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Abstract

:

The cultivation of Haematococcus pluvialis is pivotal in the biotechnological production of astaxanthin, a powerful antioxidant with extensive applications in the nutraceutical, pharmaceutical, and aquaculture industries. Astaxanthin accumulation is known to be enhanced under stress conditions. Recent advancements have highlighted the efficacy of mixotrophic cultivation in enhancing both biomass production and carotenoid accumulation. The aim of this work is to evaluate the effect of mixotrophic conditions induced by BWW on biomass growth and carotenoid accumulation. To this aim, experiments carried out with different light intensities and cultivation time were specifically designed. This study displays the effective production of carotenoids by H. pluvialis using brewery wastewater (BWW) as an organic source able to sustain mixotrophic conditions. Various ratios of BWW were combined with the BG11 medium. When H. pluvialis was cultivated solely in BWW or in the control medium BG11, both the biomass and astaxanthin contents were reduced compared to the higher values obtained in their blended mixtures. In particular, the BWW-BG11 1:1 system exhibited the highest values of biomass (5.46 g L−1) and astaxanthin content (2.32%) compared to both undiluted BWW (3.34 g L−1 and 1.95%) and the control BG11 (3.65 g L−1 and 0.65%), respectively. BWW significantly boosted the growth rate and metabolic activity of H. pluvialis. This dual approach not only accelerates biomass accumulation but also enhances the synthesis of carotenoids, particularly astaxanthin. The integration of mixotrophic strategies into H. pluvialis cultivation systems presents a promising avenue for optimizing the commercial production of astaxanthin, ensuring higher yields and cost-effectiveness.
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1. Introduction


Microalgae have immense potential for a wide range of biotechnological applications, thanks to their high growth rate, biomass productivity, and capability to thrive in diverse environments [1]. These photosynthetic organisms are particularly valuable for producing proteins, essential fatty acids, and vitamins, making them ideal for use in nutraceuticals, food supplements, and animal feed [2]. In the pharmaceutical industry, microalgae are being studied for the production of high-value compounds, such as antioxidants, pigments, and bioactive molecules with potential therapeutic applications [3]. Additionally, microalgae’s high lipid content makes them suitable for biofuel production, including biodiesel and bioethanol [4,5]. Beyond product generation, microalgae play a crucial role in environmental biotechnology. They can be utilized in wastewater (WW) treatment to remove contaminants like heavy metals and excess nutrients while simultaneously producing valuable biomass [6,7]. Moreover, microalgae contribute to carbon capture and sequestration, aiding in climate change mitigation [8,9].



Among the many microalgae species, Haematococcus pluvialis is one of the most extensively studied [10]. This strain is of significant commercial interest due to its unparalleled ability to produce astaxanthin, a keto-carotenoid determining the reddish or pinkish color of some crustaceans, fishes, and birds. Astaxanthin is also present in marine bacteria, fungi, red yeasts (such as Phaffia rhodozyma), certain higher plants like the Adonis species, krill, and various microalgae, including Chlorococcum species, Chlorella zofingiensis, and Dunaliella salina. Among the latter ones, Haematococcus pluvialis represents the richest natural source of astaxanthin commercially available [11]. These microalgae undergo four life cycles: vegetative cell growth, encystment, maturation, and germination. However, they typically consist of only two stages—vegetative (green) and maturation (red) [12]. Astaxanthin is produced during the maturation stage, while chlorophyll is produced during the vegetative stage.



Astaxanthin is highly valued across various industries, including nutraceuticals, cosmetics, aquaculture, and food, due to its potent anti-inflammatory, anti-aging, and immune-boosting properties [13,14]. The commercial exploitation of H. pluvialis primarily hinges on its astaxanthin production, which can reach concentrations far higher than those found in other natural sources. Astaxanthin has been documented to be 54-times more powerful than β-carotene, 65-times for vitamin C, and 100-times for α-tocopherol [15]. Under suitable stress conditions, such as high photon flux intensity, Haematococcus can accumulate up to 3–5% of astaxanthin on a dry weight (DW) basis [16]. High light intensity is particularly critical in enhancing astaxanthin production, as it triggers a protective response that leads to the synthesis and accumulation of astaxanthin, acting as an antioxidant to protect the cells from damage [17]. To maximize astaxanthin production, various cultivation strategies have been developed, involving phototrophic, heterotrophic, and mixotrophic systems. Phototrophic cultivation, which relies solely on light and CO2, is commonly used but is often limited by slow growth rates and lower biomass yields [18]. Heterotrophic cultivation, where organic carbon sources are used, can increase biomass but might compromise the astaxanthin content [19]. Mixotrophy, which combines both phototrophic and heterotrophic methods, offers a promising approach to simultaneously enhance biomass and astaxanthin production [20]. A successful two-stage culture model has been developed for H. pluvialis. The first stage, known as the green stage, is characterized by high cell yield and is crucial for subsequent astaxanthin biosynthesis. The second stage, referred to as the red stage, allows for the rapid accumulation of astaxanthin [21]. This two-stage culture strategy has been proved to be particularly efficient under mixotrophy [22].



