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Abstract

:

Mass production of microorganisms, algae among them, for new bioactive compounds and renewable innovative products is a current issue in biotechnology. The greatest challenge of basic research on this topic is to find the best solution for both physiology and scalability. In this study, the main goal was to highlight the contradictions of physiological and technological optimization in the same, relatively small, laboratory scale. The green alga Monoraphidium pusillum (Printz) Komárková-Legnorová was cultured in a conventional Erlenmeyer flask (as air bubbled in a tank-type photobioreactor) and in a hybrid (fermenter type + helical tubular type) photobioreactor of the same volume (2.8 L). Higher cell numbers from 1.7–2.3-fold, 2–2.8-fold higher dry masses, and 1.9–2.6-fold higher total lipid contents (mg·L−1) were measured in the tank reactor than in the hybrid reactor. Cultures in the conventional tank reactor were characterized with better nutrient utilization (42.8–77.7% higher phosphate uptake) and more diverse lipid composition than in the hybrid reactor. The study highlights that well-scalable arrangements and settings could be not optimal (or unsuitable in some cases) from a physiological point of view. The results suggest certain developmental directions for complex, well-scalable devices and highlight the importance of testing the gained physiological optima on these systems.
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1. Introduction


Cyanobacteria and eukaryotic microalgae produce an extremely large number of currently largely unknown metabolites that could be potentially useful in some fields of biotechnology. Only about 10% of known cyanobacteria and eukaryotic microalgae have been isolated and cultured in the laboratory, and the biomass or metabolites of only about 10 species were commercially available to the end of the 20th century [1]. Since then, the demand for new bioactive compounds and innovative products is constantly increasing.



Microalgae for human and animal consumption have long been obtained from natural sources, and this method is still used by some commercial and healthcare companies. In this case, although there is no cost of culturing, adequate productivity and product quality are not ensured [1,2]. These problems can be eliminated by mass production in artificial systems. Obviously, the more complex the artificial system, the higher the production costs, and thus, the market price of the product.



The main problem in the cultivation of photosynthesizing microorganisms, including algae, is providing the right amount of light energy since in photoautotrophic cultures, the other necessary factors (carbon source, nutrients, temperature) are more readily available in a controlled environment [1]. Algae cells can absorb light very efficiently, so light can be absorbed completely within a few mm in the culture, even at very low densities. Therefore, during the design of culturing systems, the main goal is keeping the thickness of the medium to a minimum and the surface area to a maximum [1,3,4].



Products from microalgae cultured in open ponds can usually only be used as dietary or feed supplements/additives since the exclusive presence of the algae strain, and the purity of the desired product cannot be guaranteed. This excludes biomass and products from markets where high purity is essential [5]. The application of open ponds for production is also hampered by the fact that in order to maintain the monoculture, usually extreme conditions (e.g., high salinity, unusual nutrient conditions) have to be established, which significantly reduces the number of microalgae species that can be taken into account. The need to culture microalgae living under average conditions in monoculture has led to the development of closed photobioreactors [6]. Photobioreactors can be most simply described as illuminated, closed vessels in which biomass is produced under controlled conditions. Algae are not in direct contact with the environment, so there is no possibility of unwanted gas exchange, contamination, or evaporation of the culturing medium [2].



The most important factor to consider during a photobioreactor design is the introduction of sufficient light and proper mixing, preferably in all parts of the device [7]. Two secondary problems also arise from the primary one: scaling up and sterility. Scaling up requires keeping a small layer thickness and a large surface area to receive sufficient light for the algae. Besides this, adequate mixing, sufficient gas supply, sterilizability, and adequate productivity should be maintained. Despite these difficulties, there are many experimental and a few industrially applied designs [8,9].



Nowadays the most common and most widely used types are tubular photobioreactors. Basically, these tubes are made of transparent material (glass or plastic) installed with a wide range of complementary equipment [10,11]. They have good light distribution [12] and are considered particularly suitable for outdoor mass production [11]. The tubes can be placed horizontally, vertically, tilted, or coiled in some form (cylinder, cone; [10,11,13,14,15,16,17]). The diameter of the tubes is usually up to 0.1 m due to the limited light transmission of dense cultures [10,11], and their length does not exceed 80 m in the presence of a degasser. The longer the tube, the more difficult the gas exchange, resulting in the loss of productivity [18].



Fermenter-type reactors are modifications of well-known bioreactors developed for heterotrophic organisms. Because the development started from the fermenter, in which the control of the processes is well designed, all growth parameters can be controlled with high accuracy. Nowadays, these types are mainly used in optimization processes, and in the case of scaling up, the limiting factor is the relatively poor area-to-volume ratio. Stirring is usually accomplished with a stirring paddle or magnetic stirrer. There are a wide variety of devices within this type, with the usual goal to improve the area-to-volume ratio [19].



