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Abstract

:

It was found that immobilization of cells in poly(vinyl alcohol) (PVA) cryogel can be successfully applied for concurrent cryoimmobilization, cryoconservation and long-term storage of the cells of various phototrophic microorganisms (green and red microalgae, diatoms and cyanobacteria). For the first time, it was shown for 12 different immobilized microalgal cells that they can be stored frozen for at least 18 months while retaining a high level of viability (90%), and can further be used as an inoculum upon defrosting for cell-free biomass accumulation. Application of cryoimmobilized Chlorella vulgaris cells as inocula allowed the loading of a high concentration of the microalgal cells into the media for free biomass accumulation, thus increasing the rate of the process. It was shown that as minimum of 5 cycles of reuse of the same immobilized cells as inocula for cell accumulation could be realized when various real wastewater samples were applied as media for simultaneous microalgae cultivation and water purification.
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1. Introduction


Interest in biotechnological developments based on the use of microalgae and cyanobacteria cells has not decreased in recent years, but has even increased [1,2], since these cells are attractive for solving many problems of ecology and biocatalysis in the interests of sustainable ecosystem development. Cyanobacteria and microalgae are both used as a valuable source of proteins, vitamins and polyunsaturated fatty acids for humans or for the purpose of enriching animal feed with protein, vitamins and trace elements [3]. The effective use of cyanobacteria and microalgae as a source of omega-3 fatty acids, which are used in medicine for the treatment of cardiovascular diseases, asthma, migraines, arthritis, psoriasis, etc. has been shown. The biomass of these phototrophic microorganisms can also be used as a raw material for the production of fuel and additives to it (ethanol, butanol, biogas, biodiesel, hydrogen) [4,5]. Some microalgae and cyanobacteria can be used in bioindication to assess the level of environmental pollution by aquaculture wastewater [6].



Of particular interest are processes based on the use of microalgae and cyanobacteria for the purification of industrial, agricultural and domestic wastewater, with further processing of the accumulated biomass of phototrophic microorganisms acting as a source of bio-renewable raw materials [7]. At the same time, such strings serve as an excellent medium for the cultivation of phototrophic cells, allowing the maintenance of mixotrophic conditions, enhancing the growth rate of the microalgal cells [8] This allows both a reduction in the cost of biomass production and the solving of several ecological issues of wastewater treatment, which is, in turn, a part of the successful solving of the general tasks of sustainable environmental development. However, the cultivation of microalgae under such conditions is complicated by the inconstancy of the wastewater composition, and by the presence of toxicants which can inhibit microalgal cell growth [9]. Therefore, using immobilized microalgal cells as inocula looks like an attractive approach to improving the characteristics of microalgae wastewater treatment [10]. The advantages of this approach are as follows: the immobilization stabilizes the metabolic activity of the cells and allows introduction into the medium of an inoculum with a high concentration of cells uniformly distributed within the carrier; this ensures favorable mass transfer conditions for all the cells and causes an essential increase in the accumulation rate of the biomass of the free cells of filial generations [11,12].



Interestingly, the self-immobilization of phototrophic cells is a preferable natural state of the microorganisms. Microalgae assume the form of polymicrobial aggregates at the interface [13]. The materials that hold these cells together to form a heterogeneous matrix are synthesized and excreted by microalgae themselves into their immediate environment [14]. The lifestyle of microalgae cells in the frame of aggregates is completely different from the lifestyle of suspended cells. For the active use of stably functioning microalgae and cyanobacteria cells in immobilized form, the use of various carriers and methods of immobilization is presently in practice, as follows: sorption, inclusion of gel structures in pores, chemical stitching to carriers, etc. [15,16,17]. Analysis of known technical solutions as part of the most successful approaches to immobilized microalgae development allows the formulation of the following main requirements for the carrier of the cells to be used as an inoculum for biomass accumulation in wastewater: firstly, the carrier should ensure favorable conditions for mass transfer processes while preserving the high metabolic activity of the phototrophic cells; secondly, it should not hinder the microalgal cells of filial generations from leaving the polymeric matrix and accumulating in a suspension form in the culture medium outside the carrier.



In the view of all the mentioned characteristics, the application of poly(vinyl alcohol) (PVA) cryogel in microalgal cell immobilization seems to us to be prospective for a variety of reasons. These include the (typically high) pore size of this carrier, which are formed in the course of the “nature-like” structuring of high-molecular compounds via a simple freeze-thaw treatment, and which can be controlled depending on the requirements of the target process. The cryogel itself has a high elasticity and mechanical strength, and the pore structure is quite regular due to the use of a synthetic polymer with controllable characteristics [18,19]. The PVA cryogel has been successfully used for the immobilization of microorganism cells of various types (yeast, bacteria and fungi) [4,11,20,21,22,23,24], ensuring the high viability of these cells even upon their long-term (several years) frozen storage in an immobilized form [20,23]. The possible long-term storage of cells immobilized in PVA cryogel makes another aspect of the application of this carrier for phototrophic microorganisms interesting as an alternative solution used in collections to preserve the biological diversity of microalgae cells.