Brewery wastewater (BWW), an abundant and nutrient-rich byproduct of beer production, can be effectively utilized as a growth medium for microalgae cultivation [23,24]. BWW consists mainly of three parts: the first, water coolant, makes up 70% of the total water; the second, which includes brewing and rinsing water, accounts for 5–6% and is considered high-concentration organic WW; and the third, from the packaging shop, includes bottle washing, rinsing, and sterilization water, accounting for 20% [25]. This WW contains high levels of organic compounds, including sugars, proteins, and essential nutrients, like nitrogen (N) and phosphorus (P), which are vital for microalgae growth [26]. By using BWW, microalgae can assimilate these nutrients, reducing the need for synthetic fertilizers and lowering cultivation costs. The feasibility of using BWW as an organic substrate for the mixotrophic cultivation of H. pluvialis presents a sustainable and cost-effective solution. BWW can potentially serve as a carbon source, reducing cultivation costs and enhancing microalgal growth and astaxanthin accumulation. This approach not only aids in WW management but also complies with the bases of a circular economy, converting waste into valued bioproducts [27].



Given these premises, this work seeks to evaluate the combined effect of mixotrophic conditions induced by BWW on biomass growth and carotenoid accumulation, including astaxanthin with light intensity and cultivation duration. To this aim, light stress was applied to the mixotrophic culture of Haematococcus, induced by BWW alone and blended with a control medium in two different ratios. The effect of light stress on Haematococcus cells has been evaluated in terms of biomass content and productivity, astaxanthin accumulation, and the reddening stage during cultivation. The effect of N starvation coupled with high light intensity on biomass and astaxanthin was investigated as well.




2. Materials and Methods


2.1. Inoculum Preparation and Culture Medium


Haematococcus pluvialis strain SAG 34-1b used in this work was obtained from the Culture Collection of Algae at University of Göttingen (SAG, Göttingen, Germany). The microalgae were cultured and maintained in standard BG11 medium [28] with the composition reported in Table 1.



For cultivation, 50 mL Erlenmeyer flasks were filled with 30 mL of BG11 and inoculated with about 3 mL of H. pluvialis culture. Haematococcus cells in the inoculum were represented by mobile green cells in their vegetative phase, which are more prone to initiate rapid growth before inducing the phase of carotenoid accumulation. The flasks were sealed with film to allow for air exchange and placed under continuous illumination with fluorescent lamps (28 W, NVC YZ28-T5) supplying a light intensity of 100 μmol m2 s−1, as measured by a luxmeter (LI-250A Light Meter, LI-COR Biosciences, Lincoln, NE, USA), at room temperature.




2.2. Experimental Setup and Cultivation Conditions


The experiments were conducted using Haematococcus pluvialis cells collected one week after the preparation of the inoculum. Microalgae cells in their logarithmic growth phase were transferred into 250 mL bubble column tube photobioreactors (PBRs), having an outer diameter of 2.9 cm, inner diameter of 2.7 cm, and a height of 56 cm. Each PBR contained 200 mL of fresh medium. A mixture of CO2 and compressed air (1.5% CO2 and 98.5% air by volume) was continuously bubbled into the PBRs via a perforated rubber stopper at volumetric flow rate of 30 mL/min, using a cylinder and air pump (Resun, ACO 003, Singapore). The PBRs were kept at room temperature under continuous illumination from fluorescent lamps, providing two different light intensities: 35 μmol m−2 s−1 and 140 μmol m−2 s−1. Three sets of experiments were conducted to evaluate growth rate, biomass productivity, and the intracellular concentration of carotenoids and astaxanthin. The details of the experimental setup are provided in Table 2. Each PBR was initially inoculated with a concentration of 0.1 g/L.



To avoid contamination, all laboratory equipment and glassware were cleaned with water and detergent, thoroughly rinsed with distilled water, sterilized in an autoclave at 121 °C for 20 min (Hirayama, HVE-50, Ramsey, MN, USA), and then placed in a laminar flow hood (Airtech SW-CJ-2 FD, Jangsu, China) under UV light for 60 min. Additionally, sterile disposable pipettes and loops were used during the process.



The growth of microalgae was monitored daily over six consecutive days by measuring biomass (g L−1) and chlorophyll content. At the end of the cultivation period, final dry weight, carotenoids, and astaxanthin content in the culture were measured.




