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Abstract

:

This work focuses on a culture strategy that combines high biomass production and lipid accumulation in the green microalgae Raphidocelis subcapitata immobilized in alginate gel in order to obtain high lipid productivity for biodiesel production. The study of the effects of nitrogen and phosphorus deficiency on lipid accumulation and biomass production in immobilized microalgae showed that both conditions (N− and P−) promoted lipid accumulation in the microalgae. The lipid contents achieved under nitrogen (31.7% ± 3.2% (dcw)) and phosphorus (19.4% ± 1.9% (dcw)) deficiency conditions were higher than those obtained in the complete medium (control) (14.9% ± 1.5% (dcw)). The highest lipid productivity was recorded under nitrogen deficiency conditions (PL = 11.1 ± 1.1 mg/L/day). This indicated that nitrogen deficiency was more effective than phosphorus deficiency in terms of triggering lipid accumulation in the microalgae. However, the conditions for inducing lipid accumulation (N− or P−) resulted in slower growth. In order to address this issue and achieve high lipid productivity, a two-step culture strategy was used. Immobilized R. subcapitata was cultivated under optimal concentrations of nitrogen and phosphorus to achieve a high biomass concentration. Thereafter, the beads containing the microalgae were transferred to a culture medium under nitrogen deficiency conditions in order to induce lipid accumulation. The concentrations 1.5 g/L of NaNO3 and 20 mg/L of K2HPO4 were determined as being the optimal concentrations for growth, and they produced the highest biomass production rates (µm max = 0.233 ± 0.023 day−1 and µm max = 0.225 ± 0.022 day−1 for NaNO3 and K2HPO4, respectively) from all of the concentrations studied. With the two-step culture strategy, immobilized R. subcapitata accumulated 37.9 ± 3.8% of their dry weight in lipid and reached a lipid productivity value of PL = 40.3 ± 4.0 mg/L/day under nitrogen deficiency conditions. This value was approximately 3.6 times higher than that obtained in the direct culture of cells under nitrogen deficiency conditions (PL = 11.1 ± 1.1 mg/L/day).






Keywords:


two-step strategy; Raphidocelis subcapitata; alginate gel; nitrogen; phosphorus; biomass; lipid content; lipid productivity; biodiesel












1. Introduction


The discovery of oil and coal deposits has served humans well; however, these will eventually be exhausted. In addition, the combustion of fossil fuels generates high greenhouse gas emissions, which are responsible for global warming [1,2,3,4]. Microalgal biomass appears to be a promising solution for the production of renewable fuels, known as “biofuels” [5,6,7]. As compared to higher plants, microalgae have many advantages as a source of biofuels, including biodiesel, for example: (1) their growth is about 50 times faster than that of terrestrial plants [8]; (2) they can produce 10 to 100 times more oil per hectare than oil crops [9,10,11]; (3) they are able to grow in seawater, brackish water, sewage, and on wasteland [12]; (4) their CO2 sequestration is 10 to 50 times greater than that of terrestrial plants [13,14]; (5) their cultivation does not require herbicides or pesticides [15]; (6) after oil extraction, residual biomass can be used as a fertilizer or food, or it can be fermented to produce methane or ethanol [15,16,17,18].



