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Abstract:



In this study, a novel 96-well microplate swivel system (M96SS) was built for high-throughput screening of microalgal strains for CO2 fixation. Cell growth under different CO2 supply conditions (0.2, 0.4, 0.8, and 1.2 g L−1 d−1), residual nitrate, and pH value of Chlorella sp. SJTU-3, Chlorella pyrenoidosa SJTU-2, and Scenedesmus obliquus SJTU-3 were examined in the M96SS and traditional flask cultures. The dynamic data showed there was a good agreement between the systems. Two critical problems in miniature culture systems (intra-well mixing and evaporation loss) were improved by sealed vertical mixing of the M96SS. A sample screen of six microalgal species (Chlorella sp. SJTU-3, Chlorella pyrenoidosa SJTU-2, Selenastrum capricornutum, Scenedesmus obliquus SJTU-3, Chlamydomonas sajao, Dunaliella primolecta) was carried out in flasks and the M96SS. Chlamydomonas sajao appeared to be a robust performer (highest cell density: 1.437 g L−1) in anaerobic pond water with 0.8, and 1.2 g L−1 d−1 CO2. The reliability and efficiency of the M96SS were verified through a comparison of traditional flask culture, M96SS, Lukavský’s system, and a microplate shaker.
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1. Introduction


Global warming is of great concern [1]. Carbon dioxide (CO2), the principal greenhouse gas, is an important causative factor in global warming. Microalgae are unicellular microorganisms that rapidly fix CO2 via highly efficient photosynthesis. They are of great potential to produce considerable amounts of low-carbon-emission biofuels, which could lead a green revolution in the future [2]. These biofuels can also be coupled with the production of valuable biological by-products [3]. Therefore, the integrated utilization of microalgae is considered a promising strategy to counter global warming while making valuable products.



Strain selection is one of the most critical links in microalgae research and application. Traditional screening processes cultivate algal strains in flasks under different screening conditions [4]. Such methods provide reliable screening results, but are time consuming and labor intensive [5]. Some miniature culture technologies have been used to increase experimental throughput in microalgae research [6,7,8]. Most of these are adaptations of Lukavský’s [9] system. Lukavský [9] cultivated microalgae for toxin bioassays in 96-well plates in a closed flat box containing CO2. Later researchers [5,10] verified the agreement between Lukavský’s [9] system and the flask culture system for bioassays. However, these authors did not address similarities and differences between microalgal growth characteristics in miniature and flask culture. At the same time, intra-well mixing and sample evaporation were also identified as critical issues in miniature culture systems [11]. Poor intra-well mixing leads to cell sedimentation while excess mixing greatly increases sample evaporation. With increasing demand for methods that allow for rapid progress, an efficient and reliable screening method that avoids these drawbacks is needed.



We developed a 96-well microplate swivel system for high-throughput screening of CO2-fixing microalgal strains. Six microalgal strains of various classes were studied under different CO2 supply conditions. Municipal wastewater was added as an additional culture medium. The dynamic growth characteristics of miniature culture versus flask culture were compared. The comparisons of pH, cell density, and residual nitrate in both systems showed that there was a good agreement between results from the M96SS and standard flask culture methods.




2. Experimental Section


2.1. Organisms and Culture Media


Pure cultures of six microalgal strains (Chlorella sp. SJTU-3, Chlorella pyrenoidosa SJTU-2, Selenastrum capricornutum, Scenedesmus obliquus SJTU-3, Chlamydomonas sajao, and Dunaliella primolecta) were used in this study. Dunaliella primolecta was cultured in modified f/2 medium [12]. The other five strains were cultivated in BG-11 medium [13]. Sewage from the anaerobic and oxic ponds of Minhang Wastewater Treatment Plant was also used as media for strain selection.