2.3. BWW Collection and Characterization


The BWW was obtained from the ‘N2 Factory of Tsingtao Brewery Company’, a brewery located in Qingdao, Shandong Province, China. Specifically, the effluent was gathered from the steeping step of beer production process. Chemical and physical characteristics of BWW were analyzed, and then it was stored at 4 °C for later use. Before microalgae cultivation, the WW was filtered using ultrafiltration membrane disks of acetate (0.45 μm diameter, Xinyou Ltd., Shanghai, China) in combination with filtering disks of fiber glass (15 cm diameter, Whatman-Xinhua Filter paper Co., Ltd., Hangzhou, China), to remove suspended solids. The filtered effluent was then sterilized for 20 min at 121 °C. Following sterilization, analysis of pH, chemical oxygen demand (COD), total phosphorous (TP), total (TN) and ammoniacal (TNH4+) nitrogen was performed, as shown in Table 3. Samples were centrifuged for 10 min at 1500 g, and the obtained supernatants were filtered with a 0.45 mm membrane filter of nylon. The determination of TN, TP, and TNH4+ was performed through alkaline digestion with potassium persulfate followed by UV spectrophotometric analysis GB 11894-89, 1990 [29], the ammonium molybdate spectrophotometric method GB 11893-89, 1990 [30], and the reaction with phenol-hypochlorite for determining ammonia [31], respectively. The COD was measured according to the protocol Standard Examination Method for Drinking Water—Aggregate Organic Parameters GB/T 5750.7, 2006 [32].




2.4. Cell Growth and Dry Weight Determination


The growth of Haematococcus pluvialis was evaluated using a gravimetric technique. A 10 mL (V) sample was collected every two days from the PBR. The sample was filtered using a pre-weighed (W1) acetate ultrafiltration membrane with a 0.45 μm pore size. The membrane, with the retained biomass, was then dried at 105 °C overnight until it reached a stable weight. The following day, the membrane disk was re-weighed (W2) using an analytical balance (Mettler Toledo XS105DR, Mettler-Toledo International Inc., Columbus, OH, USA).



The biomass collected by the filter was calculated as the difference in weight of the membrane before and after filtration. Then, the concentration was obtained by dividing the biomass by the filtered volume. The dry weight cell concentration (g L−1) was, thus, calculated according to the following equation:


   X  d w   =     W 2  −  W 1   V     ,  



(1)







The specific growth rate μ was evaluated by linearly fitting Equation (2) during the exponential growth phase:


  ln     X   X e       = μ     t −  t e     



(2)




where X and Xe (g L−1) represent the biomass concentrations at the generic time t and the time te when the exponential phase started.



The batch volumetric productivity biomass Πx (mg L−1 day−1) was evaluated as:


   Π x  =       X f  −  X 0         t f  −  t 0        



(3)




where the symbols Xf and X0 (mg L−1) refer to the final biomass concentration (at time tf) and the initial one (at t0), respectively.




2.5. Analysis of Pigments


The carotenoid determination was performed during the H. pluvialis aplanospore phase. Thus, 1 mL of algal culture was withdrawn from the flasks and then centrifuged at 8000 rpm for 5 min. The supernatant was then discharged, while the obtained algal pellet was immersed in 5 mL of methanol. Before methanol extraction, H. pluvialis cysts were pre-treated by grinding them. The resulting mixture was kept at 60 °C for 1 h in a water bath. Subsequently, the mixture was centrifuged again at 8000 rpm for 5 min. Then, specific volumes of the supernatant were withdrawn and sent to spectrophotometric analysis with a Varian 50 Bio UV–Visible spectrophotometer (Varion Inc., Palo Alto, CA, USA). The optical densities at 666, 653, and 460 nm were analyzed to evaluate the chlorophylls (Chl-a and Chl-b) and total carotenoids (TC) concentration in the suspension according to the equations proposed by Wellburn et al. for a spectrophotometer resolution in the range 1–4 nm [33]:


  C h l − a      m g  L     = 15.65     O D 666     –    7  .34     O D 653   ,  



(4)






  C h l − b      m g  L     = 27.05     O D 653     –    11  .21     O D 666    



(5)






  T C      m g  L     =    1000 O D 480   –   2.86 C h l − a   –   129.2 C h l − b   220     



(6)







The carotenoid to chlorophyll ratio was obtained as     T C  /    C h l − a + C h l − b      .




2.6. Astaxanthin Extraction and Determination


The astaxanthin content was measured following a modified protocol from Wang et al. (2018). To start, around 25 mg of dry biomass was ground and transferred into a 40 mL tube containing 5 mL of DMSO. The tube was then incubated in a thermostatic water bath set at 50 °C for 30 min. After the incubation, the mixture was centrifuged for 5 min at 3000 rpm. The supernatant was then collected into a 25 mL flask. The remaining pellet of algal cells was washed with 5 mL of acetone, then vortexed for 30 s, and finally centrifuged again. The pigment-containing supernatant was then merged with the initial extract. This extraction process was repeated until the cell debris became colorless. The final extract was diluted to the desired volume with acetone and mixed thoroughly. Astaxanthin content was then quantified by spectrophotometry at a wavelength of 474 nm. The astaxanthin content A (%dw), as a percentage of biomass dry weight, was evaluated based on the total mass of carotenoids as follows:


  T C      m g  g     =    O  D  474    V  a c   D i l    m X  250     



(7)






  A   % d w   = T C    80   1000     



(8)




where it is assumed that astaxanthin is ~80% of total carotenoids, while mx is the total biomass (i.e., ~0.025 g) subjected to the procedure, Vac (mL) is the volume of acetone used, Dil (/) is the dilution, and 250 is the extinction coefficient of astaxanthin in acetone.