The biodiesel yield of microalgae depends essentially on their lipid content and biomass production. These are influenced by the growing conditions. Nitrogen deficiency is one of the most frequently used strategies to steer the metabolism of microalgae towards lipid accumulation [15,19,20]. Nitrogen is used by microalgae for protein synthesis. Under nitrogen deficiency conditions, the carbon fixed during photosynthesis is converted into lipid rather than proteins [21,22,23]. It has also been shown that phosphorus deficiency can trigger lipid accumulation in microalgae [24,25]. However, the conditions for inducing lipid accumulation generally lead to slower growth [15,26,27]. To address this and achieve high lipid productivity, Rodolfi et al. [15], as well as other researchers [26,27,28,29], proposed a two-step culture strategy. In the first stage, microalgae grow under optimal nitrogen and phosphorus supply conditions to obtain a high biomass concentration. In the second stage, microalgae are transferred to a culture medium under nitrogen or phosphorus deficiency conditions in order to induce lipid accumulation. This strategy has been the subject of many studies using free cultures of microalgae [15,20,28,30]. Although it promotes an increase in lipid production in the microalgae studied, its application with free cultures remains debatable. It should be noted that in the process of producing biodiesel with microalgae, cell harvesting is a limiting step because they are small, light, and diluted in water [8,31]. Centrifugation is the most common method used for harvesting cells, but it is energy-consuming [8,32]. In the two-step culture strategy using free cultures, the microalgae are collected by centrifugation and transferred to a medium deficient in nitrogen or phosphorus to trigger lipid accumulation. They are then collected again at the end of culturing to extract the lipid. This leads to an increase in the energy balance of the process, which drives up the price of the biodiesel produced. In order to increase the economic feasibility of the process, this study proposed the use of immobilized microalgae cultures. The immobilization of microalgae in polymer-based beads, such as alginate, for example, polycarboxylate extracted from brown algae, is a simple, gentle, and economical technique [33]. The beads are large compared to free cells and are easily collected by simple sieving without consuming significant amounts of energy [34].



It is in this context that the present study has been undertaken. Our objective was to use the two-step culture strategy in the green microalgae Raphidocelis subcapitata immobilized in alginate gel in order to obtain high lipid productivity for biodiesel production.



Previous work carried out on Rhaphidocelis subcapitata immobilized in alginate gel and cultured in batch, under standard culture conditions, showed that it had potential for the production of biodiesel. It accumulated 24.7 ± 2.5% of its dry weight in lipid when nitrates and phosphates were exhausted in the culture medium (the stationary phase) [35].



This study was divided into three parts: In the first part, the effects of nitrogen and phosphorus deficiency on lipid accumulation and biomass production in the immobilized microalgae were evaluated in order to determine the most effective trigger (N− or P−) for lipid accumulation in the microalgae. In the second part, the growth of R. subcapitata immobilized under different concentrations of nitrogen and phosphorus was studied in order to determine the optimal concentrations of nitrogen and phosphorus to obtain a high biomass concentration in the first stage of cultivation. In the third part, the two-stage culture strategy was applied. Immobilized R. subcapitata was cultivated under optimal concentrations of nitrogen and phosphorus. Thereafter, the beads containing the microalgae were recovered by sieving and were transferred to a culture medium under nitrogen deficiency conditions (the trigger was chosen based on the results obtained in the first part) in order to induce lipid accumulation.



To the best of our knowledge, this is the first study to focus on the use of the microalgae Raphidocelis subcapitata immobilized in alginate gel in a two-stage culture process to obtain high lipid productivity for biodiesel production.




2. Materials and Methods


2.1. Microalga and Culture Medium


The green microalgae Raphidocelis subcapitata were obtained from the culture collection of the Environment Canada laboratory (Montréal, QC, Canada). The microalgae culture medium consisted of five nutrient stock solutions. The detailed composition of the medium and its preparation protocol are published on the Environment Canada website [36]. We note that we used 10 mL of each solution for the preparation of the culture medium and not 1 mL as described in the protocol. The pH of the medium was 7.5. The culture medium was sterilized using an autoclave (121 °C, 20 min).



In the experiments related to the growth of R. subcapitata immobilized under different nitrogen and phosphorus concentrations, the volumes taken from the NaNO3 and K2HPO4 stock solutions were adjusted in order to obtain the final concentrations: 0 g/L, 0.25 g/L, 0.5 g/L, 1 g/L, 1.5 g/L, and 2 g/L in NaNO3 and 0 mg/L, 10 mg/L, 20 mg/L, 40 mg/L, and 60 mg/L in K2HPO4.




2.2. Immobilization of R. subcapitata Cells in Alginate Beads


The immobilization of the microalgae in alginate beads was performed aseptically from a suspension of R. subcapitata in the exponential growth phase (biomass concentration of about 1 g/L), sterile sodium alginate solution 2% (w/v) (sodium alginate (No. 71238), Sigma-Aldrich®, Oakville, ON, Canada), and sterile CaCl2 gelling solution 1% (w/v) (CaCl2, 2H2O (No. 700912), Anachemia, Montreal, QC, Canada) [37,38].