2.2. Pre-Culture of Inocula and Measurement of Cell Growth


To prepare for screening, the six microalgal strains were pre-cultured in flasks with a working volume of 400 mL liquid medium at 25 ± 1 °C and 180 µmol m−2 s−1 cool fluorescent light. The culture was bubbled with filtered air-CO2 mixed gas (1% CO2) at 0.25 vvm (air volume/culture volume/min). Initial cell density was 0.1 g L−1. After 4 days, the pre-culture was stopped to obtain inocula. Optical density was measured daily on a microplate reader at 570 nm (Thermo Multiskan MK3). Cultures were sampled daily (20 mL per sample). The culture sample was centrifuged at 8000 rpm for 5 min, and the supernatant was discarded. The microalgal pellet was washed twice with deionized water and collected by centrifugation. The algal biomass was freeze dried at −40 °C for 24 h to obtain dry powder, which was weighed. Standard curves for the OD value of each strain versus dry cell weight were generated. The regression functions are shown in Table 1.



Table 1. Regression functions of OD570versus cell density.







	
Strains

	
Regression function

	
R2






	
Chlorella sp. SJTU-3

	
y = 1.7083x − 0.1254

	
0.997




	
Chlorella pyrenoidosa SJTU-2

	
y = 2.1024x − 0.0985

	
0.989




	
Scenedesmus obliquus SJTU-3

	
y = 2.3207x − 0.1104

	
0.998




	
Chlamydomonas sajao

	
y = 2.8956x − 0.0948

	
0.998




	
Selenastrum capricornutum

	
y = 2.1067x − 0.1107

	
0.981




	
Dunaliella primolecta

	
y = 2.6777x − 0.0657

	
0.996








x: OD570; y: Dry cell weight (cell density) (g L−1).











2.3. Design of the 96-Well Microplate Swivel System


The schematic diagram of the 96-well microplate swivel system (M96SS) is shown in Figure 1(a). Microalgae were cultivated in UV-sterilized 96-well microplates with different concentrations of filtered CO2 and liquid medium (six replicates per sample). Single well capacity was 300 μL. Each well contained 100 μL of working volume. Each microplate was sealed with two membrane layers. The first membrane is a layer of Parafilm®. Parafilm® is hydrophobic with high plasticity. The contact area of Parafilm® and the rim of each well were pressed by a rigid plastic frame so that the Parafilm® tightly sealed each well of the microplate to prevent leakage. The second membrane was a layer of Scotch® tape tightly adhered on top of the Parafilm®. The Scotch® tape was gastight to prevent intra-well CO2 effusion through the parafilm. Intra-well gas was renewed daily in a closed clean bench filled with CO2. The CO2 concentration in the clean bench was controlled by a gas distribution system. Eight microplates were laid centrosymmetrically on a swivel for intra-well mixing. During cultivation, the swivel (20 cm radius) was rotated by an electric motor at 20 rpm. Cultures were placed on a bench at 25 ± 1 °C. Microplates on the swivel received cool white, fluorescent parallel light (180 µmol m−2 s−1 at the surface of the microplates).


Figure 1. (a) Schematic diagram of the 96-well microplate swivel system. Different concentrations of CO2 were sealed into each microplate by 2 membrane layers. External continuous illumination at 180 μmol m−2 s−1 was provided by cool white fluorescent lights. During cultivation, microplates on the swivel were rotated vertically. Cell density was measured daily with a microplate reader; (b) Photo of 96-well microplate swivel.
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2.4. Flask Cultivation System


To confirm the reliability of the M96SS, microalgae were also cultured in 250-mL Erlenmeyer flasks. Each flask contained 85 mL of culture volume (three replicates per condition). Each shaker had a capacity of 36 flasks. During cultivation, each flask was flushed with filtered air-CO2 mixed gas daily, and sealed with transparent scotch tape. Flask cultivation was carried out on a shaker at 110 rpm at 25 ± 1 °C and received cool white fluorescent parallel light (180 μmol m−2 s−1 at the surface of the flasks) from the top of the shaker.




2.5. Experimental Design to Verify the Reliability of the M96SS


2.5.1. Reproducibility of Parallel Samples in the M96SS


Chlorella pyrenoidosa SJTU-2 was cultivated in each well of two microplates in the M96SS fed with 0.8 g L−1 d−1 CO2. During 6 days’ cultivation, cultures from the two microplates were used for daily intra-well OD measurements. Each sample consisted of six continuous replicates [Figure 2(a)]. Each microplate contained 16 parallel samples. A t-test was performed to analyze the differences between parallel samples every day.


