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Abstract 

This project was conducted with the objective of extracting the protein content, free from 

chlorophyll, from the green microalgae Nannochloropsis gaditana and Neochloris oleoabundans, 

under a mild biorefinery approach. The combination of the high-pressure homogenization (HPH) 

with an alkaline pH adjustment of the microalgae suspension was tried in order to increase the 

protein release. Although the pH adjustment increased the permeability of intact cells, the results 

in combination with the homogenization were not satisfactory.  

The centrifugation parameters were optimized, leading to concentration ratios in the supernatant 

of 42.2% and 62.4%/initial concentration for N. gaditana and N. oleoabundans and yields of 31.0% 

and 49.4%(w/w initial protein) for the respective species. The flocculation of the cell debris by pH 

variations was studied to improve the centrifugations. More supernatant was recovered at acidic 

pH, but many proteins also precipitated at these pH values (4 and 5), and so the yields after 

centrifugation were lower than at native pH for both species. Next, it was discovered that by 

doing the centrifugations at lower biomass concentrations, for example, with 50 g/l instead of 100 

g/l, the yield increases 5.5%(w/w initial protein) on N. gaditana and 12.8%(w/w initial protein) on 

N. oleoabundans. 

An ultrafiltration step was done to fractionate the protein content, using a 300 kDa 

polyethersulfone membrane. The variable in study was the pH, and for both species the highest 

yield was achieved at pH 5, with 29.0% and 35.5%(w/w supernatant protein), for N. gaditana and 

N. oleoabundans, respectively. 

 

Keywords: microalgae, cell disruption, protein, solubility, ultrafiltration, fractionation. 

  



 

 

  



 

 

Resumo 

Este projeto foi conduzido com o objetivo de extrair o conteúdo proteico, livre de clorofila, das 

microalgas verdes Nannochloropsis gaditana e Neochloris oleoabundans, seguindo uma perspetiva de 

biorefinaria em condições de processo não agressivas. Foi testada uma alteração de pH da 

suspensão de microalgas para pH alcalino para aumentar a libertação de proteínas. Embora o 

ajuste de pH tenha aumentado a permeabilidade das células intactas, os resultados em 

combinação com a homogeneização de alta pressão não foram satisfatórios.  

Os parâmetros da centrifugação foram otimizados, levando a ratios de concentração no 

sobrenadante de 42.2% e 62.4%/concentração inicial para N. gaditana e N. oleoabundans e 

rendimentos de 31.0% e 49.4%(m/m proteína inicial) para as respetivas espécies. Foi estudada 

uma floculação dos debris celulares por variações de pH para melhorar a eficiência das 

centrifugações, tendo sido possível recuperar mais sobrenadante a pH ácido, mas muitas 

proteínas também precipitaram nestes valores de pH (4 e 5). De seguida, descobriu-se que ao 

fazer as centrifugações a menores concentrações de biomassa, por exemplo, com 50 g/l em vez de 

100 g/l, o rendimento aumenta 5.5%(m/m proteína inicial) em N. gaditana e 12.8%(m/m proteína 

inicial) em N. oleoabundans. 

O sobrenadante foi ultrafiltrado para fracionar o conteúdo proteico num permeado livre de 

clorofila, usando uma membrana de polietersulfona (PES) de 300 kDa. A variável em estudo foi 

o pH e, para ambas as espécies, o maior rendimento foi obtido a pH 5, com 29.0% e 35.5%(m/m 

proteína do sobrenadante), para N. gaditana e N. oleoabundans, respetivamente. 

 

Palavras-chave: microalgas, disrupção celular, proteína, solubilidade, ultrafiltração, fracionamento. 
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1. Introduction 

The global population is expected to increase by over a third, until 9 billion, by 2050 [1]. The 

emerging economies rely heavily on the natural resources of the earth and the demand for 

commodities will rise exponentially [2]. Therefore, more than ever, there is a challenge and 

necessity of developing a sustainable economy.  

Microalgae have received much interest as a sustainable biofuel feedstock, by using its lipid 

content, in response to the uprising energy crisis [3]. And although it has been proved that the 

conversion of the microalgae lipids to biofuels is possible, the high production cost and 

overwhelming capital investments make this technology economically uncompetitive with the 

fossil fuel industry [4]. Hence, the extraction of high-value microalgae co-products has been 

studied to improve the economics of the process, applying a concept of microalgae biorefinery. 

Examples of these high-value products are pigments, proteins, lipids, carbohydrates, vitamins, 

and anti-oxidants, with applications in cosmetics, nutritional and pharmaceuticals industries [3].  

One of the microalgae co-products with higher scientific interest are the proteins. There is a 

growing need for sustainable sources of protein for food and feed applications. It is estimated, 

that by 2050, the population growth would require a 70% increase in food production [5], which 

would be translated into a huge conversion of nature fields into agricultural land [2]. However, 

the fractionation of the protein content of microalgae is still an inefficient process, and the yields 

are still low.  