The pellet recovered from the centrifugation (4000 rpm for 10 min) of the microalgae suspension (100 mL) was washed three times with sterile saline water (0.85%). The microalgae were then resuspended in 50 mL of sterile saline water. A volume of 50 mL of sodium alginate solution was added to the microalgae suspension. The beads were formed using a sterile 20 mL syringe. The obtained mixture was expelled dropwise into the CaCl2 solution. The beads produced were kept in this solution, under gentle stirring, for 30 min for hardening.




2.3. Culture Conditions for Immobilized Microalgae


The immobilized microalgae cultures were placed in 2 L Erlenmeyer flasks that had previously been sterilized in an autoclave (121 °C, 20 min), containing 1 L of culture medium (sterile). The cultures were placed in a temperature-controlled chamber (INFORS HT Ecotron) to achieve standard culture conditions [35]. They were incubated under a photoperiod of 24 h of light and 0 h of darkness (24/0; L/D).




2.4. Determination of the Biomass of Immobilized Microalgae


The biomass concentrations of immobilized R. subcapitata were determined by measuring the dry weight after the dissolution of the beads in sterile sodium phosphate buffer (pH = 6.0), with a concentration of 50 mM [38,39]. The cells were collected by filtration of the microalgae suspension through pre-weighed glass-fiber filters (Wathman filter, 1.2 μm). They were then washed with sterile distilled water. The filters containing the microalgae were weighed after drying in an oven at 80 °C for 24 h [35,40]. The experiments were performed in duplicate.




2.5. Calculation of Growth Rate, Generation Time, and Biomass Productivity


The maximum biomass production rate (µm max) was calculated during the exponential growth phase, as follows [34]:


   μ  m   m a x       d a  y  − 1     =   l n (  B 2  /  B 1  )    t  2     −  t 1       



(1)




where B1 and B2 are the biomass concentrations (g/L) at time t1 and t2, respectively.



The biomass doubling time (Gm) was calculated according to the following formula [41,42]:


     G m  = l n 2 /  μ  m   m a x      



(2)







The biomass productivity was calculated as follows [43]:


  P B ( m g / L / d a y   ) =    B x  −  B  0          t  x     −  t 0     



(3)




where Bx and B0 are the biomass concentrations (mg/L) at time tx (the final day of cultivation) and t0 (the first day of cultivation), respectively.




2.6. Extraction of Total Lipid from Immobilized Microalgae


Total lipid was extracted according to the “whole-cell analytical method” (WCA) of Van Vooren et al. [35,44]. The extraction was carried out with a mixture of chloroform/methanol solvents (2:1, v/v). Whole R. subcapitata cells were recovered after the beads (10 beads) dissolved in the phosphate buffer, and the suspension was centrifuged (4000 rpm for 10 min). Before adding the solvents, 20 µL of butyl hydroxytoluene (20 µg/µL) were added to the pellet to prevent lipid oxidizing during extraction. The solvent mixture (6 mL) was added three times. After each addition, the tubes were vortexed (10 s) and placed in an ultrasound bath (BRANSON 5200, Fisher Scientific, Montréal, QC, Canada) for 30 s [20]. For complete lipid extraction, the tubes were placed on a pendulum for 6 h in the dark at room temperature. The extracted solvent was evaporated in an oven at 60 °C for 6 h. Finally, the tubes were weighed after cooling in the desiccator. The experiments were performed in duplicate. The rate of total lipid in the biomass was calculated as follows [45]:


  P e r c e n t a g e   m a s s   o f   t o t a l   l i p i d s   %     d c w   =   M a s s   o f   t o t a l   l i p i d s   e x t r a c t    g    D r y   w e i g h t   o f   c e l l s    g    × 100    



(4)








2.7. Calculation of Lipid Productivity


The lipid productivity (LP) was calculated using the following formula [45]:


  L P ( m g / L / d a y   ) =   C x  B  x     −  C  0      B 0     t  x     −  t 0     



(5)




where Cx and C0 are the lipid contents of the microalgae (mg lipid/mg dry weight of cells) at time tx (the final day of cultivation) and t0 (the first day of cultivation), respectively.



Bx is the biomass concentration (mg/L) at tx, and B0 (mg/L) is the biomass concentration at t0.





