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Abstract

:

In the current study, a green method for the preparation of silver nanoparticles (AgNPs) is presented as an alternative to conventional chemical and physical approaches. A biomass of Trichoderma reesei (T. reesei) fungus was used as a green and renewable source of reductase enzymes and metabolites, which are capable of transforming Ag+ ions into AgNPs with a small size (mainly 2–6 nm) and narrow size distribution (2–25 nm). Moreover, extracellular biosynthesis was carried out with a cell-free water extract (CFE) of T. reesei, which allows for facile monitoring of the bioreduction process using UV–Vis spectroscopy and investigation of the effect of experimental conditions on the transformation of Ag+ ions into AgNPs, as well as the simple isolation of as-prepared AgNPs for the study of their size, morphology and antibacterial properties. In continuation to our previous results about the influence of media on T. reesei cultivation, the amount of biomass used for CFE preparation and the concentration of Ag+ ion solution, herein, we present the impact of temperature (4, 20, 30 and 40 °C), agitation and time duration on the biosynthesis of AgNPs and their properties. A high stability of AgNPs in aqueous colloids was observed and attributed to the capping effect of the biomolecules as shown by the zeta potential (−49.0/−51.4 mV) and confirmed by the hydrodynamic size of 190.8/116.8 nm of AgNPs.
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1. Introduction


Silver nanoparticles (AgNPs) are widely applied in different areas, such as food industry, water disinfection, textile industry, environment protection and catalysis, and their scope of use is gradually increasing [1,2,3,4]. AgNPs are desired components in formulations for biomedicine due to their antibacterial [5,6], antifungal [7], antiviral [8], anti-inflammatory [9], anti-angiogenic [10] and anticancer activities [11]. Additionally, AgNPs are favorable candidates for target drug delivery and wound healing in pharmacology [4,12,13]. Such a wide application of AgNPs requires tuning of their physical characteristics, such as size, size distribution, shape and morphology, which can be achieved by using different methods of preparation. AgNPs can be obtained using various physical methods, such as ball milling [14]; aerosol techniques [15]; microwave, UV and IR irradiation [16,17,18]; arc discharge [19]; metal vaporization [20]; and laser ablation [21]. A variety of chemical methods have been developed for AgNP formation, including chemical reduction [22,23], electrochemical reduction [24], solvent extraction reduction [25], alcohol reduction [26], the micro-emulsion technique [27] and sonochemical processing [28]. In both types of approaches, for the stabilization of AgNPs, capping agents are added, which prevent nanoparticle agglomeration. Generally, chemical reagents and organic solvents accumulate a waste and cause negative environmental impacts.



Recently, the green synthesis of AgNPs attracted the attention of researchers and is now widely studied. AgNP preparation via the use of various plant extracts [29,30,31,32,33], actinomycetes, yeasts, algae, fungi and viruses has been proposed [1,32,34,35]. Among microbial-facilitated AgNP formation, the use of fungi is considered as a prospective approach since fungi grow fast and, thus, ensure a higher productivity of nanoparticles (compared to other microbes), easy handling and processing. These advantages are combined with the desirable characteristics of AgNPs, for example, tunable size and high monodispersity [12,35,36,37]. Fungi are able to biosynthesize AgNPs via the intracellular and/or extracellular reduction of metal ions by cell enzymes, proteins, metabolites, sugars etc. [12,36,37]. Intracellular synthesis requires further operations to harvest the produced NPs by destroying the cells and separating the nanoparticles. As such, in most studies, extracellular synthesis is carried out, which is based on the ability of the fungal metabolites and enzymes to convert the toxic metal ions for microorganisms into non-toxic atoms that further grow into nanoparticles. Early studies described the attempts of AgNP formation by the use of entire fungi suspension [38,39], while, in later studies, cell-free extract was mainly applied [36,37,40]. The cell-free water extract (CFE) was obtained by washing the mycelia multiple times, followed by its extraction with sterile distilled water for 24 h and further separation of the mycelia [36,37,40]. Seventy percent of fungi that have been investigated in AgNP synthesis are pathogenic for plants, humans and animals [41]. From a safety and economic point of view, precautions are needed to deal with their negative side effects on society and the environment, which lead to the corresponding costs of the research.