Figure 2. Consistency of parallel samples in M96SS. (a) The division of parallel samples. Each sample consisted of 6 continuous replicates; (b) The growth curves of Chlorella pyrenoidosa SJTU-2 inoculated at 0.02 g L−1 cultivated in M96SS with 0.8 L−1 d−1 CO2; 32 parallel samples from two microplates. The culture was illuminated at 180 μmol m−2 s−1 at 25 ± 1°C.
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2.5.2. Agreement between M96SS and Flask Cultures


Three microalgae (Chlorella sp. SJTU-3, Chlorella pyrenoidosa SJTU-2, and Scenedesmus obliquus SJTU-3) were simultaneously cultivated in the M96SS and flasks under four CO2 supply conditions (0.2, 0.4, 0.8, and 1.2 g L−1 d−1). Optical density of the three microalgal cultures was measured daily. Cell growth (dry cell weight) in the M96SS and flask cultures under the same growth conditions was analyzed by linear regression. The strains were again cultivated at their optimal CO2 concentrations in the M96SS and flasks for measurement of residual nitrate and pH. Cultures were sampled daily. In flasks, each sample contained 1 mL culture volume. In the M96SS, each strain was cultured in 180 wells. Each sample was combined from 10 wells. Samples were obtained in triplicate. The agreement of residual nitrate and pH between M96SS and flask cultures was analyzed by linear regression. The t-test was used to characterize the difference between systems.





2.6. Sample Evaporation in M96SS and Shaken Microplates


Eight microplates were loaded with cell-free medium (100 μL per well), and then sealed with Parafilm®. Four plates were fixed on a microplate shaker and shaken at 600 rpm (3 mm amplitude). The other 4 plates were fixed on the M96SS at 20 rpm (20 cm radius). The Parafilm® covers were removed hourly and the mass of intra-well liquid was weighed with an analytical balance.




2.7. Comparison of Flask and M96SS Cultures for Screening for CO2 Fixation


Six microalgal strains (Chlorella sp. SJTU-3, Chlorella pyrenoidosa SJTU-2, Selenastrum capricornutum, Scenedesmus obliquus SJTU-3, Chlamydomonas sajao, and Dunaliella primolecta) were simultaneously cultivated in flasks and the M96SS under four CO2 supply conditions (0.2, 0.4, 0.8, and 1.2 g L−1 d−1) and three types of liquid medium (Dunaliella primolecta was cultivated in f/2 medium, anaerobic pond water, and oxic pond water, while the other five strains were cultured in BG-11 medium, anaerobic pond water, and oxic pond water). Each operating condition was repeated in triplicate flask and the M96SS cultures were repeated in sets of five. The cultures were incubated for 6 days. Culture ODs were measured daily.




2.8. CO2 Supply Conditions


The four CO2 supply conditions (0.2, 0.4, 0.8, and 1.2 g L−1 d−1) were achieved by filling different amounts of CO2 into the gas phase of culture vessel every day. As in each micro-well or flask the gas to liquid ratio is 2:1, the initial daily-fed-CO2 concentration in the vessel are 5%, 10%, 20%, and 30% (v/v), respectively.




2.9. Measurement of Residual Nitrate in Medium


Residual nitrate in the medium was measured according to the method described by Collos et al. [14]. Samples collected from microplates and flasks were centrifuged at 8000 rpm for 5 min. The supernatant was collected. Nitrate concentration was measured by absorbance at 220 nm with a spectrophotometer (Shimadzu Pharmaspec UV-1700). Sodium nitrate 0–220 μM was used as a standard.




2.10. Measurement of pH in Flask and M96SS Cultures


In both flasks and M96SS, daily pH values were measured with a pH micro-probe (HI 1083B Hanna Instruments). Before each sample measurement, the probe was washed twice with sterile distilled water.




2.11. Measurement of CO2 Fixation in Microalgae


The actual amount of fixed CO2 in culture system by day t is defined as F(t) (g L−1). It can be calculation with following equation [15]:
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(1)




where CC is the carbon content in microalgal cell (%, w/w), which was measured using a VARIO ELIII (Elementar, Hanau, Germany) element analyzer in this study. Xt, X0 are the cell density in culture system at day t and day 0 (g L−1). MCO2 is the molar mass of CO2. MC is the molar mass of carbon.