3. Results


3.1. The Effects of Nitrogen and Phosphorus Deficiency on Lipid Accumulation and Biomass Production in Immobilized R. subcapitata


To assess the effects of nitrogen and phosphorus deficiency on lipid accumulation and biomass production in immobilized R. subcapitata, beads containing microalgae with initial biomass of between 0.082 and 0.09 g/L were inoculated into the following culture media: nitrogen-deficient medium (N−P+) (NaNO3 concentration of 0 g/L; K2HPO4 concentration of 10.44 mg/L); phosphorus-deficient medium (N+P−) (K2HPO4 concentration of 0 mg/L; NaNO3 concentration of 0.255 g/L); and complete medium, which constituted the control (N+P+) (NaNO3 concentration of 0.255 g/L; K2HPO4 concentration of 10.44 mg/L, which are the standard concentrations of the culture medium). The results obtained are presented in Figure 1. The experiments were performed in batch and in duplicate.



The results show that nitrogen deficiency (N−P+) and phosphorus deficiency (N+P−) promoted lipid accumulation in the immobilized R. subcapitata microalgae, unlike the control (N+P+), which produced no significant increase in lipid content (Figure 1a). The latter increased from 13.1% ± 1.3% (dcw) to 14.9 ± 1.5% (dcw) at the end of culture. The highest lipid content (31.7% ± 3.2% (dcw)) was achieved when the microalgae were cultivated in an N-deficient culture medium (Table 1). In the P−deficient medium, the lipid content of 19.4% ± 1.9% (dcw) was obtained (Table 1), which indicates that phosphorus deficiency is also an appropriate stimulant for lipid accumulation in immobilized R. subcapitata but is less effective than nitrogen deficiency.



The lipid productivity recorded under nitrogen deficiency (PL = 11.1 ± 1.1 mg/L/day) (Table 1) was also the highest. However, the lipid productivity value obtained under phosphorus deficiency (PL = 7.7 ± 0.8 mg/L/day) (Table 1) was lower than that obtained in the control medium (N+P+) (PL = 9.1 ± 0.9 mg/ L/day) (Table 1). This can be explained by the low biomass concentration achieved under phosphorus deficiency as compared to the control (Table 1). Indeed, the growth of R. subcapitata immobilized under nitrogen and phosphorus deficiency exhibited a negative trend, which was more pronounced for nitrogen than phosphorus (Figure 1b and Table 1). In the absence of nitrogen or phosphorus in the culture medium, microalgae use their internal reserves in these elements to compensate for this lack and to ensure certain cell divisions; photosynthesis then occurs but at a reduced rhythm compared to a culture where N and P are present in sufficient quantity. The rate of growth of microalgae in a medium deficient in nitrogen or phosphorus depends on the intracellular level of these elements [15].



Our results are in accordance with other studies on various microalgae that demonstrate a high lipid content resulting from nitrogen deficiency conditions [26,29,46,47]. Nitrogen is involved in the synthesis of essential cell structures and proteins. Nitrogen deficiency conditions cause an imbalance in the ratio of nitrogen and carbon. This imbalance results in the storage of excess carbon, which is fixed during photosynthesis as lipid or carbohydrates rather than as proteins [23].



Lipid accumulation under phosphorus deficiency conditions has also been observed in several species of microalgae, such as Scenedesmus obliquus [26], Monodus subterraneus [24], and Isochrysis galbana U4 [25].



Various studies report that these high lipid production conditions (nitrogen and phosphorus deficiency) generally lead to slower growth [15,26,27].



To address this and obtain high lipid productivity, we recall that the authors of [15,26,27,28,29] suggested a two-step culture strategy. This involves an initial stage of biomass production under the conditions of optimal N and P supply, followed by a second stage inducing the accumulation of lipid under N or P deficiency conditions. It is this strategy that the present study aimed to utilize in order to increase lipid production in immobilized R. subcapitata. In view of the obtained results, nitrogen deficiency was determined to be the most effective trigger for lipid accumulation in immobilized microalgae.



In the following, the studied growth of immobilized R. subcapitata under different concentrations of nitrogen and phosphorus in order to determine the optimal concentrations of nitrogen and phosphorus in order to obtain a high biomass concentration in the first stage of cultivation is presented.




