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Abstract

:

The use of microalgal starch has been studied in biorefinery frameworks to produce bioethanol or bioplastics, however, these products are currently not economically viable. Using starch-rich biomass as an ingredient in food applications is a novel way to create more value while expanding the product portfolio of the microalgal industry. Optimization of starch production in the food-approved species Chlorella vulgaris was the main objective of this study. High-throughput screening of biomass composition in response to multiple stressors was performed with FTIR spectroscopy. Nitrogen starvation was identified as an important factor for starch accumulation. Moreover, further studies were performed to assess the role of light distribution, investigating the role of photon supply rates in flat panel photobioreactors. Starch-rich biomass with up to 30% starch was achieved in cultures with low inoculation density (0.1 g L−1) and high irradiation (1800 µmol m−2 s−1). A final large-scale experiment was performed in 25 L tubular reactors, achieving a maximum of 44% starch in the biomass after 12 h in nitrogen starved conditions.
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1. Introduction


Several microalgal species accumulate starch as a storage compound under sub-optimal environmental conditions and this property has made them extensively studied within the fields of biofuels, bioplastics and biorefining in general [1,2,3,4,5]. Microalgal biomass has the potential of being a sustainable substitute to fossil resources and research is consistently improving the feasibility and scalability of algal biorefining processes [6,7], from cultivation technologies to downstream processing. However, for a microalgal industry to thrive it is necessary to also target high-value compounds [8], and microalgal biotechnologists are starting just recently to valorise starch-rich biomass as a potential ingredient in the agri-food-tech sector, an important economical field that could make algal production economically viable [9] and thus implement a sustainable technology into novel industrial sectors.



Within the high-starch producers, Chlorella vulgaris is among the species enlisted in the novel foods catalogue by the European Food Safety Authority [10], it is approved for human consumption and is the most used species for food-related industrial production. The starch from C. vulgaris has an amylose-amylopectin ratio of 30–40%, which is similar to the ratio of potatoes and cereals and has similar crystallinity and thermal properties. However, the size of the starch granules in the algae is significantly smaller [11]. Algal starch performs well in digestibility tests if compared to commercial potato starch [12], and may represent an easily accessible source of glucose. Extracted starch could also be evaluated as a functional food for processes needing gelatinisation [9] or fermentation steps since algal starch extraction only requires boiling. Despite the fact that the exact costs for starch production from microalgae are not known we can assume that these are higher than potato starch based on the existing techno-economic studies performed for biomass [13] and lipids (TAG) [14]. However, the use of microalgal starch in foods has huge potential in terms of sustainability since algae production has higher ground areal productivities, high CO2 fixation rates and does not compete with crops for arable land and fresh water. There are also additional benefits related to the health-promoting properties of algal biomass as algae are rich in antioxidants and unsaturated lipids, even during starch accumulation [15].



Chlorella vulgaris is a well-studied microalgal species, reported to be an efficient starch producer. A variety of methods have been tested to induce starch accumulation and very diverse results, ranging from 20 to 60% starch in the dry weight, have been achieved. Nitrogen starvation has been extensively studied and reported to induce up to 55% starch in the biomass content [16,17] but is also renowned as a strong inhibitor factor for cell proliferation and biomass productivity [18,19]. Under sulphur starvation conditions Chlorella vulgaris was shown to accumulate up to 60% starch [18] with low short-term mortality, and thus better productivities [18,20,21]. The nutrient limitation has also been tested by diluting the whole medium, showing yet again high starch accumulation and low mortality rates [22].



While the modulation of nutrients is the most acknowledged trigger for metabolic switches, light availability also plays an essential role in the shift to starch accumulation within the cell. The biomass specific photon supply rate (BSPSR) is a parameter that allows the quantifying and standardisation of the light received from cultures in different setups, based on the surface irradiance, the depth and the density of the culture. Though it is not frequently reported in the literature, BSPSR has shown a strong effect on the accumulation of storage compounds for several species [23,24]. Thus, it can be inferred from the literature that high starch accumulation was frequently achieved in Chlorella species at low irradiance and low inoculum concentration [18,25,26], whereas the lowest reported starch contents have been reported either at a lower light irradiance or at high inoculum density or in the presence of wider light paths.