In contrast, some Trichoderma species are nonpathogenic fungi; therefore, they can be used for a safe and environmentally friendly production of AgNPs. The extracellular biosynthesis of AgNPs has been carried out by using T. asperellum [42], T. viride [43], T. atroviride [44], T. harzianum [45] and T. koningii [46]. Trichoderma reesei is a nonpathogenic, ecofriendly fungus with a high growth rate and high-scale production of extracellular enzymes and proteins [47]. It secretes reductase enzymes that are able to reduce toxic silver ions to nontoxic AgNPs [37,41]. The formation of AgNPs, as well as their properties (size and shape), depends on different parameters, such as the concentration of the silver precursor (i.e., AgNO3) and its pH value; reaction time; temperature; and mass transfer conditions, i.e., mixing [33,48]. The used fungus [49,50] and the biomass/sterile distilled water ratio used in the CFE preparation [50,51] are additional factors that are worthy of attention when fungi metabolites and enzymes are used in AgNP synthesis. Some studies are available and report temperature effects on fungal-mediated AgNPs synthesis [45,49,50,51,52,53,54]. However, to the best of our knowledge, such studies have not been conducted for AgNPs obtained by means of T. reesei CFE reduction of Ag+ ions.



Another factor for AgNP growth is the mass transfer process, which is controlled by the stirring rate of the reaction mixture. In different studies on AgNP production, different fixed stirring rates were used starting from 120 [50] to 200 rpm [49]. In most cases, the syntheses were carried out at 150 rpm, for example, in [45,52,53]. However, investigations on the effect of stirring rate on AgNP formation and properties are very limited [48,49]. To the best of our knowledge, a systematic study on the effect of stirring rate on AgNP production using T. reesei CFE and the properties of the produced NPs is not available. As such, we were motivated to explore both factors in our research.



Due to the advantageous features of T. reesei, we used this fungus for the extracellular synthesis of AgNPs by applying CFE obtained through the water extraction of carefully washed fungus biomass. We studied the effect of the medium on T. reesei cultivation [55], as well as the impact of time, the concentration of the AgNO3 precursor and the concentration of CFE on the AgNP formation [56].



In this paper, we applied our previous findings concerning optimized silver nitrate concentration, medium for T. reesei cultivation and the amount of biomass used for cell-free water extraction, and, further, we investigated the impact of temperature, reaction time and agitation on the shape, size and stability of the AgNP suspension formed by the bioreduction of Ag+ ions to AgNPs. The AgNPs produced were tested for antibacterial activity toward Escherichia coli.




2. Materials and Methods


2.1. Fungus Cultivation and Synthesis of AgNPs


The Trichoderma reesei PF strain was obtained from the collection of the Biotechnology Department, Faculty of Biology, Sofia University “St. Kliment Ohridski”.



A seven-day-old culture of T. reesei cultivated on potato dextrose agar at 30 ± 1 °C was used in the study. The fungal biomass was obtained after inoculating the strain in 100 mL of growth media, which contained 2% glucose, 0.1% NH4Cl, 0.03% CO(NH2)2, 0.1% (NH4)2SO4, 0.2% KH2PO4, 0.03% MgSO4 7H2O, 0.04% CaCl2 2H2O and 0.1% corn steep liquor. All reagents were dissolved in sterile distilled water. The reagents used for media preparation and fungi cultivation were of p.a. grade, produced by Sigma-Aldrich, St. Louis, MO, USA. The incubation of the fungi was carried out in flasks of 500 cm3 for 72 h at 30 ± 1 °C, under continual shaking at 220 rpm. Sterile Whatman No. 1 filter paper was used to separate the fungus biomass from the culture broth. The biomass was washed multiple times (over twenty times) with sterile distilled water. Then, the wet biomass was suspended in sterile distilled H2O (10% biomass), and it was extracted for 24 h, under constant shaking at 150 rpm. After that, the utilized fungus biomass was separated by filtration, and the obtained CFE (containing a mixture of fungus metabolites) was used in the further experiments. Silver nitrate was dissolved in the produced CFE to obtain Ag+ ions with a concentration of 10 mM.



The formation of AgNPs via Ag+ ion reduction with enzyme extract from T. reesei fungus was studied at various temperatures, 4, 20, 30 and 40 °C, without stirring. The range was chosen by taking into account the temperature ranges for enzyme production by T. reesei [57,58] and the experimental conditions and findings of other authors for nanoparticle synthesis via T. Trichoderma harzianum [45] and Trichoderma viride [52].



In the experiments aimed at studying the effect of stirring on AgNP extracellular biosynthesis, the mixture was stirred with speeds of 0, 50, 150 and 250 rpm in 500 cm3 flasks at 30 ± 1 °C.



All experiments were carried out in dark conditions.



Sample notation is as presented in Table 1.