3.2. Growth of R. subcapitata Immobilized under Different Concentrations of Nitrogen and Phosphorus


Figure 2 shows the growth curves of R. subcapitata immobilized in alginate beads under different concentrations of nitrogen and phosphorus.



The results of biomass production under different concentrations of NaNO3 (Figure 2a) show that the lowest biomass was obtained with a concentration of 0 g/L of NaNO3 (µm max = 0.13 ± 0.01 day−1) (Figure 2a,b). Biomass production improved as the NaNO3 concentration increased (0.25, 0.5, 1, and 1.5 g/L). However, a further increase in biomass was not obtained with a NaNO3 concentration of 2 g/L (Figure 2a,b). The immobilized R. subcapitata produced the highest biomass production rate (µm max = 0.233 ± 0.023 day−1) (Figure 2b) with a NaNO3 concentration of 1.5 g/L.



Figure 2c shows the biomass production of R. subcapitata immobilized under different K2HPO4 concentrations. An increase in the biomass concentration was observed with all concentrations of K2HPO4 used. The highest production rate was obtained with a concentration of 20 mg/L (µm max = 0.225 ± 0.022 day−1), and the lowest (µm max = 0.143 ± 0.014 day−1) was obtained with a concentration of 0 g/L (Figure 2d). For the 40 mg/L and 60 mg/L K2HPO4 concentrations, a decrease in the µm max was observed.



Our results are consistent with other studies in that increasing the concentration of nitrogen and phosphorus in the culture medium stimulates the growth of microalgae. However, too high concentrations of these elements appear to inhibit growth [42,48]. One study showed that excess nitrogen could have a toxic effect, leading to a decline in microalgae [49].



Considering the results obtained, the concentrations of 1.5 g/L of NaNO3 and 20 mg/L of K2HPO4 were determined as the optimal concentrations and were used in the remainder of the study to obtain the maximum biomass production.




3.3. Two-Step Culture of Immobilized R. subcapitata


A two-step cultivation strategy was applied to increase the microalgae lipid productivity. The immobilized microalgae were cultivated under optimal growth conditions (concentrations of NaNO3 and K2HPO4 were 1.5 and 20 mg/L, respectively) for 7 days to obtain the maximum biomass production, and then they were transferred to the N-deficient culture medium to trigger lipid accumulation. The results obtained are presented in Figure 3.



During the first culture step (optimal growth conditions), an increase in the quantity of biomass produced was observed from the first days (Figure 3a). A biomass production rate of µm max = 0.288 ± 0.028 day−1 was recorded during the exponential growth phase, which corresponded to a doubling time of Gm = 2.40 ± 0.24 days. The microalgae achieved biomass productivity of PB = 103.0 ± 10.3 mg/L/day. This value was approximately 1.7 times higher than that recorded under standard culture conditions (PB = 59.3 ± 5.9 mg/L/day) (Table 1 (N+P+)). Figure 3c shows the appearance of the alginate beads containing the R. subcapitata cells at the beginning and end of this step. With regard to lipid production in this first culture step (Figure 3b), a slight increase in the lipid content was observed, increasing from approximately 13.3% ± 1.3% (dcw) (1er day) to 16.7% ± 1.7% (dcw) (7th day), with a lipid productivity value of PL = 17.7 ± 1.7 mg/L/day. This lipid productivity value was approximately 1.9 times higher than that obtained under standard culture conditions (PL = 9.1 ± 0.9 mg/L/day) (Table 1 (N+P+)). This increase was due to the high biomass concentration achieved under optimal growth conditions.



When the beads containing the microalgae were transferred to the N-deficient culture medium (7th day), a slowing of the growth was observed for the first 3 days (Figure 3a, second culture step). This can be explained by the fact that the immobilized microalgae suffered a shock (sudden nitrogen deficiency), and thus they needed time to adapt to the new growing conditions. After this adaptation period, an increase in biomass production was noted. With regard to lipid production, their accumulation was triggered from the onset of N deficiency (Figure 3b, second step). The immobilized R. subcapitata accumulated 37.9 ± 3.8% of their dry weight in lipid and reached a lipid productivity value of PL = 40.3 ± 4.0 mg/L/day, under nitrogen deficiency.



