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Abstract

:

The effects of a magnetic field (MF) on the cyanobacteria Limnospira indica PCC 8005 growth rate and biomass composition were investigated. A device to apply the MF during the cultivation was built and the cyanobacteria were exposed to a steady 11 mT transverse MF. The growth increased with MF application, and when it was applied for 1 h per day, 123% more biomass was produced than in the control group. The protein content in the biomass cultured under this condition increased, achieving 60.4 w/w, while the Chl-a increased by 326%. The MF application for 1 h per day was found to be more efficient than when applied continuously for 24 h per day, in addition to being more economical and sustainable. This study showed an inexpensive and non-toxic way to enhance biomass concentration, leading to amounts more than 100% higher than those obtained in the control group. Furthermore, the high protein content in the biomass gave us several possibilities to increase the nutritional value of food.
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1. Introduction


One of the most important points in microalgae culture is the reduction in the cost of biomass production. Despite the numerous properties of microalgae as feedstock for biofuel production and the huge application areas, the costs greatly influence the scale-up and biomass production. Since getting the biomass is the starting point to achieve the main properties of the rich nutritional value of microalgae, a production strategy that results in an increased growth rate is required [1,2]. On the other hand, producing biomass with high productivity will consequently allow for obtaining extractable compounds with high added value.



New technologies may be tested to increase protein concentration and biomass yield in microalgae cultivations, among them, the use of magnetic fields (MFs) [3]. Although this area of study is promising and innovative, it is not well explored. The MF and electromagnetic fields (EMF) in microalgae cultures are being studied both for the biomass production process itself for the improvement of growth kinetics, but also for the downstream processes, such as harvesting and extraction methods [2,4,5]. These effects may be observed in different classes of microorganisms, as in microalgae cultures. Among them, cyanobacteria are a large and widespread group of photo-autotrophic microorganisms that combine the ability to perform oxygenic photosynthesis with typical prokaryotic features [6]. Arthrospira platensis, traditionally known as spirulina, is a blue-green cyanobacterium [7] and is probably the most cultivated photosynthetic microorganism worldwide. In a recent publication [8], phylogenetic analyses based on the 16S rRNA gene has allowed for establishing a new classification of most of the commercially and bank-deposited strains, including the creation of a new genus under the name Limnospira. The strain studied in the lab for many years under the name Arthrospira platensis [9,10,11], from Institut Pasteur Collection (France), has now been reclassified as Limnospira indica PCC8005. These cyanobacteria have a high content of biologically active compounds, with many applications in human and animal nutrition; cosmetics; and the production of high-value molecules for pharmaceuticals with, for example, antioxidants, anti-inflammatory, antiviral, antiparasitic or anticancer effects [12,13,14]. Moreover, it can also be considered as a suitable feedstock for bioethanol production due to its high glycogen content [15]. Microalga proteins stand out favorably with conventional sources regarding quality and quantity, demonstrating that microalgae biomass is a promising source of dietary protein [16].



Numerous studies are being conducted to maximize the worldwide Arthrospira biomass production, mainly through focusing on abiotic factors, such as light intensity, temperature, medium composition, pH and salinity, in different cultivation systems [17,18,19,20].



The growing interest in the effects of magnetic or electromagnetic fields in biological systems, along with more efficient technologies, are driving the research and application of electrotechnologies [4,21]. In this way, effective techniques with electromagnetic biostimulation [2,22] and static or modulated MF were studied by different authors [4,5,23,24]. The presence of this kind of technology may result in different outcomes and practical applications depending on its characteristics, e.g., configuration, electric current intensity, intensity and treatment duration. Furthermore, for each biological system that is in contact with the magnetic treatment, it will have a different effect [4].



In this sense, the magnetic treatment may be considered a new approach that aims to improve the parameters evaluated in microalgae cultures. However, there are some gaps in these studies because it is difficult to compare previous investigations from one study to another since the heterogeneity of microalgae strains is huge. To have a database about this relevant topic, it becomes important to evaluate different conditions and strains. For this purpose, in this study, a magnetic field generator was designed and applied for the treatment of microalgae in different conditions. The Limnospira indica PCC 8005 growth and biomass yield were monitored after exposition to a moderate magnetic field (MF) and the effects of this treatment were studied.