Generally, the possible negative influence of cryoconservation on phototrophic cells is well known, however the techniques were reported [25] to successfully preserve the viability and productivity of microalgal cells, involving freezing of the cells with the application of various cryoprotectants (dimethyl sulfoxide, methanol, glycerol, etc.) and very low temperatures (down to temperature of liquid nitrogen) [26]. However, some of the cryoprotectants possess cytotoxicity or non-effectiveness, and the storage of cells at the temperature of liquid nitrogen requires power-consuming and expensive cryogenic equipment.



Therefore, a more practicable approach to cryoconservation can be realized via cryoimmobilization of the phototrophic cells in appropriate polymeric gel carriers. The polymer in such systems should play both the role of cryoprotectant and the base of the matrix containing the cells. In order to produce such a matrix with this technique, the cell suspension in the polymer solution can be frozen at a temperature within the range of −15–−70 °C, which is much higher than that of liquid nitrogen.



Immobilization of the microalgal cells into the PVA cryogel matrix appears more prospective due to the following reasons. First, PVA is known for its cryoprotective properties [27,28,29], and second, the genuinely successful storage of various microbial cells immobilized in PVA cryogel for two years at −20 °C without an essential loss of their metabolic and catalytic activity has been previously established [20,23,30].



Thus, the main tasks of this work were the following: firstly, to study the possibility of the obtainment and long-term storage of various phototrophic microorganisms immobilized in PVA cryogel; secondly, to evaluate the biochemical composition of free cells accumulated using an immobilized inoculum. Another goal was to analyze the subsequent use of such immobilized cells as an inoculum for cultivation in various types of wastewater for the accumulation of free biomass of microalgal cells (using the example of Chlorella vulgaris culture). In this work, a fairly large variety of cultures were used as objects for cryopreservation. It is known that eukaryotes are more complex organisms than prokaryotes, so it seemed to us to be most interesting and important to test the investigated approach based on cell immobilization in a PVA cryogel with a wider use of eukaryotes [31,32,33,34]. The choice in favor of cyanobacteria of the filamentous type was made by us, based on similar considerations. It is also known that cyanobacteria of the filamentous type have a lower survival rate than many other cyanobacteria during cryoconservation, including in situations when they are frozen in liquid nitrogen [32,35,36].




2. Materials and Methods


2.1. Strains and Media


The following cell cultures were used in this research: C. vulgaris [Beier.] rsemsu Chv-20/11, Dunaliella salina rsemsu Dns-26/11, Nannochloropsis sp. rsemsu N-1/11-B, Chlamydomonas sp. rsemsu Chlam-10/11, Chlorococcum sp. rsemsu Ccc-24/11, Cosmarium sp. rsemsu Cos-19/11, Galdieria partita rsemsu Gp-17/11, Haematococcus pluvialis Flotow em. Wille rsemsu Hp-1/11, Thalassiosira weissflogii rsemsu Twl-11/11, Nostoc sp. rsemsu Nss-14/11, Arthrospira platensis (Nordst.) Geitl. rsemsu 1/02 and Gloeotrichia echinulata rsemsu Ge-15/11, all obtained from the IBCP RAS collections.



Cultivation of the microalgal cells was performed in the corresponding typical media recommended for the cells’ specific conditions [4] at 25 °C and under round-the-clock lighting with Osram Fluora 77 luminescent lamps (30 W, Munich, Germany). The OD540 of the cell suspensions was controlled to investigate the kinetic curve of growth.



The biomass of microalgal cells was separated from the culture media by centrifugation (4000× g, 15 min), using an Avanti J 25 centrifuge (Beckman Coulter, Indianapolis, IN, USA). Immobilization of cells was conducted using the patented procedure [37]. Poly(vinyl alcohol) 16/1 (84 kDa) was purchased from Sinopec Corp. (Beijing, China). The biomass of phototrophic microorganisms immobilized in PVA cryogel was stored at −70 °C using a DS 78 compact freezer (Dairei Asia Sdn. Bhd, Kuala Lumpur, Malaysia) over 18 months, and was then slowly defrosted via the following two stages: the first one, at −20 °C, using a GN 3613 freezer (Liebherr, Biberach, Germany) for 3 h, and the second one, at 8 ± 2 °C in a 2201 Combicoldrac II refrigerator (LKB Instruments Haglund, Saffle, Sweden).



For multiple uses of immobilized C. vulgaris cells under batch conditions after each working cycle, the granules were washed with a sterile 0.9% sodium chloride solution and loaded in the reactor with a new portion of the culture medium (horticultural, municipal or milk plant wastewater).