Using this two-step culture strategy, the lipid productivity of immobilized R. subca-pitata (under nitrogen deficiency) increased by a factor of 3.6 as compared to the direct culture of cells under nitrogen deficiency (PL = 11.1 ± 1.1 mg/L/d) (Table 1 (N−P+)).



Our results are superior to those obtained from other microalgae species, such as Tetraselmis suecica, in which the two-step culture strategy provided a lipid productivity PL = 18.1 mg/L/d [50]. This shows that the immobilized R. subcapitata is a promising candidate for biodiesel production.





4. Conclusions


In the present study, a culture strategy combining high biomass production and lipid accumulation was applied to the immobilized microalgae R. subcapitata in order to achieve high lipid productivity for biodiesel production. In the first step, the immobilized microalgae were cultivated under optimal nitrogen and phosphorus supply conditions (1.5 g/L NaNO3, 20 mg/L K2HPO4) in order to achieve a high biomass concentration. Then, the beads containing the microalgae were transferred to an N-deficient culture medium (the most effective trigger) to induce lipid accumulation.



As a result of the two-step culture strategy, immobilized R. subcapitata accumulated 37.9 ± 3.8% of their dry weight in lipid and reached a lipid productivity value of PL = 40.3 ± 4.0 mg/L/day, under nitrogen deficiency. This value was approximately 3.6 times higher than that obtained from the direct culture of cells under nitrogen deficiency (PL = 11.1 ± 1.1 mg/L/day). The results obtained show that immobilized R. subcapitata is a promising candidate for biodiesel production. This work is the first step in the process of optimizing the lipid productivity of immobilized microalgae. Additional experiments are needed to optimize other growing parameters, such as lighting. Indeed, light plays an important role in the culture of microalgae. Therefore, determining the optimal light intensity and appropriate light cycles for immobilized R. subcapitata would improve its biomass yield and lipid productivity.
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Figure 1. Effects of nitrogen and phosphorus deficiency on lipid accumulation and biomass production in R. subcapitata immobilized in alginate beads (experiments performed in batch and in duplicate): (a) variations in lipid content per dry weight of cells; (b) variations in biomass; N+P+ (control, complete medium); N−P+ (nitrogen-deficient medium); N+P− (phosphorus-deficient medium). t0 = d1. 
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Figure 2. Growth of R. subcapitata immobilized in alginate beads under different concentrations of nitrogen and phosphorus, over a period of 10 days (experiments performed in batch and in duplicate): (a) production of biomass under different concentrations of NaNO3 (the concentration of K2HPO4 was 10.44 mg/L, which was the standard concentration of the culture medium); (b) production of biomass under different concentrations of K2HPO4 (the concentration of NaNO3 was 0.255 g/L, which was the standard concentration of the culture medium); (c) maximum biomass production rate (µm max) of immobilized R. subcapitata as a function of different concentrations of NaNO3; (d) maximum biomass production rate (µm max) of immobilized R. subcapitata as a function of different concentrations of K2HPO4. t0 = d1. 
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Figure 3. Two-step culture of R. subcapitata immobilized in alginate beads (experiments performed in duplicate): (a) biomass production; (b) accumulation of total lipid; (c) appearance of alginate beads containing R. subcapitata cells at the beginning and end of the first stage of culture; at t6 (d7), the immobilized microalgae were transferred to the N-deficient medium. t0 = d1. 
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Table 1. The lipid content (% dcw), biomass (g/L), biomass productivity (mg/L/day), and lipid productivity (mg/L/day) of immobilized R. subcapitata obtained under different culture conditions.
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	Conditions of

Culture
	Lipid Content

(% dcw)
	Biomass

(g/L)
	Biomass Productivity

(mg/L/day)
	Lipid Productivity

(mg/L/day)





	N+P+ (control)
	14.9 ± 1.5
	0.444 ± 0.044
	59.3 ± 5.9
	9.1 ± 0.9



	N−P+
	31.7 ± 3.2
	0.244 ± 0.024
	26.5 ± 2.6
	11.1 ± 1.1



	N+P−
	19.4 ± 1.9
	0.296 ± 0.029
	35.3 ± 3.5
	7.7 ± 0.8
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