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Abstract 

 

Data on the effect of some metal nano-oxides on the biosynthesis of individual components 

of proteolytic enzymes complex of micromycetes Trichoderma koningii CNMN FD 15 and 

Fusarium gibbosum CNMN FD 12 have been described. For each strain, optimum conditions of 

cultivation in the presence of the studied nanoparticles, which provide an increased level of 

proteolytic activity, have been determined. It has been emphasized that the stimulating effect 

depends on the composition, size, and concentration of the nanomaterials and on the initial pH 

value of the medium. 

 

1. Introduction  

 

In the last few years, the use of extracellular enzymes produced by microorganisms has 

expanded with the intensive development of biotechnology. Thus, optimization of enzyme 

biosynthesis remains relevant. A particular interest is given to finding ways to stimulate 

biosynthesis with the use of different factors (physical, chemical, etc.). 

In this context, the use of nanometer materials involved in the vital processes of organisms 

at the cellular and subcellular level is promising. The range of physicochemical properties of 

nanoparticles differs from that of larger particles (increased reactivity and catalytic activity, 

adsorption capacity, formation of a large number of chelated compounds, possibility of crossing 

biological membranes, etc.). Nanoparticles are used in various branches of industry owing to 

their unique properties. In recent years, it has been shown that they also exhibit biological activity 

and can be used in various fields of medicine, biology, and biotechnology to control the 

physiological and biochemical functions in cells [1–8]. 

The importance of studying the effect of nanoparticles on living organisms has significantly 

increased. Reports on the toxic [9–11] and stimulating effect of different types of nanoparticles 

on growth, development, and productivity (synthesis of biologically active substances) in 

microorganisms [12–14] have been published. 

The aim of the paper was to study the effect of some metal nano-oxides on the biosynthesis 

of microorganisms Trichoderma koningii Oudemans CNMN FD 15 and Fusarium gibbosum 

CNMN FD 12, which are active producers of exocellular protease enzymes [15, 16]. 
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2. Materials and Methods 

 

The objects of study were two strains of micromycetes with a high level of hydrolase 

biosynthesis—Trichoderma koningii Oudemans CNMN FD 15 and Fusarium gibbosum CNMN 

FD 12—producers of proteases. 

Cultivation of micromycetes was carried out in 1.0-L Erlenmeyer flasks with 200 mL of a 

nutritive medium at a temperature of 28–30°C under agitation at a rate of 180–200 rpm using a 

culture medium with the following composition (g/L): wheat bran, 20.0; soybean flour, 10.0; 

(NH4)2SO4, 1.0; and CaCO3, 2.0; a pH of 6.25.  

The seed material was a spore suspension with a density of 2  10
6
–3  10

6
 spores/mL, 

which was prepared by washing a 15-day culture grown on malt-agar oblique columns with 

sterile distilled water. The amount of the seed material in each flask was 10% v/v. 

Metal oxides ZnO and Fe3O4 selected in previous studies as a stimulator of proteolytic 

enzymes were used in the research. Nanoparticles with different sizes (10, 30, 65–70 nm; 1 µm) 

were added to the sterile culture medium in a concentration of 1, 5, 10, and 15 mg/L 

concomitantly with the inoculum. 

Solutions with a required concentration of nanoparticles were prepared from the solid or 

liquid initial preparations using deionized water at a pH of 6.25. Immediately before introduction 

into the nutrient medium, the prepared solutions were ultrasonically treated in an AOYU-9050 

WilTec ultrasonic bath (Wildanger Technik GmbH, Germany, 30–50W, frequency of 40 kHz) for 

5 min to provide the dispersion of the nanoparticles. 

The basic culture medium without nanomaterials was used as a reference medium. 

Proteolytic activity was assayed in the dynamics of cultivation on the 4
th

–6
th

 day for the 

Fusarium gibbosum CNMN FD 12 and on the 8
th

–10
th

 day for Trichoderma koningii Oudemans 

CNMN FD 15; this is the period of maximum accumulation of enzymes in the growth of this 

strain under conventional conditions. 

