) was evaluated.  

Biomass (ratio of weight vegetative mycelium to volume of the culture liquid) [g/dm3] 
was determined gravimetrically. For this purpose vegetative mycelium was separated from 
the culture liquid (CL), washed in running water, placed in a metal weighing bottles and 
dried in an oven at 105°C until a constant weight [19]. The total amount of extracellular 
proteins was measured spectrophotometrically (after G.A. Kochetov) [21]. The 
concentration of hydrogen ions in CL was determined by potentiometer pH-150M. The 
concentration of mineral elements in the biomass was determined by epithermal neutron 
activation analysis at the IBR-2 in Joint Institute of Nuclear Research (JINR, Dubna, 
Russia) [22-24]. Multiplicity of experimental replicates was 3. Statistical processing the 
obtained experimental data was performed using the computer program Statistica 6.0. 

Results and analysis 

Effect of zirconium oxide nanoparticles on morphology of mycelium samples. 
Figure 2 shows photographs of mycelium samples of the mushrooms grown in liquid 
medium without additives (Fig. 2a), and with addition of nanopowders of various degrees of 
structural organization (Fig. 2b, c) (hydroxide and oxide, respectively). It is seen that the 
control and experimental samples have pronounced morphological differences. Mycelium 
of control sample (Fig. 2a) has a form of fragments of lamella and semitransparent. 
Experimental samples (Fig. 2b, c) have a lower degree of transparency and more dense in 
comparison with the control. At the touch the control sample of mycelium is soft, mucous 
and easily divided into segments. Myceliums of samples with nanopowders are tighter and 
compacted in the form of lumps. 
 



Zirconia nanoparticles impact on morphophysiological data and mineral composition of P. ostreatus 

 

173 

 
Fig. 2. Morphological peculiarities of the samples vegetative mycelium of the P. ostreatus mushrooms: 

without added nanopowders (a), and with the addition of the oxide (b) and zirconium hydroxide 
(c) nanopowders 

Influence of oxide nanoparticles on physiological indices of mycelium samples. 
Figures 3-5 are diagrams of physiological parameters for the control and experimental 
samples of mycelium of mushrooms P. ostreatus. 
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Figure 3 shows that addition of oxide nanopowders to the culture medium led to 
increased accumulation of mushroom P. ostreatus biomass 1.3-1.4 (2.7-3.0 g/dm3) and  
1.2-1.6 (1.4-1.8 g/dm3), relative to the control sample respectively, for the strains of HK-35 
and SA-fold. It worth noting that the accumulation of biomass for strain HK-35 was in  
1.7-1.8 times higher compared with the isolate SA for both control and experimental 
samples (2.1-3.0 and 1.1-1.8 g/dm3, respectively). Consequently, the strain HK-35 and SA 
isolate reacted differently to the presence of nanopowders in the culture medium, indicating 
their individual characteristics. 
 

 
Fig. 3. Biomass accumulation of HK-35 and SA strains of P. ostreatus mushrooms, cultivated on 

culturing medium without adding nanopowders (1), with addition of the oxide (2) and zirconium 
hydroxide (3) nanopowders 

 
Fig. 4. Concentration of extracellular proteins in CL of HK-35 and SA strains of P. ostreatus 

mushrooms, cultivated on culturing medium without adding nanopowders (1), with addition of 
the oxide (2) and zirconium hydroxide (3) nanopowders 
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Figure 4 shows that the concentration of extracellular proteins in CL samples of 
mushrooms P. ostreatus, by adding the nanopowder in the culture medium decreased up to 
1.7-1.8 times compared with the control batch of samples (for HK-35 from 1.7 to  
1,0 mg/mm3 and for SA from 2.5 to 1.4 mg/mm3). Moreover, a larger number of 
extracellular proteins in CL singled out isolate SA (1.8-2.5 mg/mm3). For HK-35 this value 
was within 1.0-1.7 mg/mm3. 

Thus, it can be concluded that nanopowders have an impact on the enzyme system of 
mushroom P. ostreatus, suppressing the production of several enzymes. Also, it can be 
assumed that nanopowders can "mechanically" impede the secretion of proteins by cells of 
mushroom [25, 26]. Thus, the addition of oxide nanopowders to the culture medium causes 
a change in the surface morphology of the mycelium increasing the accumulation of 
biomass (on Czapek's medium) and inhibits secretion of extracellular proteins in CL. Figure 
5 shows that the pH of the CL after cultivation in media with the addition nanopowders 
decreased by about 2-5% compared with the control. 
 

