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Abstract

:

An interesting development of biotechnology has linked microbial cell immobilisation with nanoparticles. The main task of our research was to reveal the possible influences of differently electrically charged diamond nanoparticles upon physiological characteristics of the yeast Saccharomyces cerevisiae. It was revealed that the adverse impact of these nanoparticles can manifest not only against prokaryotes, but also against eukaryotic yeast cells. However, the obtained results also indicate that it is possible to reduce and, most likely, completely eliminate the dangerous effects of nanoparticles to cells by using special physical approaches. Comparison of non-arylated and arylated nanoparticles showed that in terms of changes in the physiological activity of cells, which are important to biotechnology and biomedicine, the selection of certain nanoparticles (non-arylated or arylated) may be necessary in each specific case, depending on the purpose of their use.
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1. Introduction


Immobilisation of microorganisms on the surface or inside various carriers is a widely used approach in different biotechnological processes. There are a lot of advantages of immobilised cell application compared to free cells. It was shown that microbial cell immobilisation may lead to enhancement of fermentation productivity, increased stability of cells, as well as decreased overall costs of recovery, regeneration, recycling and downstream processes [1]. Application of immobilised systems allows the possibility of reusing them in the repeated cycles of various biotechnological processes. Besides these advantages, it was shown that, for example, immobilisation of yeast cells may change their physiological characteristics and improve their biotechnological properties, such as ethanol productivity and heavy metal sorption for the purification of the environment, among others [2,3,4,5]. Immobilisation of yeast cells improves their resistance to desiccation, which is important for the storage of industrially important strains in plant collections [6].



An interesting development in this industrial microbiology direction is linked with microbial cell immobilisation with nanoparticles. The systems that are obtained as a result of this process are called either immobilised microbial nanoparticles, microorganisms functionalised by nanoparticles, microorganisms immobilised on nanoparticles or microorganisms decorated with nanoparticles [5,7,8,9,10,11]. We suppose that they may also be referred to as nanoparticles immobilised on the surface of microorganisms or nanoparticles immobilised on or inside the microorganisms. Most of these studies are linked to the application of magnetic nanoparticles for immobilisation and further use of these systems for the biosorption and removal of pollutants and purification of wastewaters, soils and aquatic environments [5]. At the same time, this approach has also been applied to other biotechnological, medical and pharmacological goals over the last few years [11,12,13,14,15]. Another new and important direction of these studies is linked to nanodiamond (ND) particle application in biotechnological and medical fields. It was found that these nanoparticles could enter cells without causing any damage to the cell walls or the cell. This allows for the possibility of using them as efficient potential drug delivery carriers. It is supposed that they are non-toxic and non-reactive [16]. Recent studies revealed the possibility of using nanodiamond particles in treatments for cancers, including brain tumours and breast cancers, autoimmune diseases and cardiovascular affections [16,17,18,19,20].



At the same time, there are different results of studies of microbial sensitivity to diamond nanoparticles. The authors of one study concluded that these nanoparticles have antimicrobial activity in relation to Escherichia coli and Bacillus subtilis. They revealed interaction of diamond nanoparticles with bacterial surfaces and supposed their influence upon permeability of the bacterial cell wall and/or membrane [21]. Other researchers, who used yeast in their studies, have not found any negative effects of diamond nanoparticles on these cells [22,23].



The surface charge of a substrate has a strong influence on immobilisation of cells and their physiological activity [3]. However, the influence of the surface charge value of the nanoparticles on their connection with the cell and the physiological activity of the latter are unknown.



Diamond nanoparticles are unique dielectric materials in which electric charge may be easily induced.



The yeast Saccharomyces cerevisiae have been chosen for the present research. S. cerevisiae cells have a strong cell wall that the nanoparticle likely may not deform and, because of this, they influence cell physiology.



The main task of our research was to reveal possible influences of differently electrically charged diamond nanoparticles on physiological characteristics of S. cerevisiae. We took into account, on the one hand, the practical importance of yeast in various areas of the food industry and biotechnology and that, on the other hand, their cells are unique and a perfect model of any eukaryotic cell that allows them to be used in various molecular biology, medical and pharmacological studies.