In this project, a mild biorefinery process at laboratory scale will be attempted, with no use of 

harsh solvents and high temperatures, in order to avoid the loss of functionality of the different 

microalgae components. The primary objective will be to recover a high quantity of soluble 

proteins in the supernatant after centrifugation, preceded by a high-homogenization step to 

disrupt the cell wall. The centrifugation operational parameters will be optimized to achieve the 

highest yield possible. A flocculation technique based on pH variation will also be attempted to 

improve the sedimentation of the cell debris. Afterwards, an ultrafiltration step would be studied 

as an intermediated purification step, to obtain a purified protein solution, free of chlorophyll. 
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1.1. Project context  

The work developed in this thesis was performed at the “Wagenigen UR Food and Biobased 

Research Center” under the supervision of Dr. Carl Safi. This project is included in two different 

research programmes: AlgaePARC Biorefinery, and the European Union project MIRACLES. Both 

projects aim to develop innovative, scalable technologies to extract commodities (lipids, proteins, 

carbohydrates) from microalgae, for applications in food, aquaculture, feeds, and non-food 

products.  

New methods and innovative studies will be explored within these projects context and the main 

goals of this thesis are the following:  

• Improve the cell disruption of the species N. gaditana and N. oleoabundans, for the 

maximum release of the protein content using mild techniques; 

• Study the utilization of centrifugation as a step for cell debris removal. 

• Optimize an ultrafiltration system to obtain an enriched microalgal protein fraction, free 

from chlorophyll.  
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2. Theorical backround  

2.1. Microalgae – Special microorganisms  

The three most important classes of microalgae in terms of abundance are the diatoms 

(Bacillariophyceae), the green algae (Chlorophyceae), and the golden algae (Chrysophyceae). All these 

micro-algae are eukaryotes distinguished by the presence of a nucleus and separate organelles 

for photosynthesis (chloroplasts) and respiration (mitochondria). Prokaryotic cyanobacteria 

(Cyanophyceae or blue-green algae) are also commonly referred to as microalgae (e.g species 

Spirulina) [6]. 

The scientific literature indicates the existence of 200,000 to several million species of microalgae 

when compared to about 250,000 species of higher plants. Microalgae englobe unicellular, 

colonial and filamentous species, commonly found in marine and freshwater with the size 

ranging from a few micrometres to a few hundreds of micrometres [7]. These microbes contribute 

to half of the global photosynthetic activity and are found in euphotic niches. Moreover, 

microalgae form the source of the food chain for more than 70% of the world’s biomass. To 

harvest light, the various species of microalgae employ a variety of pigments consisting of 

different types of chlorophyll, phycobilins, carotenes and xanthophylls. Once the light energy has 

been stored in chemical bonds, microalgae may store the excess energy in different molecules 

including various polysaccharides and lipids [8]. Therefore, this microorganism can constitute a 

potential source of renewable high-value products, like carbohydrates, lipids, proteins and 

pigments for food, feed and chemical industries [9] (Table 1). Such products are typically located 

intracellularly, either in the cytoplasm, in internal organelles or bound to cell membranes, and in 

most cases, the cells need to be disintegrated before extraction [10].  

The main storage compound of green algae, like Nannochloropsis gaditana and Neochloris 

oleoabundans, is starch, although oils can also be produced [6]. Some species of green algae are 

already being used for commercial purposes, for example, the freshwater species Haematococcus 

pluvialis is commercially important as a source of astaxanthin [11], Chlorella vulgaris as a 

supplementary food product [12] and the halophilic algae species Dunaliella sp. as a source of β-

carotene [13]. 
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Table 1 – General composition of different green microalgae in comparison to different food protein sources (%DW) 

(based on a: Rebolloso-Fuentes et al. (2001)[14], b: Popovich et al. (2012) [15], c: Schwenzfeier et al., 2011)[16]. 
 

Commodity Protein Carbohydrates Lipids 

Nannochloropsis sp.a 29 38 18 

Neochloris oleoabundansb 30 38 15 

Tetraselmis sp.c 36 24 22 

Chlamydomonas rheinhardii c 48 17 21 

Chlorella vulgaris c 55 15 18 

Dunaliella salina c 57 32 6 

Scendesmus oblquusi c 53 14 13 

Egg white c 88 7 < 1 

Milk c 26 28 28 

Soybean c 37 30 20 
 

Microalgae can be either autotrophic or heterotrophic. The autotrophic microalgae require only 

inorganic components such as CO2, salts and sunlight for cells development, while the 

heterotrophic require an extra source of organic components as energy source [17]. Some species 

can also be grown by mixotrophic cultivation, utilizing both inorganic and organic carbon sources 

[18].  