 
Fig. 5. The pH of CL of HK-35 and SA strains of P. ostreatus mushrooms, cultivated on culturing 

medium without adding nanopowders (1), with addition of the oxide (2) and zirconium 
hydroxide (3) nanopowders 

The influence of oxide nanoparticles on the mineral composition of the samples of 
mycelium. Table 1 shows the quantitative evaluation of chemical elements in the surface of 
mycelium of mushroom P. ostreatus, after cultivation in nutrient media with and without 
nanopowders by using NAA method. It is seen (Table 1) that the addition to the culture 
medium of oxide nanopowders significantly modifies the content of mineral elements in the 
superficial biomass of the mycelium of mushroom P. ostreatus. The highest amount of 
mineral elements, in particular, Hf and Zr, was in test samples. Their concentration is higher 
than the corresponding value in the control samples of more than 1000 times. This fact 
indicates a high sorption capacity of investigated type of mushroom to these elements. 
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Table 1 
The elemental composition of the dry biomass of the mushroom P. ostreatus according to NAA method [mg/kg] 

Sample 
R* 

НK-35 (control) НK-35 (ZrO 2) 
НK-35 

(ZrO(OH) 2) 
SА (control) SА (ZrO 2) 

SА 
(ZrO(OH) 2) 

Na 7280±728 5820±582 5400±540 5600±560 3640±364 4820±482 
Mg 244±24 240±24 262±26 269±27 222±22 398±40 
Al 32±3 40±3 36±3 26.7±2.1 60.7±4.9 104±8 
S 2010±804 1650±660 7280±2912 5520±22 3660±1464 3690±1476 
Cl 11200±784 10500±735 9750±682 11300±791 8510.0±596 8030±562 
K 16000±1280 14700±1176 14400±1152 17600±1408 12600±1008 14700±1176 
Ca 1830±128 1210±85 1110±78 4100±287 2080±146 3840±269 
Sc 0.013±0.004 0.13±0.04 0.5±0.2 0.02±0.01 1.1±0.3 0.9±0.3 
V 0.09±0.04 0.12±0.05 0.08±0.03 0.10±0.04 0.07±0.03 0.17±0.07 

Mn 1.2±0.1 0.94±0.09 0.64±0.06 1.5±0.2 1.25±0.12 1.9±0.2 
Fe 27±5 29±6 22±4 35±7 94±19 34±7 
Ni 0.9±0.4 0.6±0.3 0.3±0.1 1.1±0.5 1.3±0.5 9.8±3.9 
Co 0.04±0.01 0.04±0.01 0.07±0.01 0.05±0.01 0.13±0.02 0.18±0.04 
Cu 20±6 8±3 17±5 25±8 17±5 12±4 
Zn 5.0±0.7 3.8±0.6 3.1±0.5 6.5±1.3 3.9±0.6 4.6±0.7 
As 1.2±0.2 4.3±0.6 4.6±0.7 1.6±0.2 13±2 22±4 
Se 7.8±0.8 11±1 5.0±0.5 10±1 9.7±1,0 2.3±0.2 
Br 20±2 17±2 13±2 25±3 18±2 13±2 
Rb 0.7±0.2 0.5±0.1 0.7±0.1 0.6±0.1 0.4±0.1 0.34±0.01 
Sr 25.9±2.5 17±7 59±24 32±13 54±21 61±24 
Zr 26±8 40500±12150 75100±22530 34±10 107000±32100 126000±37800 
Ag 0.12±0.01 0.06±0.01 0.57±0.06 0.15±0.02 4.5±0.5 1.0±0.1 
Sb 0.04±0.01 0.06±0.01 0.05±0.01 0.03±0.02 0.03±0.01 0.05±0.01 
I 2.5±1.0 5.4±2.2 7.5±3.0 2.5±1,0 13±5 15±6 