3. Results and Discussion


3.1. Effect of Light Intensity on H. pluvialis Growth and Biomass Production


The growth of H. pluvialis was monitored for 6 days using undiluted BWW and two blended media, BWW-BG11 1:1 and BWW-BG11 1:3, as detailed in Table 2. A regular BG11 medium served as the control. To assess the impact of light on biomass production, two light intensities were adopted for 6 days in the first two experiments, 35 μmol m−2 s−1 in Exp. 1 and 140 μmol m−2 s−1 in Exp. 2. In Exp 3, lasting 10 days, cultures were exposed to 35 μmol m−2 s−1 for the first 5 days, followed by 140 μmol m−2 s−1 for the next 5 days. Under 35 μmol m−2 s−1, all mixotrophic systems achieved greater biomass than the control (0.57 g L−1), with the highest (4.61 g L−1) in BWW-BG11 1:1 (Figure 1a).



At 140 μmol m−2 s−1, the BG11 control yielded the most biomass (3.21 g L−1), while the top-performing mixotrophic medium was BWW-BG11 1:1 (3.13 g L−1) (Figure 1b). This result aligns with previous studies on H. pluvialis cultivated in synthetic BWW mixed with a 50% BBM control medium [34]. When the light intensity increased from 35 to 140 μmol m−2 s−1 after five days, BWW-BG11 1:3 produced the highest biomass (5.46 g L−1),, while BBW alone had the lowest (3.50 g L−1) (Figure 1c).



Overall, H. pluvialis biomass in the BWW-BG11 mixtures exceeded that of the control, likely due to the elevated organic carbon content in BWW, which is rich in organic compounds like BOD and COD as well as essential nutrients for microalgae growth such as ammonium N (N-NH4+), N, and P (Table 3).



Although 100% (v v−1) BWW resulted in the lowest growth among the concentrations tested under mixotrophy across all three light conditions, the growth improved significantly when BWW was blended at 50% and 75% with the control medium. The limited availability of crucial substrates and nutrients, such as N and P in BWW (Table 3), may have restricted the growth of cells and the synthesis of nucleic acids, proteins, and photosynthetic pigments [23]. Our findings indicate that supplementing BG11 components with BWW enhances the nutrient supply, supporting H. pluvialis growth. The synergistic effect of organic carbon sources and light generally boosts biomass production [35]. It has been proved that low light intensity favors H. pluvialis growth up to the achievement of the optimal cell density, after which high irradiance acts as a stressor to trigger secondary carotenoids accumulation.



In our study, biomass accumulation in H. pluvialis ranged from 3.18 to 4.61 g L−1 when grown mixotrophycally at 35 μmol m−2 s−1, nearly doubling the biomass observed at 140 μmol m−2 s−1, which ranged from 1.94 to 3.13 g L−1. Similar results were reported by [22], who observed the highest cell densities, 3.8 × 105 cells mL−1 and 2.9 × 105 cells mL−1, in WC and NPK media under 20/4 h and 24/0 h light/dark cycles, respectively, in the mixotrophic cultivation of H. pluvialis. Wong et al. found that continuous light exposure (24/0 h with no dark period) was optimal for cell growth, lipid synthesis, and astaxanthin production in H. pluvialis [36]. The decision to conduct these experiments under continuous light was influenced by evidence that alternating dark and light periods can inhibit growth and reduce cell performance compared to continuous light exposure [37]. Additionally, alternating light and dark cycles may also decrease the growth efficiency [38].




3.2. Effect of Light Intensity on Carotenoids and Astaxanthin Production by H. pluvialis


Figure 2 illustrates the impact of different light regimes on the total carotenoids and astaxanthin content in H. pluvialis cultivated mixotrophycally in BWW. At a light intensity of 35 μmol m−2 s−1, the BWW-BG11 1:1 medium yielded the highest astaxanthin and total carotenoids content (2.32 %dw and 28.9 mg g−1dw, respectively), outperforming the control BG11 (2.15 %dw and 26.8 mg g−1dw) (Figure 2a). When exposed to higher light intensity (Figure 2b), the BWW medium achieved superior results (2.47 %dw and 30.8 mg g−1dw) compared to the control (1.50 %dw and 17.8 mg g−1dw) in both total carotenoids and astaxanthin content. Figure 2c shows that under a light shift, the BWW-BG11 1:1 medium produced the highest astaxanthin content (2.12 %dw), followed closely by BWW (1.98 %dw), both slightly surpassing the control (1.90 %dw). Also, in terms of total carotenoids content, BWW-BG11 1:1 outperformed BG11, with values of 26.4 mg g−1dw and 23.6 mg g−1dw, respectively.