2. Materials and Methods


2.1. Nanoparticles and Their Functionalisation


Commercial native Raw Detonation Nanodiamonds (nanoparticles manufactured Adamasnano, Raleigh, NC, USA, average particle size 4–5 nm, aggregated in ~170 nm particles, 2% ash content) were used. To functionalise nanoparticles (NP), physical and chemical approaches were employed.



Physically, the electrical functionalisation of NP (deposition of the electric charge) was provided with ultraviolet radiation (UV). The UV lamp Lightningcure LC5 (Hamamatsu, Japan) was used. The intensity of the ultraviolet light lamp was 3500 W/cm2 with an output wavelength of 365 nm. Following the manufacturer’s certificate of the lamp, the radiation stability was within ±5%. The distance between the light source and the substrates surface was 30 cm. The exposure time was 30 and 90 min. It was verified that the substrate was not heated in such conditions.



To identify the deposited surface electric charge, near-threshold photoelectron emission spectroscopy was employed [24]. The electron work function (ϕ) is directly proportional to the electric charge density (I) at the surface emitting electrons. To measure the electron work function, the NP were radiated with UV light and the energy of the photons was varied from 4.2–6.0 eV. Alongside electron emission current was measured. The electron work function was identified at the energy of the photon when I (hυ) = 0 [24]. To achieve this, the I (hv) line was extrapolated to I = 0. Measurements were taken in vacuum conditions ~10−5 Torr.



To functionalise ND particles chemically, arylation functionalisation was used. First, 1 M borane–tetrahydrofuran (BH3•THF) (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany), dry tetrahydrofuran (THF) (Life Technologies GmbH, Darmstadt, Germany) and 4-aminobenzoic acid (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) were employed.



Arylation of ND was performed by adding 10 g of aminobenzoic acid and 5 mL of amyl nitrite to 10 mL of a 150 mg/mL aqueous ND suspension under stirring at 80 °C for 15 h. Amyl nitrite was used for the in situ generation of diazonium salts [25]. It was conjugated with the NDs via the click chemistry method [26]. Five washing cycles in ddH20 and 15 in acetone were required to obtain a transparent supernatant after centrifugation and to ensure that excess chemicals were removed. All ND samples were dried overnight using a vacuum desiccator after surface modification.



Fourier transmission infrared spectroscopy (FTIR) (FTIR, VERTEX 70v, Bruker) was used to characterise the ND surface. The infrared absorption spectra were recorded in the range from 450 cm−1 to 4000 cm−1 with four scan cycles and a resolution of 2 cm−1. Three measurements were performed for each sample and the mean value was determined for further analysis.



Nanoparticle tracking analysis (NTA) (ZetaView PMX120, Particle Metrix GmbH, Inning am Ammersee, Germany) was used to determine the particle size distribution. Then, 1 mg of ND was mixed with ddH2O and sufficiently diluted. Measurements were recorded at RT and a neutral pH = 7. The wavelength of the laser was 488 nm. Prior to the measurement, nanodiamond suspensions were sonicated using ultrasound bath for 10 min. The final ND suspension was stable for at least 10 h.



Depending on the interplay of electrostatic and van der Waals interactions, ND can aggregate in aqueous media or exist as homogeneous dispersions [27]. The stability of aggregates was tested in water. The mean diameter of arylated nanodiamonds particles was ~134 nm.




2.2. Strains, Nutrient Medium and Culture Conditions


Yeast strain Saccharomyces cerevisiae 77 from Microbial Strain Collection of Latvia was used in this investigation. The strain was maintained on YPD agar medium (gL−1): yeast extract—10, peptone—20, glucose—20 and agar—20 at 4 °C. The yeast was cultivated at 30 °C in a nutrient-rich, complex YPD liquid medium (gL−1): yeast extract—10, peptone—20 and glucose—20. Culture density was monitored at a wavelength of 595 nm using a Tecan’s Sunrise Absorbance Microplate Reader (Switzerland). Mean values of optical density were plotted against incubation times for each sample, as well as the control. At least three independent cultivation experiments were performed during this study.