Cs 0.29±0.01 0.21±0.01 0.12±0.01 0.22±0.01 0.09±0.01 0.09±0.01 
La 0.16±0.05 0.5±0.2 0.6±0.2 0.21±0.06 0.7±0.2 0.8±0.2 
Ce 2.7±0.8 9.0±2.7 13±4 3.5±1.1 20±6 19±6 
Nd 6.2±2.5 291±116 473±189 8±3 776±310 689±276 
Sm 0.02±0.01 0.02±0.01 0.10±0.03 0.02±0.01 0.27±0.08 0.03±0.01 
Eu 0.07±0.02 0.3±0.1 0.3±0.1 0.10±0.03 0.27±0.08 0.3±0.1 
Dy 0.6±0.2 0.46±0.18 0.5±0.2 0.5±0.2 1.5±0.6 1.6±0.6 
Hf 0.47 ± 0.14 931± 279 1690 ±507 0.61±0.18 2430±729 2820±846 
Hg 0.55±0.21 3.8±1.5 6.3±2.5 0.7±0.3 15±6 10±4 
Th 0.02±0.01 0.15±0.02 0.23±0.03 0.027±0.004 0.45±0.07 0.6±0.1 
U 0.45±0.05 0.67±0.07 0.74±0.07 0.59±0.05 1.1±0.2 1.2±0.1 

* Note: R - mineral element 

 
It should be noted that the susceptibility of the studied objects to Zr and Hf is different. 

The best sorption capacity has isolate SA. For SA concentrations of these elements higher 
than the corresponding value for strain HK-35 in the control group (30%) and in the 
experimental (1.7-2.6 times) groups of the samples. Accumulation of zirconium in amounts 
in test samples, obviously related to the fact that it is contained in the composition of the 
solid solution introduced into the medium nanoparticles. Addition of oxide nanoparticles 
lead to accumulation in superficial biomass of the mushrooms (such as SA and HK-35) Sc, 
Nd, Hg and Th in an amount exceeding the reference values more than 10 times. The 
content of neodymium in the isolate SA exceed the reference values more than a factor of 
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100 (689-776 mg/kg). As in the case of Zr and Hf, Isolate SA exhibited higher sorption 
capacity for said elements. Their quantity in superficial biomass of isolate SA was higher 
than corresponding values for strain HK - 35 up to 1.5-8.6 times. Increase of the scandium 
concentration of more than 10 times, is no coincidence, because it is a part of the base 
enzymes in the mushrooms [18, 19]. It can be assumed that nanopowders induce production 
of specific enzymes for better absorption of the nutritional medium with zirconia 
nanoparticles, which lead to increase of biomass accumulation compared to the control  
(Fig. 3). Moreover they also prevent the formation of special protein metabolites, which 
lead to a decrease of amount of extracellular proteins in CL compared with the control  
(Fig. 4). 

Absorption of nanopowders by mushroom mycelium has led to increase in more than  
2 times compared with the control sorption Co, As, Sr, Ag, I, La, Ce, Sm, Eu and U. The 
exceptions can be attributed sorption of Co, Ag and Sr strain HK-35 on medium containing 
zirconium oxide. Amount of Co was 0.04 mg/kg and did not differ from control, and the 
amount of Ag and Sr was 1.5-1.8 less (0.06 and 17 mg/kg, respectively) than the control 
(0.12 and 25 mg/kg, respectively). It is known that chemical elements La, Ce, Nd, Sm, Eu, 
and Hf are rare earth metals, Th and U - radioactive metals as Hg - to liquid metals [27, 28]. 
Based on the research results, increased sorption capacity of mushroom to these elements as 
a result of nanopowders can then be used to extract rare and toxic elements. Obviously, 
modification tissues of the mushrooms by nanoparticles oxide can be used to develop highly 
efficient methods for purifying soils from radioactive and toxic elements. 

Increased content of heavy elements in the mycelium significantly decreases the 
nutritional value of mushrooms, however, detected amount of these toxic elements does not 
exceed the maximum allowable concentrations according to the regulations of the Russian 
Federation [29]. Special interest is changes in the quantitative composition of the vital 
groups of light elements. 