Considering the variety of parameters that may influence the accumulation of starch in Chlorella vulgaris, our investigations began with a high-throughput screening performed in a traditional shake flask system combined with a high-throughput Fourier Transform Infrared (FTIR) spectroscopy, to test different nutrient and light conditions. FTIR spectroscopy is a biophysical technique that allows the profiling of the main cellular components—lipids, proteins, polysaccharides, polyphosphates, pigments—in a rapid and high-throughput manner. The analysis of cell chemistry by FTIR is done on the intact cells and does not require tedious extraction of cell components, therefore, it has been positioned as a next-generation phenotyping technique suitable for extensive screenings in biotechnology [27,28,29] Recently, the technique was utilised for screening oleaginous yeast [30,31,32,33,34,35,36,37,38], filamentous fungi [39,40,41] and microalgae [42,43,44,45].



In this study, FTIR spectroscopy was used to map the chemical changes in the biomass of Chlorella vulgaris under multiple nutrient and light stress conditions using a factorial design on 12 different treatment combinations. Based on this, optimal parameters for starch production were selected and scaled to 1.5 L flat panel photobioreactors, to assess the effect of light distribution and BSPSR. Finally, the best conditions were translated to a 25 L tubular reactor, to evaluate the scalability and productivity of starch.




2. Materials and Methods


2.1. Algal Cultures


Chlorella vulgaris strain SAG 211-11b obtained from SAG Culture Collection of Algae (Göttingen, Germany) was maintained on agar plates on TAP medium [46] at a 20 µmol m−2 s−1 irradiance and 22 °C temperature. Prior to inoculation, the algae were scaled up in Erlenmeyer flasks or screw cap bottles, both supplied with 1% CO2: air mixture (v/v) on a shaking table, at 50–100 µmol m−2 s−1, 22 °C, at 110 rpm. The growth medium was M8a mineral medium, a version of the M8 medium developed by Mandalam and colleagues [47] based on Chlorella vulgaris elemental balancing, further modified by Kliphuis et al. [48].



For starvation experiments, the M8a medium was modified by removing either the nitrate, phosphorous or sulphur sources. To compensate the molarities of the other compounds in the salts, KNO3 was substituted by KCl, and MgSO4·7H2O, CuSO4·5H2O and ZnSO4·7H2O were respectively substituted with MgCl2·6H2O, ZnCl2 and CuCl·2H2O. In the experiments involving the removal of multiple macronutrients, the absence of a buffer in the P-deprived cultures was compensated by adding 3 g L−1 NaHCO3 to all the cultures of the experiment. In all mediums, the initial pH was set to 7.5 with NaOH and HCl.




2.2. Experimental Designs


Three experiments were performed in our study to assess optimal conditions for starch production. The three experimental set-ups are illustrated in Figure 1.



In experiment 1, FTIR spectroscopy screening, a Multitron Incubator with three chambers (InforsHT, Mainz, Germany) was used to test different cultivation conditions in 36 cultures. The experiment was performed in 1 L Erlenmeyer flasks containing 500 mL culture, mixed by filter-sterilised air with 1% CO2 and orbital shaking at 110 rpm, and the light was provided from two sides. Twelve cultures with a starting Absorbance750 nm = 1.2 were cultured for acclimation in full M8a medium, increasing light intensity from 100 to 400 µmol m−2 s−1. The starting pH was 7.5. After incubating for six days cultures were centrifuged and resuspended in 36 Erlenmeyer flasks at an Abs750 nm = 0.5 in four medium treatments (control (C), nitrogen starved (-N), phosphorous starved (-P) and sulphur starved(-S) in triplicates. The temperature was set to 25 °C and the three incubator chambers were set respectively at 800, 1300 and 1800 µmol m−2 s−1.



In experiment 2 the cultures were grown in autoclavable flat panel photobioreactors [49] to study the effect of light intensity and culture density on the production of starch. The reactors’ volume capacity was 1.5 L and the light path 3 cm. The light was supplied by modulable LED panels, 5% CO2: air mixture (v/v) was supplied on demand to maintain pH stable at 7.5 ± 0.1 and the temperature was set at 25 °C. Cultures were acclimated for four days, increasing light intensity daily from 100 to 500 µmol m−2 s−1. The cultures were harvested and centrifuged, and the algae were resuspended in a nitrogen starvation medium at the desired density and aliquoted into six reactors. Two inoculation densities, 0.25 and 0.65 g L−1 were tested at two light intensities, 1300 and 1800 µmol m−2 s−1. Each treatment combination was run three times.