The cultivation of microalgae has been intensively subject of research in the recent years, 

however, the cost of production still remains a barrier on this field. The challenge is to increase 

the scale of production while decreasing its cost [19]. When in an autotrophic or mixotrophic 

regime, microalgae can be cultivated in a wide range of different cultivation systems that can be 

placed outdoors or indoors. Cultivation systems range from open shallow raceway ponds to 

closed photobioreactors (Fig. 1). When growing heterotrophically, microalgae can be grown in 

existing fermenters with FDA-approved protocols [20]. 

 

Fig. 1 – Algae production systems at the research facility AlgaePARC, Wageningen UR. A - Open pond system; B - 

Horizontal tubular system; C - Flat panel system; D - Vertical tubular system. [6] 
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2.1.1. Cellular structure and organization 

The DNA of prokaryotic microalgae (cyanobacteria) is not organized in chromosomes, it lies free 

in the cytoplasm together with the photosynthetic membranes, and it is not surrounded by a 

membrane. Moreover, the prokaryotic microalgae have no membrane-bounded organelles (Fig. 

2A).  

The eukaryotic microalgae, like N. gaditana and N. oleoabundans, possess a true membrane-

bounded nucleus, which contains the major part of the genome distributed on a set of 

chromosomes, and the nucleolus. They have cytoplasm divided into compartments and 

membrane-bounded organelles (Golgi body, chloroplast, mitochondria, endoplasmic reticulum, 

vacuoles, centrioles and plastids) devoted to specific functions (Fig. 2B) [21].  

 

Fig. 2 – A) Electron micrograph of a dividing cell of Synechococcus sp. in longitudinal section; B) Electron micrograph 

of a cell of Chlorella vulgaris in longitudinal section. Abbreviations: cw - cell wall, t - thylakoids, cs - carboxysomes, 

np - nucleoplasm with DNA fibrils, ch - cup shaped chloroplast, n - nucleus, nl - nucleolus, st - starch grains 

(leucoplasts), m - mitochondria. Pictures from Richmond (2004) [21]. 

2.1.2. Microalgae cell wall structure 

The microalgal cell wall is an important component in the microalgae cell, worth understanding 

especially in a downstream processing context where cell disruption is one of the most important 

steps. The cell wall can be very rigid and resistant like the one from Haematococcus pluvialis or 

extremely weak like the one from Porphyridium cruentum [22]. It has an important role in 

preserving the integrity of the cell and serves as the main protective barrier against invaders and 
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harsh environments. They are typically more rigid than the ones from other microorganisms or 

higher plants, and generally composed of: polysaccharides, such as cellulose, pectin, mannose, 

xylan; minerals, namely calcium or silicates; and proteins. The rigidity, thickness and 

composition of the cell wall varies greatly within and between species and may also depend on 

several factors, such as growth phase, harvesting time and culture conditions [23].   

2.2. Industrial interest and potential applications 

One of the greatest advantages of using microalgae for the extraction of high-value products is 

that it can be cultivated by utilizing only water, salts, and CO2 (which may be available at 

minimum cost), making it a sustainable raw material. Besides, it does not create the competition 

for land and food crops as microalgae can grow on degraded land [24]. Microalgae have high 

photosynthetic efficiencies, which when coupled with bio-energy production systems, has the 

capability to be a sustainable pathway to obtain renewable energy sources for the future. In 

addition, microalgae are being studied as a strategy to bio-sequester CO2 from flue gases 

generated from power plants and this can contribute to the reduction of greenhouse gases 

emissions [3].  

Extracted microalgal lipids can be utilized as a potential feedstock for biodiesel production, and 

some microalgae, such as Nannochloropsis sp., Tetraselmis sp., Isochrysis sp., Thalassiosira sp. and 

Chaetoceros sp., can also produce long chain fatty acids, such as DHA (docosahexaenoic acid) and 

EPA (eicosapentaenoic acid), which are valuable as health food supplements [3].  The microalgae-

based carbohydrates consist mainly of cellulose and starch without lignin, making them useful 

as readily available carbon sources for the fermentation industry to produce biobutanol and 

bioethanol, replacing conventional carbohydrate sources like simple sugars or treated 

lignocellulosic biomass [25]. Microalgae biomass has also been used as a land fertilizer, acting as 

a source of nitrogen and phosphorous [3]. 

2.2.1. Microalgae as a source of protein 

Microalgae as whole cells have been used for human nutrition due to its high protein content, 

typically consumed as a dietary supplement in the form of powder, pills, or tablets [26]. In fact, 

some species of microalgae are known to contain protein levels similar to those of traditional 

protein sources, such as meat, egg, soybean, and milk [26].  Microalgae have also been added to 

foods like bread and noodles to increase the nutritional value, but only small amounts could be 
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added before changes in the colour and taste where perceptible, due to non-protein components 

like chlorophyll [27]. Therefore, to increase the applicability of microalgae protein in foods, these 

should be extracted from the cell. 