2.3. Preparation of Yeast Suspension and Immobilisation Procedure


Yeast biomass was collected from 10 mL suspension of S. cerevisiae 77 after 24 h of growth by centrifugation. The biomass was washed with distilled water. The supernatant was discarded after centrifugation, and the washed biomass was diluted with distilled water up to 80 mL in a 100 mL volumetric cylinder to obtain an optical density of OD595 ≈ 0.5 using a Tecan’s Sunrise Absorbance Microplate Reader (Switzerland). If necessary, the suspension was additionally diluted with distilled water until the optimum suspension density was reached. The prepared yeast suspension was added to a certain amount of aqueous suspension of nanodiamond particles in a ratio of 1:1. The samples were placed on an orbital shaker and rotated at 50 rpm for 1 h at 25 °C.




2.4. Immobilisation Evaluation


The nanoparticles’ connection with the cells was evaluated using visual observation under the microscope and the segregation pace of the particle–cell aggregates.



The visual observation was performed in phase-contrast mode, which allowed for the possibility of evaluating the nanoparticle immobilisation level rather quickly. Images of the cells with immobilised nanoparticles were obtained with a computer-controlled Olympus BX51 fluorescence microscope equipped with a 100-W mercury lamp, attached to a Peltier-cooled CCD camera DP71 (Olympus, Tokio, Japan). Microscope magnification 1000 was used to visualise cells in phase-contrast mode. Image acquisition was performed using Cell^F imaging software (Olympus, Tokio, Japan).



The segregation pace of the particle–cell aggregates was indemnified using spectrophotometry (UV-VIS Thermo Spectronic Helios Gamma, Zagreb, Croatia).



The NPs were mixed with cells in the distilled water. The optical absorbance of the solutions at 595 nm was around 1. The absorbance (A) time-dependent relaxation was measured. The time (t) constant (τ) (Equation (1)) of relaxation was identified at the beginning of relaxation when the latter had the highest pace (t < 4 min).


   1 τ  ~ −   ln  ( A )   t  ,  



(1)







Influence of UV exposure to native and chemically processed NP-cell aggregates on time constant was evaluated.




2.5. Cell Viability Determination


The classical method of colony forming units (CFU) and fluorescent microscopy with the application of fluorochrome primuline (mol. wt. 475.5) [28] were used for viability determination. Fluorescent images were taken after 500 ms of exposure with a U-MNIBA2 mirror unit (470–490 nm excitation/510–550 nm emission). About 1000 cells were counted in microscope for the determination of the viability of each sample using the fluorescent method. At least 3 parallel experiments were evaluated for each sample.




2.6. Determinations of Lag Phase


Next, 10 μL of suspension of the immobilised system of nanodiamond particles on and in yeast cells was taken in 10–12 parallel repetitions from each sample. These aliquots were used to inoculate YPG media (190 μL) in a 96-well microplate. Cells were grown aerobically with shaking under optimal temperature conditions (30 °C). The optical density at a wavelength of 595 nm was then monitored in a Tecan’s Sunrise Absorbance Microplate Reader (Switzerland) at 30 °C for 24 h. The mean values of optical density were plotted against incubation times for each treated sample, as well as for the control.




2.7. Statistical Methods


In microbiological studies, at least 3 independent experiments (each in triplicate or 10–12 parallel repetitions for growth curves) were performed. Results were expressed as the mean ± standard deviation. The results were analysed through a one-way analysis of variance (ANOVA test). In this way, significant differences among samples and sample groups were calculated. A p-value < 0.05 was considered statistically significant.





3. Results and Discussion


3.1. ND Surface Characterisation and Charge Deposition


Following the near-threshold photoelectron emission measurements (Figure 1), the native and chemically functionalised particles were characterised with the values of ϕ (5.10 ± 0.10 and 4.90 ± 0.07 eV, respectively).