For the scale-up trials, experiment 3, low inoculum (0.1 g L−1) cultures were grown in LGemTube RD1-25, 25 L tubular photobioreactors (LGem BV, Rotterdam, The Netherlands) in M8a medium containing 20% of the nitrogen source. The temperature was maintained at 25 ± 2 °C, pH maintained at 7.5 ± 0.2 controlled by CO2 addition, and the light was increased daily (50 to 100 to 200 µmol m−2 s−1) until the moment of starvation when it was finally set to 1300 µmol m−2 s−1.




2.3. Growth Analysis


Algal growth was followed by spectrophotometry, measuring Optical Density as Absorbance at 750 nm using a SparkTM microplate reader, (Tecan®, Männerdorf, Switzerland).



Dry weight was measured filtrating a known volume, diluted in 20 mL distilled water, in pre-washed and weighed Whatman GF/F glass fibre filters 25 mm diameter with 0.7 µm pore size (Cytiva, Marlborough, MA, USA). Filters were subsequently dried in a drying oven at 105 °C for 24–48 h before weighing.




2.4. FTIR Spectroscopy of Algal Biomass


FTIR spectroscopy analysis of algal biomass for all screening samples was performed in the following way: (1) approximately 800 µL of cell culture, depending on the optical density, was centrifuged for 5 min at 4700 rpm (4816× g) and the supernatant was removed; (2) the obtained cell pellet was washed three times with distilled water; (3) the washed pellet was resuspended in 50 µL distilled water, to achieve a final density of Abs750 = 7–8, (4) 10 µL of cell suspension was transferred in triplicate on the 384 wells silicon FTIR plate and dried at room temperature.



FTIR Spectra were recorded in a transmission mode using a High Throughput Screening eXTension (HTS-XT) unit coupled to the Vertex 70 FTIR spectrometer (both Bruker Optik, Ettlingen, Germany). Spectra were recorded as the ratio of the sample spectrum to the spectrum of the empty IR transparent microplate in the region between 4000 cm−1 and 500 cm−1 with a spectral resolution of 6 cm−1, a digital spacing of 1.928 cm−1, and an aperture of 5 mm. For each spectrum, 64 scans were averaged. In total, 360 biomass spectra were obtained. The OPUS software (Bruker Optik GmbH, Ettlingen, Germany) was used for data acquisition and instrument control.




2.5. Light and Biomass-Specific Photon Supply Rate


The light was measured with a light meter (SpectroSense2, Skye instruments, Llandrindod Wells, UK), photon flux density was calculated averaging four different measurements taken in the same positions for all reactors. The biomass specific photon supply rate values at the beginning of starvation were calculated as described by Zijiffers et al. [50] using Equation (1).


rE,x = PFDin/Cx × l



(1)







With PFDin being the incoming photon flux density, expressed as µmol m−2 s−1, Cx being the dry weight biomass concentration in g m−3 at the onset of starvation and l being the light path in meters.




2.6. Nutrient Consumption


The nitrogen consumption in experiments 2 and 3 was assessed on the spot with the colorimetric Nitrate Test strips, 10–500 mg L−1 (NO3−), MQuant® (Supelco, Bellefonte, PA, USA). Values were later confirmed with ion chromatography performed on 940 Professional IC Vario, (Metrohm AG, Herisau, Switzerland).



After centrifuging 15 mL, the supernatant was filtered through 0.22 µm cellulose acetate membrane filters (VWR International, Radnor, PA, USA). IC was calibrated for detecting three anions, NO3−, PO4− and SO4−.




2.7. Starch Analysis


Centrifuged pellets were freeze-dried, and 7 ± 1 mg biomass were weighed in triplicates. The samples were bead-beaten in ethanol to break the cells and remove interfering compounds and the starch was subsequently quantified with the Total Starch (AA/AMG) Assay Kit (Megazyme, Wicklow, Ireland). Briefly, the pre-treated biomass was incubated with α-amylase and amyloglucosidase enzymes to degrade starch to monosaccharides. The total sugar content was then assessed with a colorimetric reaction against a glucose standard curve and the glucose content was transformed to starch multiplying by glucose/starch molecular weight conversion factor (0.9).