Hybrid photobioreactors are devices that combine two or more photobioreactor configurations to take advantage of each selected ones and minimize or even eliminate the disadvantages of each arrangement [2,8]. Hybrid reactors are often a combination of a conventional tank-type reactor and a tubular part. The conventional part is for control over culture variables: it makes it possible to integrate probes to finely regulate culturing circumstances. On the other hand, this part also acts as a degassing system. The tubular part acts as a light-harvesting unit since it provides a high surface area to volume ratio [2,8]. The conventional part usually is an airlift or bubble column reactor [8], while the tubular part can be horizontal parallel sets of tubes [20] or a loop-like structure [21,22]. On a laboratory scale, hybrid reactors are also constructed from an airlift, bubble column or fermenter, and a (generally helical) tubular part; several configurations are available in the commercial market. Although both parts of these hybrid reactors have their limitations in scalability, they are applied on an industrial scale [8].



Developments of photobioreactors are mainly related to the industrial sector (companies); 43% of the patents are linked to this sector. The participation of single contributors is very significant; 22% of registered patents are the result of individual development. The participation of research institutes in technological development is about 15%. There is little overlap between sectors: 12% of research institute patents have been filed with firms, other joint applications are even rarer [23]. Collaborations, proper communication, and scientifically demanding analyses of the effectiveness of different reactor types would be essential to develop increasingly economical production systems.



Species of the green algae family Selenestraceae are now among the most promising groups of algae from a biotechnological point of view. Although various isolates of other species, such as the genera Spirulina or Chlorella, preceded the industrial use of Selenestraceae species for decades, more promising results are being obtained about them today [24]. Monoraphidium braunii, recently referred to as Chlorolobion braunii [25], has been one of the “most popular” since the 1990s. Research focuses on transport systems that are responsible for CO2 and, in this context, nitrate uptake, as they play one of the most significant roles in biotechnology applications [26,27,28,29]. In addition, enzymes with different functions also reveal a lot of information about the function and physiology of microorganisms of similar structures [30,31,32,33,34]. An important area related to the use of Monoraphidium species is their sensitivity to metals, their possible role in bioindication, and/or bioremediation [35,36,37,38]. In addition, their resistance to other substances also makes the Monoraphidium species promising in phytoremediation [39]. In addition to their potential contaminant removing ability, their metabolic products also attract interest to Monoraphidium species [24,40].



In the present study, the goal was to compare the effects of the bioreactor type on biomass and lipid production of a Monoraphidium pusillum (Printz) Komárková-Legnorová strain. The green alga was cultured in the same volumes in conventional Erlenmeyer flasks (as air bubbled or sparged tank-type photobioreactor) and in a hybrid (fermenter-type + helical tubular type) photobioreactor on a laboratory scale. The main goal was to examine possible contradictions of physiologically and technologically optimal conditions in the same relatively small, laboratory-scale (basic research state). We aimed to answer the following questions:




	
Are there significant changes of the main physical and chemical parameters in the two different types of photobioreactors in the same (laboratory) scale;



	
Does culturing in a hybrid-type reactor result in the production of more biomass than using a conventional culturing method at the same (laboratory) scale;



	
What is the efficiency of nutrient uptake in different types of photobioreactors in the same (laboratory) scale;



	
How is the lipid composition of biomass influenced by the reactor type;



	
Which technological parameters are the most important to ensure more efficient biomass and lipid production?









2. Materials and Methods


2.1. Algal Strain and Experimental Setup


The experiments were performed with the green alga Monoraphidium pusillum (Chlorophyceae, Sphaeropleales) available in the Algal Culture Collection of the Department of Hydrobiology, University of Debrecen (ACCDH-UD0911).



The algae were cultured in a hybrid-type photobioreactor with 2800 mL full volume and a 4000 mL Erlenmeyer flask in the same final volume as the hybrid photobioreactor (2800 mL).



The applied hybrid-type photobioreactor was the combination of a fermenter and a helical-tubular reactor. The central part was a conventional fermenter-type reactor body made of glass (1 L in volume). A glass spiral (i.e. a helical tubular reactor) with 20 mm inner and 24 mm outer diameter and ~2 L in volume was placed around the central reactor body (Figure 1). Mixing was provided by a sparger in the central reactor body, responsible for gas supply. The stirring motor was not installed. The whole culture was circulated in the glass spiral by a peristaltic pump (ISMATEC ECOLINE VC-380, Cole-Parmer GmbH, Wertheim, Germany). Illumination was provided by a removable illumination unit: 8 fluorescent lamps (18 W) with 1200 lm luminous flux per lamp in the unit, which was mounted between the central fermenter body and the glass spiral. (Figure 1). The default settings allowed only continuous illumination. The hybrid reactor had a built-in turbidity measuring system. The sensor used light ranging from 840 to 910 nm. The measured values are provided as Absorbance Units (AU). The measurement range is 0–6 AU. The default settings automatically increased the irradiation (given in % of lamp performance) in parallel with the increasing turbidity. The culture temperature was 24 °C.



The Erlenmeyer flask was considered a column or tank-type photobioreactor, and the culture was bubbled with sterile air (it served as carbon source and mixing) and kept under continuous irradiation (40 µmol photons m−2 s−1; Osram Lumilux T8 L 36W/865 Cool Daylight and 36 W/830 Warm White fluorescent lamps) at 24 °C.