The result demonstrates that chemical functionalisation tended to deposit more positive charge on the ND particles surface. This could be because the native ND particles are coated with a layer of atmospheric water consisting of O-H dipoles; however, the chemically functionalised particles covered with polymeric film have C-H dipoles (Figure 2). Because the electron emits via the electric field created by the dipole, the latter has an influence on ϕ. The electric field of O-H is around four times stronger compared to the field created by C-H, because their dipole moments are equal to 1.500 D and 0.339 D, respectively [29,30].



FTIR analyses demonstrated the presence of C-H (wavenumber = 3300 cm−1) against O-H (wavenumber = 3420 cm−1) couples on the chemically processed NPs (Figure 2).



To explore the possibility of controlling ϕ of the chemically processed ND particles, they were irradiated with UV alongside the native particles. Figure 3 demonstrates the increment (Δϕ) of ϕ under UV.



Following the results in Figure 3, the UV irradiation increases the ϕ of both native and chemically processed ND particles. This means the UV deposits the negative charge onto the ND particles.




3.2. Viability of Yeast Cells with Immobilised Nanodiamond Particles


The ND particles were immobilised on/in the yeast cells using a traditional method of joint incubation under non-growing conditions. In this case, the water suspension of ND particles was mixed for a certain time (1 h in this study) with the suspension of the yeast taken from the stationary growth phase of the culture in water. Figure 4 shows the results of visual observation of the quality of native ND particles immobilisation on/in yeast cells using light microscopy.



As it seen in Figure 4, yeast cells with immobilised non-treated and UV-treated native ND particles show a tendency to aggregate. It should be noted here that the aqueous suspension of these ND particles is unstable. Irregular conglomerates formed quite quickly, and they remained after sufficiently hard shaking of the suspension at Vortex. Another situation was observed for yeast cells with chemically processed ND (ArND) immobilised on their surface. In this case, the shape and size of nanodiamond agglomerates were more regular, and the formation of cell clusters was not observed (Figure 5).



Spectrophotometric measurements were applied to evaluate NP-cell aggregates segregation pace. Figure 6 demonstrates that time constant τ decreases with UV exposure in both native and chemically processed NP-cell aggregates.



Figure 6 gives the sense that NP-cell aggregates segregate faster if UV exposure increases. Because of this, one might assume that the size (i.e., weight) of the NP-cell aggregates is controlled by UV: heavier aggregates “fall down” faster.



At the beginning of the study of the physiological state of yeast, after immobilisation on/in diamond nanoparticles, we determined the viability of cells. Two different methodological approaches were used. The first one was based on the use of fluorescent microscopy and fluorochrome primulin (mol. wt. 475.5). This fluorochrome does not penetrate inside viable cells and the only wall of the fluorochrome-stained cell fluoresces. In severely damaged dead cells, this fluorochrome binds to cytoplasm, resulting in a bright yellow-green fluorescence of the whole yeast cell. These experiments showed that immobilisation of ND particles on/in yeast cells led to the loss of viability of some part of the cell population. Viability of the cells with immobilised ND particles that were non-treated with UV was 62 ± 3%. A short pretreatment (for 30 min) of these particles with UV mitigated the negative effect of their immobilisation, and the viability of cells in this case was 75 ± 4%. All these differences are statistically significant (p < 0.05). However, as previously noted, these particles in aqueous suspension of yeast cells have irregular shapes and sizes and have a tendency to form conglomerates that make the determination of cell viability via the fluorescence method more difficult. Therefore, these results were also checked using the classical method of colony forming units (CFU) (Figure 7).