The content of the macroelements. According to Table 1 the interaction of oxide 
nanoparticles in the tissue surface mycelium leads to a decrease by 10-40% of control 
values macroelements content of Na, S, Cl, K and Ca. Exceptions were the elements of S 
and Mg. Sulfur in the mycelium of the strain HK-35 comprising nanoparticles of zirconium 
hydroxide was found 3.6 times higher (7280 mg/kg) compared to control (2010 mg/kg). The 
magnesium content of the mycelium HK-35 was the same as in the control series of samples 
(244-262 mg/kg). In the mycelium of isolate SA nanoparticles ZrO2 its content was less than 
1.2 times (222 mg/kg), and the nanoparticles ZrO(OH)2 - 1.5 times as much (398 mg/kg) 
than in the control samples Series (269 mg/kg). 

The content of the microelements. The tendency to decrease (1.1-3.1 times, Table 1) 
the content of light elements in the tissues of the mycelium of mushrooms P. ostreatus after 
intercalations nanoparticles revealed as for microelements Cu, Zn, Br, Ru, Sr, and Cs, Mn, 
Se. Exceptions were the elements Ni, Se (particle ZrO2) and Mn (particle ZrO(OH)2). In the 
mycelium of isolate SA on medium with nanoparticles ZrO2 Ni content was the same as in 
the control series (1.3 and 1.1 mg/kg, respectively). The Mn content is increased in SA 
isolate on 30% relative to the control samples of the series after the absorption of 
nanoparticles ZrO(OH)2 (respectively 1.9 and 1.5 mg kg). Selenium content in tissues 
mycelium of strain HK-35, ZrO2 nanoparticles exceeds control value of 1.4 times (11.0 and 
7.8 mg/kg).  
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Overall results of analysis. The mechanism of nanoparticles influence on 
physiological processes in samples. Reducing the concentration of monovalent ions (K, 
Na, Cl) may indicate redistributing liquids between cells and the extracellular space, and 
changes in osmotic potentials. Therefore, the mechanism of physical modification in tissues 
of mushroom connected with the change ion transport functions of intracellular membranes. 

Accumulation of Mn and I supposedly indicating the activation of redox processes 
[30]. Microelements copper, zinc, manganese, bromine, selenium, rubidium, and nickel are 
part of enzymes and are involved in activation. Therefore, the reduction of their content in 
the investigated objects the superficial surface biomass may be the result suppression of the 
production of extracellular enzymes (Fig. 4). However, a disadvantage in their superficial 
biomass does not lead to a decrease of the accumulated biomass (Fig. 3). Apparently, 
nanopowders in the cultivation medium make it possible to mobilize the organism of 
mushroom and to use the ability to include other mechanisms and elements for better 
absorption of the nutrient medium and to provide its life activity. It is known that 
mushrooms have the ability to accumulate a very high concentrations of toxic and heavy 
metals [31]. In response to the impact of heavy metals in the course of evolution in the cells 
of all organisms include detoxification mechanisms. Is binding and isolation of toxic metal 
ions with preservation of biological structures of the cell. The key role is in the 
neutralization of heavy metals is carried out special sulfur containing proteins - 
metallothionein (MT). Synthesis of this type of proteins is induced in receipt in an organism 
essential as Cu and Zn, and in response to receipt of Cd, Hg, Au, Ag, Co, Ni, Pb and at least 
some other toxic metals. However, metals such as Ca, Al, Na, Mg, U does not cause 
induction of metallothionein [32]. 

To elucidate realization of such a mechanism in the studied mushrooms was studied the 
relationship between the content of sulfur, heavy metals and extracellular proteins which 
were in the cultivation medium with the addition nanopowders oxide or zirconium 
hydroxide. Data analysis by metal content showed that the concentration of Al, Ca, Hg, Sc, 
V, Sr, La, Ce, Sm, Eu, Th, Dy, U was significantly higher than in control samples P. 
ostreatus. In the studied strains HK-35 and SA marked the highest level of accumulation of 
Zr and Hf. Their content was 3.4·103 and 4.2·103 times higher than in the control group 
samples. According to our data, P. ostreatus accumulate significant amounts of elements 
and a strong battery of heavy metals on the substrate enriched in trace elements [33]. 

