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Abstract 
 

 Nowadays, microalgae have attracted interest worldwide. One of the most high-value product 

from microalgae are carotenoids. They bring many health benefits due to their powerful antioxidant 

action and they have been claimed to reduce the risk of cardiovascular diseases and certain cancer 

types. For these reasons, carotenoids are a high-value industrial product.  

 In this way, the main goal of this work was the production of highly concentrated biomass of 

Scenedesmus rubescens (0037SA) in heterotrophic conditions to induce carotenoid production.  

Comparing the optimized medium for 0037SA strain and BBM medium, optimization was successful, 

improving the global productivity by 0.92-fold (from 1.94 to 2.79 g L-1 day-1) and the specific growth rate 

by 1.26-fold (from 0.90 to 1.13 day-1). 

 After medium optimization, scale-up was evaluated in 7L stirred-tank reactor. Two scale-up 

attempts were successful, achieving 72 g biomass L-1. However, other species were described to reach 

higher biomass concentration, suggesting that S. rubescens may still reach higher cell densities. 

 The inoculum obtained from scale-up was used to induce carotenoid production in autotrophy. 

However, the conditions tested did not allow the carotenoid induction. In addition, 0037SA was also 

grown under heterotrophic conditions, in dark, testing different conditions. Different colours in the cell 

samples were observed and consequently different types of carotenoids were produced. In green cells, 

lutein  and a small percentage of β-carotene were identified. In the orange sample, more carotenoids 

were found, such as astaxanthin. Thus, carotenoids induction in S. rubescens is feasible, enabling the 

use of this species for pharmaceutical applications. 

  

Keywords: 0037SA strain, heterotrophic, fermenter, stirred-tank reactor, DoE, induction, carotenoids.  
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Resumo 

 Atualmente, as microalgas têm despertado interesse por todo o mundo. Um produto de alto 

valor são os carotenoides. Trazem muitos benefícios à saúde pela sua poderosa ação antioxidante e  

reduzem o risco de doenças cardiovasculares. Assim, os carotenoides apresentam-se como um 

produto de alto valor industrial. 

 O objetivo deste trabalho consistiu na produção de biomassa de Scenedesmus rubescens 

(0037SA) em condições heterotróficas, de forma a induzir a produção de carotenoides. Comparando o 

meio otimizado para a estirpe 0037SA com o BBM, a produtividade global foi 0.92 vezes maior (1.94 - 

2.79 g L-1 dia-1) e a taxa de crescimento específico aumentou 1.26 vezes (0.90 – 1.13 dia-1). 

 Após a otimização do meio de cultura, as condições foram avaliadas em um reator de tanque 

agitado de 7L. Apenas dois ensaios de larga escala foram bem-sucedidos, atingindo as 72 g L-1 de 

concentração de biomassa. No entanto, outras espécies foram descritas que atingiram maior 

concentração de biomassa, sugerindo que S. rubescens ainda poderá atingir densidades celulares 

superiores.  

 O inóculo obtido do fermentador foi utilizado para produzir carotenoides em autotrofia. Porém, 

as condições testadas não permitiram esta indução. 0037SA também foi cultivado em condições 

heterotróficas, no escuro, testando diferentes condições. Foram observadas cores diferentes nas 

amostras e a produção de diferentes tipos de carotenoides.  Nas células verdes foi identificado luteína 

e também uma pequena percentagem de β-carotenos. Na amostra laranja encontraram-se diferentes 

carotenoides, nomeadamente astaxantina. Assim, a indução de carotenoides por S. rubescens é viável, 

podendo esta espécie ser utilizada em aplicações farmacêuticas. 

  

Palavras-chave: estirpe 0037SA, heterotrofia, fermentador, DoE, indução, carotenoides. 
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Figure 1 - Allmicroalgae S.A. facilities, Pataias2 

1. Context of work 
 

1.1 Thesis outline 

 
 This present manuscript is divided into five chapters. The first chapter aims to present the a 

little of the company’s history. Chapter two is a review of microalgae production – with special focus 

on Scenedesmus sp., industrial applications of microalgae, different type of growth conditions, and the 

design of experiments concept. The third chapter describes the main goal. The fourth chapter 

describes the materials and methods, where the experimental design of this work is presented. The 

chapter 5 lists all results and their analysis. The culture´s growth performance and their biochemical 

analysis are also discussed. Lastly, the chapter six is the conclusion of the work and the future 

perspectives towards improvement.  

 

 1.2 Allmicroalgae – company 

 The presented work was performed at Allmicroalgae – Natural Products, S.A. (facilities  

showed in Fig.1), located in Pataias, district of Leiria. This industrial-scale microalgae production 

company belonged entirely to Secil group until 2019. Secil is a cement producer company founded in 

1930 in Portugal, internationalized in countries, like Brazil, Cape Verde, Angola, etc1. The microalgae 

production project appeared as an attempt to mitigate the CO2 released during the cement production2. 

 

 

  

 

 

 

 

 

 

 

 

 

 Allmicroalgae is one of the biggest scale microalgae production plants in Europe with a total 

production volume of 1300 m3 and an annual production capacity of 100 tons of dried biomass. At the 

production unit, microalgae are mostly cultivated in closed systems such as  photobioreactors (PBRs) 

and fermenters. Biomass is often used for food and feed, pharmaceutical and cosmetic products3. 

There are several species regularly produced such as Chlorella vulgaris, Nannochloropsis sp., 

Scenedesmus sp., Tetraselmis chui and Phaeodactylum tricornutum. C.vulgaris is produced in a two-

stage process. This process consists in heterotrophic growth of a concentrated inoculum that will be 

used to inoculate outdoor autotrophic PBRs. Allmicroalgae is certified by European Organic Production 

Certification, ISO 22000, Halal, Portugal Sou Eu and for the ISO 9001, ISO 14001 and GMP+ FSA4. 
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2. Introduction 

 

 2.1 Microalgae – overview 

 Microalgae or microphytes are microscopic ancestral living organisms defined as oxygenic 

photosynthesizers that vary greatly in their morphology, physiology, and environmental range. These 

organisms comprehend over 300,000 species, of which about 30,000 are documented and they have 

been used over 50 years in domestic wastewater treatment and bioremediation of manure effluents5. 

Microalgae can be found in freshwater, seawater and hypersaline environments, but also in wet soils 

and rocks6. Most of these organisms are typically single-cell photosynthetic autotrophic microscopic 

organisms. In this way, microalgae use energy from light to convert inorganic carbon, like carbon dioxide 

(CO2), to complex organic compounds. However, some microalgae also produce energy through organic 

carbon (glucose, acetate, glycerol, etc) 5, 6,7. 

 Microalgae are divided into four groups: cyanobacteria (blue-geen algae), chlorophytes (green 

algae), rhodophytes (red algae) and chromophytes (all other microalgae5). Apart from cyanobacteria 

(prokaryotes), all these microalgae are eukaryotes. The three most promising microalgae used to 

produce high-value products are the diatoms (Bacillariophyceae), the green algae (Chlorophyceae) and 

the golden algae (Chrysophyceae)5. 

Nowadays, microalgae are often consumed as dietary supplements as they have great 

nutritional value (table 1). However, it is also possible to extract a wide variety of bioproducts, such as 

proteins, lipids, carotenoids, astaxanthin, DHA (docosahexaenoic acid), EPA (eicosapentaenoic acid),  

etc5. These characteristics depend on the species and growing conditions, such as light, temperature 

and nutrients8. In the food industry, microalgae such as Chlorella vulgaris, Arthrospira platensis, 

Dunaliella salina, have been used as a protein source. However, the use of microalgae in the diet is still 

underdeveloped in Europe due to production costs, food safety, among other criteria6. 

Table 1-  Nutritional values of different algae. Data from 9. 

Species Proteins Carbohydrates lipids 

Anabaena cylindrica 43-56 25-30 4-7 

Aphanizomenon flos-aquae 62 23 3 

Chlamydomonas rheinhardii 48 17 21 

Chlorella pyrenoidosa 57 26 2 

Chlorella vulgaris 51-57 12-17 14-22 

Dunaliella salina 57 32 6 

Euglena gracilis 39-61 14-18 14-20 

Porphyridium cruentum 28-39 40-57 9-14 

Scenedesmus obliquus 50-56 10-17 12-14 

Spirogyra sp. 6-20 33-64 11-21 

Spirulina platensis 46-63 8-14 4-9 
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 Microalgae have a relatively complex and recalcitrant dynamic cell wall, and intracellular 

compounds are located mainly in globules or bound to complex membranes, making the extraction of a 

cellular content a major challenge10. The cell wall preserves the integrity of the cell, serving as a 

protective barrier against invaders and aggressive environments (e.g. extreme temperatures or pH)11. 

Thus, it exerts a biological and biomechanical control over cells, playing a fundamental role in their 

environmental interactions11. According to the species and its state of development, the composition of 

the cell wall differs, presenting distinct characteristics12. They could vary between extremely rigid like in 

Haematococcus pluvialis to extremely weak like Porphyridium cruentum12. The cell wall are usually 

three-layer structures composed of polysaccharides such as cellulose, pectin, mannan, xylan, of 

minerals (calcium, silicates) as well as of proteins and glycoproteins10,11.  

 

 2.2 Scenedesmus sp. 

 Scenedesmus sp. is typically identified as green microalga (Chlorococcales; Scenedesmaceae) 

commonly found in fresh and various types of wastewater streams13. These algae are characterized by 

two-dimensional arrangement of two or more cells (Fig. 2) in regular aggregates called coenobia14 and 

they are one of the first cultured algae in vitro due to rapid growth and easiness of handling13. The 

morphology between species of the genus varies according to nutrient concentration, pH or due to 

allochemicals released13. Scenedesmus’ species, like specimens from other genus from coccoid green 

algae, present a highly resistant cell wall structure, exhibiting a characteristic trilaminar structure. This 

structure is resistant to treatment with several lytic enzymes such as celullases, hemicellulases, 

pronase, among others, well as to drastic non-oxidative chemical treatments15.  

 

Figure 2 - Microscopic view of Scenedesmus rubescens in heterotrophic growth. Image obtained by Zeiss® Axio Scope.A1 

coupled with ZEN Axiocam 503 color. Total magnification 400x. 
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A B 

Figure 3 -  Examples of bioreactor designs for A) open pond system25 and B) closed bioreactors26. 

 Scenedesmus sp. reproduces mainly asexually by the formation of autospores16. In addition, 

these algae are known to be tolerant of extreme conditions as high salinity and alkalinity, unlike many 

other organisms. Therefore, these species can be grown in environments that are inhibitory to the growth 

of microorganisms.17 This genus is one of the main feedstocks considered for biofuel productivity, given 

its high lipid content and capability to adapt to different environmental conditions (resistance to high 

concentrations of carbon dioxide and ammonia). In addition, the biomass has high protein (see table 1), 

but the pigments content which these algae can have is important too18,19. 

 

 

 2.3 Microalgae cultivation 

To create a culture medium is necessary to consider parameters as temperature, pH, light 

intensity and nutrients14. When considering these different parameters, models for different 

microorganisms growth can be created14. By modelling the growth of microalgae one can attempt to 

predict the optimization of growth conditions and also the quality of microalgae under different 

environmental conditions20.  

 2.3.1 Autotrophic cultivation 

Most microalgae are cultivated in photoautotrophic conditions, which means that they use 

carbon dioxide, sodium carbonate or sodium bicarbonate as inorganic carbon source during 

photosynthesis21. In this way, microalgae can grow under natural or artificial light21,22. Autotrophic growth 

does provide some advantages. One of these advantages is the use of inexpensive natural resources, 

such as CO2
22. Therefore, unlike other organisms due to the ability of algae metabolize CO2 they can 

contribute to CO2 reduction, mitigation. However, low biomass productivity makes autotrophic 

production a challenge23.  

There are two main types of reactors for microalgae production in autotrophic conditions (table 

2): open pond systems and closed bioreactors24 (Fig.3 A e B).   25 26 

 

 

 

 

 

 

The open pond systems (table 2), are usually raceways. The artificial systems can be made of 

plastic, concrete, bricks or compacted earth in a variety of shapes and sizes. This type of system 

presents some advantages such as: ready access to sunlight, low construction and operation costs. 
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However, there are some limitations (table 2) like greater tendency to contaminations, evaporative 

losses  and limitations of control conditions (temperature, pH, etc)21,23,27. To overcome the 

disadvantages of using open systems, numerous closed PBRs have been designed (table 2)27. 

Enclosed photobioreactor systems are reactors with higher degrees of sophistication when compared 

with open-pond systems21. The main goal of this system is to increase the biomass productivity. Since 

they permit to control different parameters such as pH, temperature, gas diffusion, among others, 

allowing to overcome the limitation of the growth rate. Thus, the use of PBRs has some advantages 

when comparing to open pond systems: better control of the culturing conditions, increased protection 

from environmental contamination, etc. However, enclosed photobioreactors systems are more complex 

and expensive (high investments) in comparison to open pond system24,21. 

Table 2  - Advantages and disadvantages of open pond System and closed photobioreactor. 