Cultures were maintained in Jaworski’s medium [41]. Biomass and lipid production was studied in control and in nitrogen depleted cultures (with 75, 50, and 25% nitrate contents considering 100% the nitrate content of the control culture) in both reactor types. The duration for each experiment was 7 days.




2.2. Measurement of Culture Growth


Samples of 10 mL were taken daily from the cultures. The oxygen saturation and the pH were read in the case of the photobioreactor and measured with a HACH HQ30d flexi multimeter (Hach Lange GmbH, Düsseldorf, Germany) in the case of both reactor type for better comparability. Cell number was counted in the Bürker chamber using an Olympus BX50 microscope (Olympus Optical Co., Ltd., Tokyo, Japan) at 400× magnification. To monitor changes in dry biomass, 5 mL of the 10 mL samples were centrifuged (5 min, 13,000 rpm, Thermo Scientific Heraeus Fresco 17 centrifuge, Thermo Fisher Scientific Inc., Waltham, MA, USA) in pre-weighed Eppendorf tubes. An Ohaus Adventurer ™ Pro analytical scale (Ohaus Corporation, Parsippany, NJ, USA) was used for mass measurements. Samples were stored at −20 °C until lyophilization. Samples were lyophilized in a Christ Alpha 1–2 LD plus freeze dryer equipment (Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany), followed by another weight measurement and dry weight calculations. To monitor the change in chlorophyll content of the cultures, the daily collected, lyophilized, and weighed samples were used. The chlorophyll content was measured by the hot methanol extraction method [42].




2.3. Following of Nitrate and Phosphate Contents of the Cultures


Nitrate and phosphate contents were measured spectrophotometrically with a Spectroquant Pharo 300 one-way UV-VIS spectrophotometer (Merck KGaA, Darmstadt, Germany). The nitrate measurement was based on the reaction in which nitrate ions form a yellow compound with salicylic acid (nitrosalicylic acid) in an alkaline medium, with an absorption maximum of 410 nm. The color intensity is proportional to the concentration of nitrate ions [43]. The chemical background of free reactive phosphate measurement shows that orthophosphate ions react with molybdenate ions to form a phosphorus-molybdenate complex, which reduces to a blue compound in sulfuric acid. The reducing agent was ascorbic acid, and the catalyst for the reaction was potassium antimonyl tartrate. The color intensity of the solution can be measured at 885 nm, and it is proportional to the concentration of orthophosphate ions [44]. Both methods were reduced in volume and were carried out in Eppendorf tubes, to minimize sample requirements.




2.4. Detection and Basic Analysis of Lipid-Content


Algal cells were stained with Nile-red fluorescent dye on days 0, 3, and 7 of the experiments. The staining procedure as described by Chen et al. (2009) [45] was used with modifications: The optical densities of the samples were adjusted to 0.400 in a final volume of 1 mL, and then, dimethyl-sulfoxide (DMSO) solution was added to reach 20% final concentration. The samples were then allowed to stand for 10 minutes at 24 °C, and then, Nile red dye solution was added to a final concentration of 8 µg mL−1. The staining time was 30 minutes, and the staining temperature was 40 °C. The incubation was done in a Memmert UF 55 drying oven (Memmert GmbH + Co.KG, Büchenbach, Germany). At the end of the staining time, the cells were examined with an Olympus BX50 fluorescence microscope, and photos were taken by a DP-80 fluorescent digital camera (Olympus Optical Co., Ltd., Tokyo, Japan).



At the end of the experiments, the biomass was collected with a Beckman Avanti J-25 (Beckman Industries Inc., Fullerton, CA, USA) centrifuge (5 min, 5000 rpm), and dry weight was measured in the same way as in the case of the daily samples. To measure the total lipid content, 5 mL chloroform-methanol mixture in a 2:1 volume ratio was added to 0.1 g of freeze-dried homogenized sample, and the samples were stirred on a magnetic stirrer (IKA Combimag RCH, IKA®-Werke GmbH & Co. KG, Staufen, Germany) for 2 h at 24 °C in the dark. The mixture was centrifuged (5 min, 13,000 rpm Thermo Scientific Heraeus Fresco 17 centrifuge), and the solvent was evaporated on a Rotadest Type 2118 (KUTESZ Ltd., Budapest, Hungary) vacuum evaporator at 40 °C. The evaporated material was weighed on an analytical scale (Ohaus Adventurer™ Pro, Ohaus Corporation, Parsippany, NJ, USA).