Physiologically important microelements Zn, Cu, Mn, Fe, Ni in strain HK-35 are 
present in smaller quantities than in samples of the control group, and for their amount of 
strain SA may differ in several times. Comparing strains, it can be seen that the sorption 
capacity for toxic metals Hg, Ag, Nd, Sc in HK-35 is lower than that of wild strain SA. It is 
also important that the detection of the initial amount of these elements in the mycelium of 
isolate SA 1.1-1.3 times more than compared with the strain HK-35. This can be explained 
by the fact that SA isolate received from the fruiting bodies found in the city of Donetsk, 
which is known for its anthropogenic load. At the same time attracts attention a decrease 
content S in the superficial mycelium with the addition of nanopowders. Therefore, 
detoxification function from HK-35 is better developed. 

Effect of increasing the biomass of mushrooms grown with oxide nanopowders and 
changing parameters of morphological can probably be explained by varying the amount 
and structure of the protein of mushroom due to modifications of enzyme system. And, 
judging by the data NAA (Table 1), sulfur-containing proteins play an important role here. 
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If an operating time of the protein with more sulfur containing amino acids such as cysteine 
and cystine, the formation of a globular protein structure occurs under the influence of the 
disulfide bonds. In such instances the consistency of the protein, usually compacted and 
become sinewy, that according to Figure 2 takes place in this case. Decrease of the 
extracellular proteins represented in mostly enzymes can also decreases due to suppression 
of the synthesis of heavy metals. For example, the enzyme laccase in mushroom, it is also 
copper-bearing oxidase (one molecule of the enzyme accounts for up to 4 atoms of copper), 
catalyzes the reduction of O2 to H2O. During laccase deactivating the density may change 
due to the decrease of water content in the mushroom that actually shows the experiment. 
Furthermore laccase in inactivated P. ostreatus are manganese-dependent peroxidase, which 
participates in the oxidation of phenolic compounds by the action of hydrogen peroxide in 
the presence of manganese ions. The toughest/dry mushroom is strain HK-35 cultured with 
the addition zirconium oxide nanoparticles. The content of Mn is lower than for the control, 
which also indirectly confirms the assumptions about the mechanisms of interaction of 
oxide nanoparticles of varying degrees of structural order with biological tissues by the 
example of mushroom P. ostreatus. Both mechanisms indicate that as a result of the oxide 
nanoparticles in the tissues of mushroom the enzymatic activity is suppressed, the oxidation 
of organic substrates is attenuated, broken processes of hydroxylation, oxygen transfer, 
electron transport and oxidative catalysis. 

Despite the decrease in the functional activity of enzymes and accumulation of large 
amounts of harmful and heavy metals (Co, Hg, Sc, V, Sr, Ce, Sm, Eu, Th, Dy, and U), both 
strains studied of mushroom P. ostreatus content in excess of zirconium compounds 
actively accumulating biomass. This is indicative of the detoxification mechanism harmful 
elements Zr and direct participation in these processes. The role of zirconia, as well as other 
metals with variable oxidation state (Cu, Fe) can be to participate in the process of joining 
the electrons to oxygen with subsequent formation of active forms - the superoxide radical, 
hydroxyl radical, singlet oxygen, and others. As a rule, increased metal content with  
a variable degree of oxidation contributes to the generation of reactive oxygen species 
(ROS). Consequently, P. ostreatus, containing protein and enriched ROS may find 
application in medicine, for example for the treatment of diseases of the skin and mucous 
membranes, such as stomach cancer. 

Correlation analysis results. Studies have revealed an interesting dependence 
between elements accumulation in superficial biomass. Direct correlation with a high 
coefficient (R > 0.80) mounted between macrocells sodium and potassium with R = 0.94, 
between sodium and chlorine to R = 0.94 (Fig. 6) between the magnesium and calcium  
R = 0.85. This indicates the presence of a synergistic interaction between them, and as  
a result, a functional role for the organism. Established anti-correlation (R > –0.90) mercury 
and sodium coefficient R = –0.98, mercury and potassium with R = –0.91 (Fig. 7), mercury 
and chlorine with R = 0.90 indicates a high antagonism of these elements. Revealed a direct 
correlation relationship between uranium and thorium high coefficient R = 0.99 (Fig. 8) 
indicates a correct geochemical ratio thorium to uranium 2:1. 
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Fig. 6. The relationship between concentrations n of sodium and chlorine R = 0.94 

 
Fig. 7. The relationship between the mercury and potassium R = 0.91  
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Fig. 8. The relationship between uranium and thorium R = 0.99 

Physical mechanisms of nanoparticles influence on biological cells. According to 
the presented results in zirconium oxide and hydroxide nanoparticles initiated changes of 
physiological parameters of mushroom and its enzyme system, the chemical composition of 
proteins and tissues. 