2. Materials and Methods


2.1. Strain and Culture Conditions


Limnospira indica PCC 8005 from the Culture Collection of Institute Pasteur (France) was studied. The strain was cultivated in modified Zarrouk medium [25] with the following composition (g L−1): 16.8 NaHCO3, 2.5 NaNO3, 0.5 K2HPO4, 1.0 K2SO4, 1.0 NaCl, 0.04 CaCl2, 0.08 EDTA, 0.08 MgSO4·7H2O, 0.01 FeSO4·7H2O and 1.0 mL of trace elements stock solutions (g L−1): 0.23 MnCl2·4H2O, 0.03 CuSO4·H2O and 0.11 ZnSO4·7H2O.



Cultures were conducted in batch mode for 20 days in 600 mL rectangular photobioreactors (PBR) equipped with a temperature probe to control an external water bath (RE415, Lauda) and circulation in a thermal jacket, a condenser to limit water losses, an injection site for sterile CO2/air mix (1% CO2) and a sampling system. Photobioreactors were placed on a magnetic stirrer and homogeneity of the cultures was achieved with magnetic stirring bars. Light was provided by 3 halogen lamps (Sylvania professional 25, BAB 38, 12 V, 20 W), with the light irradiance controlled by a power supply. A calibration was performed via measurements of irradiance as a function of the power supply and distance between the lamps and photobioreactors using an LI-COR quantum sensor (LI-190 SA), and for this study, the irradiance applied was set to 120 μmol photons m−2 s−1 with continuous illumination.



For all conditions (control and MF application), four replicates were tested. Pictures and a scheme of experimental devices are presented in Figure 1.




2.2. Magnetic Field (MF) Application


An MF can be generated by the circulation of an electric current through a conductor. Hence, coils using enameled copper wire (0.8 mm diameter) were specifically designed and created to generate a homogenous transverse MF in the region of interest (ROI), i.e., in the volume of the PBR. To ensure this homogeneity, two coils (with 400 turns) were used on each side of the flasks, as shown in Figure 1A. A schematic diagram is provided in Figure 2. Each coil was connected to a power source that could provide an adjustable electrical current (in this study, a 3 A current was used). The MF intensity was mapped using an FH 51 gaussmeter (Magnet-Physik) equipped with an HS-TB51 sensor in the ROI. This mapping was performed by measuring the MF intensity at 11 positions along the x-axis (width), 5 positions along the y-axis (thickness) and 5 positions along the z-axis (height) (Figure 3).



Microalgae cultures were exposed to the MF effects for 24 and 1 h per day and they were compared to the control culture (Cc), where no MF was applied and the same conditions of temperature, illumination, aeration and nutrients were used. These application times were chosen in order to evaluate the L. indica behavior under the same conditions as in previous studies on other strains [5,23,26,27] in order to obtain an effective comparison of the results.




2.3. Monitoring of Microalgal Growth


The microalga growth was monitored daily via the optical density at 750 nm in a UV-vis spectrophotometer (V730, Jasco) and the biomass concentration (g L−1) was compared to an OD/dry weight correlation obtained for this cyanobacterium. The pH was also monitored daily using a pHmeter (SevenEasy S20, Mettler Toledo).



Biomass concentration (X, g L−1), biomass productivity (P, g L−1 d−1), specific growth rate (µmax, d−1) and doubling time (Dt, d) were calculated from these data. Biomass productivity was obtained following the equation P = (Xt − X0)/(t − t0), where X is the biomass concentration at time t (d) and time t0 (day 0). The average productivity (Pav) was the mean value obtained during all the linear phases of growth. The µmax corresponds to the exponential regression in the logarithmic phase of cell multiplication by lnX (g L−1) versus t (d). The Dt was determined using ln(2)/µmax.