3. Results and Discussion


3.1. Verification of the Reliability of M96SS


3.1.1. Consistency of Parallel Samples in M96SS


In our M96SS, each microplate had the capacity to test 16 operating conditions (six replicates per sample). Chlorella pyrenoidosa SJTU-2 was cultivated in each well of two microplates under 0.8 g L−1 d−1 CO2. The cell density of each sample under the same operating condition is shown in Figure 2(b). To analyze the significant difference between each of the 32 parallel samples, hundreds (C2 32 = 496) of t-tests were performed daily. The number of samples with p < 0.05 was counted (Figure 2b). The result indicated that most parallel samples in M96SS have no significant differences.



In some cases, microalgae cultivated in the corner wells of a microplate appeared to have a higher cell density, possibly due to excessive illumination. Wells at the center received parallel lighting only from the bottom, while those at the corner received additional illumination from the sidewall. This might cause a cell density value for these samples. In most cases, such deviations were within the acceptable range.




3.1.2. Agreement between M96SS and Traditional Flask Culture


Figure 3 shows the comparison of cell growth, residual nitrate, and culture pH of three microalgae in the M96SS and flask culture. Cell growth is the main parameter for evaluating the potential for CO2 fixation of a specific algal strain [16]. As shown in Figure 3, each of the microalgae exhibited similar growth trends (in response to different CO2 supply conditions) in the M96SS and flask culture [Figure 3(a–c)]. The t-test did not reveal significant differences in cell growth between M96SS and flask culture (p = 0.605). Linear regression analysis [Figure 4(a)] also confirmed the agreement between M96SS and flask culture (R2: 0.988 at p < 0.0014). The results also provided information regarding the effects of CO2 on microalgal growth. Chlorella sp. SJTU-3 [Figure 3(a)] and Chlorella pyrenoidosa SJTU-2 [Figure 3(b)] had the best performance at 0.8 g L−1 d−1 CO2. The dry cell weights of Chlorella sp. SJTU-3 and Chlorella pyrenoidosa SJTU-2 after 6 days were 1.168 ± 0.053 g L−1 and 1.256 ± 0.032 g L−1 (average values between microplate and flask). For Scenedesmus obliquus SJTU-3, cell growth at 0.4 g L−1 d−1 CO2 was much better before day 3 than that at other CO2 supply conditions [Figure 3(c)]. When dry cell weight was above 0.4 g L−1 after day 3, 1.2 g L−1 d−1 CO2 seemed to be more conducive to cell growth. A similar phenomenon was reported elsewhere [17]. Microalgae at a higher cell density are more tolerant of high CO2 levels.


Figure 3. Comparison of microalgal dynamic growth characteristics in M96SS versus flask culture. The dotted line with hollow symbols represents cultivation in the M96SS. The Solid line with solid symbols represents cultivation in flasks. (a–c) Cell growth of 3 microalgae under different CO2 supply conditions. For symbols in (a–c), diamond: 0.2 g L−1 d−1 CO2; square: 0.4 g L−1 d−1 CO2; triangle: 0.8 g L−1 d−1 CO2, cycle: 1.2 g L−1 d−1 CO2. The hollow symbols represent the data in M96SS. Solid symbols represent the data in flasks; (d,e) Residual nitrate and pH value of the culture media of 3 microalgae under their optimal CO2 supply conditions. For symbols in (d,e), diamond: C. sp. SJTU-3 in 0.8 g L−1 d−1 CO2; triangle: C. pyrenoidosa SJTU-2 in 0.8 g L−1 d−1 CO2; cycle: S. obliquus SJTU-3 in 0.4 g L−1 d−1 CO2. The hollow symbols represent the data in M96SS. Solid symbols represent the data in flasks. The culture was illuminated at 180 μM m−2 s−1 and incubated at 25 ± 1 °C. Each cultivation was performed in triplicate.
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Figure 4. Linear regression analysis of cell growth, residual nitrate, and pH in M96SS versus flask culture.
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The presence of nitrogen, the type of nitrogen source, and a correct range of pH value are important factors for microalgae [18,19]. In microalgal cultivation, nitrogen source concentration and pH value are usually important variables owing to the nitrogen uptake and CO2 consumption by microalga growth. Therefore, by comparing these two parameters in M96SS and flasks under the same operating conditions, the agreement between the cultures in both systems can be further validated. The comparison of residual nitrate and pH in M96SS and flask cultures are shown in Figure 3(d,e). Residual nitrate decreased daily during cultivation. Medium pH sharply declined at day 2, possibly because the low biomass at the beginning of the culture could not fully utilize dissolved CO2. The major trend of pH variation increased with increasing biomass. The results of the t-test (p = 0.833, 0.989) and linear regression analysis [Figure 4(b,c)] showed good agreement between both systems for these two parameters (R2: 0.991, 0.974 at p < 0.0014, 0.0017, respectively). These results further confirmed the similarity of results for M96SS and traditional flask culture.