In this case, similar results were obtained, as shown above. Viability determinations using the fluorescent microscopy method were also performed for arylated ND particles. The obtained results were somewhat better than those obtained for the yeast cells with non-arylated ND particles. The viability of the cells with immobilised ArND particles that were non-treated with UV was 72 ± 2%. In this case, a short pretreatment of ArND particles with UV also mitigated the negative effect of their immobilisation, and the viability of cells was 82 ± 3%. All these differences are statistically significant (p < 0.05). We suppose that first of all, these data evidence that the immobilisation of diamond nanoparticles on the surface or in yeast cells is at least not always non-damaging. At the same time, the highest part of the cell’s population still maintains viability. Besides that, these results evidence that arylation of ND particles before their immobilisation on/in yeast reduces the decrease in cell viability compared with non-arylated ND particles. It is very interesting and important that pretreatment of these nanoparticles with UV significantly mitigates their negative effect on yeast cells. We suppose that this means that it would most likely be possible to determine the conditions for the additional or complete mitigation of these negative effects of diamond nanoparticles on yeast cells, if necessary.




3.3. Growth of Yeast Cells with Immobilised Nanodiamond Particles


In further experiments, we checked the growth of yeast with immobilised nanoparticles, comparing it with growth of free cells taken as a control (Figure 8 and Figure 9). As can be seen from Figure 8, immobilisation of ND particles without UV treatment or with short UV-treatment (30 min) does not significantly change the duration of the growth lag phase compared with the culture of free cells. In all these cases, its duration is around 5 h. At the same time, longer exposure of ND particles by UV (90 min) before their immobilisation on/in the cells leads to an essential decrease in yeast culture with immobilised ND lag-phase (2.5–3 h). During the lag phase, the cell metabolism aims to increase the amount of proteins, RNA and the synthesis of enzymes for cell multiplication in a specific environment. Therefore, such results may indicate that this UV treatment not only mitigates some negative effects of ND immobilisation, but somehow activates these cells’ physiological state. Such a conclusion can also be drawn when comparing the biomass yield after 20 h of cultivation of yeast cell cultures with immobilised particles non-treated with UV and treated with ND. In this case, it can be seen that immobilisation of non-treated with UV NDs decreases the yield of accumulated biomass, comparing it to both the control-free cell cultures and the cell cultures with immobilised ND particles treated with UV. Figure 8 reveals the differences between the effects of immobilisation on/in the cells of native ND particles and chemically processed NP.



In the latter case, cells with immobilised ArND particles demonstrated worse results compared to the free cells. The duration of the lag phase of any culture with immobilised ArND particles was essentially longer than for the free cells, for which it was about 5 h. Additionally, in these experiments, preliminary (to immobilisation) UV treatment of ArND particles decreased the duration of a yeast culture’s lag phase. It changed from 9 h (for the yeast culture non-treated with UV particles) to about 7 h (for the cultures that were immobilised with ArND particles that were UV treated for 90 min). When discussing these results, it is necessary to mention that lag phase duration can be indicative, or independent, of cellular stress [31]. Additionally, the total yield of biomass after 20 h of cultivation in these experiments was the highest for the free cell cultures.



Summarising these results, we can conclude that immobilisation on/in yeast cells of non-arylated ND particles is preferential if we require a shorter lag phase duration and higher yield of the biomass. At the same time, a lower yield of the biomass may be linked to higher synthesis of some valuable compounds, which are the targets of biotechnological processes. Additionally, in the case of various biomedical applications of ND particles, it is not clear if the lag phase duration and higher cells proliferation are always better for the achievements of the goals of ND particles use. So, we may conclude that the results of this study showed that the selection of certain ND particles (non-arylated or arylated) may be necessary in each specific case, depending on the purpose of their use.