2.4. Nitrate Consumption


Nitrogen in the form of NaNO3 was quantified in the culture medium every 72 h, according to the methodology of [28] modified according to [29]. In 400 µL of culture medium, 3.6 mL of 5% perchloric acid was added. Samples at room temperature were measured spectrophotometrically at 210 and 275 nm in relation to a standard curve of NaNO3. The removal rate was calculated by defining the initial content of nitrate as 100% and finding each day’s content relative to the initial content.




2.5. Characterization of the L. indica Biomass


The biomass obtained after 20 days of culture was centrifuged at 10,000× g for 20 min (Multifuge 1S, Thermo Scientific, Courtaboeuf, France) to remove the culture medium, washed with distilled water to remove salts, centrifugated again and lyophilized (Heto Powerdry LL1500, Thermo Scientific, Courtaboeuf, France). The characterization was performed on 5 mg of lyophilized biomass resuspended in 10 mL of distilled water and sonicated with an ultrasonic probe (UP100H, Hielscher, Teltow, Germany) for 10 min with a cycle of 59 s (on/off), amplitude 25%. This procedure was used to release the intracellular material into the liquid medium. Protein content was determined by the colorimetric method described by Lowry et al. [30], with a standard curve of bovine serum albumin. Carbohydrate content was determined via the method described by Dubois et al. [31] using a glucose standard curve. The extraction of chlorophyll was performed at the end of the cultivation using methanol 99.8% (v/v) according to the method proposed by Litchtenthaler [32]. The chlorophyll-a content was obtained according to Equation (1):


Chl a (μg mL−1) = 16.72A665.2 − 9.16A652.4



(1)








2.6. Statistical Analysis


Results were evaluated using Tukey’s test at a probability level of p ≤ 0.05. The error bars on the figures correspond to standard deviations. Results of the growth parameters and biomass composition were compared using the efficiency of MF equation: ɳ = (CMF − CC)/CC · 100, where ɳ corresponds to the relative difference between the responses evaluated with MF (CMF) and responses obtained by the control cultures (CC).





3. Results


3.1. Mapping of Magnetic Field


The raw values of this mapping are available in Supplementary Table S1 and the results at 7 cm height are shown in Figure 3. Analyses of this mapping showed that by using a 3 A current, an 11 ± 2 mT field in the ROI was obtained and it was shown that the MF was transverse to the flask, with the collinear component being negligible.




3.2. L. indica Growth and pH Evolution under Magnetic Field


The growth of L. indica PCC 8005 is shown in Figure 4, where the curves represent the daily biomass concentration. All assays started with 0.1 g L−1 and the growth showed a small lag phase until the second day. After this, the growth phase was observed and it continued until the 16th day, when the stationary phase began for all conditions. Despite the same behavior shown in the growth phases starting in the same period, under the MF treatment, there was a significant increase (p ≤ 0.05) in the growth rate from the sixth day and it remained until the end with the MF treatment for 1 h per day and until the 15th day with the MF treatment for 24 h per day. According to other studies that applied an MF in Spirulina assays [4,26,27], the action during a short period (1 h per day) was enough and it worked better if the main objective was biomass production.