2.2. AgNP Characterization


Formation of AgNPs was monitored from 0 h to 144 h by UV–Vis absorption spectroscopy (on BOECO S-220 UV/VIS spectrophotometer, Hamburg, Germany) at a wavelength from 200 to 600 nm. Four milliliter samples of CFE, containing the produced AgNPs, were taken every 24 h, and their absorbance was recorded. On the 72nd and 144th h, the as-prepared AgNPs were isolated by centrifugation (30 min, 13,300 rpm), washed with distilled water several times and re-suspended to record their spectra.



Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) was used to determine the concentration of silver in samples prepared by isolation of AgNPs from the reaction mixture and their dissolution in acidic solution. AgNPs were isolated from equal volumes of reaction mixture, and the prepared acidic solutions were in equal volumes in order to ensure correct comparison for different conditions.



The synthesized and isolated nanoparticles were characterized by transmission electron microscopy (TEM). An electron microscope, JEOL model JEM 2100, 200 kV (JEOL, Tokyo, Japan), was used. A drop of re-suspended AgNPs was cast on carbon-coated copper grid and dried under ambient conditions before measurement. The dynamic light scattering (DLS) method was applied to determine the zeta potential, Z-average particle size (hydrodynamic size) and polydispersity index (PDI) of the AgNPs prepared under static and rotation conditions by using a Malvern Nano-ZS 90 analyzer (Malvern, Worcestershire, UK). For the FTIR analysis, AgNPs were washed with distilled water and ethanol, dried at 40 °C and mixed with KBr to prepare a pellet. The FTIR spectrum was scanned in the range of 4000–400 cm−1 by using a Nicolet 6700 FTIR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).




2.3. Antibacterial Activity of AgNPs


The antibacterial activity of the synthesized AgNPs was investigated against E. coli strain 3398 (ordered from Bulgarian National Bank for Industrial Microorganisms and Cell Cultures, Sofia, Bulgaria) by using the agar well diffusion method. Experiments were conducted with AgNPs synthesized for 144 h under stirring (150 rpm) and without stirring (samples Ag-144-150 rpm and Ag-144-0 rpm). E. coli strain 3398, applied in the experiments, was pre-grown on a Luria (low salt) agar, containing sodium chloride (0.5 g/L), tryptone (10 g/L) yeast extract (5 g/L) and agar (15 g/L), for 16 h at 37 ± 0.1 °C to obtain cultures in a log phase of growth. A 0.1 mL E. coli suspension (105 CFU/mL) was used to prepare bacterial lawns on the surface of individual plates containing Luria agar. Wells of 7 mm diameter were made on the agar. Each well was loaded with different amounts (25, 50, 75 and 100 µL) of produced AgNPs, and distilled water was used as a control. Thus, prepared samples were cultivated for 24 h at 37 ± 0.1 °C, and the inhibition zones were measured (mm). Four replicates of each trial were carried out.





3. Results and Discussion


3.1. Temperature Dependence of AgNP Formation


The formation of AgNPs by reduction with enzyme extract from T. reesei fungi was studied at temperatures of 4, 20, 30 and 40 °C without stirring and monitored using UV–Vis spectroscopy. Based on regular 24 h measurements and our previous experimental results reported elsewhere [56], we chose to examine the reaction mixtures at the 72nd and 144th h of reaction duration and to isolate the AgNPs from the organic liquor for further characterization. Figure 1a depicts the absorption spectra of the reaction mixtures kept at different temperatures for a 72 h reaction time, and Figure 1b visualizes the color changes of the same samples, which were noticeable even on the first day. It can be seen that the intensity of the peak centered at 438 nm, which is assigned to the plasmon resonance of metallic Ag [59], increases with the temperature, and it is well pronounced for the sample obtained at 40 °C.



However, at 4 °C, the rate of the reaction was very slow due to the low enzyme activity at such a temperature [54]. A very slow reduction reaction rate was also observed by Ahluwalia and coauthors [45] at 10 °C when CFE from Trichoderma harzianum was used as a reducing agent. A characteristic band at 287 nm for the proteins remained unchanged, and only a shoulder at 360 nm appeared in the spectrum of the sample kept at 4 °C for 72 h (black line). This is the reason why we chose to exclude that sample from the next steps of the analysis.



It is worth mentioning that the dispersion is stable and that further aggregation of AgNPs does not occur until the 144th h of reaction, as a red shift of the absorption band in the UV–Vis spectra was not observed.