The preliminary qualitative analysis of lipids was performed by thin layer chromatography [46]. Samples with ~20 µg dry extract mL−1 dry weight concentrations were applied, and 20 µL aliquots were carried to the thin layers as bands. Tripalmityl glycerate (triglyceride containing saturated palmitic acid only) and trioleyl glycerate (triglyceride containing unsaturated oleic acid only) were used as standards (Sigma-Aldrich, St. Louis, MO, USA). The mobile phase was a 100:6 mixture of petroleum ether (40–60 °C) and acetone, which could not elute the more polar lipid-like molecules (pigments, mono- and diglycerides) over long distances in the layer, so the bands between the running heights of the two standards could be differently saturated triglycerides. The run was performed on silica gel impregnated with 2% AgNO3 (silica gel 60 G, 10 × 10 cm, 200 μm thick, Merck, Darmstadt, Germany). Silver reacts with double bonds so that triglycerides containing saturated side chains migrate farther from the start line, while triglycerides containing unsaturated side chains are retained better and move slower. A 10% solution of phosphorous-molybdic acid in ethanol (10 g of phosphorous-molybdic acid in 100 mL of 96% ethanol) was used for development. After sprinkling, the plates were dried at 120 °C for 10 minutes in a drying oven (Memmert UF 55, Memmert GmbH + Co.KG, Büchenbach, Germany). CpAtlas 2.0 (Lazarsoftware, Debrecen, Hungary) software was used for the evaluation of the digital photos taken of the thin layers.




2.5. Statistical Analysis


All experiments were done in triplicate. The data of culture growth, nutrient contents of the culturing media, and lipid contents of the collected biomasses were analyzed by two-way ANOVA and Tukey’s HS D post-hoc test. The method provides information on whether there were significant differences between the individual treatments at each time point and between sampling times within a given treatment. Information of whether there was a significant interaction between time and treatments or if the two factors (time and treatment) were independent from each other was obtained. SigmaStat (4.0) (Systat Software Inc., Chicago, IL, USA) software was used for statistical evaluations.





3. Results


3.1. Illumination Changes of the Hybrid Reactor


As described in Section 2.1, the hybrid reactor has a built-in turbidity measuring system. The default settings automatically increase the irradiation (given in % of lamp performance) in parallel with increasing turbidity. The starting light intensity after inoculation was ~11.5%, and the measured illuminance was 2.85 klux. According to Thimijan and Heiss [47], this corresponds to ~38.5 µmol m2 s−1 in the case of cool white fluorescent lamps, so starting light intensities correspond to the light intensity applied in the algal room for the tank reactor. After 7 days, the intensity reached ~25%, and the measured illuminance was 6.25 klux (corresponding to ~84.5 µmol m2 s−1). In the case of cultures with 75% nitrate content, the best growth was observed (see in Section 3.3). In other cultures, the light intensity increased slightly, even in those cases where the cell number decreased.




3.2. Changes of Oxygen Saturation and pH


During the experiments, the changes in oxygen content and pH in both devices were monitored for each treatment (Figure 2). Oxygen content increased significantly in almost all treatments in both reactor types during one week of the experiment, at least compared to day zero (p < 0.05; Figure 2a,b). In the hybrid reactor, a higher oxygen level was measured at the start of the experiments in 25%-N treatment, and the oxygen level remained higher throughout the whole week (Figure 2a). A similar phenomenon could be observed in the tank reactor (Figure 2b). Comparing the oxygen content of the same treatments in the different reactors, it can be stated that there were significantly higher oxygen levels in the tank reactor in control cultures and 50%-N treated cultures on certain days than in the hybrid reactor in the same cultures (p < 0.05).



The pH was balanced in the hybrid reactor (Figure 2c), while it increased in the tank reactor from day zero (Figure 2d), the increases were significant in some cases (p < 0.05; Figure 2d).




3.3. Growth of the Cultures


3.3.1. Cell Number Changes


In the hybrid reactor, the control culture showed a decrease in cell number, and this decrease was significant (p < 0.05) from the 3rd day compared to day zero (Figure 3a). Nevertheless, the growth of the culture was clearly visible (based on the increasing green coating in the glass spiral), but the adhesion of the cells prevented representative sampling. The highest floating cell number was observed in the 75%-N culture. Floating cell numbers were also significantly higher (p < 0.05) in the 50%-N and 25%-N cultures in the second half of the experiment than in the control (Figure 3a). Total cell numbers showed a different picture (see below).



Continuous, significant growth was observed in the tank reactor in the case of all treatments, but the stationary phase appeared sooner in media with lower nitrate contents (Figure 3b). Compared to the control, the cell number was 20% lower by day 3 in the 75%-N culture, and only 44% of the control cell number was present on day 3 in the 25%-N culture. On the last day, 24% inhibition was observed in the 75%-N culture and nearly 50% in the 25%-N culture compared to the control (Figure 3b).



The cell number of the biomass collected from the hybrid reactor was also counted on the last day of the experiment (Figure 3c). A much higher value could be expected after the total biomass was collected—i.e., it can be verified that there was culture growth, but representative sampling was not possible due to cell adhesion. It should be noted, however, that the cell numbers observed in the hybrid reactor were still below those counted in the tank reactor (Figure 3c).




3.3.2. Chlorophyll Content Changes


The phenomena experienced in cell number changes were also observed in the case of chlorophyll values (Figure 4). Representative sampling was not possible from the hybrid reactor due to cell adhesion (as described above), and therefore, a decreasing chlorophyll content was detected in the control culture (Figure 4a). Chlorophyll was detectable in significantly higher concentrations in cultures containing lower but still sufficient amounts of nitrate (75% and 50%-N cultures) than in the control, probably due to the lower adhesion of the cells (p < 0.05; Figure 4a). Chlorophyll content was significantly higher (p < 0.01) in these cultures on the last days of the experiments than on previous days. However, less chlorophyll was measurable in the 25%-N cultures due to the lower nitrate content (Figure 4a).