The high protein content of microalgae can also be beneficial for use as animal feed, including 

aquaculture, farm animals, and pets. 30% of the global algal production is estimated to be used 

for animal feed, with 50% of it being Spirulina sp. biomass due to its excellent nutritional profile 

[5].  

Microalgae use for protein production has several benefits over traditional high-protein crops in 

terms of productivity and nutritional value. Microalgae have a higher protein productivity (4–15 

tons/Ha/year) compared to terrestrial crops, such as soybean, pulse legumes, and wheat (0.6–1.2 

tons/Ha/year, 1–2 tons/Ha/year, and 1.1 tons/Ha/year, respectively) [28]. Besides, terrestrial 

agriculture already requires approximately 75% of the total global freshwater with animal 

protein, in particular, requiring 100 times more water than if the equivalent amount of protein 

was produced from plant sources [5]. Marine algae do not require freshwater or arable land to 

grow, maximising resources that can be used for additional food production or other cash crops. 

Furthermore, Ursu et al. (2014) [29],  has shown that the protein isolate from the green microalgae 

C. vulgaris has excellent emulsifying proprieties and could find valorisation as a food complement 

or as a techno-functional ingredient in the food industry or cosmetics.  

The high quality of microalgae protein is also to consider since generally, the essential amino-

acids composition meets the Food and Agricultural Organization (FAO)  requirements, and are 

often on par with other protein sources, such as soybean and eggs [5]. The health benefits of 

microalgae proteins and peptides have also been subject of studies and a broad spectrum of 

interesting proprieties have been found, such as antioxidant, antihypertensive, anticoagulative, 

antitumor and immuno-stimulant activities [23]. 

2.3. Biorefinery concept 

The utilization of microalgae as a source of high-value metabolites at commercial scale is still in 

its early stages of development [6]. Extensive efforts have been dedicated to the development of 

cost-effective and feasible upstream processes, particularly in the cultivation system, but still very 

limited reports on the recovery of high-value metabolites, especially bio-functional proteins, from 

microalgae are being observed [12].  
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The sustainable processing of biomass into a spectrum of marketable products and energy is 

similar to petrochemical refineries [30]. In the case of a microalgae biorefinery, the concept is the 

same: to convert the biomass into marketable chemicals, fuels and high-value products (Fig. 3). 

Biorefinery techniques are therefore necessary to exploit all cell contents produced by microalgae 

after cultivation in order for microalgae to become competitive as a source for commodities [22]. 

Downstream processing represents a major economic limitation to the mass production of high-

value metabolites from microalgae as it contributes to a significant portion of the total cost. Hence, 

the development of efficient and effective new downstream strategies is imperative to maximize 

product recovery from microalgae and favour the economic feasibility of the process [23]. 

The main issue in designing a biorefinery is optimizing the balance between the recovered 

products and energy to obtain a maximum financial profit [31]. Products cannot be extracted 

effectively from microalgae using methods designed for product extrusion from crops such as 

soybeans since the microalgae morphology is different from land crops. Microalgae cells are 

small, covered with thick cell walls and products are usually located in globules or bound to cell 

membranes, making extraction of intracellular products challenging [32].  

 

Fig. 3 – Schematic diagram of a microalgae photoautotrophic biorefinery. Adapted from Luguel et al. (2011) [33] . 

2.4. Process design 

There are several factors that collectively determine the suitability of a process for the release of 

cell contents from microalgae. In general, the microalgae biorefinery process starts with cell 

disruption, and this step should be characterized by easy handling, low energy demand, and high 

disruption yields, using economic and non-toxic disruption techniques. The final product 

application should also be taken into consideration when selecting a suitable process. To extract 
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the bio-functional proteins from microalgae while preserving their bioactivity and functionality, 

it is necessary to use a process with mild conditions [23]. 

2.4.1. Microalgae species used in the project  

The microalgal strains, and especially the cell wall characteristic, are two important process 

selection criteria that determine the suitability of a cell disruption technique and further steps. 

Nannochloropsis gaditana 

Nannochloropsis sp. (Eustigmataceae family) is considered as a potential oleaginous model 

microalgae because of its great photosynthetic efficiency, high lipid productivity, well established 

genetic toolbox and relatively mature technology for outdoor cultivation systems on a large scale 

[34]. It can achieve up to 60% dry weight of lipids when cultivated in nitrogen depleted mediums, 

including significant amounts of EPA (eicosapentaenoic acid) [34], and it can accumulate up to  

35% dry weight of proteins when under nitrogen replete conditions [35]. Which makes it a good 

raw material from the biorefinery point of view. 