The reason for these changes is the transport function intercellular membranes. Above 
is presented a possible mechanism of the effect from biochemical point of view. If we 
consider the influence of nanoparticles on biological objects from the positions of physics, 
it can be assumed that the appropriate mechanism is in "plugging" of ion channels in 
intercellular membranes. In this case, there is physical limitation on the size of the ion, 
which in turn leads to the appearance selective permeability and changing ion transport 
membrane function [26]. Nevertheless, character of influence to biological tissues oxide and 
hydroxide nanoparticles indicates that the size is not the determining factor. It is obviously 
that the effects of the interaction of hydroxide nanoparticles with tissues of mushroom 
expressed more strongly than in the case of the oxide particles. Probably, besides the size, 
there are still impact factors of the physical nature. Let us consider them in more detail. 

Reactions implants (nanoparticles) with a biological cell according to [34] are 
dependent on several factors in particular the chemical composition, crystallographic 
structure, and the number of phases at the interface. Zirconium hydroxide and oxide from  
a physical point of view - is the unit of the same substance but in different stages of the 
structural evolution. For understanding the mechanisms of interaction with biological 
objects, properly consider process of formation nanoparticles based on its initial stages. 

Structural organization of zirconium hydroxide nanoparticles. As is known, the 
elements of the fourth subgroup of the periodic table have a tendency to polymerize. 
Polymerization of elementary structural elements - tetrameters starts even in the process 
merging fluids of chemical reagents in conditions of significant satiety relatively forming 
phase [35]. As a result, a number of physical and chemical processes the tetramers 
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[Zr4O2(OH)4]
8 complexes are formed which can be represented in the form of the polymer 

chains (Fig. 9) [36]. Thus, nanoparticles hydroxide has a polymeric structural ordering. In 
these polymers formation of atoms Zr and O linked durable oxygen bonds and form the 
main chain. Lateral - the terminal groups are bonded less strong diol (OH) and hydrogen 
(H2O) bonds. Polymer chains are linked by reacting the terminal groups (cross-linking 
polymerization). 
 

 
Fig. 9. Structure and molecular model of polynuclear groups and the polymer chains of  

ZrO(OH)2 · nH2O based thereon, where i - number of units 

Structural organization of zirconia nanoparticles. Crystallization of polymer gel 
occurs by thermal destruction of terminal fragments of structural elements of the polymer 
matrix, ie, hydroxy-groups. As a result, desorption takes place of bound water and 
crosslinking the polymer chains in a regular crystal structure (Fig. 10). Thus, the oxide 
nanoparticles are derived from zirconium hydroxide nanoparticles, but have a more 
complete crystal structural regularity. 
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Fig. 10. The ZrO2 structural ordering regions presented in zirconium hydroxide on the stage of 

crystallization (from [39]) 

Polymer structure hydroxide is more inclined to transformation under the influence of 
external factors, and the particle surface coated with dimensions comparable layer of 
hydrated water - hydration shell. This in itself contributes to the interaction with biological 
objects. Furthermore, the specific surface area hydroxide (SBET = 300 m2/g) are in several 
times higher than that of the oxide (SBET = 80-120 m2/g) and, consequently, many times 
more the quantity of interfaces. That is, biocompatibility hydroxide nanoparticles by 
physical parameters must be higher than that of the oxide particles that actually observed 
experimentally. 
 

 
Fig. 11. The structure of chemisorbed hydrate layer on the surface of ZrO2 - nanoparticles. Numerals 1 

and 2 note respectively the aggregate of base matter (ZrO2) and chemisorbed ionic (OH- groups) 
layer 
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Electrostatic mechanism of nanoparticles on biological tissues. Surface structure 
of the nanoparticles. Due to the dissociative adsorption of humidity [37] on coordinately 
unsaturated surface cations of nanoparticles the surface layer of OH-groups is forming 
(adsorption energy > 0.3eV [38]). This layer is presented in the form of bridging hydroxyl 
groups with "collectivized" oxygen [39] (Fig. 11). 