In order to accumulate the C. vulgaris biomass we used municipal wastewater (Moszelenkhoz, Moscow, Russia), wastewater from a milk processing plant (OOO Ostankinsky Molochny Kombinat, Moscow, Russia) and the horticultural water from a gardening facility (Ostankinsky sovkhoz dekorativnogo sadovodstva, Moscow, Russia). The chemical content (lipids/proteins/carbohydrates, g/L) and pH of the wastewater samples were as follows: milk plant—0.35/0.28/0.56 (pH 6.8); horticultural water—0.17/0.13/0.27 (pH 6.5); municipal water—0.08/0.06/0.04 (pH 7.1). The cultivation was performed in 750 mL Erlenmeyer flasks with 100 mL of the cultivation medium. The cells were harvested after cultivation using an Avanti J 25 centrifuge (Beckman Coulter, Indianapolis, IN, USA) at 8000 rpm for 10 min.




2.2. Analytical Methods


The biochemical composition of the cell biomass (content of lipids, proteins, hydrocarbons) was analyzed using the standard methods described previously [4]. For the thermal treatment (121 °C, 0.5 h), the wet biomass (100 g cell dry weight (CDW)/L) was suspended in the 0.1 M citrate buffer with pH 5.0.



The lipid extraction was carried out by the treating of wet concentrated biomass with n-hexane via the known method [38]. Upon the extraction of the lipids, the microalgal cell debris was removed from the medium via centrifugation (8000 rpm during 10 min), and was used for the detection of protein and hydrocarbon content by well-known methods [4].



The dry weight of cell biomass (CDW) was determined via a standard gravimetrical method by drying a sample at 105 °C to a constant weight.



The concentration of intracellular adenosine triphosphate (ATP) was determined by the bioluminescent luciferin–luciferase method as described previously [30].



Chemical oxygen demand (COD), total suspended solids (TSS) content, total nitrogen (TN) content and total phosphorus (TP) content were measured by standard methods [39,40,41,42].



To determine the fluorescent characteristics of microalgal cell pigments, the obtained granules with immobilized cells were placed in a nutrient medium after thawing for a long period of storage. Further, appropriate measurements were carried out to determine the relative fluorescence variable (Fv/Fm) of the pigment of the cells according to a known technique [43]. Fluorescence excitation was performed at 455 nm with an electronic photomultiplier through a KS-18 filter. The intensity of chlorophyll fluorescence under the conditions of open reaction centers of the Photosystem II (F0) and the maximum chlorophyll-fluorescence intensity under the conditions of completely closed reaction centers of Photosystem II (Fm) were measured at the intensity of an excitation light with a density of 0.8 and 6000 μmol quanta/(m2/s), respectively. The potential efficiency of the primary photosynthesis processes (maximum photochemical quantum yield of Photosystem II) Fv/Fm = (Fm − F0)/Fm, Fv = Fm − F0 is the variable fluorescence. The fluorescence values are presented in relative units.



The pH value of the media and buffers prepared was measured potentiometrically using a Corning Pinnacle 530 pH meter (Corning, Root, Switzerland).



The Reducing Power (RP) of microalgal biomass samples was determined in triplicate according to the described method [44]. Absorbance was measured at 700 nm. Ascorbic acid (vitamin C) was used as a positive control. Results were expressed as mg vit C/g CDW.



Unsaturated fatty acids in lipids of microalgal biomass was analyzed using the published procedure [45] of gas chromatography–mass spectrometry on a 7820A gas chromatograph with a 5977B MSD Bundle with a 7820 GC mass detector (Agilent Technologies, Waldbronn, Germany).



To determine the standard deviation (±SD) of the results, data were obtained in at least three independent experiments. Statistical analysis was realized using SigmaPlot (ver. 12.5, Systat Software Inc., San Jose, CA, USA). The one-way analysis of variance (abbreviated one-way ANOVA) was used. All pairwise multiple comparison procedures were undertaken using the Holm-Sidak method: overall significance level = 0.05.





3. Results


3.1. Cryoimmobilization of Phototrophic Microbial Cells in PVA Cryogel and Their Long-Term Storage


Initially, the effect of immobilization in PVA cryogel was tested on the surviving chlorella cells, and if successful, it was decided to switch to using the same cryopreservation method for other phototrophs.



To estimate the potential applicability of the cryoimmobilization technique to the different microalgal species, this approach was applied to 12 phototrophic microorganisms (Table 1). The samples of the immobilized cells were prepared at −70 °C and stored at the same temperature for 18 months. Periodically, the samples of polymeric granules with entrapped cells were slowly thawed and were subsequently used as immobilized inocula for biomass accumulation in the typical media for autotrophic cell growth (Figure 1). The cell survival level was analyzed by the detection of intracellular ATP concentration in immobilized cells upon their thawing, and their opportunity to reproduce was controlled by the determination of the concentration of accumulated free cells in the medium. Percentage ratio (PRB) between biomass accumulated for 72 h in the media with immobilized inoculum after and before the cell storage for 18 months was specially calculated (Table 1).