H. pluvialis is characterized by a complex life cycle and slow growth rates, making large-scale cultivation challenging. However, using organic carbon sources in its cultivation can enhance growth rates and promote the inductive stage, which leads to astaxanthin accumulation [39]. In mixotrophic cultures, organic carbon sources are known to stimulate cell division, hematocyst formation, and carotenoid accumulation [40]. BWW composition involves volatile fatty acids, sugars, soluble starch, celluloses, and alcohols, capable of sustaining mixotrophic metabolism. Additionally, since astaxanthin is widely used in the food and feed industries, the growth medium for H. pluvialis must be free for toxic chemicals [41]. This is crucial when selecting appropriate WW streams for cultivating microalgae for astaxanthin production. It is hypothesized that WW from the food industry, which typically avoids toxic chemicals, would be ideal for this purpose. The literature provides evidence on the feasibility of using various types of WWs, including agro-industry waste, to extract astaxanthin from H. pluvialis [42,43]. Based on these considerations, BWW was selected for this study as a source of organic carbon to facilitate the transition of H. pluvialis from the vegetative stage to the inductive one.



The color transition of H. pluvialis from the green to red stage under a dual light shift from 35 to 140 μmol m−2 s−1 is depicted in Figure 3. Figure 3a shows the initial conditions on day 0, where Haematococcus was inoculated in three mixotrophic systems: BWW (PBRs 1a and 1b), BWW-BG11 1:1 (PBRs 2a and 2b), BWW-BG11 1:3 (PBRs 3a and 3b), and in the control BG11 (PBRs 4a and 4b). By the fifth day, when the light intensity was increased from 35 to 140 μmol m−2 s−1, the PBRs 1a and 1b (BWW) clearly exhibited a reddening stage, while the other three systems displayed varying shades of green, with the BWW-BG11 1:3 system showing a strong green color (Figure 3b).



By the 10th day, after Haematococcus had been exposed to the higher light intensity for five days, the PBRs 1a and 1b (BWW) confirmed their red stage, while PBRs 2, 3, and 4 had turned dark, with little green remaining (Figure 3c). The color changes observed in our study are consistent with those reported by [17], where their system 0 N corresponds to BWW in our study, and the other three systems with increasing N concentration (0.5–3 N) can be compared to our BWW-BG11 mixtures and the control. The images in Figure 3 suggest that H. pluvialis accumulated more biomass (in terms of chlorophyll a and b) in the control and in the BWW-BG11 mixtures, while the early reddening stage in the BWW system indicates an initial focus on astaxanthin accumulation rather than chlorophylls. This observation is supported by the chlorophylls, carotenoids, and carotenoid/chlorophyll ratio data presented in Table 4, which cover all PBRs under the three light regimes.



By the 10th day of Exp. 3, TChl accumulation in BWW was very low (0.50 mg L−1) compared to the other three systems, BWW-BG11 1:1, BWW-BG11 1:3, and BG11, which exhibited much higher total chlorophylls levels (3.14 mg L−1, 3.39 mg L−1, and 1.36 mg L−1, respectively). The lowest chlorophyll a and b levels, as well as total chlorophyll content across all three light regimes, were observed when Haematococcus was exposed to 140 μmol m−2 s−1 from the start (Exp. 2). Under these conditions, Haematococcus cultivated in BWW had the highest total carotenoid accumulation (0.79 mg L−1) and astaxanthin content (2.47%) (Table 4 and Figure 2b).



Increased light intensity enhances the photosynthetic machinery, leading to higher reactive oxygen species (ROS) production. To mitigate the oxidative stress caused by ROS, Haematococcus redirects its metabolic pathways towards the synthesis of astaxanthin, which effectively neutralizes the ROS and stabilizes cellular components. However, while high light intensity can significantly boost astaxanthin production, it must be carefully balanced to prevent excessive photo-damage or growth inhibition. Optimal light conditions typically involve a balance between high light exposure and other factors like temperature, nutrient availability, and light duration to maximize both biomass and astaxanthin yield [44].



The morphology of H. pluvialis before and after cultivation was examined using a digital microscope and is shown in Figure 4. Day 0 represents the initial culture conditions with low light (35 μmol m−2 s−1) across all four PBR systems, while day 10 depicts the cells after five days of exposure to high light (140 μmol m−2 s−1). Initially, the cells were light green, indicating chlorophyll presence. As cultivation progressed, young H. pluvialis cells lacked thick cell walls, which became more robust during the green stage (images not shown). The increased thickness of the layered cell wall is a protective strategy during astaxanthin accumulation [45]. As the cells began to accumulate astaxanthin, their color transitioned to reddish green, signaling that the culture is ready to enter to the maturation stage, culminating in full astaxanthin accumulation by day 10, as shown in Figure 4.