This species is part of a picoplanktonic genus of marine environment. The cells are small (2–4 m 

in diameter), spherical to slightly ovoid and non-flagellate. They have one single chloroplast 

without pyrenoid and containing several bands of photosynthetic lamellae, each with three 

thylakoids per band. The chloroplast endoplasmic reticulum is continuous with the nuclear 

envelope [21]. Pigment composition is characterized by chlorophyll a (not chlorophyll b or 

chlorophyll c), β-carotene, violaxanthin and vaucheriaxanthin as major pigments. These algae 

also contain some minor carotenoids among which canthaxanthin and astaxanthin, stand out [36]. 

The cell wall is composed of a bilayer structure consisting of a cellulosic inner wall (75%) 

protected by an outer hydrophobic algaenan layer, giving it a high degree of robustness [37].  

Neochloris oleoabundans 

Neochloris oleoabundans is a freshwater green microalgae species, belonging to the Chlorococcaceae 

family, that can also grow in saline medias. It can accumulate up to 50% of lipids in its dry 

biomass under photoautotrophic conditions with 80% triglycerides, and most of the fatty acids 

are saturated in the range of 16–20 carbons, so it is ideal for biodiesel production. The cell 

diameter of N. oleoabundans ranges from 2 to 6 μm and the cell behaves like high strength bacteria, 

so that the cell disruption is hard work. The cell wall skeleton of N. oleoabundans is dominantly 

built from cellulose and embedded with proteins in the cell wall, which gives it a high resistance 

https://en.wikipedia.org/w/index.php?title=Eustigmataceae&action=edit&redlink=1
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[38]. Among the existent pigments on the species, astaxanthin (carotenoid) is one of the most 

valorous with superior antioxidant activity [39].  

2.4.2. Cell disruption – High-pressure homogenization 

To facilitate the release of the cell contents from the microalgae cells, the complex structure of the 

microalgal cell wall must be disrupted to allow complete access to the internal components, 

which are entrapped within the cell walls [23]. One of the determinant factors in the cell 

disruption efficiency of microalgae is the structure of the cell wall.  For example, the cell 

disruption of Nannochloropsis sp. is much more difficult than Dunaliella sp. due to the presence of 

a thick resistant cell wall [23]. Therefore, the choice of disruption technique is highly specific and 

strongly depends on the microalgal strain and the characteristics of the cell wall structure.  

A variety of disruption methods is currently available for cell disruption. In general, these 

techniques are divided into two main groups based on the working mechanism of microalgal 

cellular disintegration: (i) mechanical and (ii) non-mechanical methods. Disruption of the cell 

wall in a non-specific manner is usually achieved by mechanical forces such as cell-solid shear 

forces (e.g., bead mill, high-speed homogenization), cell-liquid shear forces (e.g., high-pressure 

homogenization, microfluidization), energy transfer through waves (e.g., ultrasonication, 

microwave), currents (e.g., pulsed electric field) or heat (e.g., thermolysis, autoclaving). Non-

mechanical methods often involve cell lysis with chemical agents, enzymes or osmotic shock. 

These methods are perceived as more benign than mechanical processes since cells are often only 

permeabilized rather than being shredded. For example, chemical and enzymatic methods rely 

on selective interaction with the cell wall or membrane components that modify the cell boundary 

layer and allows products to leach out [32].  

Some of the cell disruption methods used for protein extraction from microalgae are expressed 

in Table 2. Regarding the species in study, Safi et al. (2017) [22]  has obtained a disruption yield 

of 97% with N .gaditana, after one high-pressure homogenization passage at 1500 bar and Wang 

et al. (2015) [38] reported 85% of cell disruption after 2 passages at 800 bar for N. oleoabundans. 

This seems to be an effective cell disruption method for these species disruption, which operates 

in relatively mild conditions, and therefore it was the method of choice for this project.  

High-pressure homogenization 

High-pressure homogenizers (HPH) have been widely used in the dairy industry to reduce the 

size of fat globules for the emulsification of milk [40] and for the disruption of microorganisms 
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[41]. A typical high-pressure homogenizer consists of one or two positive displacement pumps 

which force the cell suspension, under high pressure (usually up to 150 MPa but can be as high 

as 400 MPa with some specialized models), through an orifice to collide against a valve seat. The 

cells are then spread across the seat surface and collide on an impact ring (Fig. 4). There are 

various valve seat designs which allow the extent of cell disruption to be maximized while 

minimizing damage to the valve seat due to cavitation [42].  

A range of theories have been proposed regarding the exact disruption mechanism which occurs 

in the high-pressure homogenization. Some of these mechanisms are: impingement of cells on 

the hard surfaces of the valve seat and impact ring; turbulence; viscous and high-pressure shear; 

the sudden decrease in pressure and the subsequent release of gas bubbles which burst inside the 

cell; and the collapse of cavitation bubbles [43]. 