 

 

 

2.3.2 Heterotrophic cultivation  

Under heterotrophic conditions (table 3), microalgae use organic substrates both as energy and 

carbon sources, such as glycerol, acetate, glucose, etc28. Microalgae production is done in closed stirred 

 Open pond system Closed photobioreactor 

 Advantages Disadvantages Advantages Disadvantages 

 

General 

features 

 

Ready access to 

sunlight  

 

 

Evaporative losses  

 

Reduction in 

water loss  

 

 

-- 

 

Operations 

 

 

Simple operation  

 

 

 

Limitations of control 

conditions (pH, 

temperature, light 

intensity) 

 

Greater 

environmental 

control (pH, 

temperature, light 

intensity)  

 

 

 

Complex 

operation 

 

Investment 

 

Lower investment 

 

-- 

 

-- 

 

Higher 

investment 

 

Contaminations 

 

-- 

Prone to 

contamination 

Less 

contaminations 

 

-- 

 

 

Applications 

 

 

-- 

 

Only a few species 

have a significant 

growth on a large 

scale 

Greater 

effectiveness in the 

production of high-

value products. 

Suitable for 

sensitive strains 

 

 

-- 
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reactors named fermenters (Fig.4)28. In this way, contaminations from other microorganisms can be 

better prevented23. The heterotrophic growth allows faster biomass production, decreases the area 

needed for inoculum production28,29 and does not require light, eliminating a variable that is limiting to 

the growth of microalgae in autotrophic PBRs30. Also, almost any fermenter can be used as a bioreactor 

to produce microalgae under heterotrophy. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

However, this type of cultivation has also limitations. Only a few number of microalgae can grow 

heterotrophically 21,22. In addition, the use of organic substrates can also promote the rise of the 

production costs. One of the disadvantages is the price of the fermentable substrates (e.g. acetate) and 

the competition with feedstocks for other uses such a food and biofuel productions24. Thus, in order to  

compensate the costs, high biomass productivity must be achieved31. Furthermore, the protein and 

pigment contents tend to be low, which can decrease the value of biomass29,32.  

To overcome limitations from solely autotrophic or heterotrophic cultivation, there are strategies 

that combine the two cultivation modes, taking the advantages of these two: the two-stage cultivation. 

In this strategy, the first stage in heterotrophy will increase the biomass production efficiency, obtaining 

highly concentrated inoculum for reactors operating under autotrophic conditions29,33. Thus, the 

heterotrophic process aims to reduce both costs and the time of autotrophic scale-up process increasing 

the overall biomass productivity29. Afterwards autotrophic cultivation aims to increase the protein and 

pigment contents of microalgae29 resulting in higher quality biomass. 

Figure 4 - A) bench 7L reactor (fermenter) producing Scenedesmus rubescens 0073 SA B) 
industrial 5000 L reactor. From Allmicroalgae facilities. 
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2.3.3 Mixotrophic cultivation 

Mixotrophic conditions are the combination of autotrophic and heterotrophic metabolisms. In 

this way, the cells use organic carbon to produce energy. The carbon dioxide released from aerobic 

respiration will be used in photosynthesis. In turn, the oxygen released in photosynthesis will be reused 

in respiration24. Thus, this type of cultivation is advantageous when compared to other methods since it 

can achieve high biomass and lipid productivity are achieved when compared to autotrophic 

conditions34. The growth does not strictly depend on photosynthesis. Thus, the requirement of light is 

lower, not being an absolute limiting factor for microalgal growth35. Compared to the heterotrophy that 

depends only on a source of organic carbon, this type of cultivation can achieve higher yields. In addition, 

as the need for organic carbon sources contributes to increased costs and energy input, it is possible to 

reduce costs since this type of cultivation does not depend only on organic carbon sources35,36 

 

Table 3 - Advantages and disadvantages for autotrophic and heterotrophic conditions. 

 Autotrophic conditions Heterotrophic conditions 

 Advantages Disadvantages Advantages Disadvantages 

 

 

Operations 

 

 

Contribution to CO2 

reduction 

 

Limitations of 

culture control  

(Temperature, 

pH) 

 

Better culture 

control 

 

Simple daily 

management 

 

 

 

 

Costs 

 

Use inexpensive 

natural resources 

(CO2) 

. 

 

. 

 

The high 

productivity of the 

biomass balances 

the initial 

production costs 

 

Expensive costs of 

aeration and agitation 

(oxygen control)22  

 

High operational costs29 

 

Contaminations 

 

 

 

Less control over 

contaminations. 

 

More control over 

contamination. 

 

 

 

 

Applications 

 

Production of specific 

metabolites. 

 

Low biomass 

productivity and 

biomass 

concentrations 

 

High biomass 

concentrations can 

be reached 

 

Not suitable for most 

algae. 

 

2.4 Microalgae biotechnological applications  

 Nowadays, microalgae have attracted interest worldwide due to their potential for several 

applications37. The production of high value bio-products, such as lipids, fatty acids, proteins, 
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carbohydrates, etc38 extends significantly the array of uses. Thus, microalgae can be used for purposes 

such as biofuels, pharmaceuticals, animal feed, cosmetics, among others24. 

 2.4.1 Biofuels 

 Fossil fuels contribute the most to greenhouse gases. Thus, mitigation strategies need to be 

found in order to neutralize carbon dioxide and alternative energies to this type of fuel must be 

widespread39. Third generation biofuels can be the produced from microalgae due to their high lipid 

productivity24. Also, when compared with cultures, such as palm oil (5950L ha-1) or sunflower                   

(952L ha-1) the aerial lipid productivity (12 000L -1) is superior40. Thus, microalgae require a smaller land 

area compared to other feedstocks for biodiesel from agricultural sources. Therefore, competition for 

arable soil with other crops, particularly for human consumption, can be greatly reduced41 . Microalgae 

species that produce a large amount of carbohydrates, are excellent substrates for bioethanol 

production. Also, when compared to lignocellulosic materials, these carbohydrates are easier to convert 

to monosaccharides (due to absence of lignin)42. In addition, depending on the biomass application, 

microalgae could be used as a bio-sequester CO2 from flue gases generated in power plants; this 

application can contribute to the reduction of greenhouse gases emissions. 

 

 2.4.2 Carotenoids 

One of the most valuable compounds from microalgae to cosmetics and pharmaceuticals are 

pigments43. Pigments are common in nature and they can be melanin, chlorophyll, flavins, quinones, 

among others. One group of high-value products from microalgae is carotenoids (Figs. 5 and 6)38. This 

group of pigments has shown to have potential use in food, feed and cosmetic industries due to their 

characteristics: colour, aroma and remarkable nutrition38,44. Also, carotenoids bring many health benefits 

due to their powerful antioxidant action,45,44. For these reasons, carotenoids present high commercial 

values, whose market value is expected to reach 1.53 billions of dollars by 202138. Also, these pigments 

have been associated with and claimed for reducing the risk of cardiovascular diseases, macular 

degeneration, certain cancer types, etc43.  

Chemically, carotenoids are lipophilic isoprenoid compounds, usually red, orange or yellow 

pigments. The presence of a conjugated double bond promotes this coloration, giving antioxidant 

properties to these compounds46. Carotenes, such as β-carotene (Fig.5A  and Fig. 6C47- precursor of 

vitamin A) are hydrocarbons, while xanthophylls are the oxygenated carotenoids. These pigments are 

associated to light harvesting complex of photosynthesis and they protect the organism from reactive 

oxidative stress (ROS)48,45,49. In addition to carotene, there are other important pigments, such as lutein, 

astaxanthin, and others. Lutein (Figs. 5B and 6A50) is a primary xanthophyll pigment present in plants 

and green algae. It has antioxidant properties due to its long polyene structure with conjugated double 

bonds that has been implicated in protection against cardiovascular diseases48. Also, lutein is 

responsible for the bright yellow colour in flowers, fruits, etc. Nowadays, the current commercial supply 

of lutein is solely dependent of the genus Tagetus48,51. 
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Astaxanthin (Figs. 5C and 6D52) is a secondary xanthophyll that is red/orange coloured. 

However, it can be commonly observed as pink colour in several marine microorganisms and the feather 

colour in birds (e.g. flamingo). In industry, astaxanthin is mainly used in aquaculture for fish and shrimp 

culture48.  This pigment can be found in the cell membrane and lipoproteins, protecting microalgae from 

oxidative damage48. Like lutein, this pigment also possesses antioxidant and cardioprotective 

properties51. 

53 

 

 

                                 

 

 

 

 

 

 

 

 

 

 

 

                                         

  

 

 

 

 
Figure 6 -  Colour of microalgae pigments A) chlorophyll B) lutein C) β-carotene D) astaxanthin. 
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Figure 5 - Examples of microalgae carotenoids53. Chemical structures of: A) β-carotene. B) 

Lutein C) Astaxanthin. 
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 2.5 Cultivation parameters in heterotrophic growth  

 In order to culture microalgae and produce a given metabolite, a combination of parameters 

needs to be considered which are included in two categories: nutritional chemical factors, and 

environmental physical factors54. The first includes chemical elements in culture medium, such as 

carbon, nitrogen, phosphorus, calcium, sodium, silicon, metals such as iron and copper, vitamins, etc. 

Two of the most important factors (among limiting factors) are the nitrogen and carbon sources55,56.  In 

addition, the interaction between carbon and nitrogen sources (C/N) must be considered56. The physical 

factors include pH, temperature, and intensity of aeration to the system55. 

 2.5.1 Carbon source 

 Carbon is one of the most essential nutrients for microalgae growth since it is used as a nutrient 

and source of energy for microalgae55,57 In heterotrophic conditions, the source of carbon is organic, 

such as glucose, starch, sucrose, acetate, etc13.  

 

 2.5.2 Nitrogen source and phosphor 

 Like carbon, nitrogen (N) and phosphor (P) are important macronutrients in regulating cell 

growth and its metabolites19,13, producing various biochemical compounds (which is predominantly used 

for synthesis of protein) and incorporation into ribosomal RNA. The change in the concentrations of 

nitrogen may influence the composition of biomass58. Thus, much research has been performed on 

nitrogen concentration and on its source. On Scenedesmus sp. cultures, the nitrogen sources usually 

used are ammonia, urea and nitrate59. However, it is not only the N source that is important but also the 

ratio C:N will impact on biomass concentration and productivity31.  

One of the conditions that is frequently studied is the limitation of nutrients, like P an N, to modulate 

biomass biochemical profile59. By limiting the availability of these nutrients, many metabolic responses 

in microalgae will result such as the degradation of protein (decrease the protein content) and then the 

accumulation of energy-rich compounds, such as lipids and carbohydrates13,58. Thus, limitation of 

nitrogen, as well as among other factors, will determinate cells’ characteristics, both in composition and 

in morphology. 

 2.5.3 Temperature 

 Temperature is one of the physical factors that most affects an organism’s growth rate, biomass 

composition, and metabolism (enzymes reactions, cell membrane system and other characteristics)55. 

Low and high temperatures promote alterations of cellular mechanisms and of fluidity of cell 

membranes55. To compensate a decrease of fluidity, the proportion of unsaturated fatty acids is 

increased60. However, low temperatures will limit the cell growth speed and consequently the biomass 

productivity. Too high temperatures will also promote decrease of cell growth rate 55,60.  
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 2.5.4 pH 

 The pH is also one of the most critical parameters in microalgae cultivation, as it determines the 

solubility and bioavailability of nutrients and has a significant influence on microalgal metabolism61. This 

parameter also affects microalgal flocculation efficiency due to changes in the surface charge of the 

microalgal cells, the extent of coiling, and the degree of ionization of polymers61,62.  

 

 2.5.5 Micronutrients 

The elements needed in small quantities in the cell for its metabolism are mainly: iron (Fe), zinc 

(Zn), copper (Cu), nickel (Ni), molybdenum (Mo), manganese (Mn), boron (B) and cobalt (Co). Those 

are named micronutrients. They act mainly as enzymatic cofactors, which are important for the synthesis 

of many compounds63. Iron, for example, is needed for metabolic functions, such as in the electron 

transport chain, reduction of nitrates to nitrites, reduction of sulphates, detoxification of reactive oxygen 

species, among others63 . Mo is also an important cofactor in the process of nitrogen reduction63. Co, 

Ni, Cu and Zn (transition metals) are important factors but at lower concentration than the other 

micronutrients. However, at high concentrations, they can be toxic heavy metals, interacting with 

proteins and change the enzymatic activities within the cell of an aquatic organism64. Then, in the search 

for adequate raw materials to compose algal culture medium, a large number of  these micronutrients 

must be analysed to prevent growth inhibition. The right amount of each element in the culture medium 

will depend on the type/species of microalgae being studied65. 

 

 2.6 Design of experiments 

 Traditionally, the optimization of a culture medium is done using the OVAT approach, which 

means "one variable at a time"66. This approach aims to adjust one reaction variable, while others are 

kept constant66. Although this process is quite simple, OVAT becomes a time-consuming and inefficient 

process since it does not determine possible interactions between different factors67. In addition, due to 

the time and labour-intensive approach, the final product will be obtained at higher development costs68. 

An alternative is the design of experiments (DoE), or factorial experimental design. 

DoE is a statistical method of analysis of performance that allows the development of a model 

which, can predict some responses of a system to the change of its variables66. Furthermore, unlike 

OVAT, this procedure also allows the evaluation of any interaction among several important variables66.  

In the context of a microbial process, the responses could be biomass production, lipid productivity, etc, 

and the study variables could be the operation conditions69. In addition, DoE will determinate the 

importance of the factors (screening) and their interactions (optimization)69.  