3.3. Effect of Nitrogen Starvation on Carotenoids and Astaxanthin Production by H. pluvialis


While light intensity and organic carbon from BWW are critical factors influencing carotenoid synthesis, N availability is another key determinant [46]. In this section, we explore how N starvation under low light conditions influences astaxanthin production, aiming to identify optimal conditions for pigment accumulation under minimal light stress. In various studies, light intensities used for H. pluvialis cultivation in flasks or columns typically range between 30 and 60 μmol m−2 s−1 [16]. N is the primary nutrient influencing both H. pluvialis growth and astaxanthin accumulation [47]. N starvation is a consolidated strategy to enhance the astaxanthin content within the cells [17]. In this study, when Haematococcus was cultivated in BWW under all the three light regimes, the content of chlorophyll a and b and total chlorophyll was lower compared to the other systems blended with the control medium and the control itself (Table 4). Furthermore, when comparing the mixotrophic systems (excluding growth under 140 μmol m−2 s−1), the total carotenoid content in BWW was higher than in other systems. These findings suggest that N starvation, a condition likely present in BWW (as shown in Table 3), may trigger a metabolic shift within the cells, promoting astaxantin formation at the expense of chlorophyll production.



The literature supports the idea that low light intensity coupled with N starvation can enhance astaxanthin accumulation in Haematococcus. Under these stress conditions, microalgae shift their metabolic processes towards producing secondary metabolites like astaxanthin, which serves as a protective mechanism against environmental stress [48].



To corroborate these observations, H. pluvialis was cultivated under the lowest light regime (35 μmol m−2 s−1) for an extended period (9 days) while applying the N starvation strategy. To this aim, eight different concentrations of N (ranging from 0 to 17.56 mM) were selected, with corresponding amounts of sodium nitrate added to the BWW medium. Figure 5 illustrates the growth kinetics of Haematococcus under N starvation.



Haematococcus exhibited an average lag phase of around 3 days, after which fast accumulation of biomass occurred in systems with N concentrations between 1.76 and 8.82 mM. Systems with lower N contents (0.35–0.88 mM) and with the highest concentration (17.56 mM) experienced a longer lag phase, with biomass accumulation starting around the sixth day. The system with the lowest N concentration (0.18 mM) and the raw BWW (0 mM) showed a lag phase persisting for 9 days. Biomass accumulation ranged from 0.07 g L−1 with 0 mM of N to 0.9 g L−1 with 17.56 mM of N, with a maximum value of 2.54 g L−1 observed at 1.76 mM of N. The specific growth rates μ obtained under the different N concentrations were calculated using Equation (2) and are shown in Figure 6.



Since the specific growth rate showed an optimum N value and then decreased for higher N concentrations, the data could be theoretically interpreted through the Haldane kinetic model for substrate inhibition [49] reported in Equation (9).


  μ  =   μ  max     ⋅     C N     k m  +  C N  +    C N 2     k i        



(9)







It can be observed that the model matched the experimental data well when the parameters were tuned to the values reported in Table 5.



Such a model can be viably used to eventually model the growth of H. pluvialis in different devices operating in continuous or fed-batch mode. The impact of N starvation on biomass productivity (mg L−1 day−1), total carotenoids (mg g−1dw), and astaxanthin content (%dw) in H. pluvialis grown in BWW is illustrated in Figure 7.



The fast transition to the inductive stage under N starvation is evident from Figure 7d, where the highest astaxanthin content of 1.59 %dw was observed in the raw BWW (N1), where no external N was added. This condition not only yielded the highest astaxanthin content but also resulted in the lowest biomass content (0.07 g L−1) and biomass productivity (8 mg L−1 day−1). A clear proportional relationship can be seen between the increasing N concentrations added to the BWW and the gradual decrease in astaxanthin content. The same trend can be obviously detected for TC. This trend aligns with the literature findings [17], wherein a proportional decline in astaxanthin production was reported when N concentrations were increased from 0- to 3-fold in terms of nitrate under low light (30 μmol m−2 s−1) for 10 days.



In our study, there was also a slight but consistent increase in biomass content and productivity as the N concentration increased, particularly within the N range 0 to 1.76 mM.



Beyond this range, further additions of nitrate led to a slight decline in both biomass content and productivity. This behavior is consistent with the literature [47], wherein the highest astaxanthin content was reported (2.3 % dW) with the addition of 0.18 mM nitrate to the BG11 control medium during H. pluvialis cultivation in the attached systems.



Previous research has demonstrated that N deficiency suppresses chlorophyll biosynthesis in H. pluvialis, accelerates chlorophyll b degradation, enhances plastoquinol terminal oxidase (PTOX) activity, and increases cyclic electron transport [50]. The reduction in chlorophyll levels diminishes the photosynthetic capacity of the cells [51]. Under these stress conditions, H. pluvialis tends to accumulate substantial amounts of carbon, primarily in the form of lipids and carotenoids [52]. In our study, lower N concentrations were strongly correlated with increased astaxanthin levels, while total carotenoids were higher in BWW with both high N concentrations (3.52–17.56 mM) and in the raw BWW (0 mM N). Future work should expand this analysis to higher light intensities to fully understand the combined effects of light and N on astaxanthin synthesis.