4. Conclusions


As previously mentioned, one of the important directions of current microbiological studies may be linked to nanodiamond particle application in biotechnological and medical fields. The surface of industrially produced nanodiamonds is polyfunctional [32]. There are various chemically active functional groups (carboxylic, hydroxyl, carbonyl, etc.) on the surface of the nanosized particles. Such properties of nanodiamonds are formed during their production, the technology of which is associated with a directed explosion and subsequent chemical purification of impurities. The physicochemical properties of this material and the chemically active surface of the nanoparticles determine their high sorption properties with respect to biological macromolecules and various chemical compounds. Thus, nanodiamonds find practical application in different fields of biology and for medical purposes. Various applications of ND particles for biomedical and biotechnological goals were described during the last few years. In medicine, nanodiamonds may be used as tissue scaffolds and surgical implants, as fluorescent biomarkers, for photoacoustic microscopy and for MRI applications [33]. The possibility of great success in cancer therapy may be associated with the use of nanodiamonds as carriers for drug delivery. Such drug delivery systems may combine therapeutic and diagnostic agents on a single platform [34]. ND particles may also be used for antibacterial and antiviral treatments, as well as for the construction of medical devices such as nanorobots. ND particles may be used also for biotechnological purposes; for example, for nanocatalysis, nanoseparation and as nanosensors [35,36]. Additionally, there is another important problem linked with nanoparticles. The rapid development of nanotechnology leads to a wide distribution of nanoparticles in the environment. Correspondingly, they may enter inside various tissues of humans and animals through their inhalation and direct contact with the skin [37]. However, there is currently no unambiguous assessment of the results of the use of nanomaterials; the mechanisms of their possible toxicity and potential health risks have not been sufficiently studied. Additionally, in the case of microorganisms, there is no clarity on the possible damaging effects or safety of nanoparticles, including nanodiamond particles, as previously mentioned [21,22,23].



One of the objectives of this study was to analyse the possibility of using the native and electrically charged uncoated and arylated nanodiamonds for their immobilisation on/in yeast cells and to obtain the first phenomenological results regarding the physiological activity of yeast cells with immobilised nanoparticles for their possible use in biotechnology and biomedicine.



Our work confirmed the ambiguity of the results in relation to the possible damaging effects of nanodiamond particles on microorganisms. It revealed that some adverse impact of these nanoparticles can manifest not only against prokaryotes, but also against eukaryotic yeast cells. However, the obtained results also indicate that it is possible to reduce and, most likely, completely eliminate the damage of nanoparticles to cells using special physical approaches. In our case, this is a change in the electric charge of the surface of nanoparticles as a result of their exposure to UV. At the same time, it has been shown that in terms of changes in the physiological activity of cells, which are important for the further possible use of these effects in biotechnology and biomedicine, the use of arylated nanoparticles for this purpose is of greater interest. It should also be noted that our work aimed only to detect the first phenomenological characteristics of the effect of immobilisation of diamond nanoparticles on yeast cells; in subsequent studies, it will be necessary to explore the mechanisms of the detected phenomena.
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Figure 1. Photoemission spectra (I—electric charge density, electron/sec; hυ—photon energy, eV). 
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Figure 2. FTIR spectra of the native and chemically processed ND particles. 
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Figure 3. Influence of UV exposure on increment (Δϕ) of electron work function ϕ: (a) native ND particles; (b) chemically processed ND particles. 
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Figure 4. Phase-contrast microscopy images of UV-non-pretreated and UV- pretreated native ND particles immobilised on/in the S. cerevisiae 77 cells. The total magnification—1000, scale bar 20 μm: (a) free yeast cells; (b) yeast cells with ND particles without UV treatment; (c) yeast cells with ND particles that were treated with UV during 90 min. 
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Figure 5. Phase-contrast microscopy images of UV-pretreated chemically processed ND (ArND immobilised by the Saccharomyces cerevisiae 77 yeast cells. The total magnification—1000, scale bar 20 μm: (a) yeast cells with ArND particles without UV treatment; (b) yeast cells with ArND that were treated with UV during 30 min; (c) yeast cells with ArND that were treated with UV during 90 min. 
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Figure 6. Influence of UV on 1/τ. 
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Figure 7. Viability of yeast cells with immobilised on them ND particles without UV treatment or after UV treatment for 30 min. 
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Figure 8. Growth kinetics of S. cerevisiae 77 with immobilised native ND particles in YPG medium. 
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Figure 9. Growth kinetics of S. cerevisiae 77 with immobilised ArND particles in YPG media. 
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