The activity of exocellular protease was determined by the Willstatter method via 

measuring the amount of released free carboxyl groups in an ethanol solution of amino acids and 

polypeptides obtained by hydrolysis of a 5% gelatine substrate with a pH of 7.4 for neutral 

proteases and a pH of 3.6 for acid proteases after 3-h incubation at 40°C [17]. 

All the experiments were performed thrice; the results were averaged over three 

measurements. The level of significance was P < 0.05 [18]. 

 

3. Results and Discussion 

 

Proteases represent a complex of enzymes that provide partial or complete hydrolysis of 

proteins to oligomers and monomers (amino acids) owing to their ability to hydrolyze the peptide 

bonds. Depending on the nature of the functional groups in the active center, proteases are 

classified into six large groups: serine proteases, cysteine proteases, threonine proteases, aspartic 

proteases, glutamic proteases, and metalloproteases [19], which determine their use for solving 

both theoretical problems (study of the metabolism of living organisms) and practical problems 

by applying them in various fields of industry, agriculture, medicine, etc. 

As a result of the screening of nanomaterials reported in [20], it was found that the most 

effective way to stimulate protease biosynthesis in micromycetes Trichoderma koningii and 

Fusarium gibbosum is to use nanoparticles from composite ZnO/MgO (1 : 4), ZnO, and Fe3O4. 

The obtained results suggest that the effect of nanomaterials on the biosynthesis of exocellular 

hydrolases in micromycetes depends on the type and structure of the nanocompounds, the 
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physiological and biochemical properties of the strain, and the properties of the synthesized 

enzyme complex. 

In this study, ZnO nanoparticles were selected for Trichoderma koningii strain and Fe3O4 

nanoparticles were used for Fusarium gibbosum. An essential parameter of nanoparticles, which 

determines their physicochemical and biological properties, is their size. Another equally 

important parameter is their concentration in the culture medium that can affect the living 

organism. Thus, for a number of metals, a narrow concentration range is required to provide the 

vital activity of living organisms or express their toxicity [21]. The effect of different sizes and 

concentrations of ZnO and Fe3O4 nanoparticles on the proteolytic activity of T. koningii CNMN 

FD 15 and F. gibbosum CNMN FD 12, respectively, was estimated to determine the biologic 

properties of the tested nanoparticles. 

To reveal the effect of ZnO nanoparticles on the activity of acid, neutral, and alkaline 

protease of T. koningii producer, ZnO nano-oxides with a size of 10 and 30 nm and 1 µm in a 

concentration of 5, 10, and 15 mg/L were studied (Fig. 1). 
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Fig. 1. Effect of ZnO nanoparticles with different sizes and concentrations on the proteolytic activity of 

fungal strain Trichoderma koningii CNMN FD 15. 

 

The highest level of proteolytic activity in the reference samples was observed on the 9
th

 

day of cultivation of the strain, being 2.10 U/mL for neutral proteases, 2.23 U/mL for acid 

proteases, and 1.85 U/mL for alkaline proteases. In the optimized versions, the ZnO nanoparticles 

showed different effects on the activity of these three types of proteases synthesized by 

micromycete, depending on the particular size and concentration. Thus, for acid proteases, the 

10-nm ZnO nanoparticles retained the biosynthesis for 24 h; the highest values were observed on 

the 10
th

 day of the cultivation. The level of activity of acid proteases in the presence of ZnO 

nano-oxide on the 10
th

 day was similar to the activity of the reference sample on the 9
th

 day of 

cultivation. The 30-nm nanoparticles showed a moderate stimulating effect (16.6% compared 

with the reference sample at a concentration of 10 mg/L) on the 9
th

 day of cultivation. The size of 

1 µm showed a neutral effect. 