2.8. Data Analysis


The Following software packages were used for the analysis of FTIR spectra: Unscrambler X version 10.5.1 (CAMO Analytics, Oslo, Norway), and Orange (The Mathworks Inc., Natick, MA, USA) [51]. The pre-processing of FTIR spectra was performed in two ways: FTIR spectra of the algal biomass were first transformed to second-derivative spectra by the Savitzky-Golay algorithm using a polynomial of degree 2 and a window size of 11 in total. The second-derivative spectra were pre-processed by extended multiplicative scatter correction (EMSC), an MSC model extended by linear and quadratic components [52,53,54]. Technical replicates were averaged to remove the technical variability of the measurements. Then the spectra were cut and used for the principal component analysis (PCA) of lipid (3050–2800 cm−1, 1800–1700 cm−1), protein (1700–1500 cm−1) and polysaccharide (1200–700 cm−1) spectral regions.



Experiment 2 was analysed using R Studio version 3.6.1 (R. RStudio, Inc., Boston, MA, USA), one-way ANOVA was performed on the data after a Cochran test of homogeneity of variances. Where outliers were detected an sqrt transformation was applied, and where the transformation did not remove the effect of the outlier, the significance level to reject the null hypothesis was set at α < 0.001.





3. Results and Discussion


3.1. Experiment 1: Effect of Light Stress and Nutrient Starvation


High-throughput cultivations are based on utilising microtiter plates or microbioreactor based systems, where it is possible to grow simultaneously many microbial species and strains under different conditions [36,37,55,56,57,58]. Such systems, as, for example, Bioscreen C, MTPS-Duetz or microbioreactors have not been evaluated for screening phototrophic microalgae because they often have limited light transparency which does not allow optimal lighting during cultivation. For this reason, we used a traditional shake flask system combined with the high-throughput FTIR spectroscopy to assess qualitatively how nutrient and light treatments affect the metabolism and composition of C. vulgaris biomass over time. FTIR detects the IR radiation, which is absorbed by specific molecular bonds, generating a spectrum that can be considered a chemical fingerprint of the biomass. The characteristic absorbance peaks of the different bonds, and the corresponding molecular components and spectral regions are detailed in Table 1 and Figure 2.



Figure 2 shows the spectral emission of cultures grown under different nutrient conditions using data from the last time point at a high light intensity and is an example of how the treatments generate different chemical fingerprints. The spectrum shows a marked difference in the starch peaks at the wavelengths of 1080 and 1155 cm−1, with nitrogen starvation giving the highest signal, whereas the other polysaccharide region is homogeneous between treatments, thus we consider starch accumulation as a storage compound to be the main driver for differences in polysaccharide region, being starch the most abundant carbohydrate in C. vulgaris [12]. In the lipid region, there is again a strong signal for the nitrogen deprived culture which has a specific pattern and a higher peak at 1745 cm−1 related to ester bond stretching in acyl glycerides. Proteins have a higher signal at control and P- conditions though the peaks are similar for all treatments. Finally, the signals at 885 and 1265 cm−1 have been attributed to polyphosphates which are known to be accumulated in microalgae, including C. vulgaris, as inorganic IP3 granules [61,62].



As confirmed by further principal component analysis (PCA), the areas with higher variability are the lipid and polysaccharide regions. Their changes over time are detailed in Figure 3. The PCA results have shown significant chemical changes in the algal cells grown under different nutrient conditions, although no changes were detected for the different light intensities. Generally, among all tested conditions, nitrogen and sulphur starvation showed the most pronounced effect on the algal cellular chemical profile, while control and phosphorus did not show any significant effect. Moreover, lipids and carbohydrates were the most affected by the nitrogen and sulphur treatments, while changes in protein content and profile were not detected if not at the last time points, where cultures were also visibly stressed (data not shown).



Thus, in Figure 3A, we can observe how nitrogen and sulphur starvation influenced polysaccharide accumulation in algal cells. In these conditions the polysaccharides increased rapidly from 4 h to 16 h, then it stabilized until 32 h and, finally, it dropped slightly for cells grown under nitrogen starvation, while in sulphur starvation, we can observe a considerable decrease. Additionally, a significant increase over time in the lipids (Figure 3B) can be seen under nitrogen starvation, with the highest value indicated after 94 h. Sulphur starvation also slightly affected total lipid with the highest content at 16 h–94 h while control and phosphorous conditions were shown not to be affecting the total lipid content.