In the tank reactor, all cultures showed significant growth during the seven days of the experiment, but significantly less and less chlorophyll content was detected in line with the decreasing nitrate concentration (p < 0.05; Figure 4b).




3.3.3. Differences in Net Dry Biomass Production


At the end of each experiment, total biomass was collected and its dry weight was measured. As expected, lower nitrate content in the culturing medium allowed for a lower increase in biomass. These differences were significant only in the case of the 25%-N culture compared to the control in the hybrid reactor, while there were significantly lower biomasses in 50 and 25%-N treatments compared to control and 75%-N culture in the tank reactor (p < 0.005; Figure 5). In addition, it is clear from the results that the dry biomass produced in the hybrid reactor under the applied conditions was always significantly lower than the measurable amount in the tank reactor: 2.6, 2.8, 2.3, and 1.9-fold higher dry biomasses were produced in the control; 75, 50, and 25%-N more cultures in the tank reactor than in the hybrid reactor (p < 0.001; Figure 5).





3.4. Nitrate and Phosphate Uptake


Considering initial nitrate content as 100%, almost the total amount of nitrate was taken up in the control, 75%-N, and 50%-N cultures by the end of the experiment in the hybrid reactor (Figure 6a). The dynamic of nitrate uptake was in accordance with growth or at least with the total biomass measured on the 7th day of the experiment: A slow nitrate uptake was observed in the first four days in control culture, then more than 95% of nitrate was taken up by the 7th day. There was faster nitrate uptake in the nitrate-depleted cultures: more than 80% of the initial nitrate content was taken up in the first four days in 75%-N culture. There was slower, but still accelerated nitrate uptake in the 50 and 25%-N cultures than in others. Interestingly, only ~70% of initial nitrate content was taken up in the 25%-N culture (Figure 6a).



Trends in nitrate uptake were much more in line with expectations in the tank reactor: a significantly higher proportion of initial nitrate content (p < 0.001) was taken up on the first two days in nitrate-depleted cultures, than in the control (Figure 6b). From the 3rd day, nitrate uptake trends were similar in the control and 75%-N, and in 50%-N and 25%-N cultures, respectively (Figure 6b). Generally, 95% of nitrate was taken up in all cultures by the end of the experiment.



In comparing nitrate uptake in the different reactor types of the same treatments, a significantly higher proportion of initial nitrate content was taken up in the tank reactor than in the hybrid reactor (p < 0.05).



There were no significant differences in phosphate uptake between the cultures exposed to different treatments in the hybrid reactor. It should be noted that only 20% of the initial phosphate content was taken up in the control, and only 10–13% in nitrate-depleted cultures (Figure 6c).



A significantly higher proportion of the initial phosphate content was taken up in control cultures than in nitrate-depleted ones in the tank reactor between the 2nd–5th days of the experiment (p < 0.001; Figure 6d). A slow phosphate uptake could be observed in nitrate-depleted cultures in the first four days, an increasing trend occurred afterward with significant differences on the last three days, but there seemed to be no connection between the extent of phosphate uptake and nitrate depletion (p < 0.05; Figure 6d). A 63–90% of the initial phosphate content was taken up by the end of the experiments in the tank reactor.



Comparing phosphate uptake in the different reactor types of the same treatments, similarly to nitrate uptake, a significantly higher proportion of initial phosphate content was taken up in the tank reactor than in the hybrid reactor (p < 0.05).




3.5. Changes in Lipid Content and Neutral Lipid Composition


Nile red fluorescent staining proved the increasing appearance of neutral lipid droplets in nitrogen depleted cultures in both reactor types (Figure S1). Besides the greater extent of a cluster formation of cells in the hybrid reactor, other morphological differences between the cells from the two reactor types were not observed.



Regarding the changes in the total lipid content of the cultures, it can be stated that the lipid content of the cells in both the hybrid reactor and the tank reactor increased as the amount of nitrate decreased (Figure 7). The lipid contents were significantly higher in 50%-N and 25%-N cultures than in the control and 75%-N cultures in both reactor types on a dry mass basis (p < 0.05; Figure 7a), but the total lipid contents of the same treatments did not differ significantly in the two reactor types (Figure 7a). There was significantly higher lipid content in the 50%-N and 25%-N cultures than in the control and 75%-N cultures in the hybrid reactor (p < 0.05; Figure 7b). However, under the applied conditions, a significantly higher amount of lipid can be produced in the tank reactor in a given volume than in the hybrid reactor (p < 0.001; Figure 7b).