The variations in the concentrations of PVA solution and cell biomass taken for mixing in the obtaining of granule samples with immobilized cells revealed the influence of these parameters on the final successful results, namely, values of intracellular ATP and PRB. Table 1 contains the experimentally established optimal conditions for the immobilization of the microorganisms in PVA cryogel. It was demonstrated that the suggested carrier and the applied immobilization technique ensure a high viability level of different microalgal cells (the average viability level was 90–95%).



The high-enough levels of residual intracellular ATP concentrations in all the performed phototrophic cultures after their different periods of storage at −70 °C in immobilized form as compared to the initial levels of same parameter obtained for immobilized cells without their storage are shown in Figure 1.



Additionally the levels of fluorescent characteristics of phototrophic cell pigments were analyzed for immobilized cells (upon long-term storage), in comparison with the same cells in a free form (Figure 2). It was shown that cryoimmobilization and storage result in a temporary decrease in the relative fluorescence values of most of the cells except for the Thallasiosira. However, the analyzed characteristics of immobilized cells restored up to the level of free cells during the further cultivation of the microalgae for 3 days (Figure 3).



The cellular biochemical composition of free phototrophic microbial cell biomass accumulated as result of the cultivation of immobilized inoculum, used after its storage for 18 months, was specially analyzed (Table 2).



In general, it was noted that the content of the main components of suspended cells obtained by cultivating the immobilized inoculum corresponded to similar characteristics typical for cells usually accumulated in the case of using a traditional free cell inoculum. Antioxidant activity in the microalgal free cell biomass was at a regular level.



Thus, it was shown for the first time that cryoimmobilization and cryoconservation can be united in the same stage of the applied approach to the long-term storage of cells of various microalgae, which can be further successively implemented as inocula to grow and accumulate the free cell biomass of the phototrophic microorganisms useful for treatment in various processes owing mainly to biochemical composition, which are similar to common suspended cells.




3.2. Accelerating the Accumulation of Biomass of Chlorella Vulgaris via the Use of Immobilized Inoculum


The possible effect of microalgae immobilization on the growth rate of progeny cells was studied using the example of C. vulgaris. Initially, the kinetic curve of autotrophic growth of the C. vulgaris cells was studied in a Tamiya medium typical for chlorella cell growth, with an initial free cell inoculum concentration of 0.05 ± 0.002 g CDW/L (Figure 3a).



It was shown that the rate of free cell biomass growth reached its maximum when the concentration of 0.35 ± 0.01 g CDW/L was reached in the medium with an initial free inoculum. It appeared that the biomass growth rate depended on the cell concentration in the medium (Figure 3a). This effect was also noted by other researchers [46,47], and it was observed, most probably, due to the intracellular interactions in the frame of the quorum sensing (QS) mechanism in microalgal cells. The increase in cell concentration within limited volume results in a reduction of the intracellular distance and an increase in the local concentration of the inductor molecules of the QS mechanism [48].



It is known that the introduction of additional components into the mineral medium can cause an essential increase in the biomass growth rate [49]. In order to estimate the accumulation rate of the C. vulgaris free cell biomass in the presence of a certain concentration of inocula, the immobilized inoculum with a concentration of cells higher than that in the experiment with free cell inoculum (Figure 3a) was applied in a further investigation (Figure 3b). For this purpose, the PVA cryogel granules containing the immobilized C. vulgaris cells were introduced into the Tamiya medium with additional organic substrates (2 g/L of glucose or 2 g/L of glycerol) (Figure 3b), and the comparative estimation of similar growth in a Tamiya medium under autotrophic conditions (Figure 1) was conducted.



It was established that the use of the immobilized inocula under the mixotrophic conditions allowed a notable increase in the cell-free biomass accumulation within 72 h as compared both to free-cell inocula (Figure 3a) and to the immobilized inoculum applied in the Tamiya medium without special organic additives (Figure 1). It was found that after their use, the granules containing the cryoimmobilized inoculum were practically unchanged in appearance; they could be easily separated from the medium and multiply reused for further biomass accumulation (Figure 3c).



It was reasonable to suppose that the observed effects can be achieved in case of biomass growth in other media, e.g., wastewater samples. In the present, the possibility of multiple uses of C. vulgaris cells immobilized in PVA cryogel as inocula for biomass accumulation was demonstrated in wastewater of different types (Figure 3d). The most intensive biomass accumulation was observed within the first 48 h of cultivation. The greatest biomass amount was produced in milk plant wastewater. The biomass accumulation was accompanied with an efficient purification of wastewater (Table 3).