In the case of neutral proteases, ZnO nanoparticles of all tested sizes showed a significant 

positive action depending on the applied concentration of 5–15 mg/L. The stimulating effect 

varied as follows: from 36.2 to 22.8% for a size of 10 nm; from 151.9 to 117.1% for 30 nm; and 

from 88.1 to 33.8% for 1 µm. The highest proteolytic activity was obtained in the case of 30 nm; 
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the activity increased by 2.5 times on the 9
th

 day of the cultivation. 

For alkaline protease, the use of ZnO nanoparticles of all sizes, except for the concentration 

of 5 mg/L, provided an increase in protease activity; however, the effect was less significant than 

that for neutral proteases: by 13.5% for 10 nm, by 11.3% for 30 nm, and by 17.8% for 1 µm 

compared with the reference sample on the 9
th

 day of cultivation. For all types of proteases, an 

inhibitory effect of ZnO nanoparticles was observed with an increase in the concentration to  

15 mg/L. Regardless of size, the proteolytic activity of T. koningii micromycete decreased. 

On the 10
th

 day of cultivation, the enzyme activity of neutral and alkaline proteases in the 

presence of ZnO nanoparticles was reduced; the samples with 10-nm ZnO in all tested 

concentrations for neutral proteases and all experimental samples of alkaline proteases showed 

values at the level of the reference sample. The moderate stimulating effect of some samples 

grown with 30-nm ZnO in the case of acid proteases and 30-nm and 1-µm ZnO in the case of 

neutral proteases did not exceed the level of the reference sample on the 9
th

 day of cultivation. 

The results showed that ZnO nanoparticles with a size of 30 nm taken in a concentration of 

5–10 mg/L are the most promising for stimulating the protease biosynthesis of fungal strain T. 

koningii CNMN FD 15. These parameters of ZnO nanoparticles provide an increase in the 

activity of neutral proteases—the basic enzymes of the strain—by 2.5 times compared with the 

maximal value obtained for the reference sample, with an increase in the activity of acid and 

alkaline proteases by 16.6 and 11.3%, respectively, without any modification of the period of 

maximal synthesis of proteases (on the 9
th

 day of cultivation). 

A similar study was conducted for the F. gibbosum CNMN FD 12 micromycete—the 

producer of acid (pH of 3.6) and neutral proteases (pH of 7.4)—using Fe3O4 nanoparticles of 

different sizes (10, 30, 65–70 nm) taken in three concentrations (5, 10, 15 mg/L) (Fig. 2). The 

most significant level of proteolytic activity in the reference samples was observed on the 5
th

 day 

of cultivation: 2.04 U/mL for acid proteases and 2.52 U/mL for neutral proteases. 
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Fig. 2. Effect of Fe3O4 nanoparticles with different sizes and concentrations on the proteolytic activity of 

fungal strain Fusarium gibbosum CNMN FD 12. 

 

In the optimized samples, the addition of Fe3O4 nanoparticles in the nutrient medium of the 

strain, regardless of size, had hardly any effect on the activity of acid proteases; their value 

remained at the control level of 98.5% (for 10 nm), 105.9% (for 30 nm), and 106.8%  
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(for 65–70 nm). Iron oxide was more effective for the production of neutral proteases than for 

acid proteases. The optimum concentration was 10 mg/L, regardless of size. This concentration 

stimulated the activity of neutral proteases as early as the 4
th

 day of cultivation of the 

micromycete; it was 22.7% (for 10 nm), 28.5% (for 30 nm), and 30.9% (for 65–70 nm) higher 

than that of the reference sample in the same day (1.23 U/mL). On the 5
th

 day of cultivation, the 

stimulating effect increased to 26.6% (for 10 nm), 39.7% (for 30 nm), and 50.8% (for 65–70 nm) 

compared with the maximum of the reference sample (2.52 U/mL) observed in the same day. 

On the 6
th

 day of cultivation, the activity of both neutral and acid proteases decreased in 

both the reference and optimized samples. 