During preliminary TLC analysis of the lipid composition, altogether, eight bands, i.e., eight different types of lipids, were separated (Figures S2 and S3). As it is described in the Materials and Methods section, the run was performed on silica gel impregnated with 2% AgNO3, the role of which in the reaction is to form stronger bonds with the lipids containing more double bonds, so they are retained better in the layer so that they can be separated from the more saturated ones. The results showed that the most unsaturated peak, 1, and the most saturated peaks, 7 and 8, dominate all treatments in both reactor types (complemented with peak 2 in control cultures from the tank reactor). The results also show that the lower the nitrate content in the culturing medium, the higher the number of bands (identifiable peaks), i.e., the number of different types of lipids (Figures S2 and S3; Figure 8). Although the method applied in the present form was not suitable for identifying the different lipids, it clearly showed that new forms in different amounts appeared in nitrate-depleted cultures. The differences were more pronounced in the case of the hybrid reactor: there were no detectable lipids in the control, four peaks appeared in the 75 and 50%-N cultures, and seven peaks were detectable in the 25%-N culture (Figure S2). Peak areas of peaks 1 and 6 were significantly higher, while the peak area of peak 7 was significantly lower in the 75 and 50%-N cultures than in the 25%-N culture (p < 0.001; Figure 8a).



There were six identifiable peaks in the control culture from the tank reactor, and two new peaks (peak 3 and 4) appeared in the nitrate-depleted cultures (Figure S3). Peak areas of peaks 1, 6 (except control vs 75%-N), and 7 were significantly higher; 2 and 5 (except control vs 25%-N) were significantly lower (p < 0.001) in nitrate-depleted cultures than in the control (p < 0.001; Figure S3 and Figure 8b).



Comparing the preliminary lipid profiles of the same cultures from different reactors, it can be concluded that more unsaturated lipids were present in higher amounts in the biomasses from hybrid reactors (especially peak 1 with significantly higher peak area; p < 0.05, except 25%-N treatment), while more saturated ones were present in higher amounts in biomasses from the tank reactor (mainly peak 7 and 8 with significantly higher peak areas; p < 0.05, except 25%-N treatment).





4. Discussion


4.1. Oxygen Saturation and pH


During light and dark cycles, oxygen concentrations in a photobioreactor shows a diurnal pattern [48,49,50]. Since our experiments were carried out under continuous irradiation, the diurnal pattern of oxygen content changes was not observed. Lower than average initial oxygen levels in the hybrid reactor could be explained by the much more complex geometry, which requires a longer time for the even gas distribution in the reactor than in the case of the tank reactor. The higher oxygen levels in the 25%-N cultures in both types of reactors are probably the result of the lower salt content: the lack of nitrate made it possible to dissolve more oxygen within these cultures. The significantly higher oxygen levels in the tank reactor in control cultures and the 50%-N treated cultures on certain days than in the hybrid reactor in the same cultures is not easy to explain. Cell density differences or geometry differences do not explain why the oxygen contents of these cultures differed significantly from each other and the others not. Although photosynthetic activity calculations were not done, the moderate increase of oxygen levels can be explained by the photosynthetic activity of the cultures in the tank reactor. In the hybrid reactor, increased oxygen levels could be the result of the insufficient aeration of the tubular part of the reactor, as it was observed by Gluszcz et al. [51] in a similar device. In summary, the results suggest that the gas supply of the tank reactor is more even in the applied volume than in the hybrid reactor with a complex geometry. The literature also reported more uneven gas distribution in tubular reactors [52] and a more balanced gas supply in column reactors [53,54]. At the same time, it also has to be taken into account that scalability of tubular reactors is considered much higher than that of column reactors [4].



The changes in pH are also strongly related to reactor geometry, proper mixing, and the physiological processes of algal cells. Jaworski’s Medium contains H2PO4− and HPO42− ions, which can work as a buffer system. However, these ions are also a phosphorous source for the algae, so their uptake can decrease the buffer capacity of the medium. As shown in the Results section, intensive phosphate uptake was observed in all cultures in the tank reactor, which could explain the increase of pH in these cultures. Another reason for the increasing pH is the photosynthetic carbon consumption [48,49]. Furthermore, pH increases could also be caused by the consumption of the nitrogen source, nitrate ions, because of the parallel excretion of OH− ions [55]. During dark and light cycles, pH shows changes “adjusted” to the dark and light periods because of the alternation of the ratio of photosynthesis and respiration [48,49]. Since our cultures were kept under continuous irradiation, the resulting photosynthesis / respiration ratio did not allow for a decrease in pH. Although microalgal cultures could be considered carbon limited at the measured pH values due to the dissolution properties of CO2 [48,49], growth characteristics did not show this limitation in the tank reactor (also suggesting that light limitation due to increasing culture density did not occur significantly during the experiment). The pH remained more stable and at lower values in the hybrid reactor, probably because of the lower metabolic activity due to lower cell density.