The major controllable parameter for high-pressure homogenization is the pressure applied on 

the medium and the subsequent pressure drop across the orifice, valve seats and impact ring. 

Other operating parameters which affect the disruption efficiency are the process temperature, 

number of passages and the valve and orifice design [43]. Nevertheless, this process can bring 

some disadvantages that should be taken into account. There is a considerable rise in temperature 

inside the chamber, which could degrade intracellular products (in this project a heat exchanger 

will be located at the outlet of the homogenizer chamber to minimize the time that the solution 

stays at high temperatures) and it has been reported that the homogenization can generate very 

fine cell debris, which may complicate the subsequent downstream processes [32]. 

The combination of this mechanical disruption technique with a chemical treatment will be 

tested, by increasing the pH of the suspension to 9 before high-pressure homogenization, since 

several reports state that the microalgae cell membranes are more fragile and more permeable at 

alkaline pH ([29], [44]). 

 

Fig. 4 – Scheme of an high-pressure homogenizer chamber [42]. 
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2.4.3. Separation of cell debris - Centrifugation 

The industrial-scale production and purification of intracellular proteins microorganisms 

following high-pressure homogenization requires efficient methods for the removal of cell debris 

particles [45]. Easy cleaning and availability of sterilisable machines have made centrifugation a 

major separation operation of microalgal biomass [46] and so it is going to be the method studied 

in this project, in which a discontinuous fixed-angle rotor will be used. The recovery of biomass 

in a centrifuge depends on (i) the biomass settling rate, (ii) the biomass residence time within the 

centrifugal field, and (iii) the biomass settling distance [46]. 

 The terminal velocity during the centrifugal settling, νw, of a small spherical particle in dilute 

suspension is given by Stoke’s law, which strictly applies to Newtonian fluids (Re>2): 

          

Where 𝜌𝑝 and 𝜌𝑓 are the densities of the particles and the culture media, respectively, 𝑑𝑝 is the 

particle diameter, ω is angular velocity of the bowl which is related to the rotating velocity, N 

(rpm), by ω = πN/30, μ is viscosity of the culture media and r is the radius of the centrifuge drum.  

However, in actual systems, there are many causes for deviations from Stokes’ law, like: non-

spherical particles, non-Newtonian rheology, hindered settling and non-laminar flow. 

Nevertheless, the equation gives useful indications as to possible improvements of the 

centrifugation [47]: 

• Sedimentation rate being proportional to the square of the particle diameter, hence 

increasing particle size, e.g., by flocculation, strongly enhances sedimentation. 

• Denser particles or less dense medium improves settling and dilution is sometimes a 

possible route to decrease the medium density;  

• In many industrial separations viscosity is reduced by heating, but this is rarely a possible 

route with heat-labile materials. Another possible way of decreasing the viscosity is to 

dilute the solution. 

In the current process, the objective of the centrifugation is to achieve the maximum quantity of 

supernatant, as clarified as possible (which means that the pellet must be very compact), without 

decreasing the concentration of soluble protein in the supernatant, and allowing a high recovery 

yield. Any solids remaining in the supernatant after centrifugation represent a possible loss of 

quality (final impurity or disturbance of further downstream processing) and liquid remaining 

 𝑣𝑤 =
(𝜌𝑝−𝜌𝑓)𝑑𝑝

2𝜔2 𝑟

18µ
                         

 

(Eq.1) 
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in the pellet represents a loss in product yield [45]. The centrifugation is, therefore, a highly 

important step in the downstream process, being responsible for the primary recovery of the 

soluble protein, right after the cell disruption.  

Hence, the parameters of the centrifugation (temperature, G force and duration) will be 

optimized, to achieve the highest volume of supernatant possible, and to understand if the 

different combinations of the parameters have any effect on protein solubility. There are currently 

no publications regarding the optimization of centrifugation parameters on the protein recovery 

yield from microalgae. Nevertheless, Table 2 presents the common parameters used in several 

studies of extraction of proteins from microalgae, at laboratory scale, that suffered different cell 

disruption methods. 

An investigation regarding the flocculation of cell debris due to variations of the pH, and 

consequent improvement of the centrifugation efficiency, will also be addressed. Several studies 

have been focused on the flocculation of microalgae cells induced by pH variation in the 

harvesting step ([48], [49]), and it has been proven to be an economical and efficient method, 

however, no publication was found regarding the effect of pH on cell debris removal. 

The influence of the concentration of biomass will also be studied, since it is possible that with 

lower concentrations, the viscosity of the solution decreases, improving the efficiency of the 

centrifugation. The effect of the inlet suspension temperature in the high-pressure homogenizer 

will be evaluated, to determine how it affects the viscosity of the homogenized solutions and 

protein extraction yield after the centrifugation.   