Additionally, DoE determines the effect of each factor (variable in study) individually or by 

changing the level of other factors (interactions); which means that the level of one factor changes the 

effect of other factors on a specific response70. The variables can be numeric or categorical. In a two-

level factorial (with k factors) each factor has two levels, a “high” and a “low” level that can be quantitative 
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or qualitative. An assay of such an analysis requires that all possible combinations to be made (2 x 2 

x… x 2 = 2k). This method consists of adding centre points that decrease the error by providing 

protection against excessive curvature70. The factorial design is useful in the initial phases of a study to 

uncover the behaviour of a system, to establish the importance of the factors. Besides that, this method 

can be easily upgraded to perform further optimizations ((through graphical plots of the response, upon 

changes in the values attributed to the variables). DoE is used to approximate functions when the 

relationship between the dependent variable response and the parameters (independent variables, 

factors of the study) is unknown. The first-order model with 3 parameters and their interaction terms can 

be mathematically described; see regression equation bellow:  

Yi = b0 + b1 X1i + b2 X2i + b3 X3i + b12 X1i X2i + b13 X1i X3i + b23 X2i X3i + b123 X1i X2i X3i            (1) 

 The Y represents the predicted response, and Xij values the input variables. The b0 is a constant 

(average value of the result), b1, b2 and b3 are the linear coefficients; and b12, b13, b23 and b123 are the 

interaction coefficients71,72. Adding interaction terms to main effects introduces curvature into the 

response function. If there is a limit curvature, the model is appropriate 73. 

 After obtaining the coefficients, the response surface methodology (RSM) could be used by the 

Box-Behnken method. RSM is an effective method for screening key factors from multiple factors. This 

design allows the assessment of any interaction between several parameters, ensures the development 

of a model to optimize the culture conditions. This method has been successfully utilized in many fields, 

as the chemical industry, biological engineering, etc 17,69. Using DoE, the number of experimental trials 

for the optimization of a process can be reduced as both the parameters and their mutual interactions 

are studied in a statistically significant manner.  

 2.6.1 Screening design  

Screening design is the first step to DoE in order to select the most important input factors and 

discard the non-significant ones. One of the used tools are Pareto charts, because they allow to visualise 

the factors and their interactions in order of significance (Fig. 7)74. However, this tool does not provide 

information on how the responses are affected by varying the factor level. Information provided by main 

effects and interaction plots are thereafter useful to identify synergism or antagonism between factors 

and responses75. 
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Figure 7 - Ordered bar chart (Pareto chart) from software “Design expert, 12 version”. Below 
the t-value limit, the results are not significant. For the model, the most significant effects are 
temperature, AC and AD interaction, agitation rate and concentration, in order of importance. 
Blue columns are the positive effect. Orange columns are the negative effects. Based on 
Design expert tutorial. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 2.6.2 Analysis of variance 

ANOVA (Analysis of variance) is often used to analyse the obtained results. ANOVA is widely 

used as a statistical method to test differences between two or more variances. It  can also identify the 

effects of individual variables and their interactions75. Based on ANOVA, it is possible to decide if  a 

response model should include or to exclude the coefficients of linear, interaction and quadratic terms. 

ANOVA uses F-tests which will determinate if the specific regression terms and the equality of means.  

A good model is one that has the probability (p-value) lower than 0.05, which means the regression 

coefficient term under consideration is significantly different from zero. If the opposite happens, (p-value 

>0.05), then the factor from the model under consideration is not significant for the output response. 

Therefore, that particular regression coefficient term should be excluded from the model equation that 

predicts the response under study.  

Multiple regression model adjustment should be assessed based in R-squared (R2), which is 

also denominated as square of regression coefficient and used to measure whether the given model fits 

the observed data. The R2  is the proportion of the variance in the output response that is predicted from 

factors. The value of R2 varies between 0 and 1. The higher is the value, the better the model. If the 

predicted R2 close to zero, the overall mean may be a better predictor of the response than the current 

model. In some cases, a higher order model may also predict better.  

DoE is thus a powerful tool to optimize the growth of microalgae that helps to decrease the time 

in the process and increase work efficiency. In addition, this procedure was already used to improve the 
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medium composition of microalgae, using different methodologies, such as central composite design 

(CCD) and Placket-Burman 17,71. 

3. Aim of the work 
 

 The main goal of this work was the production of highly concentrated biomass of Scenedesmus 

rubescens to induce carotenoid production. To achieve the main goal, the following strategy was 

considered: 

• Optimization of heterotrophic culture medium and conditions for maximum biomass productivity; 

• Heterotrophic culture scale-up to validate the previous goal and to assess this strain industrial 

production feasibility; 

• Optimization of the strategy to maximize carotenoid production; 

• Evaluate the potential biomass for food and pharmaceutical applications. 

 

4. Materials and methods 

 All experimental trials were carried out at  Allmicroalgae’s research and development unit 

between February 17th and November 10th, 2020. However, due to the outbreak of the Covid 19 

pandemic, between March and  April it was not possible to develop any work at the facilities. The 

biochemical characterization of the produced biomass was performed at the MarBiotech group of the 

Centre of Marine Sciences (University of Algarve), between 23rd and 27th of November. 

 4.1 Strain and culture media 

 Scenedesmus rubescens (strain 0037SA) used in this work was axenic and obtained from 

Allmicroalgae’s culture collection. This alga was stored in agar slant tubes and subsequently scaled to 

250 mL Erlenmeyer flasks; cultures are constantly growing to maintain good conditions to start new 

culture assays in the exponential phase. Initially the culture media used was PCB (plate count broth). 

As optimization results were being obtained, cultures were subsequently grown in the most recent 

version of the optimized media. These tests were performed using one, two or three replicates, 

according to the type of tests. All culture media was sterilized by filtration in a 0.2 μm pore size PES 

Vacuum Filtration System (VWR, Pennsylvania, USA) and/or heat at 121 ºC for 40 min using an 

autoclave  (Uniclave88 and uniclave77, A.J.Costa, Irmãos, Lda; Cacém, Portugal).  Both the sterilization 

of the culture media by filtration and the inoculation phase and samples from the assays were handled 

in the laminar flow chamber Top Safe (LafTech, Melbourne, Australia). 

 4.2 Experimental Procedure  

 The experimental procedure consisted in mainly of 3 steps: (1) optimization of culture media; 

(2) heterotrophic scale-up and (3) increase in astaxanthin content (induction phase) in (3a) auto or (3b) 

heterotrophic conditions.   
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 4.2.1 Experimental conditions 

  All experimental trials for medium optimization were conducted in 250 ml baffled Erlenmeyer 

flasks, ventilated with a 0.2 μm PTFE membrane (Duran™, Munich, Germany) with a working volume 

of 50 mL. Cultures were grown in an orbital shaker incubator (SKI 4, ARGOLAB, Carpi, Italy) at 28 ºC 

and 200 rpm (revolutions per minute). The heterotrophic assays were performed in axenic conditions 

using the same laminar flow chamber described in the point 3.1. For the optimization trials, the assays 

ended when cultures reached the stationary phase, or the carbon source was depleted. Erlenmeyer 

flasks were further scaled up to inoculate a 7L bench-top fermenter (New Brunswick 

BioFlo®/CelliGen®115; Eppendorf AG, Hamburg, Germany). Cultures were grown at  28ºC and  pH 

was maintained at 6.5 by addition of ammonia (24% w/w). 

 For the induction tests, the culture grown in the 7 L reactors was used to inoculate 70L flat 

panels (FP), with low concentrations of culture medium (equivalent to 1 mM of nitrates) to induce 

carotenoid’s production. The pH was kept in the range of 7-8 by the injection of CO2. 

 

 4.2.2 Inoculation 

 The inoculation was done in order to guarantee an optical density (OD), at the wavelength of 

600nm, between 0.150 and 0.250. The inoculum volume for the target initial optical density of the culture 

was calculated using the following equation: 

                                  Vi (inoculum)= 
Vf (culture)×Ci (OD culture)

Cf (OD inoculum)
                                    (2) 

 

 4.2.3 Growth assessment  

The growth of S. rubescens was determined by OD and dry weight (DW). OD was measured at 

540, 600 and 750nm, using a spectrophotometer (Genesis 10S UV-Vis - Thermo Scientific, 

Massachusetts, EUA). DW was determined by filtration of culture samples using pre-weighed 0.7 μm 

GF/C 698 filters (VWR, Pennsylvania, USA) and dried at 120 ºC on a DBS 60–30 electronic moisture 

analyser (KERN & SOHN GmbH, Balingen, Germany). In addition, absorbance values were converted 

into dry weight values using an in-house calibration curve (Appendix A1). These measurements were 

used to study cell growth, namely the specific growth rate and maximum and overall productivity were 

calculated. 

 The specific growth rate (μ) was calculated according to equation (3): 

                                                     μ (day-1)= 
ln(X2/X1)

t2−t1
                                  (3)               

X2 X1 refer to biomass concentration (g L-1) at time t2 and t1 (days) of cultivation within the exponential 
growth phase. 
 

 The volumetric biomass productivity (Pv) was calculated according to equation below (4): 



 

16 
 

                                                            Pv = 
Xf−Xi

tf−ti
                                        (4) 

 Were Xf corresponding to final biomass concentration, Xi initial biomass concentration (g L-1), 

tf, final time and ti the initial time (h) of cultivation within the exponential growth phase. 

 

 4.2.4 Microscopy 

 Culture was regularly microscopically observed to verify its axenicity and viability. For that, a 

Zeiss® Axio Scope A1 (Oberkochen, Germany coupled with ZEN Axicam 503 (Oberkochen, Germany) 

colour camera was used. To capture and edit the images, the Zen blue 2.5 lite software (ZEISS, 

Oberkochen, Germany) was used. 

 

 4.2.5 Nutrient quantification 

 The cultures sampled (50mL) were centrifuged for 10 min at 3500 rpm in VWR Mini Star 

microcentrifuge (VWR, Pennsylvania, USA). The supernatant was collected to quantify glucose, 

phosphate, ammonium, nitrate, magnesium and iron concentrations. 

 

 4.2.5.1 Nutrients ( glucose, ammonium, phosphate, and nitrate, iron and magnesium) 

 
 The supernatant was diluted in saline solution (10% sodium chloride, 90% distilled water) when 

necessary. Freestyle precision Neo (Abbott, Witney, Oxon, UK) was used to determinate glucose 

concentration, in g/L. 

  

 Ammonia and phosphate Sera Tests (Sera, Heinsberg, Germany) were used to determine 

ammonium and phosphate concentrations, respectively. The supernatant was diluted with distilled water 

when necessary. The absorbance was measured at the wavelength of 697 nm for ammonium and 716 

nm for phosphate. In case of nitrate concentration, the supernatant was diluted 1:80 in distilled water 

and hydrochloric acid (1M). The wavelengths 220 nm and 275 nm were used to measure the nitrate 

concentration. The three compounds were then determined based on in-house calibrations curves 

(Appendix 2) to mM (mmol/L) units. The absorbances were measured using Genesis 10S UV-Vis  

(Thermo Scientific, Massachusetts, EUA).   

 

 Iron and Magnesium Sera Tests were used to determine Iron and Magnesium concentrations 

respectively. The wavelength 561 nm was used to measure the iron. The absorbance was measured 

using Genesis 10S UV-Vis (Thermo Scientific, Massachusetts, EUA). The magnesium concentration is 

measured by the number of drops added. 
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 4.2.6 Phase 1 – optimization of culture media  

 To optimize culture media, two type of tests were performed: OVAT tests and DoE tests. All 

assays were done with 20 g L-1 of glucose. 

 The following media were used for preliminary tests: TAP medium76, Bold’s basal medium; 

BBM77 (5x concentrated) and MB16 Allmicroalgae fermentation medium (confidential composition). 

OVAT methodology was performed to test pH, phosphate concentration and vitamin effects. Every test 

was done in triplicate. Finally, DoE methodology was used for final media optimization, using Plackett-

Burman methodology through the Mini Tab software (Mini tab, State College, Pennsylvania, EUA) and 

Box-Behnken methodology through the Design Expert software (version 12, Stat-Easy, Minnesota, 

USA).  

 4.2.7 Phase 2 – Scale-up process in heterotrophic route 

 In this stage, the optimized culture media previously obtained was used. Fifty millilitres of  culture 

were used to inoculate an Erlenmeyer with 350 mL working volume. Then a  7 L bench-top fermenter 

(New Brunswick BioFlo®/CelliGen®115; Eppendorf AG, Hamburg, Germany) was inoculated with the 

initial working volume of 3L. This bioreactor was operated in fed-batch mode, supplemented with a 50% 

(w/w) glucose solution, 24% anti-foam solution and ammonia solution as nitrogen source. Ammonia 

(w/w) was also used to control the pH of the fermenter. Culture was maintained at 28ºC with a 

thermostatic bath, using a water jacked. The air flow intensity and the variation of rpm were automatically 

adjusted to assure favourable culture conditions. 

 

 4.2.8 Phase 3 - Induction of carotenoid production 

 Autotrophic and heterotrophic assays for carotenoid induction were performed. In the first case, 

when operational conditions existed, pilot-scale carotenoid production experiments were conducted in 

a 70L flat panel with limited MNS medium, a Guillard f/2-based medium79 (1 mM of nitrate). CO2 was 

injected to maintain pH in the range of 7 to 8.  