Finally, a deeper analysis of the upscaling potential of this technique will be carried out in the next steps of this research activity. The main challenges when upscaling the proposed technique would be to maintain a high biomass productivity while ensuring the efficient induction of astaxanthin synthesis, since the latter one is typically produced when cells are stressed and the growth rate is lower. So, a trade-off set of operating conditions should be identified that is capable of ensuring good biomass productivity and a simultaneous good intracellular content of astaxanthin. A deep understanding of astaxanthin metabolism in H. pluvialis along with proper mathematical models and software might represent a valid tool to identify the optimal operating conditions that maximize astaxanthin productivity, which is the product of biomass productivity times the astaxanthin intracellular content. During cultivation at a large scale, a further challenge would be posed by possible bacterial contamination due to the presence of organic matter in BWW. To cope with this problem, the use of closed photobioreactors and a highly concentrated inoculum would minimize this problem. Finally, some challenges could be posed by the still-high costs of astaxanthin extraction and purification from microalgal biomass. In this view, novel extraction techniques relying on supercritical fluids or liquid dimethyl ether (l-DME) or centrifugal partition might represent a viable alternative to the classical solvents.





4. Conclusions


This work focused on investigating the effect of mixotrophic conditions induced by utilizing BWW, as a sustainable substrate, on the biomass growth, carotenoids, and accumulation of astaxanthin by H. pluvialis. Mixing BWW with the BG11 medium in various ratios, along with the application of light stress conditions, considerably improved both biomass production and astaxanthin accumulation. The combination of BWW and BG11 in a 1:1 ratio was the most effective, yielding the highest biomass (5.46 g L−1) and astaxanthin content (2.32 %dw), underscoring the synergistic benefits of organic carbon from BWW and essential nutrients from BG11. This study also demonstrated the key role of light intensity in enhancing carotenoid synthesis. Cultivation under an initial low-light phase followed by high light exposure further improved the production of astaxanthin, confirming that stress-induced conditions are beneficial for secondary metabolite accumulation. The use of BWW in algal cultivation can greatly increase the techno-economic feasibility of astaxanthin production using microalgae in a framework of the circular bio-economy, turning waste into valuable bioproducts. Future studies should focus on the scalability of this method and explore its applicability in large-scale commercial systems.
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Figure 1. Final biomass concentration (g L−1) and productivity (g L−1 day−1) of H. pluvialis grown under mixotrophy in 4 media (BWW, BWW-BG11 1:1, BWW-BG11 1:3, BG11) using three different light regimes: (a) 35 μmol m−2 s−1, (b) 140 μmol m−2 s−1, (c) 35 μmol m−2 s−1 and 140 μmol m−2 s−1. Mean differences were compared using 1-way ANOVA with Dunnet correction (n = 6, * p < 0.05 (Unmarked); ** p < 0.01; *** p < 0.001, **** p < 0.0001). 
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Figure 2. Total carotenoids (mg g−1dw) and astaxanthin content (%dw) of H. pluvialis grown under mixotrophy in 4 PBRs systems (BWW, BWW-BG11 1:1, BWW-BG11 1:3, BG11) using three different light regimes: (a) 35 μmol m−2 s−1, (b) 140 μmol m−2 s−1, (c) 35 μmol m−2 s−1 and 140 μmol m−2 s−1. Mean differences were compared using 1-way ANOVA with Dunnet correction (n = 6, * p < 0.05 (Unmarked); ** p < 0.01; **** p < 0.0001). 
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Figure 3. Astaxanthin accumulation in the 4 PBRs systems (BWW 1a and 1b, BWW-BG11 1:1 2a and 2b, BWW-BG11 1:3 3a and 3b, BG11 4a and 4b) at day 0 (a), day 5 (b) and day 10 (c) with a light intensity of 35 μmol m−2 s−1during the first 5 days and 140 μmol m−2 s−1 during the remaining 5 days. 
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Figure 4. Micrographs of H. pluvialis in the 4 PBRs systems at day 0 and day 10 with a light intensity of 35 µmol m−2 s−1 during the first 5 days and 140 µmol m−2 s−1 during the remaining 5 days. Please note that the scale bar is not reported and is not—homogenous to allow the focus on the colour of cells. 
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Figure 5. Growth kinetics of H. pluvialis during 9 days under mixotrophy at different N concentration (mM) in BWW medium and a low light regime of 35 μmol m−2 s−1. 
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Figure 6. Experimental specific growth rate of H. pluvialis under mixotrophy as a function of N concentration in BWW medium and fitting with the model by Haldane for growth with substrate inhibition. 
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Figure 7. Effect of N starvation on (a) biomass content (g L−1), (b) productivity (mg L−1 day−1), (c) total carotenoids (mg g−1dw) and (d) astaxanthin content (%DW) of H. pluvialis grown for 9 days in BWW using a light intensity of 35 μmol m−2 s−1. N1 = 0 mM, N2 = 0.18 mM, N3 = 0.35, N4 = 0.88 mM, N5 = 1.76 mM, N6 = 3.52 mM, N7 = 8.82 mM, N8 = 17.56 mM. Mean differences were compared using 1-way ANOVA with Dunnet correction (n = 6, * p < 0.05 (Unmarked); **** p < 0.0001). 
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Table 1. Composition of BG11 medium.
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	BG11
	