There are several likely reasons for the agreement between M96SS and flask cultures. First, both systems had utilized 1/3 of the vessel capacity for working volume. Under the same CO2 supply conditions, CO2 supply per unit culture volume was equivalent. According to Henry’s law, the CO2 gas-liquid distribution would be nearly the same in both systems [20]. Second, the effect of variation in CO2 transfer on microalgal growth could be neglected. The mass transfer rate of CO2 into the liquid media was much faster than the microalgal cell growth rate [21]. Thus even if the overall volumetric mass transfer coefficient (kLa) was low, the demand of CO2 for photosynthesis by microalgal growth can be satisfied [22]. Third, for microalgal cultivation, the medium pH value is directly affected by the amount of dissolved CO2. To a certain extent, the agreement of pH profile in M96SS and flasks can also indicate a similar profile of dissolved CO2 in both systems.



Leaking CO2 was the main cause of experimental error in this study. If not well controlled, the reproducibility of M96SS versus traditional flasks culture would be weakened. This problem was also reflected by the larger standard deviation of samples located at the edge of the microplate [Figure 2(b)]. CO2 leakage was easy to prevent in flask cultures. Before flushing CO2, the opening of each flask was heated with a spirit lamp so that after flushing with CO2, the Scotch® tape tightly sealed the flask very quickly. In the M96SS, the Parafilm® was tightly pressed with a rigid plastic frame to seal the microplate after CO2 replenishment. Before cultivation, each well of a microplate should be examined to ensure it is completely sealed. The hydrophobic Parafilm® efficiently prevents leakage of liquid medium, but the film is not completely airtight. Another layer of Scotch® tape was attached above the Parafilm® to prevent CO2 leakage in the M96SS.





3.2. Intra-Well Mixing and Sample Evaporation in the M96SS


In previous studies, microplate shakers were widely used to achieve intra-well mixing. Microplate shakers usually work at a high frequency. The high frequency shaking generates excess heat and causes serious sample evaporation [23]. Additional cooling devices have been used to prevent excess heat and sample evaporation for algal bioassays in toxin screening [10]. Without additional cooling devices, a sealed microplate can reach 32 °C (room temperature 25 °C) when using a 600 rpm microplate shaker for mixing (Figure 5). In the Parafilm®-sealed microplates, about 15% of the culture liquid was transmitted to condensate every day (Figure 5). In the M96SS, the small volume of culture is mixed with a rotation (20 rpm) of the swivel. With this moderate rotation rate method, intra-well mixing was achieved without excess heat generation. At the same time, condensate formation from sample evaporation is also much reduced.


Figure 5. Sample evaporation of cell-free medium in Parafilm®-sealed 96-well microplates; (◇) shaken at 600 rpm with amplitude 3 mm; (○) swivel of M96SS at a rotation rate of 20 rpm. Each sample was repeated four times.
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3.3. Screening Flasks and M96SS Cultures for CO2 Fixation


3.3.1. Screening Criterion of Microalgae for CO2 Fixation


In this study, the screening criterion was defined as Xt-screening-criterion, which meant screening CO2-sequestering microalgae by examining the cell density (Xt) during a period of cultivation. Based on the above criterion, M96SS was designed as a CO2 fed-batch culture system to carry out the screening. The criterion and CO2 fed-batch strategy are briefly described below.