Starch and lipid storage patterns in our study are in agreement with several examples existing in the literature that show how starch accumulation is a fast response to environmental changes, with an anabolic phase lasting 12–48 h followed by starch degradation and concomitant lipid synthesis [63,64,65]. This sequential accumulation is a mechanism that is activated when sub-optimal conditions are long-term, and the cells turn from starch to lipid synthesis, which is preferred as storage having higher energy density and stability [21,66].



Among the treatments, phosphorous starvation did not have an effect on the biomass composition, although Branyikova et al. in 2011 [18] reported it has a role in inducing starch accumulation. We theorise that this may be explained by the presence of polyphosphates, detected with FTIR spectroscopy, which may have been induced by high phosphorous content in the medium prior to starvation, through luxury uptake [61], whereas in the aforementioned study phosphorous in the growth medium was lower, possibly hindering IP3 uptake and resulting in stress.



Nitrogen and sulphur starvation proved to both be promising triggers for polysaccharide accumulation and, despite sulphur being reported to induce up to 60% starch in the literature [18], nitrogen led to a faster and steadier accumulation pattern. It is also worthy to note that, according to the literature, sulphur limitation is associated with lower cell mortality and better growth performance over a long period of time [18,20]. However, since our work has focused on producing starch, which increased and should be harvested in a short time span, it was considered that the expected long term cell mortality and productivity loss in nitrogen starvation would not be deemed an issue for this specific purpose, and a faster and steadier accumulation would be preferable.



The tested light intensities did not result in any significant differences in the biomass composition within each treatment, which is in contrast to previously reported data [18,25] that show light as a major influence on starch concentration. Light is in fact necessary to fixate the carbon used for the starch synthesis [67]. These results led to the hypothesis that light penetration in this experimental setup may have been a limiting factor for polysaccharide production. Considering the difficulties encountered assessing light distribution in Erlenmeyer shake-flasks, further studies about the relationship between irradiation, culture density and starch concentration were performed in Flat Panel Photobioreactors under nitrogen starvation.




3.2. Experiment 2: Effect of Biomass-Specific Photon Supply Rate under Nitrogen Starvation


The light distribution per biomass unit was studied in flat panel reactors subjecting cultures inoculated at two different densities, 0.25 and 0.65 g L−1, to two light intensities, 1300 and 1800 µmol m−2 s−1. These conditions resulted, as shown in Table 2, in four biomass-specific photon supply rates (BSPSR) which have a clear effect on growth and starch accumulation under nitrogen deprivation.



Figure 4a,b, show the absorbance and dry weight over 96 h from starvation. The overall increase in dry weight and absorbance may be explained by the accumulation of metabolites such as starch and consequent increase in weight and granulometry [68] despite nitrogen starvation inhibiting growth.



The cultures which received fewer photons per biomass unit and are also those that had a higher density at starvation, had higher final biomass productivity, 0.2 and 0.3 g L−1 d−1, compared to the lower irradiance treatments that were ranging between 0.12 and 0.15 g L−1 d−1.



As reported in the FTIR screening, also in flat panels the starch content in the cells had increased significantly in all cultures within the first 12 h (Figure 4c) followed by degradation. Maximum starch concentration reached up to 30% in cultures with high BSPSR, whereas the cultures that received a lower light supply rate did not accumulate more than 15%. The relationship between BSPSR and starch content at 12 h was confirmed by a strong positive correlation of correlation coefficient 0.88 (Figure 5a).



The peak of starch concentration in the biomass did not coincide with the peak of maximum starch accumulation in the culture, expressed as g L−1, which happened at 24 h rather than 12 h (Figure 4d), and was very similar for all four treatments. This discrepancy happened because in starch-rich cultures, at 24 h from starvation, the starch was still contained at a high percentage in the cells (>25%), while we see a small increase in biomass dry weight. At the same time, the cultures with lower starch content, which had a higher initial biomass, higher productivity and less cell mortality reached similar starch production values as the cultures with a high starch content, which on the other hand had lower productivity and suffered the impact of light stress on cell growth. The photon supply rate, in this case, showed the opposite effect with a weak negative correlation of −0.65 (Figure 5b). These two tendencies may both be interesting for industrial production depending on the desired final product. In a biorefinery context, where starch is to be extracted, a lower BSPSR may be chosen as a strategy to produce starch alongside other interesting metabolites. However, if the goal is to produce a starch-rich biomass with high percentage starch content, a higher BSPSR is to be preferred.