 For the heterotrophic assay, the medium was also limited. For that a DoE was performed, using 

a Box Behnken design from Design Expert (Stat-Easy, Minnesota, USA). The temperature was 

maintained at 28ºC, the pH ranged between 4 and 9 and the cells the cells grew in the dark. Fifty 

millilitres   working volume was used to test these conditions in 350mL Erlenmeyer flasks. 
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 4.3 Biochemical analyses  
  

 4.3.1 Protein content 

 

 Using a Vario EL III elemental analyser (Vario EL, GmbH, Hanau, Germany), total carbon, 

hydrogen and nitrogen (CNH analysis) of the freeze-dried biomass were analysed. About 1 mg of 

biomass was placed in tin capsules and then heated at 950 ºC. Total protein content was calculated by 

multiplying the nitrogen amount by the conversion factor of 6.2580 after CHN analysis. 

 

 4.3.2 Lipid content  

 The lipid content was determined by a modified method of Bligh and Dyer (195981), as reported 

by Pereira et al. (2011)82. From 20 mg of freeze-dried biomass, the lipids were extracted through a 

process of solvent addition and homogenization. The homogenization was carried out using an IKA T-

25 Ultraturrax disperser (IKA-Werke GmbH, Staufen, Germany), proceeding to three steps. The first 

step was the addition of chloroform and methanol and 60s of homogenization. The second step was the 

addition of chloroform and 30s of homogenization. The last step was added only distilled water and 30 

s homogenization. Then, the samples were centrifuged at 2500xg for 10 min in a Thermo Scientific 

Heraeus Megafuge (Thermo Scientific, Massachusetts, EUA). The chloroform phase, which remained 

in the bottom layer, was recovered with Pasteur pipette, put in a tube (pre-weighed), that evaporated 

overnight. Finally, in order to obtain the percentage of lipids, the dried residue was compared with dried 

mass of the culture. The percentage was calculated with the following equation: 

 

 %lipids =
final weight−initial weight ×V olume total chloroform

Volume evapoated cholorform×weight of the dried sample
 x 100                           (7) 

 

 4.3.3 Ash content 

 Fifty milligrams of freeze-dried biomass were weighed in a crucible and taken to combustion at 

550ºC for 8h, using a JP Selecta Sel horn R9-L furnace (JP Selecta, 22 Barcelona, Spain). After the 

combustion of the biomass, the weight difference resulted in the ash content. 

 

 4.3.4 Carotenoid content 

  The extraction of carotenoids was carried out on ice and under dim light to avoid 

oxidation. Twenty milligrams of freeze-dried biomass (pulverized material) were weight, put into a tube 

and methanol was added. With the addition of glass beads  (500 -750µm), until filling 0.5 mL of 

Eppendorf tube, the cells were lysed using Retsch MM 400 mixer mill (Retsch Düsseldorf, Germany), at 

30Hz, for 4 minutes. After disruption of cells, chloroform was added and the samples were vortexed 

(IKA vortex 3, China) and centrifuged using centrifuge z167 M (Hermle Laborator Technik - Germany) 
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for 5 min, at 3500 rpm. Then chloroform layer was removed from the bottom and replaced in a new 2mL 

Eppendorf tube. The extraction was repeated twice more. The chloroform collected was evaporated 

using a nitrogen flow. 

 Carotenoids analysis was performed by high-performance liquid chromatography (HPLC;  

Dionex Corporation, California, USA). Carotenoid separation was achieved using a mobile phase 

composed of solvent A chloroform and solvent B methanol (1:10) and filtered using 0.2 µm PTFE filter. 

The final volume was replaced on a glass via, adding 700µL of extract and the caps with pre-slit septa 

was placed. All carotenoids were detected at 450 nm and 280 nm and analysed with Chromeleon 

Chromatography Data System software (Version 6.3, ThermoFisher Scientific, Massachusetts, USA). 

The quantification was carried out using calibration curves for neoxanthin, lutein, zeaxanthin and β-

carotene standards (Sigma-Aldrich, Portugal) astaxanthin was quantified with a calibration curve from 

Universidade do Algarve. 

 

 4.4 Statistical analysis 

 The statistical tests for OVAT were performed using R software (4.0.2 version), through RStudio 

1.3.1073 version (R studio, Boston, USA).  ANOVA analysis was followed by a post-hoc Tukey-HSD 

test when three or more conditions were compared. To compare groups of independent results a 

Student t-test was used with a confidence level ≥ 95 %. For each test, the mean and standard deviation 

of the triplicate were determined. Throughout the text, different letters were used to highlight the case 

significant differences. Statistically significant difference was considered at p<0.05. When the same 

letter is associated with different results, there was no significant differences among them as p>0.05. 

 The statistical tests for DoE methodology was performed using two software: Mini Tab (Mini tab, 

State College, Pennsylvania, EUA) based on a preliminary screening and Design Expert (version 12, 

Stat-Easy, Minnesota, USA) based on response surface methodology. Mini tab was used to do a 

preliminary screening through Placket-Burman design. Using Design Expert, the Box-Behnken design 

was conducted. ANOVA was also performed. Statistically significant difference was considered at 

p<0.05. 
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5. Results and discussion 

 5.1 Optimization of culture media 

 
 5.1.1 Influence of carbon source and culture media 

 

 As was previous mentioned, three different culture media were chosen to increase the growth 

of biomass: TAP (Fig.8), BBM 5-fold concentrated (Fig.9) and MB16 (Fig.10). This preliminary assay 

also aimed to infer about the most suitable source of carbon for Scenedesmus rubescens growth. Fig. 

8 shows that the highest concentration of biomass occurred in the condition supplemented with glucose 

(0.801 of OD). These results suggested that the glucose was the carbon source that allowed the highest 

culture productivity and that with glycerol and acetate the microalgae do not grow. 

 Fig. 9 shows the results of heterotrophic cultivation of S. rubescens in Bold basal medium with 

or without supplementation of urea, where is clearly seen the positive impact of using this nitrogen 

source, since a higher biomass  concentration is obtained  (OD=10.6). However, the difference between 

cell growth outcomes may also be a result of the lack of nitrogen source before the culture had reached 

the stationary phase in the non-supplemented condition (only 5.5 mM of nitrates were used). 

 MB16 medium (ammonia as nitrogen source and glucose as carbon source) was tested at two 

different concentrations: 60 and 30 mM ammonia (Fig. 10). Besides the diluted medium had showed 

higher cell concentration until day 4, at this point the culture entered the stationary phase. In another 

hand, the concentrated medium still allowed the culture growth for one day more, suggesting that this 

medium may be inhibitory only at the initial growth phases. 

 In general, when comparing the growth among the culture media, in the 5-fold concentrated 

BBM, the culture achieved the highest cell density. However, it is not possible to conclude that this is 

the medium which better promotes the growth of S. rubescens since in the other two media cells suffered 

from a pH decrease, reaching values close to 4, which could had possibly inhibited the cell growth.  

  

Figure 8 - Scenedesmus rubescens growth curves supplemented with carbon sources with the same concentration. The cultures 

grown under heterotrophic conditions in 250mL Erlenmeyer, using TAP medium. The experiment lasted 6 days. The values 

represent the average and respective standard deviation of 2 Individual experiments. 
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Figure 10 - Scenedesmus rubescens growth curves for 

supplementation with glucose as carbon source and ammonia as 

nitrogen source. The cultures grown under heterotrophic conditions in 

250mL Erlenmeyer, using  MB16 diluted 1:2 (30mM ammonia) and 

without dilution (60 mM of ammonia) The experiment lasted 6 days. 

The values represent the average and respective standard deviation 

of 2 Individual experiments. 

 

 

Figure 9 - Scenedesmus rubescens growth curves for supplementation 

with nitrates and nitrates + 30 mM urea as nitrogen sources. The cultures 

grown under heterotrophic conditions in 250mL Erlenmeyer, using  of Bolds 

medium 5x concentrated. The experiment lasted 10 days. The values 

represent the average and respective standard deviation of 2 Individual 

experiments. 

 

 

 

 

 

  

 

 

 

 

 

 

 5.1.2 Buffer and culture media validation  

The media screening showed great variation on growth possibly due to pH decrease, with 

biomass increase. Hence, the application of a buffer to eliminate pH influence on growth was studied. 

Only BBM (pH 6.6) did not require the addition of any buffer. Furthermore, S. rubences growing in BBM 

achieved the highest biomass concentration, the pH tested was close to 7. 

In Fig. 11, the highest biomass concentration was achieved by the culture supplemented with 

PIPES buffer, obtaining an OD value of 4.48. PIPES maintained the pH close to 7, while cultures growing 

with Tris buffer decreased to a value close to 6, which influenced the growth of the microalgae (Table 

4). Thus, PIPES seemed to be a suitable buffer to control the pH, using PIPES for the next assays.  

In comparison with BBM (supplemented with urea) and MB16 (buffered with PIPES), BBM-

growing culture reached the highest biomass concentration (10.4 of OD). However, there was a better 

adaptation of S. rubescens at an early stage on TAP’s medium. In this medium, cells reached the 

stationary phase earlier due to depletion of the nitrogen source (7.5 mM of ammonia). 
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Figure 11 - Scenedesmus rubescens growth curves. The cultures grown under heterotrophic conditions in 250mL Erlenmeyer 

using Bolds medium 5-fold concentrated supplemented with urea and TAP medium supplemented with PIPES buffer and Tris 

buffer. MB16 medium was also tested buffered with PIPES. The experiment lasted 7 days. All the tests were supplemented 

glucose as carbon source. The values represent the average and respective standard deviation of 2 Individual experiments. 

 

Table 4 - Variations of pH in different buffer conditions, using TAP and MB16 medium. 

 

 

 

 

 

 5.1.3 DoE - screening 

 The development of the culture medium is a complex process due to the interactions between 

all the factors that influence cell growth, which promote its growth or even inhibit it. Thus, DoE was 

applied to better understand the interactions among factors. 

 In order to optimize the culture medium, 12 nutrients were studied: N, Mg, Ca, P, Fe, Cu, Zn, 

Mn, Mo, Co, Ni and B. Screening was carried out to predict which nutrients influence the biomass 

productivity. Thus, using previously studied culture media, low and high concentrations were stipulated, 

obtaining a matrix through the Mini Tab software. The Placket-Burman design was used with two coded 

levels, using 13 variables, which are different nutrient concentration and the different source of nitrogen 

(nitrates and ammonia); starting with pH of 6.5. Thirty runs were employed (Appendix C1 and C2), with 

the chosen responses, which are biomass concentration, global productivity and maximum productivity. 

The factors that most influenced cell growth were the source of nitrogen, and P, Ni, and Ca 

concentrations. Nevertheless, this last nutrient influenced only on maximum productivity (p-value <0.05) 

(Fig. 12). This assay was important to analyse in more detail the elements that most influence cell 
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growth. At the early growth stages, cultures supplemented with ammonia presented higher biomass 

concentration than nitrates (Table 5). However, the multifactorial model indicated nitrates as the most 

suitable nitrogen source for S. rubescens growth. This is due the pH drops to 5, inhibiting the culture 

growth in the presence of ammonia and thus, compromising the growth. In the presence of nitrates, the 

pH increased between 7.5 and 8, not inhibiting cell growth, obtaining greater global productivity. Thus, 

the pH variation was a determinant factor to compromise the assay. Besides that, buffer concentration 

was not enough to keep the pH stable, being necessary to define a new concentration of PIPES. From 

this assay, the culture medium was modelled, except for the conditions that were consecutively tested 

in each assay (Appendix C4). 

Table 5 - Biomass concentration and pH values at days 2 and 3 of assays from Placket Burman design. The chosen samples 
were the ones that reached the highest productivity. 

  Biomass concentration (g L-1) pH values 

Sample Nitrogen source Day 2 Day 3 Day 2 Day 3 

4 Nitrate 1.7 4.9 7 7.5 

5 Ammonia 1.6 5.2 6 5.5 

6 Nitrate 1.4 4.2 7 7 

9 Ammonia  1.5 4.6 6 5 

10 Ammonia 1.8 5.4 6 5 

11 Ammonia 1.5 4.9 6 5 

13 Ammonia 1.4 4.0 6 6 

14 Nitrate 1.5 4.3 7 7 

22 Ammonia 1.5 3.8 6 6 

23 Ammonia 1.1 4.0 6 6 

25 Ammonia 1.3 4.5 6 6 

26 Ammonia 1.6 5.2 6 5 

29 Nitrate 1.8 4.3 7 7.5 

30 Nitrate 1.1 4.4 7 7.5 
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Figure 12 -  Analysis of variance (ANOVA) and order bar chart (Pareto chart) obtained with the software Minitab 

19, testing 13 factors for 3 responses A) Biomass concentration B) Global productivity C) Maximum productivity. 

The model was below to 0.05 of p-value (close to 0) which means that the model was significant. 
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 5.1.4 Buffer concentration 

 Using ammonia as nitrogen source, different concentrations of buffer were tested: 60, 80 and 

100 mM (Fig.13). 80 and 100 mM buffer concentrations resulted in an initial inhibition of growth and 

allowed keeping the pH at 6.5 for the longest time. In addition, 100 mM of PIPES allowed S. rubescens 

higher global productivity (0.112 g L-1 h-1), followed by 80 mM. The condition 60 mM wasn´t effective 

maintaining pH=6.5 and so, the productivity (0.068 g L-1 h-1) and the specific growth rate were lower 

(1.675 day-1). Therefore, 100 mM was more effective in maintaining pH and allowed reaching the highest 

biomass productivity, which will be used in the next assays. 

 

 

 

 

 

 

 

 

 

 

Table 6 – Global productivity and specific growth rate of S. rubescens under different PIPES concentrations. Base medium from 

section 5.1.3.  