On one hand, cell density (Xt) can directly reflect the actual amount of CO2 fixed in algal biomass F(t) under a specific screening condition and it is easier to measure than the carbon content in the algae. For all the parameters in equation (1), X0 is the initial cell density of each microalgal strain and was set at 0.02 g L−1 for each strain in this study. MCO2 and MC are constants. CC, the carbon content in algal cells, was reported to be 50% by dry weight for most microalgae [24,25,26,27]. Therefore, Equation (1) is normally converted to: F(t) = 1.83Xt − 0.04. As most of our microalgae reached a stable phase at day 6, we mainly examined X6 in this study. On the other hand, for the response to pH, microalgae can be divided into acid-tolerant and non-acid-tolerant species [28]. Acid-tolerant microalgae can accommodate low pH to a certain extent, such as that caused by high CO2 concentration, as seen in many green algae species [29,30,31]. For such species, as they might not have very large differences on response to CO2 availability, in addition to figuring out the optimal CO2 level for cell growth, it is probably more important to distinguish their CO2 fixation capacity by examining Xt at various screening conditions. For non-acid-tolerant microalgae, it is detrimental for growth to feed them with continuous high levels of CO2. However, they can also achieve very high Xt in a CO2-fed-batch process, for example Spirulina [32,33]. These algae are also prospective strains that couple CO2 fixation with valuable by-products production. The CO2 fed-batch M96SS is also a useful system to determine the CO2 fixation capacity of such non-acid-tolerant microalgae species.



To sum up, in order to be able to directly screen for the actual amount of CO2 fixed in both acid-tolerant and non-acid-tolerant microalgae species, M96SS was designed as a CO2 fed-batch system using the Xt-screening-criterion.




3.3.2. Screening Results


The cell density by day 6 of six microalgal strains cultivated in flasks and M96SS under four CO2 supply conditions in artificial and wastewater media are shown in Table 2a and Table 3a. The actual amount of CO2 fixation by microalgae under different screening conditions was calculated and shown in Table 2b and Table 3b. As shown in our previous report, the carbon content proportion (Cc) in algal cells seldom changed at different culture conditions [34]. Here we used the average value 50% for each strain to calculate the amount of CO2 fixation. In both systems, the outcomes of the screening were similar. Except for Dunaliella primolecta, the other five strains all performed well at 0.8 g L−1 d−1 CO2, while Dunaliella primolecta could only survive in f/2 medium at 0.2 and 0.4 g L−1 d−1 CO2. (Table 2a, Table 3a). For the five strains which performed well at 0.8 g L−1 d−1 CO2, most of them fixed more than 2 g L−1 CO2 by day 6. The values were higher than the corresponding CO2 fixation value reported in Chlorella pyrenoidosa SJTU-2 and Scenedesmus obliquus SJTU-3 in our previous report [34]. For Dunaliella primolecta, its culture performance was poor at 0.8 and 1.2 g L−1 d−1 CO2. An interesting fact is that this strain was reported to growth well in 30% CO2 in SAP medium [35]. The poor performance of Dunaliella primolecta was possibly due to a wrong medium or strain’s mutation. Chlamydomonas sajao appeared to be a robust performer in municipal wastewater. It had the highest cell density and CO2 fixation by day 6 (1.437 g L−1, 2.590 g L−1) in anaerobic pond water at 0.8 g L−1 d−1 CO2 (Table 3a,b). This indicated Chlamydomonas sajao had the best potential for CO2 fixation among all the strains in the screening. It was interesting to note that Chlamydomonas sajao secreted substantial amounts of colloidal like material in BG-11 medium at 0.2 and 0.4 g L−1 d−1 CO2. The colloidal like material were supposed to be an extracellular polysaccharide, which was reported by early researchers [36]. This observation is reported because the colloidal like material can cause cell aggregation [37] and adhesion to the walls of the microwells in the M96SS, which would result in much lower measured values of cell density in M96SS than in flask culture. This phenomenon was not observed in the cultivation of other strains.