The optimum parameters of the Fe3O4 nanoparticles that provide the stimulating effect on 

the biosynthesis of proteases in micromycete Fusarium gibbosum are the nanoparticle size of  

65–70 nm and the concentration of 10 mg/L. These conditions provide a 6.8 and 50.8% increase 

in the biosynthesis of acid proteases and neutral proteases, respectively, while maintaining the 

period of maximum synthesis of proteases (on the 5
th

 day). 

The next stage of the research was the submerged cultivation of T. koningii and F. 

gibbosum strains on a nutrient media supplemented with selected ZnO and Fe3O4 nano-oxides 

and different values of initial pH of the media, namely, acidic (pH of 4.0), neutral (pH of 6.25), 

and alkaline (pH of 8.5). The aim of the study was the estimation of the effect of the initial pH of 

the medium on the capacity of the strains to produce enzymes and on the biological properties of 

the nanoparticles. 

For micromycete T. koningii, the experiment was conducted in the presence of ZnO 

nanoparticles with an optimum selected size of 30 nm in a wider concentration range—1, 5, 10, 

and 15 mg/L—and at the three above mentioned initial pH values of the nutrient medium (Fig. 3).  
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 Fig. 3. Effect of ZnO nanoparticles with a size of 30 nm on the proteolytic activity of Trichoderma 

koningii CNMN FD 15 as a function of initial pH values of the nutrient medium.  

 

The results showed that, in the reference samples containing no ZnO nanoparticles, the 

maximum activity of all the three types of proteases was observed on the 9
th

 day of the 

cultivation of the strain, regardless of the modification of the pH of the medium. The use of the 

media with an initial pH of 6.25 was the most favorable for biosynthesis. The activity of acid 

proteases was 2.12 U/mL; neutral proteases, 2.48 U/mL; and alkaline proteases, 1.75 U/mL. 
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The most optimum concentrations of ZnO nanoparticles (30 nm) were concentrations of  

5–10 mg/L; they provided an increase in all the three types of proteases. The maximum activity 

(similar to that of the reference sample) was observed on the 9
th

 day of the cultivation of the 

strain; however, the proteolytic activity was modified as a function of the initial pH of the 

medium. The most significant enzyme activity was observed at an initial pH of the medium of 

6.25 in the case of an optimum concentration of nanoparticles of 5 and 10 mg/L. Thus, the 

activity of acid proteases was 2.58 and 2.67 U/mL, respectively; it was higher than the activity in 

the reference sample by21.7 and 25.9%, respectively. In the case of neutral proteases, the activity 

was 6.32 and 6.28 U/mL, respectively, compared with 2.48 U/mL in the reference sample. The 

stimulating effect was higher by 154.8 and 153.2%, respectively. The activity of alkaline 

proteases was 2.09 and 1.88 U/mL, respectively, and the stimulating effect was higher by  

19.4 and 8.0%, respectively. 

For F. gibbosum micromycete, the experiment was conducted in the presence of Fe3O4 

nanoparticles with an optimum selected size of 65–70 nm taken in a concentration of 5, 10, and 

15 mg/L at three values of the initial pH of the nutrient medium (Fig. 4).  
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Fig. 4. Effect of Fe3O4 nanoparticles with a size of 65–70 nm on the proteolytic activity of 

Fusarium gibbosum CNMN FD 12 as a function of the initial pH values of the nutrient medium.  

 

The results showed that the reference samples had the maximal activity of both acid and 

neutral proteases on the 5
th

 day of cultivation, regardless of the initial pH of the medium. The use 

of acidic pH of the medium was the most effective for the biosynthesis of acid proteases; in this 

case, the enzyme activity was 2.77 U/mL. An increase in the pH value to 6.25 and 8.5 led to a 

decrease in the activity of acid proteases to 1.54 and 1.25 U/mL, respectively. The use of the 

initial pH of the medium that was close to the neutral pH (pH of 6.25 and (less significant) pH of 

8.5) was the most promising for the biosynthesis of neutral proteases. The determined proteolytic 

activity was 2.78 and 2.58 U/mL, respectively. 