	A5 Solution
	





	NaNO3
	1500 mg L−1
	H3BO3
	2.86 g L−1



	K2HPO4
	40 mg L−1
	MnCl2·4H2O
	1.81 g L−1



	MgSO4·7H2O
	75 mg L−1
	CuSO4·7H2O
	0.079 g L−1



	CaCl2·2H2O
	36 mg L−1
	Na2MoO4·2H2O
	0.39 g L−1



	Na2CO3
	20 mg L−1
	ZnSO4·7H2O
	0.222 g L−1



	Citric acid
	6 mg L−1
	Co(NO3)2·6H2O
	0.049 g L−1



	Ferric ammonium
	6 mg L−1
	
	



	EDTA
	1 mg L−1
	
	



	Trace element A5 solution
	1 mL L−1
	
	










 





Table 2. Experimental setup.
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BG11

	
BWW

	
Exp. 1

	
Exp. 2

	
Exp. 3




	
Culture Medium

	
(% vol)

	
(% vol)

	
Light Intensity (µmol m−2 s−1)






	
CTRL

	
100

	
0

	
35 (6)

	
140 (6)

	
35 (5) + 140 (5)




	
BG11-BWW 1:1

	
50

	
50

	
35 (6)

	
140 (6)

	
35 (5) + 140 (5)




	
BG11-BWW 1:3

	
25

	
75

	
35 (6)

	
140 (6)

	
35 (5) + 140 (5)




	
BWW

	
0

	
100

	
35 (6)

	
140 (6)

	
35 (5) + 140 (5)








Note: CTRL = control medium as BG11, BWW = brewery wastewater. The number between the parentheses represents the days that the experiment lasted under those conditions.













 





Table 3. BWW physical–chemical composition.
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	COD Range

(mg O2 L−1)
	TN

(mg L−1)
	TP

(mg L−1)
	N-NH4+

(mg L−1)
	pH

(/)





	2080–5805
	4.75 ± 0.14
	0.44 ± 0.003
	0.004 ± 0.001
	6.89 ± 0.51










 





Table 4. Chlorophyll and carotenoid accumulation under mixotrophy.
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Chl a

mg L−1

	
Chl b

mg L−1

	
TChl

mg L−1

	
TC

mg L−1

	
Car/Chl

/

	
Vol TC

mg L−1day−1






	
Exp1: 35 µmol m−2 s−1




	
BWW

	
0.05

	
0.11

	
0.16

	
0.59

	
3.69

	
0.10




	
BWW-BG11 1:1

	
0.08

	
0.11

	
0.19

	
0.76

	
4.00

	
0.13




	
BWW-BG11 1:3

	
0.12

	
0.21

	
0.33

	
0.57

	
1.73

	
0.09




	
BG11

	
0.54

	
0.56

	
1.1

	
0.67

	
0.60

	
0.11




	
Exp2: 140 µmol m−2 s−1




	
BWW

	
0.04

	
0.03

	
0.07

	
0.79

	
11.28

	
0.13




	
BWW-BG11 1:1

	
0.27

	
0.26

	
0.53

	
0.54

	
1.02

	
0.09




	
BWW-BG11 1:3

	
0.19

	
0.24

	
0.43

	
0.43

	
1.00

	
0.07




	
BG11

	
0.01

	
0.01

	
0.02

	
0.49

	
24.50

	
0.04




	
Exp3: 35 µmol m−2 s−1 then 140 µmol m−2 s−1




	
BWW

	
0.3

	
0.19

	
0.49

	
0.64

	
1.28

	
0.10




	
BWW-BG11 1:1

	
1.72

	
1.42

	
3.14

	
0.69

	
0.22

	
0.11




	
BWW-BG11 1:3

	
1.59

	
1.8

	
3.39

	
0.42

	
0.17

	
0.07




	
BG11

	
0.7

	
0.66

	
1.36

	
0.73

	
0.53

	
0.12








Note: TChl = Total Chlorophyll (Chlorophyll a + Chlorophyll b), TC = Total Carotenoids, Car/Chl = ratio between carotenoids and chlorophyll, Vol TC = volumetric productivity of total carotenoids.













 





Table 5. Parameters of the Haldane kinetics and main statistical analysis of fitting performance.






Table 5. Parameters of the Haldane kinetics and main statistical analysis of fitting performance.





	Parameter
	Value
	Unit





	μmax
	0.503 ± 0.181
	day−1



	km
	1.172 ± 0.784
	mM



	ki
	9.726 ± 7.508
	mM2



	Reduced χ2
	425.65
	-



	R2
	0.936
	-



	Adjusted R2
	0.905
	-
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