Besides figuring out the CO2 fixation capacity of each strain, some interesting information about the optimal CO2 supply conditions for microalgae was also obtained by M96SS. In our previous report, two strains (Chlorella pyrenoidosa SJTU-2, Scenedesmus obliquus SJTU-3) were cultured under the same light intensity and temperature in bubbling flasks continuously feeding CO2 [34]. The optimal CO2 supply condition was observed at 10% CO2 (v/v) for both of them. However, in our present study, during the screening, the optimal CO2 supply condition for these two algae was observed at 0.8 g L−1 d−1 CO2. That meant an initial 20% CO2 (v/v) in the culture vessel daily. This result indicated that compared to a continuously feeding system, when feeding CO2 by fed-batch it was possible to directly seal a much higher level of CO2 into the gas phase of a culture vessel without causing a cell growth decrease. This provides us new strategic opportunities for studying CO2 fixation of microalgae.




Table 2. (a) Cell density (g L−1) of 6 microalgal cultures in different media with different CO2 supply conditions after 6 days cultivation in flasks; (b) CO2 fixation (g L−1) of 6 microalgal cultures in different media with different CO2 supply conditions after 6 days cultivation in flasks.








 (b)







	
Microalgal Strains

	
0.2 L−1 d−1 CO2

	
0.4 L−1 d−1 CO2

	
0.8 L−1 d−1 CO2

	
1.2 L−1 d−1 CO2




	
AM a

	
O b

	
A c

	
AM a

	
O b

	
A c

	
AM a

	
O b

	
A c

	
AM a

	
O b

	
A c






	
Chlorella sp. SJTU-3

	
0.793

	
0.965

	
1.435

	
1.358

	
0.926

	
1.817

	
2.145

	
0.778

	
1.415

	
1.181

	
0.571

	
0.897




	
Chlorella pyrenoidosa SJTU-2

	
0.765

	
0.562

	
0.811

	
1.226

	
0.758

	
1.029

	
2.211

	
0.591

	
0.815

	
1.248

	
0.513

	
0.608




	
Scenedesmus obliquus SJTU-3

	
1.053

	
0.608

	
0.630

	
1.958

	
1.117

	
1.858

	
2.077

	
1.526

	
1.087

	
1.797

	
1.400

	
0.977




	
Chlamydomonas sajao

	
0.798

	
0.531

	
0.513

	
0.901

	
1.360

	
1.984

	
1.267

	
1.327

	
2.390

	
1.014

	
1.197

	
1.638




	
Selenastrum capricornutum

	
0.979

	
1.157

	
1.263

	
1.034

	
1.107

	
1.691

	
1.982

	
1.107

	
1.349

	
1.603

	
1.038

	
1.142




	
Dunaliella primolecta

	
0.734

	
–

	
–

	
1.051

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
–








a Artificial medium (Dunaliella primolecta in f/2; The other five strains in BG-11); b Oxic pond water; c Anaerobic pond water.










Table 3. (a) Cell density (g L−1) of 6 microalgal cultures in different media with different CO2 supply conditions after 6 days cultivation in M96SS; (b) CO2 fixation (g L−1) of 6 microalgal cultures in different media with different CO2 supply conditions after 6 days cultivation in M96SS.








 (b)