The most optimum concentration of the Fe3O4 nanocompound (65–70 nm) was 10 mg/L. 

The maximum activity of both acid and neutral proteases was observed on the 5
th

 day of the 

cultivation of the producer (similar to the reference sample). Thus, the use of nano-oxide did not 

change the period of maximum synthesis of proteases; however, it led to an increase in the 
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enzyme activity. In addition, as the enzymatic activity of the reference was lower, the stimulatory 

effect in the optimized samples was higher; it varied as a function of the initial pH of the 

medium. 

The highest activity of acid proteases was observed at a pH of 4.0; it was 2.77 U/mL in the 

reference samples and 2.87 U/mL in the optimized samples. The stimulatory effect was 

insignificant: at a level of 3.6%. The highest activity of neutral proteases was observed at a pH of 

6.25; it was 2.78 U/mL in the reference samples and 4.49 U/mL in the optimized samples. The 

stimulatory effect was 67.5%. 

Comparative analysis of the results obtained for both T. koningii and F. gibbosum strains 

showed that the initial pH value significantly affects the genesis of proteases and the biological 

properties of ZnO and Fe3O4 nano-oxides. For T. koningii micromycete, the most optimum value 

of pH is 6.25; it provided the biosynthesis of all the three types of proteases and determined the 

highest stimulating effect. 

For F. gibbosum, the highest activity of the acid proteases was obtained at a pH of 4.0; 

however, the stimulating effect was hardly observed. The alkaline proteases of the strain were 

less significantly affected by changes in the pH of the medium. The highest activity of alkaline 

proteases and the most significant stimulating effect were observed at a pH of the medium of 

6.25. 

A decrease in the stimulating effect with a variation in the initial pH of the medium from an 

optimum value (pH of 6.25) can indicate changes in the biological properties of the ZnO and 

Fe3O4 nanoparticles, which can be attributed to a change in another important parameter, which is 

referred to as zeta potential; it is no less important as the particle size and, according to some 

authors, depends on the pH of the medium [11, 22]. 

 

4. Conclusions 

 

It has been found that the biological effect of the nanoparticles varies as a function of the 

taxonomy of micromycetes and their physiological and biochemical properties and as a function 

of parameters of nanoparticles (size, concentration, and zeta potential). 

ZnO and Fe3O4 nanoparticles can be used as potential stimulators of the biosynthesis of all 

the three types of proteases of micromycete Trichoderma koningii Oudemans CNMN FD 15. The 

highest stimulating effect has been achieved in the case of using ZnO nanoparticles with a size of 

30 nm taken in a concentration of 5–10 mg/L for the cultivation of the strain on a nutrient 

medium with an initial pH value of 6.25. These conditions provide an increase in the activity of 

neutral proteases—the basic component of the proteolytic complex in this strain—by 2.5 times, 

with an increase in the activity of acid and alkaline proteases by 16.6 and 11.3%, respectively. 

For strain Fusarium gibbosum CNMN FD 12, the most significant stimulating effect has 

been achieved in the case of using Fe3O4 nanoparticles with a size of 65–70 nm taken in a 

concentration 10 mg/L for the cultivation of the micromycete on a nutrient medium with an 

initial pH value of 6.25. These conditions provide an increase in the activity of neutral proteases 

by 61.5% compared with the reference sample and a less significant increase in the activity of 

acid proteases—by 14.3%. 

The tested nanoparticles did not affect the duration of the life cycle of the micromycetes. In 

both cases, the period of maximum synthesis of exocellular proteases coincided with the 

optimum period of cultivation under conventional conditions: on the 5
th

 and 9
th

 day of the 

cultivation of Fusarium gibbosum CNMN FD 12 and Trichoderma koningii Oudemans CNMN 

FD 15, respectively. 
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