It is interesting to know that starch contents higher than what was achieved in our study have been previously reported in Chlorella, and have been often achieved combining high light and low inoculum density, reaching up to 55% in C. vulgaris [18] and even 77% in a CO2 adapted strain grown in a 2-stage process with high dilution [25]. In continuous chemostat growth, it has also been reported a very high effect of light and inoculum density, with the best result of 25% starch-rich biomass [19]. However, Dragone et al. reported in 2011 a high starch content of 44% in C. vulgaris at a relatively low light intensity of 70 µmol m−2 s−1 [22]. Differences in mediums used and growth vessels may be the cause of those discrepancies, nonetheless, our study contributes to a solid body of literature that identifies C. vulgaris as a high starch producer, especially at higher photon supply rates.




3.3. Experiment 3: Upscaling Starch-Rich Biomass Production


Very few studies have tested starch production from C. vulgaris at a larger scale, and most experiments done so far, including our studies in flat panel reactors, have adopted a protocol where the cultures were centrifuged and resuspended in a starvation medium. Such protocols cannot be applied on large scales.



Thus, two further separate experiments were performed with C. vulgaris in 25 L tubular photobioreactors inoculated at a low density (<0.1 g L−1) in a modified M8a medium containing 20% of the original nitrogen content. Giving a limited amount of nitrogen has allowed the algae to proliferate during the first cultivation days before exhausting the nitrogen and beginning the transition to starvation metabolism.



The difficulty when limiting the amount of nutrients supplied, rather than completely removing it at a known time point by centrifugation lays in identifying the exact moment of nutrient exhaustion. With a species like C. vulgaris, which in the present experiments has again been shown to accumulate maximum starch between 12–24 h from starvation, monitoring nitrogen consumption is essential to both (i) increase the light supply at the correct moment and (ii) harvest the algae before starch degradation begins.



To monitor consumption nitrogen was consequently checked daily with rapid test strips, and the results were subsequently confirmed with ion chromatography. In Figure 6a we see that the 20% of N source in these conditions was exhausted within three to four days from inoculation, allowing for the culture to acclimate and grow while the light was daily increased until it was finally set to 1300 µmol m−2 s−1 on t0 of starvation to support starch production. Starch follow up showed an increase over the 12 h after starvation up to 44% in both experiments performed.



Experiment A was followed up further to 48 h after starvation, and notably the starch content remained above 40% even after the 12 h peak. In experiment B, where starch-rich biomass was harvested between 12 and 24 h after starvation, the growth was altogether faster than in the former trial (Figure 6b) achieving higher biomass productivity and a final starch production upon the harvesting of 1 g L−1. Harvesting 12–24 h after the onset of stress implies that nitrogen starvation mainly impacted starch accumulation, not other components of the biomass since other known effects of starvation usually require longer incubation times. Additionally, through a short-term stress phase, the supply of high light intensity, which is a factor that may greatly influence the cost of production, is limited to a brief time.





4. Conclusions


Starch accumulation above 40% was achieved at a large scale in C. vulgaris, through a protocol that could be suitable for industrial setups. FTIR spectroscopy proved to be an efficient tool for screening multiple stress conditions and characterising changes in biomass composition, identifying the stress conditions to be used for inducing starch production. Both nitrogen and sulphur starvation proved to be good methods for inducing starch and lipid accumulation, yet nitrogen as a stress factor led to faster starch accumulation (12 h), making it preferable for industrial production. To achieve efficient production, nutrient stress needs to be implemented in a protocol that uses a high light intensity to cell density ratio. Thus, a biomass specific photon supply rate above 200 is recommended to produce biomass containing high starch concentrations.