The Xmax obtained on the 13th day with an MF applied for 1 h per day (2.12 ± 0.16 g L−1) was 39.5% higher than in the control assay (1.52 ± 0.01 g L−1), while with an MF for 24 h per day (2.02 ± 0.28 g L−1), the increase was 32.9%. As the growth was observed until the end of the cultivation for the assay with an MF applied for 1 h per day, this biomass concentration even reached 2.57 g L−1. Veiga et al. [4] also obtained an enhancement in the biomass concentration when the cyanobacteria Spirulina was cultured under 60 mT, achieving 37% more biomass than the control group. An MF of 11 mT was demonstrated to be more efficient than high intensities (60 mT, as studied by [26]) since the highest biomass concentration of L. indica was 2.57 g L−1 under 11 mT. In the study of Chu et al. [33], the high intensities tested (30 and 40 mT) did not stimulate the growth of Nannochloropsis oculata, while the lowest intensity, 20 mT, was enough to increase the growth rate. As demonstrated in some papers, there is no linearity regarding the intensity used and the effect obtained, which led us to conclude that these modifications depend on the strain, MF intensity, frequency and functional time. According to [34,35], there is potential damage in the algal cell at high MF intensities applied for a long period due to the increase in the free radicals. Li et al. [36] stated that the increase in microalgae growth rates may be associated with the higher nutrient consumption since the permeability of the membrane can increase under some MF treatments with an electromagnetic field. Wang et al. [37] reported that high MF intensities can change the enzyme conformation, which impacts the intracellular biochemical reactions. By measuring the O2 production rate, Hirano et al. [38] showed that an MF can have a positive effect by enhancing the photosynthesis rate and carbon fixation, with an optimal field intensity of around 100 gauss (equivalent to 10 mT). Furthermore, it is difficult to make an effective comparison since, in those studies, different MF application modes were tested, such as magnets, which do not present a homogeneous field, as in the present study. At this step, it is thus difficult to provide a hypothesis for the mechanism by which MF could influence biomass growth rates and concentrations as it may imply several targets. Further research remains necessary to go further into the elucidation of this mechanism. Although the assay with MF applied for 24 h per day produced less biomass than the one for 1 h per day, the mean biomass productivity obtained for both conditions were similar (0.14 g L−1 day−1) but significantly greater (p ≤ 0.05) than that obtained in the control group (0.11 g L−1 day−1). The same conclusions can be made for the growth rates, which were found to be about 52% and 56% greater for cultures conducted under 1 h and 24 h per day of MF treatment, respectively, as well as a reduction in the doubling time by about 35% compared with the control.



The pH was monitored daily and increased during all days of cultivation. The control culture varied from an initial pH of 9.72 up to 10.68 for the control assay, 9.74 up to 11.2 for the 24 h per day MF application and 9.73 up to 11.14 for 1 h per day MF application. During the cyanobacteria culture, the pH gradually increased due to the mechanism of inorganic carbon assimilation. At the initial pH, the inorganic carbon is mainly in the HCO3- form. These bicarbonate ions can enter the cells via an active transporter before being internally converted as CO2 by carbonic anhydrase. Hydroxyl ions are thus released, leading to an increase in pH in the medium [39]. At a high pH, the carbon species equilibrium is modified, with an increase in CO32− the concentration and a decrease in the HCO3- concentration (pKa = 10.3). In our experiments, the pH increased above this value, thus probably leading to a limitation in the carbon availability for all conditions. This may explain the entry into the stationary phase of the control assay, as already observed by [40] for Spirulina cultures with a stop in the growth observed in the pH range of 10.5–10.8. However, while using the MF, the final pH was found to be greater, suggesting a lower carbon limitation or a better uptake efficiency of the cells. Several studies suggested that an MF could play a role in the physicochemical properties of aqueous electrolytic solutions [41,42]. In particular, [43] proposed that MF has an impact on CO2 solubility in seawater, with it being increased for greater MF intensities. Those experiments were conducted with different kinds of magnetic fields and intensities, making them difficult to compare, and this study is controversial [44]. Even if it remains to be verified, the application of MF in our experiments may thus have increased this CO2 solubility, allowing for delaying the carbon limitation and supporting growth for an extended period. Nevertheless, the hypothesis of a better carbon uptake efficiency should also be considered. According to [45], an MF can affect the bioelectrocatalytic transformations of several enzyme sets in algal cells through enhancing electron transfer. These intracellular biochemical reactions could have a further impact on the microalgae cultures, modifying the CO2 biofixation rate [23] and O2 production rate [38,45], as well as increasing the surface area of chloroplasts and thylakoids [34].