 

 

 5.1.5 Effects of different nitrogen sources 

 Once the previous results suggested that urea induces higher biomass concentration, an assay 

directly comparing the effects of supplementing different nitrogen sources was performed. Figure 14 

shows the growth curves obtained, on which it is visible that cultures present the same behaviour when 

supplemented with different nitrogen sources. As was mentioned in section 3.2.7, ammonia is also used 

to maintain the pH in fermentation process (scale-up under heterotrophic conditions). Thus, to assure 

similarity in the process, ammonia was selected as the nitrogen source to be used further on. 

PIPES concentrations (mM) Global productivity (g L-1h-1) Specific growth rate (day-1) 

60  0.068a ± 0.001 1.68a ± 0.17 

80  0.103b ± 0.003 2.05b ± 0.13 

100  0.112c ± 0.001 2.58c ± 0.12 

A B 

Figure 13 - A) Scenedesmus rubescens growth curves under 3 concentrations of PIPES buffer: 60, 80 and 100 mM. The 

cultures grown under heterotrophic conditions in 250mL Erlenmeyer. B) Variations of pH when using the different PIPES 

concentrations. The experiment lasted 5 days. The values represent the average and respective standard deviation of 3 

individual experiments. Base medium from section 5.1.3. 
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Figure 14 - Scenedesmus rubescens growth curves supplemented with different sources of nitrogen (with the same 

concentration). The cultures grown under heterotrophic conditions in 250mL Erlenmeyer. The values represent the average and 

respective standard deviation of 3 individual experiments. Base medium from section 5.1.3. 

 5.1.6 DoE – Optimization of medium culture using response of surface 

  “Design of Expert” Software was used to optimize the medium composition through “Box-

Behnken design”, a RSM method. As the effects of nitrogen sources had already been tested, 4 

variables that most influenced the growth of S. rubescens were chosen (Table 7): N, P, Ni and Ca 

concentrations. The responses studied were biomass concentration, global productivity and maximum 

productivity. In this experimental design, a total of 26 sets of experiments was generated with 2 central 

points (Appendix C3). The central points determine the curvature and compensate the lack of fit values, 

indicating the significance of the model.  

Table 7 – Levels of factors chosen for the experimental design. 

Factors (mM) Symbols -1 0 +1 

Ammonia A 20 40 60 

Phosphate B 1 5.5 10 

Nickel C 0.3 1 1.7 

Calcium D 0 0.01 0.02 

 

 RSM allowed visualising a quadratic regression for biomass concentration and global 

productivity and a linear regression for maximum productivity. ANOVA (Fig. 15) indicated that the model 

was significant, F-value = 19.02 for biomass concentration, 14.23 for global productivity and 15.77 for 

maximum productivity. Also, the factor that most influenced cell growth was the concentration of 

phosphate (p-value = 0.0001). Only this factor in all responses is less than 0.05. These results suggest 

that the other factors and their interactions are not significant for culture growth. 
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Figure 15 - Analysis of variances (ANOVA) for 3 responses A) biomass concentration, B) Global productivity C) Maximum 

productivity. According to F-value and p-value, the models are significant in relation to phosphate concentration. The other 

variables are not significant. Tables from Design of expert software. 

 

   

  

  

 

 

 

 

  

  

 Using "Design of expert", RSM was performed (Fig.16). Figure 16A shows the interaction 

between variables P and N for the concentration of biomass. When using Ni at the medium level and 

Ca at the lowest, the concentration of P and N need to be increased (10mM and 60mM, respectively) in 

order to achieve higher biomass concentration. In the case of global productivity (Fig.16B), the graph 

shows the interaction between Ca and P. When using N and Ni are at the medium level, P needed to 

reach its highest level and Ca its lowest in order to obtain higher values of global productivity. Finally, P 

and Ni at the higher level, and N and Ca at the medium level, induce higher values of maximum 

productivity (Fig. 16C). From those models, it was possible to conclude that to optimize culture medium, 

values close to the highest level for factors N, P and Ni and lower values of Ca were necessary. Thus,  

60, 10, 0.02 and 0.3 mM were used  for N, P, Ni and Ca, respectively. 
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Figure 16 - Response surfaces showing the mutual effects of P and the other factors. A) Effects of the interaction 

between P and N factor for biomass concentration response. Ni was kept at maximum level and Ca was kept at low 

level. B)   Effects of the interaction between P and Ca factor for global productivity response. N and Ni were kept at 

medium level. C)   Effects of the interaction between P and Ni factor for Maximum productivity response. N and Ca were 

kept at medium level. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 5.1.7 Effects of pH on S. rubescens growth 

 After performing the second experimental design  (section 4.1.6) different pH values were 

tested: 6, 6.5, 7 and 8. The growth curves obtained are presented in Fig. 17. The results show a higher 

biomass concentration when culture is growing at pH 6.5 (11.2 g L-1), followed by pH 7 (10.5 g L-1), pH 

6 (4.5 g L-1) and, at last, pH 8 (2.3 g L-1). However, the analysis of global productivity and the growth 

rate (table 8), showed no significant differences between pH 6.5 and 7 (p-value> 0.05). pH 6.5 was used 

for the following assays. 
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Figure 18 - Scenedesmus rubescens growth curves, testing the influence of vitamins. The cultures 

grown under heterotrophic conditions in 250mL Erlenmeyer. The values represent the average and 

respective standard deviation of 3 Individual experiments. Base medium from section 5.1.3. 

 

 

Figure 17 - Scenedesmus rubescens growth curves under different pH values. The cultures grown under heterotrophic conditions 

in 250mL Erlenmeyer. The values represent the average and respective standard deviation of 3 Individual experiments. Base 

medium from section 5.1.3. 

 

Table 8 - Productivity and specific growth rate under different values of pH for Scenedesmus rubescens. Base medium from 
section 5.1.3. 

 

 5.1.8 Effects of vitamins 

 The effect of vitamins’ presence was tested, and the growth curves are represented in Fig. 18. 

S. rubescens growing with vitamin supplementation have a higher growth when compared to the control, 

achieving a biomass concentration of 9.1 g L-1. The same was observed for the global productivity and 

specific growth rate (Table 9).  
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Table 9 - Comparison of global productivity and specific growth rate of S. rubescens growing with vitamin supplementation. 

Base medium from section 5.1.3. 

Conditions Global productivity (g L-1 h-1) Specific growth rate (Day-1) 

Control 0.037a±0.015 0.90 a±0.092 

Vitamins (0.075µL) 0.089b±0.005 1.13ab±0.027 

 

 

 5.1.9 Effects of different phosphate concentrations 

 

 In order to understand if nutrient concentration could be limiting to cell growth, phosphate was 

tested at 10 (control) 50 and 100 mM (Fig. 19). The growth curve showed that the use of 50 mM 

phosphate results in higher concentration of biomass (11.7 g L-1), followed by the control (11.5 g L-1), p-

value >0.05). 100 mM phosphates induced an initial inhibition in the cell growth. However, at the third 

day, the culture reached the exponential phase and cell concentrations of 9.2 g L-1, which is significant 

comparing to other conditions (p-value <0.05). Comparing the global productivity and the specific growth 

rate (table) there was no significant difference between the use of 50 mM and 10 mM phosphates or 

between 50 and 100mM (p-value > 0.05), but there is significant difference between 10 and 100 mM. 

 

Figure 19 - Scenedesmus rubescens growth curves, testing different phosphate concentrations. The cultures grown under 

heterotrophic conditions in 250mL Erlenmeyer. The values represent the average and respective standard deviation of 3 Individual 

experiments.  

 

Table 10 - Global productivity and specific growth rate under different concentrations of phosphate and under the presence of 
vitamins on optimised culture medium (0037SA medium). 

Concentrations (mM) Global productivity (g L-1 h-1) Specific growth rate (Day-1) 

control 0.119a±0.012 1.18 a±0.027 
50 0.115ab±0.005 1.17ab±0.011 
100 0.090b±0.011 1.09b±0.005 
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5.1.10– Comparations of culture media 

 After the optimization tests, the optimized culture medium (0037SA medium) performance was 

compared to the initial growth medium (BBM 5-fold concentrated) in parallel cultures, as seen in Figure 

20. BBM medium allowed to reach 8.14 g L-1, while 0037SA allowed 11.5 g L-1, an increase of about 

40.8%. Concerning global productivity and specific growth rate (table 11), the global increased by 0.92-

fold (from 1.94 to 2.79 g L-1 day-1) and the specific growth rate by 1.26-fold (from 0.90 to 1.13 day-1). 

In this way, it is possible to conclude that the growth was significantly optimized.  

Table 11 - Comparison of Scenedesmus rubescens performance in cultures media: Bolds basal medium and 0037SA medium. 

 

 

 

 

Figure 20 - Scenedesmus rubescens growth curves under Bold’s basal medium and 0037SA medium obtained from this work. 

The cultures grown under heterotrophic conditions in 250mL Erlenmeyer. 

  

 Furthermore, 0037SA medium was compared with Jin et al. (2020), designed for Scenedesmus 

acuminatus (table 12)32. Jin et al. (2020) defined 6 as the optimum pH. For 0037SA medium, the pH 

6.5-7 was defined as the optimum. In addition, when comparing both media (table 12), it is clear that 

0037SA medium is formulation with higher nutrients concentration. Differences that expect to greater 

influence the cell growth are the nitrogen and phosphate, as previously discussed in section 5.1.3. In 

addition, in another study60, the authors examined the effects of different nitrogen sources (ammonia, 

urea and nitrate) on ash free dry biomass (AFDB), cultivated in autotrophic cultivation. Among the 

nitrogen sources, the algae achieved the highest productivity AFDB under a mixture of urea and nitrates. 

Therefore, further studies on the nitrogen source and the different concentrations are needed. 
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Concentrations (mM) Global productivity (g L-1 day-1) Specific growth rate (Day-1) 

Bolds basal medium  2.79a±0.232 0.90 a±0.026 

0037SA medium 1.94b±0.068 1.13ab±0.025 



 

32 
 

Table 12 - Comparison between the medium developed in this work and the medium used for the species Scenedesmus 

acuminatus obtained from literature49. The main differences are the sources and concentration of nitrogen and phosphate. The 

optimum pH for S. acuminatus is 6 and for 0037 SA it is between 6.5 and 7. 

Jin et al. (2020) 0037 SA medium 

Component Concentration 
(mM) 

Component Concentration 
 (mM) 

KNO3 29.6 (NH₄)₂SO₄ 60 

NaH2PO4 - NaH2PO4 50 (total) 
 KH2PO4 8.82 K2HPO4 

MgSO4.7H2O 4.87 MgSO4.7H2O 1.75 

Trisodium citrate 0.77 Trisodium citrate - 

FeSO4.7H2O 0.06 FeSO4.7H2O 0.06 

CaCl2.2H2O 0.14 CaCl2.2h2O 0.3 

H3BO3 0.05 H3BO3 0.1 

ZnSO4 0.0014 ZnSO4 0.003 

MnCl2.4H2O 0.0091 MnCl2.4H2O 0.03 

Na2Mo4 0.0001 Na2Mo4.2H2O 0.03 

CuSO4.2H2O 0.00036 CuSO4.2H2O 0.00325 

NiCl2.6H2O - NiCl2.6H2O 0.02 

Co(NO3)2.6H2O 
 

- Co(NO3)2.6H2O 
 

0.01 

 

 5.2 Scale-up process under heterotrophic conditions 
  

 To find out if the developed culture medium is indeed an ideal medium for S. rubescens, a scale 

up process is essential to validate the results achieved. Thus, S. rubescens was grown on a bench-top 

bioreactor, in which parameter control is more effective. 

 Figure 21 shows the growth curves obtained during fermentation. The medium used (table 12) 

was adapted to the optimized conditions at the time of the assay. The first test (fermenter 1) started with 

10mM of phosphate and this concentration was increased to 50mM in the second assay (fermenter 2). 

Vitamins were also used in the latter. In the first fermentation no initial inhibition was registered, however, 

during the second one cell sedimentation occurred, which prevented a better start of the culture. 

Besides, both the biomass concentration and the global productivity achieved were very similar (Table 

13). In the first test, the maximum concentration of biomass was 69 g L-1  with a global productivity of 

0.569 g L-1 h-1. The second test, the maximum biomass concentration was 72 g L-1  with a global 

productivity of 0.600 g L-1 h-1. However, differences in cell morphology were evident, as seen in Fig. 22. 

This is possibly due to the initial concentration of phosphate and its consumption throughout the test. 

The first fermentation consumed 95mM and, in this case, the cells presented a more elongated and 

smaller shape. The second fermentation consumed 140 mM and cells appeared similar to the ones in 

the Erlenmeyer assays. This points to the possibility that the availability of phosphate favours different 

morphologies in the cell but not interfere in the biomass productivity. 
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Figure 21 - Scenedesmus rubescens growth curves in a 7L working volume bench-top STR, under 

heterotrophic conditions (medium specificities indicated in text above). Detection of contamination on 

trial 2. At day 5, biomass was not validated. 

Figure 22 - Microscopic view of heterotrophic grown Scenedesmus rubescens. Different morphologies of 

0037SA were observed. A- First fermentation. The cells presented an elongated form. B- Second 

fermentation. The cells have a more circular form and larger volume. Images obtained by Zeiss® Axio 

Scope.A1 coupled with ZEN Axiocam 503 color. Total magnification 400x 

 

 

 

 

 
 
  

 

 

 

 

 

 

 

 

Table 13 - Biomass concentration and global productivity for the two fermentation tests. 