The AgNPs formed at the 72 h and 144 h reaction times from the enzyme-induced reaction were isolated, washed with water and re-dispersed in distilled water. Figure 2 shows the absorption spectra of the aqueous dispersions of the AgNPs formed at 20, 30 and 40 °C and isolated from the reaction mixture after 72 h (Figure 2a) and 144 h reaction times (Figure 2b). The absorption bands are observed at 415 nm without a significant shift of the band maximum, suggesting that the particle size and distribution are not drastically changed in the temperature range of 20–40 °C.



Ma and coauthors observed the surface plasmon resonance absorption band at 417 nm for AgNPs produced for 72 h by using CFE from Penicillium aculeatum fungus [51]. Rolim et al. observed the surface plasmon resonance absorption band at 410 nm for AgNPs and PEG-capped AgNPs produced by green tea extract biosynthesis [60]. Moreover, some authors found a relationship between the maximum of the absorption band and the NP shape; for example, spherical AgNPs showed a peak around 400 nm, while long-wavelength peaks arose from triangular and hexagonal shapes [48].



Figure 2 also shows that the intensity of the absorption bands increases with the temperature and time, indicating that the amount of AgNPs increases if the reaction is carried out at a higher temperature, as well as for a longer time.



The concentrations of Ag in the aqueous dispersions obtained at different temperatures and reaction times were determined by ICP, and the results are listed in Table 2. ICP data are in good agreement with the UV–Vis results and confirmed that the highest amount of AgNPs was prepared at 40 °C with a 144 h reaction duration.



As it can be seen in Figure 2 and Table 2, the rate of reduction and, correspondingly, the amounts of AgNPs formed at 20 and 30 °C are very close. Ahluwalia and coauthors [45] also observed proximate reaction rates for Ag+ ions’ reduction at 20 and 30 °C and a significant increase in the reaction rate when the temperature was increased up to 40 °C. They did not find a notable distinction between the reaction rates at 40 and 50 °C. Ma and coauthors determined 37 °C as the optimal reaction temperature, at which the highest yield of AgNPs was produced by CFE from Penicillium aculeatum with a narrow size distribution of NPs [51].



Furthermore, the morphology and particle size were characterized using TEM. The TEM images and size distribution for the samples Ag-72-20 °C, Ag-72-30 °C and Ag-72-40 °C are presented in Figure 3 and Figure 4, respectively. In Figure 5 and Figure 6, TEM micrographs and size distribution diagrams of the samples Ag-144-20 °C, Ag-144-30 °C and Ag-144-40 °C, respectively, are displayed. The AgNPs show a sphere-like shape and a particle diameter in the range of 2–25 nm (up to 35 nm for Ag-72-20 °C), which is slightly affected by both the temperature and reaction time. In all images (Figure 3 and Figure 5), numerous small nanoparticles (2–6 nm) and bigger ones (15–20 nm) are seen, resulting from a slow formation of particles with different sizes in the presence of CFE. In the case of sample Ag-72-20 °C, nanoparticles with a relatively higher average diameter than those of Ag-72-30 °C and Ag-72-40 °C were observed. A similar effect of temperature on the extracellular synthesis of AgNPs with the water extract of Rhizopus stolonifer was observed by Rahim and coauthors. They found large AgNPs (with size 25.89 nm) produced at 20 °C and small monodispersed AgNPs (with size 2.86 nm) synthesized at 40 °C. [54].



At the same time, the average diameters of the AgNPs formed at the three temperatures and isolated at the 144th hour are very similar, and it is confirmed that the temperature (in the range of 20–40 °C) does not play a crucial role in the NP’s size change. Regardless of the temperature, with an increase in the time duration, the AgNPs become unisized. In contrast, Cieśla et al. found that if the temperature increased from 5 to 20 °C, the absorbance maxima shifted toward longer wavelengths corresponding to bigger nanoparticles [48], while Fayaz and coauthors [52] found that the UV–Vis peaks of AgNPs moved to a smaller wavelength with an increase in the temperature (405 nm at 40 °C, 420 nm at 27 °C and 451 nm at 10 °C) when Trichoderma viride extract was used. However, we take note that, in their case, the amount of biomass used for the water extraction is 2.5 times higher, which might be crucial for NP growth.



Recently, Liu et al., for the first time, discussed in detail the effect of temperature on particle size based on a microscopic kinetic study. They found that in addition to temperature, the concentration of the Ag+ ions is also crucial for nucleation and growth processes during the formation of AgNPs, and they confirmed the conclusion that the size decreases with an increase in the temperature if the Ag+ ions are in excess in the system with respect to the reducing agent [61].