The model suggests that the oxygen atoms are formally trivalent as for surface Al2O3-SiO2 
[40], but not fixed to specific cations and spasmodically migrate across the surface of the 
nanoparticle. Therefore, the surface of the nanoparticles, firstly chemically is active and 
secondly - charged. Indeed, at the expense significant concentration at the surface 
uncompensated negatively charged ions in the solid solution composition ZrO2 - 3 mol % Y2O3 
surface charge is negative [41].  

Obviously, the nanoparticles will selectively interact with ions of different kinds and 
electrostatic field on surface of the nanoparticles, in superposition with the electric field 
intercellular membranes will lead to a change of the transport properties of the latter. 
Physically bound water (binding energy E < 40 kJ/mol) in the diffusion layer (Fig. 12) does 
not exhibit significant chemical activity but obviously plays an important role in the interaction 
of nano-powders with biological tissues. Significant content of aqueous component in 
hydroxide nanopowders about 30 wt.% and in zirconium dioxide nanopowders about 3-6 wt.% 
[39] provides a relatively easy assimilation of their the biological cells. 
 

 
Fig. 12. Physical model of nanoparticles: the aggregate of base matter ZrO2 (1), and the ionic atmosphere 

(2) 

Thus, from the analysis the surface structure of zirconia nanoparticles can distinguish on 
the degree of efficiency at least three factors impact oxide nanoparticles on the processes in 
biological tissues respectively: Electrostatic & Chemical; Mechanical. The mechanisms of this 
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impact are due electrophysical contact phenomenons and physicochemical processes mass 
exchange at the surface the nanoparticles. Biocompatibility and efficiency of particle 
interaction with biological tissues determined by the degree of penetration of the ions from 
tissue in the diffuse layer of particles, the degree of ordering of the crystal structure of the 
nanoparticles and the size factor. 

Conclusions 

Established that the addition of zirconium hydroxide (ZrO(OH)2, Ø 4 nm) or zirconium 
oxide (ZrO2 - 3 mol % Y2O3, Ø 9 nm) nanoparticles at a concentration of 0.2 weight % in 
Czapek nutrient medium leads to an increase of 1.3-1.4 times (more than 2.6 g/dm3) of 
biomass accumulation of mushroom and reducing 1.7-1.8 times the concentration of 
extracellular proteins into culture liquid at practically constant value of the final acidity  
(pH change of the order of 2-5%). 

Established general characteristics morphobiological reaction to the implantation of 
oxide and hydroxide nanoparticles in samples of the mycelium mushroom P. ostreatus 
industrial strain HK-35 and natural isolates SA is to reduce transparency and increase the 
degree of compaction and the viscosity of the latter. 

It is revealed differences character the response morphobiological reaction to the 
implantation of the nanoparticles in the samples of the mycelium mushroom P. ostreatus 
industrial strain HK-35 and natural isolates SA consisting in changing sorption capacity of 
the surface biomass. In particular, it is shown that the interaction nanopowders to the 
nutrient medium increases sorption capacity mushroom P. ostreatus, for the elements such 
as hafnium, zirconium, scandium, neodymium, mercury, thorium, cobalt, arsenic, strontium, 
silver, iodine, lanthanum, cerium, samarium, europium, and uranium in 2-1000 times. 
Identifying the ability mushroom can be used to obtain rare and valuable elements. 

Detected low sorption capacity on media with nanopowders compared with control on 
manganese, nickel, copper, zinc, selenium, bromine, rubidium, strontium and cesium, 
indicates the incorporation of new mechanisms maintaining the livelihoods mushroom under 
the influence of this factor. 

It was assumed the influence of nanopowders on the enzyme system mushroom, a form 
of manifestation which is more effective assimilation of the nutrient medium and the 
increase the amount of biomass. 

Established that the concentration the elements Fe, Mg, Ag, Ni, Co, Al, Ca, Hg, Sc, V, 
Sr, La, Ce, Sm, Eu, Th, Dy, and U was reliably higher than in control samples P. ostreatus. 
The level of accumulation of Zr and Hf is the highest among the long-lived elements. The 
concentration of these elements in the test sample relative to the control group samples 
strains HK- 35 and SA, respectively, amounts to 3.4·103 and 4.2·103 times. 