3.3. Nitrogen Consumption and Removal Rate


Nitrogen in the nitrate form is a source for microalgal growth, with it being the second most important inorganic nutrient for cyanobacteria according to [46]. When the nitrate is absorbed by cyanobacterial cells, it is reduced to nitrite by nitrate reductase and then to ammonium by nitrite reductase [47]. In this study, the nitrogen consumption by L. indica was evaluated during the cultivation and the results are shown in Figure 5.



The nitrogen removal rates were calculated to be 51.2 mg L−1 day−1 and 53.4 mg L−1 day−1 for the cultures under MF for 1 and 24 h per day, respectively, which were significantly different (p ≤ 0.05) from the control (Table 1). This finding appears in accordance with the results of biomass productivities, which were observed to be greater for cultures in an MF than for the control. Moreover, [36] stated that the enhancement in growth rates may be associated with a high uptake of nutrients due to the permeability of the membrane in Spirulina platensis exposed to electromagnetic fields. According to [48], the physiological and biochemical constitution of microorganisms are usually susceptible to the action of electromagnetic forces and, in the present study, we demonstrated that Limnospira indica’s growth rate could be altered by an MF application. Likewise, all metabolic reactions are based on the difference in electrical charges and system ions. In microalgae, the movement of electrons and ions may cause changes in biomolecule concentrations, and it can modify free radical activities, cell growth and enzymatic activity [4]. Different ways to apply magnetics forces in the microalgae culture may cause different effects; furthermore, each strain behaves in a different way in response to an MF, which is why it is essential to study distinct conditions to obtain comparable studies.




3.4. Biomass Composition


Regarding the biomass composition, the proteins, carbohydrates and chlorophyll-a content were evaluated (Table 1). Spirulina is considered an ideal food supplement since it has a good nutritional profile, making it an alternative source of protein for human and animal consumption [49] since its biomass has a high protein content (around 60–70%), in addition to vitamins and pigments. This high protein content gives several possibilities to increase the nutritional value of food. Some studies demonstrated the protein power of Spirulina in food supplements for both sports performance [50] and for the elderly to consume to provide health benefits [51,52,53]. Thus, it appeared important to evaluate the protein content of the biomass produced under MF. The protein content increased by 12% (67.08 w w−1; p ≤ 0.05) under MF action applied for 1 h per day in relation to the control culture (60.4 w w−1). However, the protein content decreased significantly when the MF was applied for 24 h per day (53.6% w w−1). Veiga et al. [3] also obtained high protein content in the Spirulina biomass cultured with MF (30 or 60 mT), remaining in the range from 56 to 73% (w w−1), but with no significant differences between conditions, stating the possibility that the MF acts on protein metabolism. On the other hand, [23] evaluated the phycocyanin content from the biomass of Arthrospira platensis SAG 21.99 cultured under MF action and the authors concluded that in assays with MF action of 24 h per day, its content decreased (p ≤ 0.05), compared with the control and using an MF for 1 h per day. However, [38] noticed a differential effect of an MF on Spirulina platensis phycocyanin content, depending on the intensity applied, with a strong increase for 100 gauss, which is approximately the intensity of the MF applied in our study. Although in the present study, the phycocyanin content was not evaluated, this pigment presents protein characteristics and could be linked to the protein increase/decrease through the MF action.



Table 1 also shows the concentration of Chl-a in the L. indica biomass. The chlorophyll content usually varies in response to physical factors, such as temperature, mixing and light intensity, as well as chemical factors, i.e., nutrient availability [54]. In this study, the Chl-a content increased significantly (p ≤ 0.05) under conditions with MF application. The MF enhanced the content for the assays by about 162% and 135% with MF action for 1 and for 24 h per day, respectively. This finding was in accordance with previous studies [5,23,26,27,38]. As Chl-a is the major component of cyanobacteria photosynthetic systems with functions to conduct the photosynthesis [55], the hypothesis of a better photosynthesis rate explaining the increased growth rate observed in our experiments could thus be formulated.