In our experiments, the initial concentration of Ag+ was kept constant at all temperatures (4, 20, 30 and 40 °C), and it was sufficient for AgNP formation and growth. Previously, we found that less than 10% of Ag+ ions were bio-transformed to AgNPs, leaving a sufficient amount of unreduced ions in the liquor, which might be reduced under appropriate conditions. As can be seen in Figure 4, at elevated temperatures (30 and 40 °C), the mean size is smaller than that at 20 °C, which can be explained with the favorable growth of Ag clusters rather than nucleation at lower temperatures. At the same time, at higher temperatures, the reduction rate of Ag+ ions is faster, giving more Ag(0) centers, which grow into AgNPs with a smaller size, higher concentration and narrow size distribution [52].



A prolonged keeping of the reaction mixture (144 h) leads to uniform size and size distribution, as shown in Figure 5 and Figure 6. Importantly, after the 72 h, the reaction continued to occur, and more AgNPs were produced, as seen in Figure 2b. As such, we chose a temperature of 40 °C and a duration of 144 h as optimal conditions for the production of AgNPs with a moderate yield and a particle size in the range of 2–25 nm.




3.2. Stirring Dependance of AgNP Formation


In order to evaluate the effect of stirring on the rate of AgNP formation, as well as on the size and shape of the AgNPs, synthesis was carried out under static conditions and with continuous stirring with a rotation speed from 50 to 250 rpm. The samples were kept at a temperature of 30 ± 1 °C and processed for UV–Vis measurement, isolation and further characterization at the 72nd and 144th h of reaction duration.



The absorbance spectra of the reaction mixtures taken 72 h after keeping the samples at different stirring conditions are shown in Figure 7. The peak at 287 nm, typical for cell-free extract solution, decreases in all cases, showing a consumption of proteins and/or a change in their structure in the redox reaction. In parallel, a broad band centered at 440 nm appears due to the formation of AgNPs with different sizes. After isolation and re-dispersion of the AgNPs in distilled water, the UV–Vis spectra revealed no wavelength shift but a slight difference in absorption intensities between the samples obtained at different rotation speeds (Figure 8a). A relatively small effect of stirring on the AgNP formation was also observed by EL-Moslamy and coauthors in 24 h experiments using extracellular filtrate of T. harzianum [49].



More intensive peaks were recorded for the reaction mixtures kept for 144 h (Figure 8b), demonstrating the positive effect of stirring on the rate of AgNP formation. Taking into account the collision theory for the rate of reaction, we propose that an agitation reflects on the orientation of molecules and increases the frequency of effective collisions, thus increasing the rate of reaction. In all cases, the absorption band was observed around 415 nm, indicating that the particle size is not drastically affected by the rotation speed. The silver concentration in aqueous dispersions of AgNPs determined by ICP (Table 2) varies from 11.1 to 15.2 mg/L and from 27.7 to 42.0 mg/L for samples isolated at the 72nd and 144th h, respectively. The amount of AgNPs produced increases with an increase in the rotation speed of agitation until 150 rpm (Table 2). As such, that is why we chose a rotation speed of 150 rpm as representative for the so-called dynamic conditions in our experiments.



Furthermore, TEM images of four samples, namely, Ag-72-0 rpm and Ag-72-150 rpm, Ag-144-0 rpm and Ag-144-150 rpm, prepared under static and dynamic conditions, for 72 h and 144 h reaction times, respectively, were taken, and these are displayed in Figure 9a–d. The size distribution diagrams of the same samples are shown in Figure 10. The HR-TEM image and the SAED pattern (Figure 9e,f) revealed crystalline AgNPs biosynthesized for 72 h at a rotation speed of 150 rpm. Thus, the influence of stirring on shape, size and size distribution was determined by microscopic analysis. For this purpose, we compare the particle size after 72 h, shown in Figure 9a,b and Figure 10a,b. Under static conditions, there are numerous AgNPs with a size of 2–6 nm, which is most probably due to favorable nucleation and a slower growth of AgNPs affected by the surrounding biomolecules. At agitation of the reaction mixture, the growth process is facilitated, and a significant fraction of particles with a size of 14–16 nm can be observed. When the suspension is kept for a longer time (144 h) without mixing, the particle size under static conditions gradually increases, and the main part of the counted particles shows a diameter of 4–15 nm. Surprisingly, mixing for 144 h leads to a decrease in the mean size, and the core fraction is in the range of 2–6 nm in diameter. In order to confirm this observation, we performed a DLS analysis of samples Ag-144-0 rpm and Ag-144–150 rpm. The DLS-determined Z-average particle size (hydrodynamic size) of AgNPs is 190.8 ± 6.0 nm and 116.8 ± 1.7 nm for Ag-144-0 rpm and Ag-144-150 rpm, respectively, showing the formation of bigger particles under static conditions (Table 3). Not only could the growth of particles happen with time, but the hydrated layer of metallic particles could also become larger. Due to the solvation effect of the capping molecules around the AgNPs, the Z-average size is much higher than the one determined from the TEM images (8.2 and 5.1 nm for Ag-144-0 rpm and Ag-144-150 rpm, respectively, Figure 10c,d). Additionally, the polydispersity index (PDI) values for samples Ag-144-0 rpm and Ag-144-150 rpm are 0.36 ± 0.01 and 0.43 ± 0.02, respectively (Table 3), indicating that the particles can be considered as monodispersed and not aggregated, which is in good agreement with the size distribution derived from the TEM data [62]. Some authors reported that during AgNP synthesis by reduction with NaBH4 and the presence of nanocellulose, the mixing of reagents causes various sizes and shapes of AgNPs, while without mixing, only spherical NPs are formed [48]. In our case, we did not observe different particle shapes obtained with and without agitation, and only spherical ones can be seen in the TEM images (Figure 9).