To estimate the quantity of cell debris that remain in the supernatant after the centrifugation, 

absorbance measurements will be made at 750 nm. Usually, this method is applied to calculate 

the microalgae biomass concentration in the upstream process [50], however, in this project it will 

be used to measure the presence of cell debris in the supernatant. 
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Table 2 – Cell disruption methods, and centrifugation operation parameters reported in several publications with focus 

on protein extraction (* - not referred). 
 

 

2.4.4. Fractionation of the protein content – Ultrafiltration 

Several different methods have been evaluated for the fractionation/concentration of proteins 

from microalgae. Cavonius et al., (2015) [8],  used a pH-shift precipitation method  based on 

isoelectric points precipitation to obtain a protein isolate, and achieved a yield of 80%(w/w). 

However, the authors report some proteins could lose their activity when precipitated [55]. 

Schwenzfeier et al., (2011)  [16] has obtained a yield of 62%(w/w) performing a dialysis followed 

by an ion exchange chromatography to retain the protein in the column and separate it from the 

other cell components, but this process is usually very time consuming [55] and expensive [56]. 

Vanthoor-Koopmans et al. (2012) [9], highlighted the use of surfactants for protein separation and 

Desai et al. (2014) [57] tested ionic liquids based aqueous two-phase separation. More recently, 

Waghmare et al. (2016) [55] studied a three-phase partitioning from crude microalgae obtaining 

a phase with 78%(w/w) of protein.  

Another possible protein fractionation process is ultrafiltration. This process is chemical-free, low 

energy and provides mild conditions. The integration of membrane technology to purify 

microalgal proteins is not highly developed. Ursu et al., (2014)  [29], has tried a polyethersulfone 

Microalgae 

Biomass 

concentration 

(g/l) 

Cell disruption method 

Centrifugation parameters 

Ref. Temp. 

(°C) 

Duration 

(min.) 

G Force 

(x1000G) 

N. gaditana 100 - HPH (1 passage at 1500 bar) 20 10 10 [22] 

C. vulgaris 25, 87.5, 145. - Bead mill * 20 20 [10] 

H. pluvialis 

N. oculata 

C. vulgaris 

P. cruentum 

A. platensis. 

2 

- HPH (2 passages at a 2700 bar) 

- Chemical treatment (2 M NaOH, pH 12) 

- Manual grinding (mortar) 

- Ultrasonication 

22 10 10 [44] 

C. reinhardtii ~2 ×107 cells/ml 
- Enzymatic treatment (Lysozyme, 

Collagenase, Trypsin, Autolysin) 
* 5 6 [51] 

A. platensis 

C. vulgaris 

H. pluvialis 

P. centum 

N. oculata 

2 
- HPH (2 passages at a 2700 bar) 

- Chemical treatment (2 M NaOH, pH 12) 
* 5 6 [52] 

C. vulgaris 

N.oleoabundans 

 

25 Pulsed electric field * 10 20 [53] 

T. suecica 17 HPH (1 passage at 200 – 1000 bar) 21 10 10 [54] 

C. vulgaris 1.3 HPH (1 and 2 passages at 2700 bar) 5 30 10 [29] 

Tetraselmis sp. 120 Bead mill 4 30 40 [16] 
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(PES) 300 kDa membrane on a supernatant from a C. vulgaris culture, previously high-pressure 

homogenized, however,  87% (w/w) of the proteins remained in the retentate. 

Safi et al. (2014) [54], tested an ultrafiltration on the supernatant from Tetraselmis suecica, with a 

100 kDa PES membrane, and obtained a yield in the permeate close to 100%, however the protein 

concentration of the mother solution was very low, about 1 g/l, which led to a smooth process in 

terms of permeate flow rate. More recently, Safi et al. (2017) [58] obtained a protein yield of 

23%(w/w) in the permeate for N. gaditana, using a PES 300 kDa membrane, retaining  65%(w/w) 

of the carbohydrates from the supernatant in the retentate.  

 The key factors determining the performance of ultrafiltration membranes are concentration 

polarization and fouling, which cause a decrease in membrane performance due to deposition of 

retained colloidal and macromolecular material on the membrane surface, pore blocking and 

irreversible adsorption of solutes at the surface of membrane and pores. When membranes are 

used to separate macromolecular or colloidal solutions, the flux falls within seconds, typically to 

0.1 cm3/cm2.min. This instantaneous drop in flux is caused by the formation of a gel layer of 

retained solutes on the membrane surface due to concentration polarization. This gel layer forms 

a secondary barrier to flow through the membrane. This first decline in flux is determined by the 

composition of the feed solution and its fluid hydrodynamics [59]. The flux resistance due to 

concentration polarization on an ultrafiltration membrane can be quantified using the concept of 

flux decline index (FDI). With the boundary-layer model, membrane flux ( 𝐽𝑣) can be expressed 

as [60]: 

Where 𝛥𝑃𝑇𝑀 is the transmembrane pressure, µ the mother solution viscosity, 𝑅𝑚 and 𝑅𝑐𝑝 are the 

flow resistances due to the membrane and concentration polarization layer, respectively. 