On the other side, the carbohydrate content of L. indica was not modified by the MF action, and the amount observed was statistically similar (p ≤ 0.05) to the control group (14.1%, w w−1). In the study of [26], the carbohydrate content in the Spirulina sp. biomass was significantly increased for 30 and 60 mT static magnetic fields (SMFs) applied for 24 h per day. The same observation was made for Chlorella fusca cultivated under a 60 mT SMF [23]. Further experiments focused on carbohydrate repartition (quantification of glycogen and exopolysaccharide amounts for Spirulina biomass and starch for Chlorella fusca) suggested that an SMF could enhance the intracellular polysaccharide accumulation [56]. However, for lower SMF intensity (5 mT), the carbohydrate content of Spirulina biomass was found unchanged [26] and similar to those obtained in the present study (~14% w w−1), suggesting that carbohydrate accumulation was enhanced only for high MF intensities.





4. Conclusions


The effects of an MF on the growth and biomass composition of L. indica PCC 8005 were investigated. The application of 11 mT increased the final biomass concentration and the growth rate, especially when applied for 1 h per day. Moreover, protein content was significantly improved due to the action of MF applied for 1 h per day (67.08 w w−1), and a strong increase in chlorophyll content was also noticed. The MF application strategy thus appeared as a low-cost approach for an increase in biomass production with improved nutritional value.
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Figure 1. Experimental device used for the L. indica PCC8005 cultivation. (A) Cultures with magnetic field application through coils and (B) cultures control without MF application but in the same temperature, luminosity and aeration conditions. (1) Coils with 400 turns used to generate the MF, (2) illumination provided by 3 halogen lamps and (3) 600 mL photobioreactors. (C) Scheme of the experimental devices (control). 
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Figure 2. Schematic diagram of the experimental device used for the L. indica PCC8005 cultivation with magnetic field application through coils. Red arrows indicate the transverse magnetic field. 
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Figure 3. MF intensity mapping at a 7 cm height (middle of the culture vessel). Raw values are available in the Supplementary Materials. 
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Figure 4. Growth curves of L. indica PCC8005 cultivated under an MF with different application times and the control culture. 
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Figure 5. Consumption of nitrate during the L. indica PCC8005 cultivation under MF action. 
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Table 1. Growth parameters, protein, carbohydrates and Chl-a contents in L. indica PCC8005 biomass cultivated under control conditions and the MF applied for 24 and 1 h per day. ɳ values represent the increase (+) or decrease (−) according to the MF effect as compared with the control.
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	Parameters
	Unit
	Control
	MF 1 h
	ɳ (%)
	MF 24 h
	ɳ (%)





	Xmax *
	g L−1
	1.52 ± 0.01 a
	2.12 ± 0.16 c
	+123.5
	2.02 ± 0.28 b *
	+32.9



	avP
	g L−1 day−1
	0.11 ± 0.01 a
	0.14 ± 0.01 b
	+27.3
	0.14 ± 0.03 b
	+27.3



	µmax
	day−1
	0.550 ± 0.01 a
	0.638 ± 0.01 ab
	+15.9
	0.859 ± 0.03 b
	+56.0



	Dt
	day
	1.26 ± 0.07 a
	0.81 ± 0.04 a
	−34.1
	0.83 ± 0.05 b
	−35.7



	N removal rate
	mg L−1 day−1
	41.8 ± 0.3 a
	51.2 ± 0.2 b
	+22.5
	53.4 ± 0.4 b
	+27.7



	Proteins
	%, w w−1
	60.41 ± 3.41 b
	67.08 ± 1.72 c
	+12.69
	53.6 ± 2.71 a
	−11.3



	Carbohydrates
	%, w w−1
	14.01 ± 1.84 a,b
	11.42 ± 0.55 a
	−18.48
	14.99 ± 2.09 b
	+6.9



	Chlorophyll-a
	µg mg−1 DW
	1.11 ± 0.15 a
	2.91 ± 0.31 b
	+161.1
	2.63 ± 0.31 b
	+135.8







* Xmax obtained in the 13th day. Means ± standard deviations. Different letters in the same column correspond to significant differences (p ≤ 0.05).
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