4.2. Growth of the Cultures


Maintaining high (optimal) performance in a photobioreactor depends on many factors. One of the main important factors is light quantity and quality and its distribution in the reactor. Light attenuation inside the reactor also depends on many factors, with the thickness of the culture among the most important [9]. This is the reason for the design of the hybrid reactor: on the one hand, the diameter of the glass tube forming the spiral is theoretically optimal to avoid the culture from self-shading [53], but on the other hand, there is an automated light intensity adjuster, increasing light intensity in parallel with the increasing culture density. In our opinion, these two factors could have significantly contributed to the weaker growth in the hybrid reactor. The observations suggest that light intensity control based on optical density changes has its limitations. On the one hand, optical density could increase due to increasing cell number, cell debris, or possible precipitation processes. On the other hand, the moderate cell number increases resulted in doubling the light intensity (see in Section 3.3). Although the measured highest light intensities cannot be considered as extremely high, it may have caused photoinhibition of the growth of the applied M. pusillum strain. The close placement of the fluorescent lamps to the glass tube, the short light path in the tube, or the so-called “lens” effect due to the helical arrangement of the tubular part [56] all could be potential reasons for the weak growth in the hybrid reactor. It can be assumed that the so-called kinetic regime [57] occurs in the helical part of the hybrid reactor: part of the illuminating light is not absorbed in the culture volume, but it is transmitted, leading to oversaturation or even photoinhibition, damaging the photosynthetic apparatus of the microalgae and significantly reducing the performance of the hybrid reactor. Gluszcz et al. [51] had similar observations in the same reactor type culturing the cyanobacterium Synechococcus sp. PCC 6715: Growth of the cultures was limited to over 40% lamp performance. It is also worth mentioning that the growth of the Synechococcus strain was much better in light and dark cycles than in continuous light. So to attain the diurnal cycle with a simple mechanical or electronic timer switching off and on the external power supply of the photosynthetic module is promising.



Another key reason for low growth is the unexpected adhesion of the cells on the surfaces, especially on the outer arc of the glass spiral of the hybrid reactor. The adhesion feature of the cells depends in part on the size and shape of the microalgae: the elongated, spindle-like shape of M. pusillum cells are prone to attach on surfaces, especially due to the centrifugal force caused by the flow. Attachment of a relevant proportion of the population could lead high inequalities in oxygen levels and light availability, resulting insufficient growth of the cultures. Gluszcz et al. [51] did not report on the significant adhesion of Synechococcus cells. This suggests that adhesion could appear to a smaller extent even in the case of elongated cell shapes if the cells are small. There is the possibility that adhesion occur to a lower extent in the case of spherical (coccoid) planktic algal species. Proof of this requires further investigation.



Since the 1950s, it has been known that mixing microalgae cultures promotes culture growth [58]. It was shown during preliminary experiments that bubble stirring alone was not enough in the tested hybrid reactor for the adequate growth of M. pusillum cultures. To improve the stirring, a stirring rod was placed in the fermenter tank, and a VELP 100-240V / 12V type magnetic stirrer (VELP Scientifica Srl, Usmate (MB), Italy) was placed under the fermenter tank. Based on the results presented, proper mixing, and thus, representative sampling had a higher standard deviation due to impaired homogeneity. Based on these observations, it is recommended to install a stirrer motor, as it is used for heterotrophic fermentation. The peristaltic pump did not allow fine control of culture circulation in the tube spiral. Low pump velocities resulted in sedimentation and bubble formation in the tubes, and higher velocities enhanced the centrifugal force resulting in even more intense adhesion. A finely controllable centrifugal pump designed for helical tubular reactors may solve these problems even in small laboratory scales.




4.3. Nutrient Uptake


Culturing media with lower nitrate contents obviously have a lower N:P ratio. It is known that lower nitrate content can easily result in the complete removal of nitrate, but the N:P ratio has no strong effect on the extent of nitrate uptake [59,60]. The differences between nitrate uptake tendencies in the two types of reactors can be explained with cell number differences. The results highlight that the used M. pusillum strain can be characterized with significant luxury uptake abilities since almost the total amount of nitrate was taken up even in control cultures in the hybrid reactor with very low cell density.



Literature data show in the case of several green algae species that high N:P ratios are favorable for phosphate uptake [59,60,61,62,63,64]. Similarly, the used M. pusillum strain took up more phosphate in control cultures (with a higher N:P ratio) than in nitrate-depleted cultures in the case of the tank reactor. To explain the background of the higher phosphate uptake on the last two days in nitrate-depleted cultures requires further investigation. Surprisingly, the proportion of phosphate uptake was very low in the hybrid reactor. This can be partly explained by the low cell density, and the unfavorable conditions as an attachment on reactor surfaces and light stress in the helical tubular part of the reactor also could contribute to the observed low phosphate uptake.




4.4. Lipid Content


Many microalgae respond to nitrogen starvation by accumulating lipids [24], and the phenomenon is also known among Monoraphidium species [65,66]. The examined M. pusillum strain reacted to nitrogen starvation similarly in both reactor types from the point of view of total lipid content, although the lower biomass productivity in the hybrid reactor was observable also in lipid content on a volume basis. Although the applied TLC method was not suitable for identifying the different lipids, as a preliminary analysis it clearly showed that new forms in different amounts appeared in nitrate-depleted cultures in both reactor types. Simultaneously, there were significant compositional differences between the same cultures from different reactors. The background of these differences could be the adhesion of the cells in the hybrid reactor, especially in the helical tubular part. This is also suggested by the more similar TLC profiles of 25%-N cultures, for which less adhesion was observed in the hybrid reactor. Cell adhesion results lower culture density, which means that individual cells get higher light intensity. This could lead to the above mentioned oversaturation and photoinhibition. Although high light intensity was reported to cause the increase of neutral lipid content, the transformation of polar lipids to neutral ones, and the reduction of thylakoid membrane-associated unsaturated fatty acids [67], opposite observations were also reported among algae from the family Selenestraceae [68]. To find the exact reason for the observed significantly different lipid profile requires further, more exact analyses. However, cell adhesion and the related physical (light climate) and physiological (changed photosynthesis and other metabolic activities) processes seem to have key roles in the phenomena.