	
Microalgal Strains

	
0.2 L−1 d−1 CO2

	
0.4 L−1 d−1 CO2

	
0.8 L−1 d−1 CO2

	
1.2 L−1 d−1 CO2




	
AM a

	
O b

	
A c

	
AM a

	
O b

	
A c

	
AM a

	
O b

	
A c

	
AM a

	
O b

	
A c






	
Chlorella sp. SJTU-3

	
0.809

	
1.034

	
1.395

	
1.376

	
0.994

	
1.803

	
2.209

	
0.794

	
1.457

	
1.195

	
0.560

	
0.870




	
Chlorella pyrenoidosa SJTU-2

	
0.760

	
0.538

	
0.827

	
1.214

	
0.787

	
0.979

	
2.185

	
0.633

	
0.871

	
1.272

	
0.500

	
0.632




	
Scenedesmus obliquus SJTU-3

	
1.074

	
0.628

	
0.670

	
1.986

	
1.201

	
1.785

	
2.063

	
1.587

	
1.102

	
1.785

	
1.323

	
0.932




	
Chlamydomonas sajao

	
0.363

	
0.560

	
0.577

	
0.463

	
1.400

	
1.962

	
1.214

	
1.349

	
2.590

	
0.923

	
1.135

	
1.598




	
Selenastrum capricornutum

	
1.010

	
1.144

	
1.234

	
0.988

	
1.157

	
1.748

	
2.055

	
1.091

	
1.307

	
1.508

	
1.012

	
1.117




	
Dunaliella primolecta

	
0.796

	
–

	
–

	
1.084

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
–








a Artificial medium (Dunaliella primolecta in f/2; The other five strains in BG-11); b Oxic pond water; c Anaerobic pond water.










3.3.3. Comparison of M96SS versus Traditional Screening Methods


Table 4 shows the comparison of M96SS versus traditional flask culture and previous miniature screening methods. Characteristics including resource consumption, reproducibility, and sample evaporation are summarized in this table. Compared with flask culture, miniature screening systems occupy less space and allow a large increase in experimental throughput. Compared with previous miniature microalgal culture systems [9,10,11], agreement of results between M96SS and flask culture growth (in response to different CO2 supply conditions) was statistically proven. Moreover, M96SS uses moderate vertical mixing. Compared with a microplate shaker, this mixing method was less complex and prevented sample evaporation. In summary, M96SS was more reliable for microalgal screening for CO2 fixation than previously described miniature systems.



Table 4. Comparison of M96SS and previous screening methods.







	
System

	
Flask culture

	
M96SS

	
Microplates in CO2-filled box

	
Microplate shaker system






	
Purpose

	
Standard method of strains screening and toxin bioassay

	
Screening of microalgae for CO2 fixation

	
Miniaturized algal bioassay for toxins

	
Miniaturized algal bioassay for toxins




	
Equipment requirements

	
Numerous shakers and flasks

	
96-well microplates; a swivel

	
96-well microplates; a closed flat box

	
96-well microplates; Microplate shaker




	
Resources consumption for the screening in section 3.3

	
6 shakers (36 flasks), 216 flasks 4 h’ work time for daily data collection

	
4 microplates, a swivel, 40 min’ work time for daily data collection

	
–

	
–




	
Agreement versus flask culture

	
Standard method

	
Good agreement in dynamic growth characteristics

	
Not studied

	
Good agreement in the toxin bioassay (without dynamic comparison)




	
Mixing

	
Low speed horizontal shaking (110 rpm)

	
Vertical mixing (20 rpm)

	
Manually mixing (Twice per day)

	
High speed horizontal shaking (>400 rpm)




	
Culture liquid loss by evaporation (no additional cooling devices)

	
Almost no culture liquid loss by evaporation found during this study

	
<3% culture liquid loss by evaporation during a screening process

	
Culture liquid loss by evaporation was not supposed to be an issue in this system.

	
>15% culture liquid loss by evaporation in 4 h (data tested in this study)




	
Temperature in culture systems (no additional cooling devices)

	
RT: 25 °C ST: 26 ± 0.1 °C

	
RT: 25 °CST: 25.5 ± 0.5 °C

	
Controlled by RT

	
RT: 25 °C ST: 32 ± 0.5 °C (data tested in this study)




	
Source

	
This study

	
This study

	
[9]

	
[10,11]








RT: Room temperature; ST: System temperature.













4. Conclusions


We have created a novel miniature culture system to screen microalgae for CO2 fixation. The effects of different CO2 supply conditions on microalgal growth, residual nitrate, and pH in culture media were examined in M96SS and flask cultures. There was good agreement between M96SS and traditional flasks cultures. Intra-well cell sedimentation and sample evaporation were simultaneously prevented by the sealed vertical mixing of the M96SS. In the preliminary screening of six microalgal strains, Chlamydomonas sajao appeared to have the best potential for CO2 removal in wastewater. Finally, the M96SS was compared versus traditional flask culture and other miniature screening methods. The reproducibility and efficiency of the M96SS were verified.
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