Future investigations involving novel approaches such as “omics” technologies may extend our understanding of metabolic responses to stress, allowing us to further improve the final composition of the biomass. To speed the transfer of knowledge to the industry, research should go forward in assessing the scalability of the process on one side, testing in pilot-scale reactors and in outdoors conditions to improve starch productivity and evaluating the properties of starch-rich algal biomass and testing the possible applications in the food sector.
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Figure 1. Experimental setup of the three experiments performed in the study. 
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Figure 2. Preprocessed FTIR-HTS spectra of Chlorella vulgaris grown for 94 h on control medium (dark blue), nitrogen starvation (light blue), phosphorus starvation (green) and sulphur starvation (red) under light intensity 1800 µmol m−2 s−1 in experiment 1. 
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Figure 3. FTIR-HTS spectra PCA score plots of (A) polysaccharide (1200–900 cm−1) and (B) lipid (3000–2800 cm−1 and 1800–1700 cm−1) regions of C. vulgaris biomass grown on different nutrient conditions (blue for control, red for nitrogen starvation, green for phosphorus starvation and orange for sulphur starvation) and under three light intensities in experiment 1. 
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Figure 4. Time course over 96 h after N starvation expressed as average of triplicate cultures in experiment 2: (a) culture density expressed as absorbance at 750 nm; (b) culture density expressed as biomass dry weight; (c) starch concentration expressed as % of biomass dry weight; (d) starch concentration expressed as grams per litre. 
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Figure 5. Starch maximum accumulation in C. vulgaris at different biomass specific photon supply rates in experiment 2. (a) peak of maximum concentration in the biomass, observed 12 h within starvation; (b) peak of maximum starch production in the culture, expressed as g L−1, and observed 24 h within starvation. 






Figure 5. Starch maximum accumulation in C. vulgaris at different biomass specific photon supply rates in experiment 2. (a) peak of maximum concentration in the biomass, observed 12 h within starvation; (b) peak of maximum starch production in the culture, expressed as g L−1, and observed 24 h within starvation.



[image: Applsci 11 09025 g005]







[image: Applsci 11 09025 g006 550] 





Figure 6. Time sequence of two experiments growing C. vulgaris in limiting medium containing 20% nitrogen in experiment 3. Experiment A was harvested after 24 h from starvation (x = 24), experiment B was harvested 36–48 h after starvation. (a) Nitrate content in the medium measured with ion chromatography (solid line) and starch accumulation in the cells (dotted line) (b) Absorbance at 750 nm. 
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Table 1. Peak assignments of the FTIR-HTS spectra in the algal cells in experiment 1 (main chemical components are marked on Figure 2).
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Chemical Components

	
Wavenumber (cm−1)

	
Peak Assignment

	
Reference






	
Polysaccharides

(Red area on Figure 2)

	
3500–3200

	
O-H stretching

	
[59]




	
1200–1000

	
C-O and C-O-C stretching

	




	
1080

	
C-O-H bending in starch

	
[12,60]




	
1155

	
C-O stretching in starch

	




	
Lipids

(Blue area on Figure 2)

	
3010

	
=C-H stretching

	




	
2955

	
-C-H (CH3) stretching

	




	
2925

	
>CH2 of acyl chain

	
[59]




	
2855

	
-C-H (CH2) stretching

	




	
1745

	
-C = O stretching in esters

	




	
1465

	
-C-H (CH2, CH3) bending

	




	
Proteins

(Green area on Figure 2)

	
1680–1630

	
-C = O stretching, Amide I

	
[59]




	
1530–1560

	
C-N-H deformation, Amide II

	




	
Polyphosphate

(Grey area on Figure 2)

	
1265

	
P = O stretching

	
[59]




	
885

	
P-O-P stretching
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Table 2. Experimental parameters and results from experiment 2. The experimental parameters were biomass-specific photon supply rate (BSPSR), light intensity and inoculum density, vs the resulting starch concentration in the biomass 12 h after N starvation, starch concentration in the culture 24 h after N starvation, and biomass productivities after 48 h. Average values ± SD.
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	BSPSR

(µmol g−1 s−1)
	Irradiance

(µmol m−2 s−1)
	Inoculum

(g L−1)
	Starch%12 h

(g g−1 dw)
	Starch24 h

(g L−1)
	Productivity48 h

(g L−1 day−1)





	102
	1300
	0.65 ± 0.01
	15.0 ± 0.6
	0.17 ± 0.03
	0.42 ± 0.06



	141
	1800
	0.65 ± 0.01
	15.5 ± 3.0
	0.15 ± 0.03
	0.27 ± 0.10



	268
	1300
	0.25 ± 0.04
	28.9 ± 1.6
	0.17 ± 0.01
	0.25 ± 0.09



	371
	1800
	0.25 ± 0.04
	27.5 ± 0.2
	0.13 ± 0.02
	0.21 ± 0.05
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