Established that the physiologically important microelements Zn, Cu, Mn, Fe, and Ni in 
the group strain HK-35 are present in smaller quantities than in samples of the control 
group, while the strain SA concentrations differ several times. 

It is concluded the functioning of the mechanism detoxification of harmful elements 
and the direct participation of Zr in these processes. 

Based on the data of neutron activation analysis for metals Hg, Ag, Nd, and Sc was 
concluded that detoxification function in industrial mushroom P. ostreatus strain HK-35 is 
better developed than in native strain SA. 
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Based on the data of neutron activation analysis relatively concentration of monovalent 
ions K, Na, Cl has been suggested that the mechanism of physical modification tissue 
mushroom associated with a change of the ion-transport functions of intercellular 
membranes. 

It is suggested that the role of zirconium as other metal with a variable oxidation state 
(Cu, Fe) when implementing a biological system functions detoxification might be in 
promoting processes joining of electrons to oxygen with the further formation of active 
forms - superoxide radical, hydroxy radical, singlet oxygen and others. 

It is suggested possibility of using the protein enriched AFC synthesized in 
nanoparticles physically modified biological system, in particular mushroom P. ostreatus, in 
medicine for the treatment of diseases, such as gastric cancer. 

It was established that the degree structural ordering nanoparticles added into 
cultivation medium make essential impact on mineral composition of the surface of the 
mycelium mushroom P. ostreatus. 

It is shown that nanoparticles of zirconium hydroxide has lower the degree of structural 
organization than nanoparticles of zirconium oxide, more developed and more hydration 
phase interface surface and therefore give a more pronounced effect on the processes 
ontogeny in biological tissues. 

It is concluded that the mechanisms of effects of the interaction of nanoparticles with 
biological tissues are associated with electrophysical contact phenomenons and 
physicochemical processes mass exchange at the surface the nanoparticles. 

The practical value. Experimental data indicate that the use of low concentrations of 
oxide nanoparticles perspective allow with minimal cost increase yield and crop resistance 
to diseases of 1.5 times and may also be used in the development of heavy metals sorbents 
and anticancer drugs. 
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WPŁYW NANOCZ ĄSTEK CYRKONU NA PARAMETRY 
MORFOFIZJOLOGICZNE I SKŁAD MINERALNY P. ostreatus 

Abstrakt: Zastosowanie neutronowej analizy aktywacyjnej w badaniach Pleurotus ostreatus pokazało, że 
dodawanie stałego roztworu wodorotlenku i tlenku ZrO2-Y2O3 (3 mol % Y2O3) w postaci nanocząstek o rozmiarze 
4 i 9 nm w stężeniu 0,2% wagowych w pożywce (Czapek) zmienia charakter procesów fizjologicznych  
w tkankach biologicznych grzybów. Zjawisko to przejawia się w postaci znacznych zmian morfologicznych  
i fizjologicznych cech grzybów oraz składu pierwiastkowego suchej biomasy. W szczególności wykazano, że 
wprowadzenie nanocząstek do tkanek grzybów prowadzi do wzrostu 1,3-1,4 razy (więcej niż 2,6 g/dm3) 
akumulacji biomasy (szczep przemysłowy HK 35) i spadku o 1,7-1,8 razy (poniżej 1,7-2,5 mg/mm3) stężenia 
pozakomórkowych białek w płynie hodowli przy zasadniczo stałej wartości kwasowości. Pokazano, że dodanie 
ZrO2 + 3% mol nanocząstek Y2O3 rozmiarów 4 lub 9 nm do tkanki grzyba na etapie grzybni macierzystej,  
w bardzo małych stężeniach, może skutecznie zmieniać skład chemiczny substancji wytwarzanych przez komórki, 
a co za tym idzie, jej aktywność fizjologiczną. Wykazano, że stosowanie niskich stężeń nanocząstek ZrO2 
zwiększa wydajności i podnosi odporności roślin na choroby do 1,2-1,5 raza, a także w przyszłości może być 
stosowane w technologii biomedycznej, w leczeniu chorób nowotworowych. 

Słowa kluczowe: neutronowa analiza aktywacyjna, grzyb P. ostreatus (Jacq.: Fr.) Kummer, interakcje 
nanocząsteczek z tkankami biologicznymi, sorbenty metali ciężkich, leki przeciwnowotworowe 