It was revealed that upon five cycles of cryoimmobilized inoculum reuse, the amount of C. vulgaris biomass could be in the range of 4.7 ± 0.2 up to 6.1 ± 0.3 g CDW/L, depending on the wastewater type. Note that the productivity (in terms of accumulated biomass amount) of the cryoimmobilized inoculum decreased by no more than 10% after 5 reuse cycles.





4. Discussion


Taking into account the obtained results, it was found that the cryoimmobilization of phototrophic microbial cells (green and red microalgae, diatoms and cyanobacteria) in PVA cryogel is suitable for cryoconservation of the cells (Table 1). The cryoconservation of the phototrophic microorganism cells in the suggested approach occurs simultaneously with their cryoimmobilization in PVA cryogel, and ensures long-term storage of the cells for at least 18 months while preserving their high viability. This immobilization technique can be successfully applied in the cryoconservation of a wide-enough range of phototrophic microorganism cells, and thus has a claim to a certain universality. Thus, it may be attractive for microalgae collections existing in different countries, since the method does not require the use of an additional cryoprotectant, for example DMSO, penetrating cells and acting as a toxicant, nor does it require the use of super-low temperatures for cell storage.



The results showed that the previously well-studied porosity of the PVA cryogels [18,19,29] is such that the mass transfer of microalgae cells has no limitations, so that the cells cryoimmobilized are well supplied with substances necessary for their growth and propagation, and the daughter cells can exit from the matrix into the cultivation medium. Thus, using the inoculum of cells cryoimmobilized in the PVA cryogel under used conditions is prospective for microalgae biomass accumulation (Figure 1 and Figure 3).



The cell biomass accumulated using inocula such as those immobilized in PVA cryogel possessed a biochemical composition (Table 2) that can be applied for producing various commercially valuable substances. The performed studies have shown that the application of cryoimmobilized inocula can allow an improvement of the accumulation rate of C. vulgaris cell biomass when using wastewater of various origins as media for microalgae cultivation (Table 3). The obtained results can be further used for creating biotechnological complexes involving efficient biocatalytic processes aimed at microalgae biomass accumulation accompanied by treatment of wastewater of various origins, with a further transformation of this biomass into various target products, while providing a possibility of the long-term storage of viable immobilized cells.



It is known that when certain concentrations are reached in a population, the cells of microorganisms can change the nature of their behavior due to the manifestation of the QS effect [50]. Microalgae and cyanobacteria cells are no exception to this rule [51,52]. The immobilization of microalgae cells in PVA cryogel allows the creation and cultivation of populations with a high density of cells with their simultaneous uniform distribution over the volume of the nutrient medium. In this regard, the kinetics of cell growth in the case of using an inoculate loaded into the nutrient medium in an immobilized form can be regulated and can reach a level (Figure 3b) that is characteristic of the growth curves of free cells at their increased concentration in the medium (Figure 3a).



The demonstrated approach to cryoconservation of microalgae cells does not require the use of special low-temperature equipment and thermal insulation, as is the case when liquid nitrogen is applied for the long-term cryoconservation of analogue cell samples. Therefore this approach to storing large quantities of frozen samples under easily reproducible conditions allows the use of equipment routinely applied in biotechnology. The demonstrated approach is a clear winner in comparison with another example (Table 4), involving the immobilization of the diatoms (Haslea ostrearia cells) in Ca-alginate gel, followed by its impregnation with a 0.7 M solution of sucrose (used as a cryoprotectant), freezing at −80 °C, and subsequent storage in liquid nitrogen [53].



Our approach also stands well in comparison with another example [54], which involves the initial immobilization of the cells of Rivularia aquatic and Gloeotrichia echinulata cyanobacteria in Ca-alginate gel followed by freezing and storage at −20 °C. It was shown that upon the storage of such an immobilized inoculum for 1 year at the mentioned temperature, the resulting viability of these two cell cultures was 47% and 49%, respectively. Such a low level of cell viability shows that the polymer matrix used in this technique did not ensure the desired level of cell cryoprotection.



An essential feature of the approach to cryoimmobilization and cryoconservation of microalgal cells that we tested is that freezing is performed in the same stage as the entrapment of the phototrophic microorganism cells in the polymeric cryogel, the latter playing the role of cryoprotectant at the same time [27].



It was established via a comparison of various techniques for cryoconservation of microalgal cells that the viability of cells cryoimmobilized in PVA cryogel was essentially higher than that used in many other techniques summarized in Table 4.



The results observed in this study, as well as the known data on the microalgal biomass accumulation upon cultivation in industrial wastewater of various types with the use of both suspended and immobilized inoculum cells are summarized in (Table 5). The productivity of immobilized cells in terms of biomass accumulated in wastewater was 30–70 mg CDW/L/d, which is 4–11 times lower than in the case of cells cryoimmobilized in PVA cryogel (311.3–407.3 mg CDW/L/d), which was used in the study (Table 5). Thus the inoculum based on C. vulgaris cells cryoimmobilized in the PVA cryogel was found to be effective for biomass accumulation in various media. Note that the cell growth rate was almost unchanged after at least 5 reuses of the inoculum granules.