Fermentation Biomass concentration (g L-1) Global productivity (g L-1 h-1) 

Trial 1 69 0.569 

Trial 2 72 0.600 
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 Only two scale-up were successfully performed. The main problem encountered was 

sedimentation, not allowing proper growth of this microalga, and thus more stirred bioreactor assays 

would be needed. 

 S. acuminatus is described to reach a maximum of 286 g L-1 in fed-batch, on a 7L fermenter, 

during 7 days which means that the biomass concentration reached was significantly higher than the 

biomass concentration achieved in this work31. In that case, the authors used 0.85 g L-1 of urea in 

fermenter batch medium, replacing KNO3 changing the nitrogen source previously used, demonstrating 

once again the importance of the nitrogen source (section 5.1.8). Besides both not being the same 

species, they are genetically close, suggesting that S. rubescens may reach higher cell densities than 

the density achieved so far.  

 Comparing with Chlorella vulgaris, a biomass concentration of 174.5 g L-1 was obtained during 

this 5 L heterotrophic scale-up phase29, which is also higher than 72 g L-1. Thus in conclusion, it is still 

possible to optimize the culture medium to achieve greater growth for Scenedesmus rubescens. 

 

 5.3 Induction of carotenoid production 

 Carotenoid production is a response to different extreme conditions that are critical to 

microalgae growth. It is usually the combination of stress conditions, such as nutrient limitation 

(nitrogen), intense sunlight and high salinity82. This way, in order to verify the carotenoid induction in 

Scenedesmus rubescens, two strategies were adopted: (1) autotrophy with nitrogen depletion and (2) 

heterotrophy with nitrogen and phosphate depletion and pH variation.  

 5.3.1 Induction under autotrophic conditions 
 

 To induce carotenoid production, two autotrophic assays were conducted, as shown in Figs. 23 

and 24. The inoculum obtained from the fermenters was used to inoculate flat panel reactors. Three flat 

panels were inoculated by each fermenter. In both assays, the inoculum no longer contained nitrogen, 

phosphate or glucose in the culture medium. The autotrophic company medium, MNS, containing of 

1mM of nitrates was used. The pH was maintained between 7 and 8. 

The conditions tested did not allow the carotenoid induction. In the first assay, the reason may have 

been difficulties stabilizing the pH that ranged between 6 and 9. In addition, the inoculum was already 

at the cell death phase, which may had compromised the viability of the cells.  

During the second assay, there was cell growth, but the carotenoids induction was not achieved. 

Although the pH was more stable, the light intensity was lower (maximum of 640 W/m2), which according 

to Nobutaka Hanagata and Zvy Dubinsky (1999), light intensity is an important factor combining with 

nutrient limitation to induce carotenoids82. In general, the results suggest a high complexity in the 

process, not being viable for the company's interests. 
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Figure 23 - A: Scenedesmus rubescens growth curve supplemented with 1mM of nitrates. The culture was operated under 

autotrophic conditions in 70L flat panels B: Samples of the three flat panels on day2 (top) and 12 (bottom). The experiment lasted 

12 days. 

Figure 24 - A: A: Scenedesmus rubescens growth curve supplemented with 1mM of nitrates. The culture was operated in 

continuous mode under autotrophic conditions in 70L flat panels. B: Samples of the three flat panels on day 2 (top) and 24 (bottom). 

The experiment lasted 24 days. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 5.3.2 Induction under heterotrophic conditions 

 As was mentioned, a DoE was performed. Through Box-Behnken design for RSM, 3 variables 

were tested: ammonia and phosphate concentrations and pH values (Table 14). The software predicted 

13 runs (Table 15). In this test the responses were biomass concentration and carotenoid production. 

Due to the problems existing during the HPLC run, it was not possible to determine the pigments in all 

samples. In this way, a colour scale was carried out, from the greenest to the most orange, whose most 

orange sample was considered the sample with the highest concentration of carotenoids. RSM allowed 

visualising a quadratic regression for biomass concentration and a linear regression for carotenoid 

production. Through the analysis of the results (ANOVA), the models are significant (Fig. 25). In 

response 1, when culture is growing at pH 4, concentrations of biomass was lower. Algae grown at pH 
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6.5 and 9 reached similar concentrations, with no significant differences. Thus, different concentrations 

of ammonia and phosphate tested did not affect the growth of microalgae. 

 

Table 14 - Levels of factors for design of experiment: ammonia, phosphate and pH. 

 

 

 

 

Table 15 - Response surface method design in actual level of variables  and observed responses functions for carotenoid 

induction in Scenedesmus rubescens. 

 Factor 1 Factor 2 Factor 3 Response 1  Response 2 

Run N (mM) P (mM) pH Biomass concentration (g L-1) 
carotenoid production 

(colour scale*) 

1 5.5 5.5 6.5 13 6 

2 5.5 1 4 2.3 1 

3 10 5.5 4 4.9 1 

4 5.5 5.5 6.5 13.7 5 

5 5.5 10 4 2.9 1 

6 5.5 10 9 14.2 5 

7 10 10 6.5 14.7 3 

8 1 5.5 9 13.1 10 

9 5.5 5.5 6.5 14.3 8 

10 10 1 6.5 13.5 3 

11 1 10 6.5 13.5 3 

12 5.5 1 9 14.4 9 

13 1 5.5 4 3.3 1 

    * 1- highest green colour; 10 - highest orange colour 

 Significant differences were observed in case of carotenoid production (Fig. 26). Cultures grown 

at pH 4 remained green throughout the run. On the other hand, S. rubescens’ colour varied between 

yellow, brown and orange, in the remaining condition. The condition that culture turned to orange colour 

was with 1 mM ammonia and 5.5 mM phosphate with pH 9. These results suggest nitrogen limitations 

promotes the production of carotenoids, as mentioned in other studies82. Also, low phosphate 

concentration is important to this induction. 

 

 

 

Factors Symbols -1 0 +1 

Ammonia (mM) A 1 5.5 10 

Phosphate (mM) B 1 5.5 10 

pH C 4 6.5 9 
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Figure 26 - Scenedesmus.rubescens growth  under carotenoids induction during DoE. The cultures 

grown under heterotrophic conditions in 250mL Erlenmeyer. A: Samples on day 2  B: Samples on 

day 7. The experiment lasted 7 days 

 

 

 

 

 

 

 

 

 

  

 However, studies mentioned of the production of carotenoids under conditions of high light 

intensity. In this case, the induction was performed in the dark, suggesting that the light intensity is not 

a fundamental factor in the carotenoid induction of Scenedesmus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Although carotenoids quantification and detection were not performed in all conditions, 

comparison  between two samples was performed: green sample (sample 5) and brown-orange sample 

(sample 12) were compared. Figures 27 and 28 consist of graphs plotted over data obtained by HPLC 

for samples 5 and 12, respectively. In sample 5, the most relevant carotenoids identified are lutein and 
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Figure 25 - Analysis of variances (ANOVA) for 2 responses A) biomass conce7ntration, B) carotenoid production. 

According to F-value and p-value, the models are significant. Tables from “Design expert” software. 
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b-carotene. In sample 12, astaxanthin was still identified. These results confirm that in the most orange 

sample has the highest carotenoid production.  

 

Figure 27 - HPLC chromatograms of photosynthetic pigments extracted from sample 5 at 7 days of heterotrophic culture.  Peak 

identities: (1) neoxathin; (2) lutein; (3) unknown; (4) ß-carotene. 

 

 

Figure 28 - HPLC chromatograms of photosynthetic pigments extracted from sample 12 at 7 days of heterotrophic culture.  Peak 

identities: (1) astaxanthin; (2) adonixanthin; (3) lutein; (4) canthaxanthin (5) ß-carotene. 

 

 5.4 Biochemical analyses 

 The biochemical composition of the biomass obtained from the fermenters and from the last 

carotenoid induction assay was analysed. The content of proteins, lipids and ashes were accessed. 
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Table 16 shows the composition of the different samples. Regarding proteins, the biomass from trial two 

collected at 5 days of culture (see Fig. 21, Trial 2) achieved the highest concentration, 33.24% and 

30.94%. These values are very close to the protein values of Chlorella vulgaris in heterotrophy29 

suggesting that Scenedesmus sp. has also a great potential to produce biomass for vegetal protein 

production purposes. Possibly, passing this species to autotrophy one could reach values between 50% 

and 56% as is the case with S. obliquus (Table 1)9. The stressed samples had a lower protein content, 

as already reported in the literature for species Nannocloropsis sp82., Chlorella vulgaris83 and 

Scenedesmus obliquuos84. 

In addition, stress-induced cells have the highest lipid content (21.39% and 21.48%), followed 

by the cells collected  from fermenter 2 (12.63% at initial and 12.35% at final growth phases) and, finally, 

the cells from fermenter 1 had the lowest lipid content (7.33%). These results agree with other studies58 

and suggest that when the cells are metabolically stressed, they tend to accumulate lipids, using other 

energetic components such as proteins and polysaccharides, as it is also reported in the species 

mentioned above85,82 ,84. 

Finally, the sample with the cells showing the highest ash content was collected from the 

fermenter 2 (3.23%). The samples from carotenoid-induction studies presented lower ash content (2.7 

and 2.15%). 

Table 16 - Proteins, lipids and ashes content of different samples, comparing the different contents of each sample. Samples 

referred as 1 and 10 mM were collected from carotenoid-induction assay. 

Sample Proteins (%) Lipids (%) Ashes (%) 

10 mM of ammonia 15.20±0.87 21.39±2.10 2.7±0.0 

1 mM of ammonia 13.14±3.74 21.48±1.88 2.15±0.15 

Fermenter 1 (final phase) 24.73±1.09 7.33±0.44 - 

Fermenter 2 (initial phase) 33.24±0.25 12.63±1.90 - 

Fermenter 2 (final phase) 30.94±0.30 12.35±1.74 3.23±0.41 
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6. Conclusions and future perspectives  
  

 In this work, Scenedesmus rubescens (0037SA) was cultivated under heterotrophic conditions 

and optimization of culture medium was performed. This optimization resulted in a defined and 

proprietary culture media (0037SA medium). Then, the S. rubescens biomass reached in heterotrophic 

batch incubations, under BBM medium (5-fold concentrated) and cultivated under 0037SA medium, 

were compared. The results in this study show that the optimization was successful, improving the global 

productivity by 0.92-fold (from 1.94 to 2.79 g L-1 day-1) and the specific growth rate by 1.26-fold (from 

0.90 to 1.13 day-1).  

 After the optimization tests, the optimized culture medium (0037SA medium) performance was 

compared to the initial growth medium (BBM 5-fold concentrated) in parallel cultures, as seen in Figure 

20. BBM medium allowed to reach 8.14 g L-1, while 0037SA allowed 11.5 g L-1, an increase of about 

40.8%. Concerning global productivity and specific growth rate (table 11), the global productivity by 

0.92-fold (from 1.94 to 2.79 g L-1 day-1) and the specific growth rate by 1.26-fold                                   

(from0.90 to 1.13day-1). In this way, it is possible to conclude that the growth was significantly optimized.  

 After optimization, the potential of heterotrophic microalgae cultivation was verified, providing a 

better controlled environment  (pH, temperature, aeration, etc). In this study, only two scale-up were 

successful, achieving 72 g L-1. Other attempts were made, but due to the size of the cells, there was 

sedimentation, being necessary to improve the culture conditions (culture medium and other mechanical 

factors such as agitation and aeration). Furthermore, similar controlled cultures with other species were 

described to reach higher biomass concentrations, suggesting that S. rubescens may reach higher cell 

densities than the density achieved so far, and that further optimization of the culture medium is still 

needed.  

 

 The inoculum obtained from the fermenters was used to induce carotenoid production, in 

autotrophy. In this study, two assays were performed. However, the conditions tested did not allow the 

cells to produce carotenoids, suggesting that these conditions are not viable for the company’s interests. 

In addition, 0037SA was also grown under heterotrophic conditions, in dark, testing different conditions 

such as depletion of nutrients and pH variations. When comparing the different conditions, different 

colours in the culture samples were observed and consequently the production of different types of 

carotenoids expected. After analysing two samples, a green and a brown-orange, different carotenoids 

were found. casein the green cells, large amounts of lutein have been identified and also a small 

percentage of b-carotenes. In the orange cells, more carotenoids were found, such as astaxanthin and 

its precursors. Thus, the results show that carotenoids induction in S. rubescens is feasible and that this 

species could be used in pharmaceutical applications. 

 Lastly, during the elaboration of this work, biochemical analyses were performed (proteins, lipids 

and ashes). Under fermentation mode, S. rubescens achieved about 31% of protein content, which was 

similar to the protein values of Chlorella vulgaris in heterotrophy30. This results suggest the great 
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potential to produce biomass for protein purposes. In addition, stress-induced samples have higher lipid 

content (21.39% and 21.48% of cell dry weight). These results  suggest that there is accumulation of 

lipids upon nutrients depletion, as reported for other species58,85,83,84. 

 In light of the conclusions that were reached, it would be interesting make other optimization 

assays. I would recommend to test nitrogen sources with different phosphate concentrations, due to the 

importance this factors to S. rubescens growth. In fed-batch procedure I would recommend different 

values of aerations and agitation in order to preventing cells sedimentation. Lastly, I recommend the 

validation of DoE for carotenoid production and also more assays in order to optimize production of 

carotenoids from S. rubescens. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

42 
 

7. References 

1.  História – Secil Group. http://www.secil-group.com/missao-visao-valores/historia/. Accessed 

October 21, 2020. 