By using the DLS method, the zeta potential was also determined (Table 3). The magnitude of the zeta potential allows one to assess the stability of AgNPs in aqueous colloids. If the zeta potential is more negative than −30 mV (or more positive than +30 mV), the particles are considered stable, as they will repel each other [63]. The zeta potential of samples Ag-144-0 rpm and Ag-144-150 rpm was found to be −49.0 ± 3.0 mV and −51.4 ± 4.3 mV, respectively. Thus, these values are indicative of the high stability of the obtained nanoparticle colloids in both cases (with or without stirring). The negative sign of the zeta potential is due to the presence of negatively charged functional groups in the biomolecules surrounding the AgNPs. Similar negative values of zeta potential were reported for AgNPs coated with organic molecules and prepared by other green methods [48,60,62].



In the FTIR spectrum of the AgNPs, shown in Figure 11, stretching vibrations for the deprotonated carboxyl group (νCOO−) are observed at 1590 and 1382 cm−1. Furthermore, the broad band centered at 3400 cm−1 is assigned to the stretching vibrations of –N–H and –O–H bonds; the strong bands at 1636 and 1070 cm−1 are due to a carbonyl group (νC=O) in amide and a C–O single bond (νC–O); and the weak bands at 2927, 2850 and 1452 cm−1 arise from asymmetric and symmetric stretch vibrations and the deformation vibrations of C–H bonds from CH3 and CH2 groups [64]. Thus, it was suggested that the deprotonated proteins wrap the AgNPs to improve their stability and dispersion in aqueous solutions [49,51]. In our previous work, the –COOH, –NH2 and –OH functional groups in the proteins of cell-free extract were also proven by FTIR [56].




3.3. Summary of the Optimized Experimental Conditions for AgNP Biosynthesis by Cell-Free Extract from Trichoderma reesei Fungus


It is well known that time, temperature, the concentration of the reactants etc., are important factors for variations in the size and shape of nanoparticles, determining the properties, such as optical, catalytic and antibacterial properties, of materials. As such, this motivated us to explore and optimize as many reaction conditions as possible to achieve control of AgNP formation. The effect of the nutrient medium components for T. reesei cultivation on the biosynthesis of AgNPs from Ag+ ions was previously tested in five media. The basic medium (1) included 2% glucose, 0.1% NH4Cl, 0.03% CO(NH2)2, 0.14% (NH4)2SO4, 0.2% KH2PO4, 0.03% MgSO4·7H2O and 0.04% CaCl2·2H2O. In the other media, four different additives were used, and the contents are as follows: (2) medium 1 + 0.1% yeast extract, (3) medium 1 + 0.1% corn steep liquor, (4) medium 1 + 0.1% peptone medium, and (5) medium 1 + 0.1% casamino acids [55]. It was found that medium 3, containing corn steep liquor, was the most suitable for the cultivation of T. reesei, and it was used further for AgNP biosynthesis.



Among the tested parameters, the amount of biomass (5, 10 and 15%) used to obtain the CFE, the initial concentration of the AgNO3 solution (2, 10 and 18 mM), the time (up to the 168th h), the optimal conditions of 10% biomass in CFE extraction, 10 mM AgNO3 solution and the reaction time of 144 h were chosen for Ag+ reduction and the production of AgNPs [56].



In the present paper, we show the results of the effect of stirring rate and temperature on AgNP biosynthesis. We assume a rotation speed of 150 rpm, temperature of 40 °C and biosynthesis duration of 144 h as optimal conditions for producing the maximum amount of NPs.