Since it is known that microalgal cells can be used for continuous bioindicative monitoring of the presence of pollutants in waters to be discharged into environmental water systems, for example, after aquaculturing [6], then the use of microalgal cells immobilized in mechanically strong granules of PVA cryogel for these purposes can allow such control in the flow-through systems by analogy with previously developed bioanalytical sensors based on cells of luminous bacteria cells included in the PVA cryogel that have a bioluminescent reaction to ecotoxicants [71,72].



Phototrophic microorganisms are often the objects of research in connection with the study of their behavior during the blooming of natural reservoirs [73,74]. For such work, among other things, it is necessary to assess the concentrations of cells preceding a sharp jump in biomass accumulation, as well as the functional and metabolic activities of microalgae and cyanobacteria cells in high-density populations associated with the synthesis and secretion of toxic substances by these cells [75,76].



This phenomenon provokes not only a reduction in water quality, but also causes direct damage to the environment or the creation of a serious environmental threat to various living objects.



The use of artificially immobilized inoculates in such studies can make it possible to simulate and help to study natural processes under laboratory conditions in order to predict and manage them, including preventing their possible ecological development with some negative impacts on the sustainable state of ecosystems. Thus, stable cryoimmobilized inocula providing accumulation of microalgal cells with reproducible characteristics can be useful in this case.




5. Conclusions


Thus, it was shown that due to the cryoimmobilization of cells of phototrophic microorganisms by including them in the PVA cryogel, it is possible to provide:




	-

	
Their cryopreservation and long-term storage, without the loss of functional, metabolic activity and basic biochemical characteristics of the cells, including in hereditary phototrophic cells.




	-

	
The use of immobilized cells as an inoculum for the accumulation of phototrophic cell biomass, including after long-term storage, under mixotrophic conditions, that allows combining wastewater treatment with the growth of microalgae, and accumulation of the phototrophic cell biomass for its conversion to various products in the frame of green chemistry and nature-like processes.









The created samples of cryoimmobilized phototrophic cells confirmed that in the environment of polymers (in this work synthetic, such as PVA, and in nature, biopolymers), the structuring of which occurs under the influence of multiple weak chemical interactions, microalgal cells can tolerate freezing/thawing processes under environmental conditions and can sustainably maintain their viability and ability to grow and reproduce.
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Figure 1. Changes in the concentration of ATP in microalgal cells immobilized in PVA cryogel during their storage for 18 months (a) and accumulation of free cell biomass during cultivation of immobilized cells as inoculum after storage for 18 months in media appropriate for certain type of culture (b), where Chlorella (black ■), Nostoc (red  ▲), Nannocnloropsis (green ▼), Arthrospira (blue ◆), Thallasiosira (magenta ●). 
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Figure 2. Relative variable fluorescence values of free and immobilized microalgal cells immediately after their defrosting upon 18 months of storage, where Chlorella (black ■), Nostoc (red  ▲), Nannocnloropsis (green ▼), Arthrospira (blue ◆), Thallasiosira (magenta ●). 
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Figure 3. The kinetic curve of the autotrophic growth of C. vulgaris in the Tamiya medium in semi-logarithmic coordinates, the arrow marking the beginning of the most intensive biomass growth. (a). Free biomass accumulation during the cultivation of immobilized C. vulgaris cells in semi-logarithmic coordinates: in a Tamiya medium with addition of 2 g/L of glucose (►) or 2 g/L of glycerol (◄) (b). The PVA cryogel granules with the immobilized C. vulgaris cells before (left) and after (right) their use as inocula (c). Free biomass accumulation upon multiple uses of the immobilized inoculum in horticultural (■), municipal (▲) and milk plant (▼) wastewater in semi-logarithmic coordinates. The arrows mark the time of inoculum transfer to the fresh medium. (d). The concentration of the cells in the initial inoculum was: 0.05 ± 0.002 g CDW/L (○), 1.17 ± 0.08 g CDW/L (◄), and 1.1 ± 0.05 g CDW/L (►, ■, ▲, ▼). 
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Table 1. Characteristics of the immobilization process in PVA cryogel (−70 °C) optimal for various phototrophic microorganisms.
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Phototrophic Microorganism Species

	
Concentration of PVA Solution Used for Cell Immobilization, %

	
Cell Biomass Concentration (CDW) in the Immobilized Sample, %

	
PRB *, %






	
Green microalgae




	
C. vulgaris

	
7.0

	
4.0

	
95 ± 3




	
Dunaliella salina

	
8.0

	
4.3

	
94 ± 4




	
Nannochloropsis sp.