2.  Allmicroalgae Arquivos - Revista Pontos de Vista. https://pontosdevista.pt/tag/allmicroalgae/. 

Accessed October 21, 2020. 

3.  Allmicroalgae - Allmicroalgae. https://www.allmicroalgae.com/allmicroalgae-2/. Accessed 

October 21, 2020. 

4.  Cultivating Sustainable Microalgae Solutions – Allmicralgae. https://www.allmicroalgae.com/en/. 

Accessed December 22, 2020. 

5.  Mobin S, Alam F. Some promising microalgal species for commercial applications: A review. 

Energy Procedia. 2017;110:510-517. doi:10.1016/j.egypro.2017.03.177 

6.  Camacho F, Macedo A, Malcata F. Potential industrial applications and commercialization of 

microalgae in the functional food and feed industries: A short review. Mar Drugs. 2019;17(6). 

doi:10.3390/md17060312 

7.  Murry MA, Murinda SE, Huang S, Ibekwe AM, Schwartz G, Lundquist T. Bioconversion of 

agricultural wastes from the livestock industry for biofuel and feed production. Elsevier Inc.; 2019. 

doi:10.1016/b978-0-12-817941-3.00012-7 

8.  Batista AP, Gouveia L, Bandarra NM, Franco JM, Raymundo A. Comparison of microalgal 

biomass profiles as novel functional ingredient for food products. Algal Res. 2013;2(2):164-173. 

doi:10.1016/j.algal.2013.01.004 

9.  Becker EW. Micro-algae as a source of protein. Biotechnol Adv. 2007;25(2):207-210. 

doi:10.1016/j.biotechadv.2006.11.002 

10.  Phong WN, Show PL, Ling TC, Juan JC, Ng EP, Chang JS. Mild cell disruption methods for bio-

functional proteins recovery from microalgae—Recent developments and future perspectives. 

Algal Res. 2018;31(May 2016):506-516. doi:10.1016/j.algal.2017.04.005 

11.  Popper ZA, Michel G, Hervé C, et al. Evolution and diversity of plant cell walls: From algae to 

flowering plants. Annu Rev Plant Biol. 2011;62(1):567-590. doi:10.1146/annurev-arplant-

042110-103809 

12.  Safi C, Cabas Rodriguez L, Mulder WJ, et al. Energy consumption and water-soluble protein 

release by cell wall disruption of Nannochloropsis gaditana. Bioresour Technol. 2017;239:204-

210. doi:10.1016/j.biortech.2017.05.012 

13.  Pancha I, Chokshi K, George B, et al. Nitrogen stress triggered biochemical and morphological 

changes in the microalgae Scenedesmus sp. CCNM 1077. Bioresour Technol. 2014;156:146-

154. doi:10.1016/j.biortech.2014.01.025 

 



 

43 
 

14.  Çelekli A, Balci M, Bozkurt H. Modelling of Scenedesmus obliquus; function of nutrients with 

modified Gompertz model. Bioresour Technol. 2008;99(18):8742-8747. 

doi:10.1016/j.biortech.2008.04.028 

15.  Dunker S, Wilhelm C. Cell wall structure of coccoid green algae as an important trade-off 

between biotic interference mechanisms and multidimensional cell growth. Front Microbiol. 

2018;9(APR). doi:10.3389/fmicb.2018.00719 

16.  Lürling M. Phenotypic plasticity in the green algae Desmodesmus and Scenedesmus with special 

reference to the induction of defensive morphology. Ann Limnol. 2003;39(2):85-101. 

doi:10.1051/limn/2003014 

17.  Yang F, Long L, Sun X, Wu H, Li T, Xiang W. Optimization of medium using response surface 

methodology for lipid production by Scenedesmus sp. Mar Drugs. 2014;12(3):1245-1257. 

doi:10.3390/md12031245 

18.  Anand J, Arumugam M. Enhanced lipid accumulation and biomass yield of Scenedesmus 

quadricauda under nitrogen starved condition. Bioresour Technol. 2015;188:190-194. 

doi:10.1016/j.biortech.2014.12.097 

19.  Soares J, Kriiger Loterio R, Rosa RM, et al. Scenedesmus sp. cultivation using commercial-

grade ammonium sources. Ann Microbiol. 2018;68(1):35-45. doi:10.1007/s13213-017-1315-x 

20.  Bozkurt H, Erkmen O. Predictive modeling of Yersinia enterocolitica inactivation in Turkish Feta 

cheese during storage. J Food Eng. 2001;47(2):81-87. doi:10.1016/S0260-8774(00)00102-3 

21.  Morales-Sánchez D, Martinez-Rodriguez OA, Martinez A. Heterotrophic cultivation of 

microalgae: production of metabolites of commercial interest. J Chem Technol Biotechnol. 

2017;92(5):925-936. doi:10.1002/jctb.5115 

22.  Carvalho AP, Meireles LA, Malcata FX. Microalgal reactors: A review of enclosed system designs 

and performances. Biotechnol Prog. 2006;22(6):1490-1506. doi:10.1021/bp060065r 

23.  Ende SSW, Noke A. Heterotrophic microalgae production on food waste and by-products. J Appl 

Phycol. 2019;31(3):1565-1571. doi:10.1007/s10811-018-1697-6 

24.  Safi C, Zebib B, Merah O, Pontalier PY, Vaca-Garcia C. Morphology, composition, production, 

processing and applications of Chlorella vulgaris: A review. Renew Sustain Energy Rev. 

2014;35:265-278. doi:10.1016/j.rser.2014.04.007 

25.  Mass Cultivation of Algae - Algae as a biofuel — LiveJournal. 

https://ecoholly.livejournal.com/2595.html. Accessed January 15, 2020. 

26.  ALGAFARM - SECIL / ALLMICROALGAE | A4F. https://a4f.pt/en/projects/algafarm. Accessed 

January 15, 2020. 

27.  Perez-Garcia O, Escalante FME, de-Bashan LE, Bashan Y. Heterotrophic cultures of 

microalgae: Metabolism and potential products. Water Res. 2011;45(1):11-36. 

doi:10.1016/j.watres.2010.08.037 



 

44 
 

28.  K. Vuppaladadiyam A, Prinsen P, Raheem A, Zhao M. Microalgae cultivation and metabolites 

production: a comprehensive review. Biofuels, Bioprod Biorefining. 2018;12(2):304-324. 

doi:10.1002/bbb.1864 

29.  Barros A, Pereira H, Campos J, Marques A, Varela J, Silva J. Heterotrophy as a tool to overcome 

the long and costly autotrophic scale-up process for large scale production of microalgae. Sci 

Rep. 2019;9(1):1-7. doi:10.1038/s41598-019-50206-z 

30.  Liang Y, Sarkany N, Cui Y. Biomass and lipid productivities of Chlorella vulgaris under 

autotrophic, heterotrophic and mixotrophic growth conditions. Biotechnol Lett. 2009;31(7):1043-

1049. doi:10.1007/s10529-009-9975-7 

31.  Jin H, Zhang H, Zhou Z, et al. Ultrahigh-cell-density heterotrophic cultivation of the unicellular 

green microalga Scenedesmus acuminatus and application of the cells to photoautotrophic 

culture enhance biomass and lipid production. Biotechnol Bioeng. 2020;117(1):96-108. 

doi:10.1002/bit.27190 

32.  Ogbonna JC, Masui H, Tanaka H. Sequential heterotrophic/autotrophic cultivation - An efficient 

method of producing Chlorella biomass for health food and animal feed. J Appl Phycol. 

1997;9(4):359-366. doi:10.1023/A:1007981930676 

33.  Zheng Y, Chi Z, Lucker B, Chen S. Two-stage heterotrophic and phototrophic culture strategy 

for algal biomass and lipid production. Bioresour Technol. 2012;103(1):484-488. 

doi:10.1016/j.biortech.2011.09.122 

34.  Yeh KL, Chang JS. Effects of cultivation conditions and media composition on cell growth and 

lipid productivity of indigenous microalga Chlorella vulgaris ESP-31. Bioresour Technol. 

2012;105:120-127. doi:10.1016/j.biortech.2011.11.103 

35.  Wang J, Yang H, Wang F. Mixotrophic cultivation of microalgae for biodiesel production: Status 

and prospects. Appl Biochem Biotechnol. 2014;172(7):3307-3329. doi:10.1007/s12010-014-

0729-1 

36.  Zhang X, Yan S, Tyagi RD, Surampalli RY. Energy balance and greenhouse gas emissions of 

biodiesel production from oil derived from wastewater and wastewater sludge. Renew Energy. 

2013;55:392-403. doi:10.1016/j.renene.2012.12.046 

 

37.  Khan MI, Shin JH, Kim JD. The promising future of microalgae: Current status, challenges, and 

optimization of a sustainable and renewable industry for biofuels, feed, and other products. 

Microb Cell Fact. 2018;17(1). doi:10.1186/s12934-018-0879-x 

38.  Ambati RR, Gogisetty D, Aswathanarayana RG, et al. Industrial potential of carotenoid pigments 

from microalgae: Current trends and future prospects. Crit Rev Food Sci Nutr. 2019;59(12):1880-

1902. doi:10.1080/10408398.2018.1432561 

39.  Brennan L, Owende P. Biofuels from microalgae-A review of technologies for production, 



 

45 
 

processing, and extractions of biofuels and co-products. Renew Sustain Energy Rev. 

2010;14(2):557-577. doi:10.1016/j.rser.2009.10.009 

40.  Schenk PM, Thomas-Hall SR, Stephens E, et al. Second generation biofuels: high-efficiency 

microalgae for biodiesel production. BioEnergy Res. 2008;1(1):20-43. doi:10.1007/s12155-008-

9008-8 

41.  Martins A, Caetano NS, Mata TM. Microalgae for biodiesel production and other applications : A 

review. 2010;14:217-232. doi:10.1016/j.rser.2009.07.020 

42.  Ho S, Huang S, Chen C, Hasunuma T, Kondo A. Bioethanol production using carbohydrate-rich 

microalgae biomass as feedstock. Bioresour Technol. 2013;135:191-198. 

doi:10.1016/j.biortech.2012.10.015 

43.  Gouveia L. From Tiny Microalgae to Huge Biorefineries. Oceanogr Open Access. 2014;02(01):2-

9. doi:10.4172/2332-2632.1000120 

44.  Zhang C. Biosynthesis of carotenoids and apocarotenoids by microorganisms and their industrial 

potential. Prog Carotenoid Res. 2018. doi:10.5772/intechopen.79061 

45.  Varela JC, Pereira H, Vila M, León R. Production of carotenoids by microalgae: Achievements 

and challenges. Photosynth Res. 2015;125(3):423-436. doi:10.1007/s11120-015-0149-2 

46.  Macías-Sánchez MD, Fernandez-Sevilla JM, Fernández FGA, García MCC, Grima EM. 

Supercritical fluid extraction of carotenoids from Scenedesmus almeriensis. Food Chem. 

2010;123(3):928-935. doi:10.1016/j.foodchem.2010.04.076 

47.  Micro Algae Biomass | Beta Carotene | Shaivaa Algaetech. 

http://shaivaa.com/products/dunaliella.html. Accessed December 20, 2020. 

48.  Hu J, Nagarajan D, Zhang Q, Chang JS, Lee DJ. Heterotrophic cultivation of microalgae for 

pigment production: A review. Biotechnol Adv. 2018;36(1):54-67. 

doi:10.1016/j.biotechadv.2017.09.009 

49.  Khanra S, Mondal M, Halder G, Tiwari ON, Gayen K, Bhowmick TK. Downstream processing of 

microalgae for pigments, protein and carbohydrate in industrial application: A review. Food 

Bioprod Process. 2018;110:60-84. doi:10.1016/j.fbp.2018.02.002 

50.  Saha SK, Ermis H, Murray P. Marine microalgae for potential lutein production. Appl Sci. 

2020;10(18). doi:10.3390/APP10186457 

51.  Lin JH, Lee DJ, Chang JS. Lutein production from biomass: Marigold flowers versus microalgae. 

Bioresour Technol. 2015;184:421-428. doi:10.1016/j.biortech.2014.09.099 

52.  Astaxanthin from Haematococcus pluvialis | CCRES. 

https://ccresaquaponics.wordpress.com/tag/astaxanthin-from-haematococcus-pluvialis/. 

Accessed December 20, 2020. 

53.  ChemSpider | Search and share chemistry. http://www.chemspider.com/. Accessed January 15, 

2020. 



 

46 
 

54.  Mata TM, Almeida R, Caetano NS. Effect of the culture nutrients on the biomass and lipid 

productivities of microalgae Dunaliella tertiolecta. Chem Eng Trans. 2013;32(2000):973-978. 

doi:10.3303/CET1332163 

55.  Daliry S, Hallajisani A, Mohammadi Roshandeh J, Nouri H, Golzary A. Investigation of optimal 

condition for Chlorella vulgaris microalgae growth. Glob J Environ Sci Manag. 2017;3(2):217-

230. doi:10.22034/gjesm.2017.03.02.010 

56.  Lu L, Wang J, Yang G, Zhu B, Pan K. Biomass and nutrient productivities of Tetraselmis chuii 

under mixotrophic culture conditions with various C:N ratios. Chinese J Oceanol Limnol. 