3.4. Antibacterial Activity of Synthesized AgNPs


Some authors presented data on the antibacterial effect of silver nanoparticles on test microorganisms, including biotransformation performed with Trichoderma species [43], T. atroviride [44], T. harzianum [45] and T. koningii [46]. Our study focuses on the influence of the experimental conditions on the physicochemical characteristics of the synthesized AgNPs and, consequently, on their inhibitory effect on the growth of E. coli, strain 3398, as a test microorganism. Antibacterial tests were conducted with samples Ag-144-0 rpm and Ag-144-150 rpm synthesized at the optimized conditions mentioned above under static and stirring conditions.



The results on the antibacterial effect of the synthesized AgNPs are presented in Table 4 and Figure 12.



As can be seen in Table 4, increasing the applied amount of AgNPs caused an increase in the antibacterial effect against the tested microorganism. At the maximum amount used (100 μL), the size of the inhibition zones was 14.5 mm for both cases. The data presented show that the antibacterial effect of AgNPs is reproducible, and it is not affected by the size and morphology of the AgNPs obtained under different conditions of mass transfer.





4. Conclusions


In conclusion, it can be stated that the CFE of T. reesei is a suitable reagent for the production of monodispersed AgNPs, which are stabilized by the capping effect of the biomolecules in CFE. The study of temperature dependence revealed that, under optimized conditions for biotransformation, the highest amount of stable sphere-like AgNPs was produced at 40 °C.



When the mass transfer effect was studied under static and dynamic mixing conditions, a rotation speed of 150 rpm was chosen as the most suitable for the biosynthesis of stable and small AgNPs in the highest amount.



The TEM analysis showed that the size of AgNPs was in the range of 2–25 nm, while the main fraction of the NPs had a diameter of 2–6 nm.



The AgNPs capped with biomolecules demonstrated antibacterial activity toward E. coli. The tests showed no significant difference between AgNPs synthesized under static conditions and those under stirring conditions with a speed of 150 rpm.



Overall, taking into account our investigations on reaction conditions, we can conclude that the optimal settings for the synthesis of stable spherical monodispersed AgNPs are (a) T. reesei cultivation in a glucose-based medium containing corn steep liquor, (b) 10% biomass to extract fungus metabolites and enzymes (CFE), (c) a 10 mM concentration of AgNO3, (d) a temperature of 40 °C, (f) a stirring speed of 150 rpm and (g) a reaction time of 144 h.
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Figure 1. (a) UV–Vis spectra taken at 72nd h from the reaction mixtures kept at different temperatures (4, 20, 30 and 40 °C). (b) Color change of the reaction mixture for 24 h at 4, 20, 30 and 40 °C from left to right. 
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Figure 2. Temperature dependence of AgNP formation at 20, 30 and 40 °C. UV–Vis spectra of aqueous dispersions of AgNPs isolated from the reaction mixture after 72 h reaction time (a) and 144 h reaction time (b). 
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Figure 3. TEM images of the samples (a) Ag-72-20 °C, (b) Ag-72-30 °C and (c) Ag-72-40 °C. 
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Figure 4. Size distribution for the samples (a) Ag-72-20 °C, (b) Ag-72-30 °C and (c) Ag-72-40 °C. 
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Figure 5. TEM images of the samples (a) Ag-144-20 °C, (b) Ag-144-30 °C and (c) Ag-144-40 °C. 
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Figure 6. Size distribution for the samples (a) Ag-144-20 °C, (b) Ag-144-30 °C and (c) Ag-144-40 °C. 
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Figure 7. UV–Vis spectra of the starting reaction mixture and the reaction mixtures kept under static conditions (Ag-72-0 rpm) and stirring with different rotation speeds (50, 150 and 250 rpm) for reaction time 72 h. The temperature was kept constant (30 ± 1 °C). 
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Figure 8. UV–Vis spectra of the aqueous dispersions of AgNPs isolated from the reaction mixtures stirred at 0, 50, 150 and 250 rpm after (a) 72 h reaction time and (b) 144 h reaction time. 
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Figure 9. TEM images of the samples (a) Ag-72-150 rpm, (b) Ag-72-0 rpm, (c) Ag-144-150 rpm and (d) Ag-144-0 rpm. HR-TEM image of AgNP from the sample Ag-72-150 rpm (e) and SAED pattern (f). 
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Figure 10. Size distribution for the samples (a) Ag-72-150 rpm, (b) Ag-72-0 rpm, (c) Ag-144-150 rpm and (d) Ag-144-0 rpm. 
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Figure 11. FTIR spectrum of the isolated and dried AgNPs. 
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Figure 12. Inhibition zones of the AgNPs obtained by biotransformation under static and dynamic conditions, with respect to E. coli strain 3398: (a) 50 μL suspension of Ag-144-0 rpm (on the left) and Ag-144-150 rpm (on the right) with distilled water used as control; (b) 25, 50, 75 and 100 μL suspension of Ag-144-0 rpm (in the left Petri dish) and Ag-144-150 rpm (in the right Petri dish). 