	
7.5

	
3.8

	
93 ± 4




	
Chlamydomonas sp.

	
6.5

	
4.3

	
90 ± 3




	
Chlorococcum sp.

	
7.0

	
4.2

	
92 ± 3




	
Cosmarium sp.

	
8.0

	
3.7

	
94 ± 4




	
Red microalgae




	
Galdieria partita

	
8.0

	
4.1

	
91 ± 3




	
Haematococcus pluvialis

	
7.0

	
4.3

	
92 ± 3




	
Diatoms




	
Thalassiosira weissflogii

	
8.7

	
4.0

	
95 ± 4




	
Cyanobacteria




	
Nostoc sp.

	
6.5

	
4.0

	
91 ± 3




	
Arthrospira platensis

	
6.0

	
3.8

	
90 ± 3




	
Gloeotrichia echinulata

	
8.5

	
3.7

	
93 ± 4








* PRB is Percentage Ratio between Biomass accumulated in the media with immobilized inoculum after (Cs) and before (C0) its storage for 18 months, calculated as L = Cs/C0 × 100%. Biomass accumulation was performed for 72 h.
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Table 2. Biochemical composition of biomass of phototrophic microorganisms obtained using immobilized inoculates.
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Phototrophic Microorganism Species

	
Lipids/

Proteins/

Hydrocarbons, %

	
Unsaturated Fatty Acids, % from Total Fatty Acids in Lipid Content

	
RP,

mg vit C/g CDW






	
Green microalgae




	
C. vulgaris

	
16.5 ± 0.8/7.0 ± 0.3/55.6 ± 2.7

	
53.6 ± 2.6

	
0.01 ± 0.0004




	
Dunaliella salina

	
9.1 ± 0.4/5.4 ± 0.2/69.7 ± 3.4

	
26.3 ± 1.3

	
0.02 ± 0.001




	
Nannochloropsis sp.

	
25.0 ± 1.2/7.0 ± 0.3/54.9 ± 2.7

	
24.4 ± 1.2

	
1.21 ± 0.06




	
Chlamydomonas sp.

	
48.2 ± 2.4/17.0 ± 0.8/21.3 ± 0.9

	
43.6 ± 2.1

	
0.42 ± 0.02




	
Chlorococcum sp.

	
19.3 ± 0.9/52.7 ± 2.6/17.2 ± 0.8

	
47.4 ± 2.3

	
1.09 ± 0.05




	
Cosmarium sp.

	
6.7 ± 0.3/19.9 ± 0.9/58.4 ± 2.9

	
18.4 ± 0.9

	
0.05 ± 0.002




	
Red microalgae




	
Galdieria partita

	
7.5 ± 0.3/41.8 ± 2.0/50.0 ± 2.4

	
17.5 ± 0.8

	
1.05 ± 0.05




	
Haematococcus pluvialis

	
15.6 ± 0.7/22.2 ± 1.1/52.7 ± 2.6

	
30.6 ± 1.5

	
3.6 ± 0.1




	
Diatoms




	
Thalassiosira weissflogii

	
42.1 ± 2.1/30.6 ± 1.5/22.3 ± 1.2

	
9.4 ± 0.4

	
-




	
Cyanobacteria




	
Nostoc sp.

	
9.2 ± 0.4/20.4 ± 0.9/52.3 ± 2.6

	
15.6 ± 0.7

	
0.83 ± 0.04




	
Arthrospira platensis

	
19.0 ± 0.9/40.9 ± 1.9/40.8 ± 1.9

	
22.9 ± 1.1

	
1.46 ± 0.07




	
Gloeotrichia echinulata

	
15.8 ± 0.7/32.7 ± 1.6/48.5 ± 2.4

	
33.4 ± 1.6

	
-
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Table 3. Wastewater baseline characteristics and removal efficiency of components after 72 h of Chlorella biomass cultivation with the use of immobilized inoculum.
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Wastewater

	
Baseline Characteristics (mg/L)

	
Removal Efficiencies after 72 h (%)




	
COD

	
TSS

	
TN

	
TP

	
COD

	
TSS

	
TN

	
TP






	
Horticultural

	
780 ± 28

	
70 ± 3

	
47.6 ± 2.1

	
7.3 ± 0.2

	
81 ± 3

	
79 ± 3

	
84 ± 3

	
93 ± 3




	
Municipal

	
230 ± 9

	
50 ± 2

	
38.4 ± 1.6

	
4.6 ± 0.2

	
88 ± 4

	
94 ± 4

	
91 ± 4

	
95 ± 4




	
Milk plant

	
1400 ± 61

	
350 ± 15

	
60.0 ± 2.7

	
8.0 ± 0.3

	
92 ± 4

	
76 ± 3

	
78 ± 4

	
88 ± 3
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Table 4. Various cryopreservation methods of microalgal biomass and cell viability after long-term storage.
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Strain [Reference]

	
Cryopreservation of Biomass *

	
Storage Time

	
Cell Viability, %






	
C. vulgaris 211-11b

[55]

	
Freezing and storage at –80 °C using a freezing container or a simple polystyrene box. Cryoprotectant mixture: 10% (v/v) DMSO,

10% (v/v) EG, and 10% (w/v) L-proline.