2017;35(2):303-312. doi:10.1007/s00343-016-5299-3 

57.  Lu L, Wang J, Yang G, Zhu B, Pan K. Heterotrophic growth and nutrient productivities of 

Tetraselmis chuii using glucose as a carbon source under different C/N ratios. J Appl Phycol. 

2017;29(1):15-21. doi:10.1007/s10811-016-0919-z 

58.  Beuckels A, Smolders E, Muylaert K. Nitrogen availability influences phosphorus removal in 

microalgae-based wastewater treatment. Water Res. 2015;77:98-106. 

doi:10.1016/j.watres.2015.03.018 

59.  Lin Q, Lin J. Effects of nitrogen source and concentration on biomass and oil production of a 

Scenedesmus rubescens like microalga. Bioresour Technol. 2011;102(2):1615-1621. 

doi:10.1016/j.biortech.2010.09.008 

60.  Likun WEI, Xuxiong H, Zhengzheng H. Temperature effects on lipid properties of microalgae 

Tetraselmis subcordiformis and Nannochloropsis oculata as biofuel resources *. Chinese J 

Oceanol Limnol. 2014;(2009). 

61.  Qiu R, Gao S, Lopez PA, Ogden KL. Effects of pH on cell growth, lipid production and CO2 

addition of microalgae Chlorella sorokiniana. Algal Res. 2017;28(May):192-199. 

doi:10.1016/j.algal.2017.11.004 

62.  Roselet F, Vandamme D, Roselet M, Muylaert K, Abreu PC. Effects of pH, salinity, biomass 

concentration, and algal organic matter on flocculant efficiency of synthetic versus natural 

polymers for harvesting microalgae biomass. Bioenergy Res. 2017;10(2):427-437. 

doi:10.1007/s12155-016-9806-3 

 

63.  Zhang X, Li B, Xu H, Wells M, Tefsen B, Qin B. Effect of micronutrients on algae in different 

regions of Taihu, a large, spatially diverse, hypereutrophic lake. Water Res. 2019;151:500-514. 

doi:10.1016/j.watres.2018.12.023 

64.  Chakraborty P, Raghunadh Babu P V., Acharyya T, Bandyopadhyay D. Stress and toxicity of 

biologically important transition metals (Co, Ni, Cu and Zn) on phytoplankton in a tropical 

freshwater system: An investigation with pigment analysis by HPLC. Chemosphere. 

2010;80(5):548-553. doi:10.1016/j.chemosphere.2010.04.039 



 

47 
 

65.  Giraldo-Calderón ND, Romo-Buchelly RJ, Arbeláez-Pérez AA, Echeverri-Hincapié D, Atehortúa-

Garcés L. Microalgae biorefineries: Applications and emerging technologies. DYNA. 

2018;85(205):219-233. doi:10.15446/dyna.v85n205.68780 

66.  Bowden GD, Pichler BJ, Maurer A. A design of experiments (DoE) approach accelerates the 

optimization of copper-mediated 18F-fluorination reactions of arylstannanes. Sci Rep. 

2019;9(1):1-10. doi:10.1038/s41598-019-47846-6 

67.  Dejaegher B, Vander Heyden Y. Experimental designs and their recent advances in set-up, data 

interpretation, and analytical applications. J Pharm Biomed Anal. 2011;56(2):141-158. 

doi:10.1016/j.jpba.2011.04.023 

68.  Steven C . Peppers , Damon L . Talley HN. L and MV. Design of experiment ( DOE ) approach 

in cell Culture medium optimization. In Vitro. 2014;(314):63178. 

69.  Hallenbeck PC, Grogger M, Mraz M, Veverka D. The use of design of experiments and response 

surface methodology to optimize biomass and lipid production by the oleaginous marine green 

alga, Nannochloropsis gaditana in response to light intensity, inoculum size and CO2. Bioresour 

Technol. 2015;184:161-168. doi:10.1016/j.biortech.2014.09.022 

70.  Mahdi S, Shahabadi S, Reyhani A. Water treatment via the full factorial design methodology. 

Sep Purif Technol. 2014. doi:10.1016/j.seppur.2014.04.051 

71.  Azma M, Mohamed MS, Mohamad R, Rahim RA, Ariff AB. Improvement of medium composition 

for heterotrophic cultivation of green microalgae, Tetraselmis suecica, using response surface 

methodology. Biochem Eng J. 2011;53(2):187-195. doi:10.1016/j.bej.2010.10.010 

72.  Seyhan S. Removal of boron from aqueous solution by adsorption on Al 2 O 3 based materials 

using full factorial design. 2006;138:60-66. doi:10.1016/j.jhazmat.2006.05.033 

73.  Mahdi S, Shahabadi S, Reyhani A. Optimization of operating conditions in ultrafiltration process 

for produced water treatment via the full factorial design methodology. Sep Purif Technol. 2014. 

doi:10.1016/j.seppur.2014.04.051 

74.  Stat-Ease » v11 » Tutorials » Two-Level Factorial. 

https://www.statease.com/docs/v11/tutorials/two-level-factorial/. Accessed December 24, 2020. 

 

 

75.  Choi M, Bertalan T, Laing CR, Kevrekidis IG. Dimension reduction in heterogeneous neural 

networks: Generalized Polynomial Chaos (gPC) and Analysis-of-variance (ANOVA). Eur Phys J 

Spec Top. 2016;225(6-7):1165-1180. doi:10.1140/epjst/e2016-02662-3 

76.  Tap Medium | UTEX Culture Collection of Algae. https://utex.org/products/tap-

medium?variant=30991736897626. Accessed June 27, 2020. 

77.  BBM medium | CCALA. https://ccala.butbn.cas.cz/en/bbm-medium. Accessed June 27, 2020. 



 

48 
 

78.  Guillard RRL, Ryther JH. Studies of marine planktonic diatoms. I. Cyclotella nana hustedt, and 

Detonula confervacea (CLEVE) . Canadian Journal of Microbiology 8:229-239. Can J Microbiol. 

1962;8(1140):229-239. 

79.  Ördög V, Stirk WA, Bálint P, Lovász C, Pulz O, van Staden J. Lipid productivity and fatty acid 

composition in Chlorella and Scenepdesmus strains grown in nitrogen-stressed conditions. J 

Appl Phycol. 2013;25(1):233-243. doi:10.1007/s10811-012-9857-6 

80.  Bligh, E.G. and Dyer WJ. Canadian Journal of Biochemistry and Physiology. Can J Biochem 

Physiol. 1959;37(8). 

81.  Pereira H, Barreira L, Mozes A, et al. Microplate-based high throughput screening procedure for 

the isolation of lipid-rich marine microalgae. Biotechnol Biofuels. 2011;4(1):61. 

doi:10.1186/1754-6834-4-61 

82.  Hanagata N, Dubinsky Z. Secondary carotenoid accumulation in Scenedesmus komarekii 

(Chlorophyceae, Chlorophyta). J Phycol. 1999;35(5):960-966. doi:10.1046/j.1529-

8817.1999.3550960.x 

83.  Feng Y, Li C, Zhang D. Lipid production of Chlorella vulgaris cultured in artificial wastewater 

medium. Bioresour Technol. 2011;102(1):101-105. doi:10.1016/j.biortech.2010.06.016 

84.  Choi WJ, Chae AN, Song KG, Park J, Lee BC. Effect of trophic conditions on microalga growth, 

nutrient removal, algal organic matter, and energy storage products in Scenedesmus 

(Acutodesmus) obliquus KGE-17 cultivation. Bioprocess Biosyst Eng. 2019;42(7):1225-1234. 

doi:10.1007/s00449-019-02120-x 

85.  Y. Suen, J.S. Hubbard GH and TGT. Total lipid production of the green alga Nannochloropsis 

sp. QII under different nitrogen regimes. Production. 1987;296:289-296. 

doi:doi.org/10.1111/j.1529-8817.1987.tb04137.x 

 

 

 

 

 

 

 

 

 

 

 



 

49 
 

8. Appendixes 

 

Appendix A – Calibration curves 

 

 

Figure A 1 - Dry biomass concentration (g L-1) vs absorbance of S. rubescens measured at λ= 600 nm for heterotrophic growth. 

 

 

 

Figure A 2 - concentration (µ mL-1) vs area (mAU min-1) for astaxathin calibration curve. 
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Trial Nitrogen source N Mg Ca P Fe Cu Zn Mn Mo Co Ni B

1 Ammonium 40 1.75 1 5.5 0.06 0.0325 0.0315 0.055 0.0105 0.0125 0.01 0.3

2 Ammonium 40 1.75 1 5.5 0.06 0.0325 0.0315 0.055 0.0105 0.0125 0.01 0.3

3 Nitrate 60 3 0.3 1 0.1 0.06 0.003 0.08 0.02 0.005 0 0.1

4 Nitrate 20 3 0.3 10 0.1 0.06 0.06 0.03 0.001 0.02 0.02 0.1

5 Ammonium 20 0.5 0.3 10 0.02 0.06 0.003 0.08 0.02 0.02 0.02 0.1

6 Nitrate 60 0.5 0.3 10 0.1 0.005 0.06 0.08 0.001 0.005 0 0.1

7 Nitrate 60 0.5 1.7 10 0.02 0.005 0.003 0.03 0.02 0.005 0.02 0.1

8 Ammonium 60 0.5 1.7 10 0.1 0.06 0.003 0.03 0.02 0.02 0 0.5

9 Ammonium 60 3 0.3 10 0.1 0.005 0.003 0.03 0.001 0.02 0 0.5

10 Ammonium 20 3 0.3 10 0.02 0.06 0.06 0.08 0.02 0.005 0 0.5

11 Ammonium 20 0.5 0.3 1 0.02 0.005 0.003 0.03 0.001 0.005 0 0.1

12 Nitrate 40 1.75 1 5.5 0.06 0.0325 0.0315 0.055 0.0105 0.0125 0.01 0.3

13 Ammonium 60 3 1.7 10 0.02 0.005 0.06 0.08 0.001 0.02 0.02 0.1

14 Nitrate 20 3 1.7 10 0.1 0.005 0.003 0.08 0.02 0.005 0.02 0.5

15 Nitrate 40 1.75 1 5.5 0.06 0.0325 0.0315 0.055 0.0105 0.0125 0.01 0.3

16 Nitrate 20 0.5 1.7 10 0.02 0.06 0.06 0.03 0.001 0.005 0 0.5

17 Nitrate 60 3 1.7 1 0.02 0.06 0.06 0.03 0.02 0.02 0 0.1

18 Nitrate 40 1.75 1 5.5 0.06 0.0325 0.0315 0.055 0.0105 0.0125 0.01 0.3

19 Ammonium 40 1.75 1 5.5 0.06 0.0325 0.0315 0.055 0.0105 0.0125 0.01 0.3

20 Nitrate 40 1.75 1 5.5 0.06 0.0325 0.0315 0.055 0.0105 0.0125 0.01 0.3

21 Ammonium 60 0.5 1.7 1 0.1 0.06 0.06 0.08 0.001 0.005 0.02 0.5

22 Ammonium 20 3 1.7 1 0.1 0.06 0.003 0.03 0.001 0.005 0.02 0.1

23 Ammonium 20 0.5 1.7 1 0.1 0.005 0.06 0.08 0.02 0.02 0 0.1

24 Ammonium 40 1.75 1 5.5 0.06 0.0325 0.0315 0.055 0.0105 0.0125 0.01 0.3

25 Ammonium 40 1.75 1 5.5 0.06 0.0325 0.0315 0.055 0.0105 0.0125 0.01 0.3

26 Ammonium 40 1.75 1 5.5 0.06 0.0325 0.0315 0.055 0.0105 0.0125 0.01 0.3

27 Nitrate 60 0.5 0.3 1 0.02 0.06 0.003 0.08 0.001 0.02 0.02 0.5

28 Ammonium 60 3 0.3 1 0.02 0.005 0.06 0.03 0.02 0.005 0.02 0.5

29 Nitrate 20 3 1.7 1 0.02 0.005 0.003 0.08 0.001 0.02 0 0.5

30 Nitrate 20 0.5 0.3 1 0.1 0.005 0.06 0.03 0.02 0.02 0.02 0.5

Table C 1 - Screening method design in actual level of variables through Mini Tab software for Scenedesmus rubescens. 

 

 

Appendix B - Calibration curves equations for A) nitrates B) ammonia C) 

phosphate and D) Iron 
 

A) - Y=3.596x + 0.002                          C) - Y=12.706x + 0.051 

B) - Y=13.927x - 0.092                         D) - Y=0.463x - 0.019 

Appendix C - DoE results 
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Table C 2 - Responses functions for optimization of media composition for heterotrophic cultivation of Scenedesmus rubescens. 
Minitab software was used. 

 

 

Table C 3 - Culture medium obtained from the Placket-Burman experiment (0037SA medium) 

 

 

 

 

 

 

 

 

 

 

 

 

0037 SA medium 

Component Concentration 
 (mM) 

MgSO4.7H2O 1.75 

Trisodium citrate - 

FeSO4.7H2O 0.06 

CaCl2.2h2O 0.3 

H3BO3 0.1 

ZnSO4 0.003 

MnCl2.4H2O 0.03 

Na2Mo4.2H2O 0.03 

CuSO4.2H2O 0.00325 

NiCl2.6H2O 0.02 

Co(NO3)2.6H2O 
 

0.01 
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Table C 4 - Response surface method design in actual level of variables and observed responses functions for optimization of media composition for 

heterotrophic cultivation of Scenedesmus rubescens. 

 