Figure 12. Inhibition zones of the AgNPs obtained by biotransformation under static and dynamic conditions, with respect to E. coli strain 3398: (a) 50 μL suspension of Ag-144-0 rpm (on the left) and Ag-144-150 rpm (on the right) with distilled water used as control; (b) 25, 50, 75 and 100 μL suspension of Ag-144-0 rpm (in the left Petri dish) and Ag-144-150 rpm (in the right Petri dish).



[image: Materials 15 00481 g012]







[image: Table] 





Table 1. Sample notation.
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	Sample
	Description
	Sample
	Description
	Conditions





	Ag-72-4 °C
	AgNPs synthesized for

72 h at 4 °C
	Ag-72-0 rpm
	AgNPs synthesized for 72 h

at 30 °C without stirring
	Static



	Ag-72-20 °C
	AgNPs synthesized for

72 h at 20 °C
	Ag-72-50 rpm
	AgNPs synthesized for 72 h

at 30 °C at stirring 50 rpm
	Dynamic



	Ag-72-30 °C
	AgNPs synthesized for

72 h at 30 °C
	Ag-72-150 rpm
	AgNPs synthesized for 72 h

at 30 °C at stirring 150 rpm
	Dynamic



	Ag-72-40 °C
	AgNPs synthesized for

72 h at 40 °C
	Ag-72-250 rpm
	AgNPs synthesized for 72 h

at 30 °C at stirring 250 rpm
	Dynamic



	Ag-144-4 °C
	AgNPs synthesized for 144 h at 4 °C
	Ag-144-0 rpm
	AgNPs synthesized for 144 h at 30 °C without stirring
	Static



	Ag-144-20 °C
	AgNPs synthesized for 144 h at 20 °C
	Ag-144-50 rpm
	AgNPs synthesized for 144 h at 30 °C at stirring 50 rpm
	Dynamic



	Ag-144-30 °C
	AgNPs synthesized for 144 h at 30 °C
	Ag-144-150 rpm
	AgNPs synthesized for 144 h at 30 °C at stirring 150 rpm
	Dynamic



	Ag-144-40 °C
	AgNPs synthesized for 144 h at 40 °C
	Ag-144-250 rpm
	AgNPs synthesized for 144 h at 30 °C at stirring 250 rpm
	Dynamic
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Table 2. Silver concentration of aqueous dispersions of the AgNPs after their isolation determined by ICP.
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	Sample
	Ag (mg/L)
	Sample
	Ag (mg/L)





	Ag-72-20 °C
	13.6
	Ag-144-20 °C
	31.9



	Ag-72-30 °C
	14.5
	Ag-144-30 °C
	32.5



	Ag-72-40 °C
	22.0
	Ag-144-40 °C
	61.1



	Ag-72-0 rpm
	11.1
	Ag-144-0 rpm
	31.9



	Ag-72-50 rpm
	10.8
	Ag-144-50 rpm
	27.7



	Ag-72-150 rpm
	15.2
	Ag-144-150 rpm
	42.0



	Ag-72-250 rpm
	14.2
	Ag-144-250 rpm
	35.6
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Table 3. DLS data for the AgNPs obtained under static and dynamic conditions.
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	Sample
	Zeta Potential (mV)
	Z-Average Particle Size (nm)
	PDI





	Ag-144-0 rpm
	−49.0 ± 3.0
	190.8 ± 6.0
	0.36 ± 0.01



	Ag-144-150 rpm
	−51.4 ± 4.3
	116.8 ± 1.7
	0.43 ± 0.02
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Table 4. Inhibition zones of the AgNPs (25, 50, 75 and 100 μL suspensions) obtained by biotransformation under static (Ag-144-0 rpm) and dynamic (Ag-144-150 rpm) conditions, with respect to E. coli strain 3398.
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	Volume of AgNPs

Suspension (μL)
	Inhibition Zone of

Ag-144-0 rpm (mm)
	Inhibition Zone of

Ag-144-150 rpm (mm)





	25
	11.5
	11.0



	50
	12.5
	12.0



	75
	13.5
	13.0



	100
	14.5
	14.5
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