	
24 h

	
63 ± 2




	
C. vulgaris C-27

[56]

	
Freezing at –40 °C for 4 h and then storage

in liquid nitrogen

Cryoprotectant mixture: 5% (v/v) DMSO,

5% (v/v) EG, and 5% (w/v) L-proline.

	
15 years

	
54 ± 1




	
Chlorella sp. [57]

	
Cryoprotectant: 10% (v/v) DMSO

Cooling-freezing-cryopreservation: gradual decrease of temperature from +25 °C to −30 °C.

with rate of 1 °C min−1.

	
12 months

	
77.5




	
Cryoprotectant: 5% (v/v) methanol.

Direct freezing in liquid nitrogen (−196 °C).

	
6 months

	
80




	
H. ostrearia NCC-Jμ1 [53]

	
Immobilization of cells in Ca-alginate gel and dehydration in the presence of 0.7 M sucrose solution with further freezing in liquid nitrogen (−196 °C).

	
48 h

	
57.4 ± 3.9




	
Immobilization of cells in Ca-alginate gel and dehydration in the presence of 0.7 M sucrose solution. Two-step freezing: freezing for 1 h at −80 °C and then quick transfer into liquid nitrogen (−196 °C).

	
76.9 ± 3.3




	
Oocystis sp. [58]

	
Encapsulation in Ca-alginate microbeads with addition of cryoprotectants supplemented with

100 (μM) glutathione at room temperature.

The algal-encapsulated microbeads were exposed to equilibration solution (15% (w/v) glycerol, 7.5% (w/v) ethylene glycol, 7.5% (w/v) dimethyl sulfoxide) followed by vitrification solution (30% (w/v) glycerol, 15% (w/v) ethylene glycol, 15% (w/v) DMSO) at 27 °C for 0.5 h and 0.25 h respectively. Freezing in liquid nitrogen (−196 °C).

	
14 days

	
79 ± 1.6




	
Rivularia aquatica and Gloeotrichia echinulata [54]

	
Cells were entrapped in Ca-alginate gel and

stored at −20 °C.

	
1 year

	
47 and 49, respectively




	
C. vulgaris [Beier.] rsemsu Chv-20/11

[This work]

	
Mixing with PVA solution and freezing at –70 °C.

	
18 month

	
90 ± 5








* EG—ethylene glycol, DMSO—dimethyl sulfoxide.
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Table 5. Biomass productivity of various species of Chlorella during cultivation of free and immobilized cells in wastewater from various sources.
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Strain

	
Cell Form

	
Wastewater Source

[Reference]

	
Biomass Productivity, mg CDW/L/d






	
C. saccharophila

	
Suspended

	
Water from carpet industry with municipal sewage [59]

	
23.0




	
C. sorokiniana UTEX1230

	

	
Municipal and domestic with water supplemented CO2 [60]

	
82.5




	
C. vulgaris

	
Aquaculturing [61]

	
42.6




	
C. vulgaris SAG 211-11b

	
Poultry litter [62]

	
127.0




	
Chlorella sp.

	
Manure [63]

	
90.0




	
Artificial [64]

	
130.0




	
* Immobilized in polymeric carrier NaCS–DMDAAC

	
55.0




	
C. vulgaris

	
Immobilized on

poly(vinylidene fluoride) hollow-fiber membrane

	
Municipal secondary effluent [65]

	
72.0




	
Municipal water [66]

	
39.9




	
Domestic secondary effluent [67]

	
50.7




	
Aquaculturing [61]

	
42.6




	
C. vulgaris AG30007 +

activated sludge

	
Immobilized in Ca-alginate gel

	
Municipal wastes [68]

	
50.0




	
C. vulgaris ATCC 13482

	
Immobilized on

commercial thin film composite membrane

	
Synthetic wastewater [69]

	
31.0




	
Chlorella sp. ADE4

	
Immobilized on high-density polyethylene hollow fiber microfiltration membrane

	
Treated sewage effluent [70]

	
55.0




	
C. vulgaris [Beier.] rsemsu Chv-20/11

	
Immobilized in

PVA cryogel

	
Horticultural wastes

	
335.3 ± 16.7




	
Municipal wastes

	
311.3 ± 15.5




	
Milk plant wastes

[this work]

	
407.3 ± 20.3








* NaCS–DMDAAC—sodium cellulose sulphate/poly(dimethyl-diallyl-ammonium chloride).
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