5. Conclusions


Based on the results, the following conclusions can be drawn: The hybrid reactor has the undeniable advantage of having an online monitoring system. At the same time, the tested basic device needs to be supplemented in order to be suitable for laboratory optimization experiments and to be economically feasible during scaling up. The necessary additions are well exemplified by the fact that we had to solve the mixing at the very beginning of the experiments due to the unexpected large-scale sedimentation and adhesion of the cells. As a temporary solution, we placed a table-top magnetic stirrer under the fermenter tank, but in our opinion, incorporating a stirrer motor should be considered, as in the case of a conventional fermenter. In addition, even on a laboratory scale, optimization experiments could benefit from more finely adjustable mixing and circulation of the culture than it is available with peristaltic pump performance to improve control and avoid unexpected adhesion phenomena.



In accordance with the literature, continuous operation of a helical tubular hybrid reactor would be much more beneficial, since the batch mode allows for significantly less efficient biomass production for the tested algal species than conventional flask cultivation (as an air bubbled column or tank reactor) in the studied volume.



Automatic setting of light intensity in parallel with culture density was not found to be useful because this design does not allow the optimization of light intensity either in the case of young cultures or in the case of different algae species requiring lower or higher light intensity than the intensity provided by the default setting.



This study highlights that reactor geometry and complexity plays a crucial role in the obtained results. Some default designs which have certainly been developed considering scalability requirements, are not optimal (or sometimes not suitable) for optimization experiments in certain laboratory volumes. On the other hand, the results also highlight that conventional laboratory methods (such as Erlenmeyer flasks considered as air bubbled column or tank reactors) are very useful for the physiological optimization of algae cultivation for a certain purpose, but may be not appropriate from the point of view of scalability.
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Figure 1. Schematic representation of the main parts of the hybrid photobioreactor and the assembled device. A control unit for the illumination and for the whole system and a peristaltic pump for culture circulation are also parts of the equipment. 
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Figure 2. Changes in oxygen saturation (a,b) and pH (c,d) in control (C) and nitrogen depleted (75, 50, 25%-N) Monoraphidium pusillum cultures in the hybrid reactor (HR) and in the tank reactor (TR). Means (n = 3) and standard deviations are plotted. Different lowercase letters at curves mean significant differences among the last day values (p < 0.05). 
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Figure 3. Cell numbers in the control (C) and nitrogen depleted (75, 50 and 25%-N) Monoraphidium pusillum cultures (a) in the hybrid reactor (HR) and (b) in the tank reactor (TR). (c) Cell numbers on the last (7th) day of the experiments in the tank reactor and in the hybrid reactor before collecting the whole biomass (HR-Before) and after collecting the whole biomass (HR-After). Means (n = 3) and standard deviations are plotted. Different lowercase letters at curves mean significant differences among the last day values; asterisks mean significant differences among treatments (p < 0.05). 
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Figure 4. Chlorophyll concentrations in the control (C) and nitrogen depleted (75, 50 and 25%-N) Monoraphidium pusillum cultures (a) in the hybrid reactor (HR) and (b) in the tank reactor (TR). Means (n = 3) and standard deviations are plotted. Different lowercase letters at curves mean significant differences among the last day values (p < 0.05). 
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Figure 5. Dry masses on the last (7th) day of the experiment in the control (C) and nitrogen depleted (75, 50, and 25%-N) Monoraphidium pusillum cultures in the hybrid reactor (HR) and in the tank reactor (TR). Means (n = 3) and standard deviations are plotted. Different lowercase letters represent significant differences (p < 0.05). 
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Figure 6. Nitrate (a,b) and phosphate (c,d) uptake in control (C) and nitrogen depleted (75, 50, 25%-N) Monoraphidium pusillum cultures in the hybrid reactor (HR) and in the tank reactor (TR). Means (n = 3) and standard deviations are plotted. Different lowercase letters at curves mean significant differences among the last day values (p < 0.05). 
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Figure 7. Total lipid contents (a) per unit of dry mass and (b) per unit of culture volume on the last (7th) day of the experiment in the control (C) and nitrogen depleted (75, 50, and 25%-N) Monoraphidium pusillum cultures in the hybrid reactor (HR) and in the tank reactor (TR). Different lowercase letters represent significant differences. Means (n = 3) and standard deviations are plotted. 
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Figure 8. Preliminary analysis of lipid composition by thin layer chromatography of biomasses from control (C) and nitrogen depleted (75, 50 and 25%-N) Monoraphidium pusillum cultures (a) in the hybrid reactor (HR) and (b) in the tank reactor (TR). Means (n = 3) and standard deviations are plotted. Asterisks represents significant differences of the same peak among different treatments. 
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