In this study, the ultrafiltration will be done on the supernatants with the objective of retaining 

remaining cell debris that did not sediment in the centrifugation and chlorophyll, since the green 

colour is a major obstacle for the industrial applications of microalgae protein [16]. Some 

carbohydrates are also expected to be retained, while obtaining an enriched protein solution in 

the permeate. 

An hydrophilic 300 kDa cassette membrane (PES) will be used  in a tangential flow pattern (Fig. 

5) to counter membrane fouling. In tangential flow mode, the feed fluid flows parallel to the 

 𝐽𝑣 =
𝛥𝑃𝑇𝑀

µ(𝑅𝑚+𝑅𝑐𝑝)
                         

 

(Eq.2) 
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membrane surface such that the continual sweeping action of the fluid counteracts the build-up 

of retained material on the membrane and carries it away [61]. The influence of the pH will be 

tested (pH 5, pH 7 and pH 9) to determine if it has an influence in both the fluxes and the yields 

of protein. 

 

Fig. 5 – Schematic of a tangential membrane system [46]. 
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3. Research approach  

Generally, the process starts with a frozen paste of microalgae, which is diluted with distilled 

water to a concentration of 100 g/l of dry weight. Afterwards, the microalgae suspension is high-

pressure homogenized at 1500 bar to break the cell walls and release the intercellular components. 

A centrifugation is the chosen method to separate the cell debris from the liquid. After, the 

resultant supernatant is ultrafiltrated to obtain a protein-rich permeate, free of chlorophyll (Fig. 

6). 

 

 

 

 

 

Fig. 6 – General process diagram of the project and the studies conducted in each step. 
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4. Material and methods 

4.1. General procedures   

4.1.1. Microalgae cultivation 

Both species were cultivated in saline media. 

Nannochloropsis gaditana 

Nannochloropsis gaditana, CCFM-01 (Microalgae Collection of Fitoplancton Marino S.L., CCFM) 

was grown outdoors in horizontal tubular 2000 L reactors and harvested in the exponential phase. 

The reactors use pure CO2 injection as carbon source and to control the pH in the culture. The pH 

was set at 7.5, while natural light-dark cycles and ambient temperature were used (temperatures 

ranging from 10-25°C). The reactors were inoculated with cultures grown using the standard 

conditions of the supplier (Fitoplancton Marino S.L.) in saline media, and then were harvested 

by centrifugation during the exponential growth phase and supplied as a frozen paste (32%DW) 

at -20°C. The protein composition of the batches used in this project ranged from 45 to 47%DW. 

Neochloris oleoabundans 

Neochloris oleoabundans (UTEX 1185, University of Texas Culture Collection of Algae, USA) was 

cultivated using a 1400 L vertical stacked tubular photo-bioreactor (PBR) located inside a 

greenhouse (AlgaePARC, Netherlands) and then harvested and concentrated by centrifugation. 

The algae were cultivated at a pH value of 8.0 and the temperature was controlled at 30 °C. The 

media included NaCl (49.0 g/l), MgCl2 (1.6 g/l), CaCL2 (1.1 g/l), K2SO4 (1.7 g/l), NaSO4 (6.4 g/l) and 

NaHCO3 (1.6 g/l). The cultivation was carried under natural light-dark day cycles. The microalgae 

were supplied as a frozen paste (22%DW) and stored at -20°C. The protein composition of the 

batches used in this project ranged from 40 to 51%DW. 
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Batches  

It is important to note that several batches were used throughout the experimental work. 

According to the suppliers, the batches can have some differences in respect to the microalgae 

composition and morphology, due to some variances in the upstream process. And these 

differences produced some slightly different results from batch to batch, even with the same 

downstream process conditions. 

Table 3 – Different batches used in the course of this project. 

Section of experimental work 
Batch 

N. gaditana N. oleoabundans 

5.2.1 A A 

5.2.2 A D 

5.3.1 B B 

5.3.1.3 C C 

5.3.1.4 D B 

5.3.1.4.1 E D 

5.3.2 C E 

5.3.3 F D 

5.3.4 C E 

5.4 G F 

 

4.1.2. Microalgae paste thawing and dilution 

The microalgae pastes were transferred from the -20°C room to the 4°C room, where it stayed for 

12 hours, before using. Then it was diluted to 100 g/l of dry weight and the suspensions were left 

agitating for two hours, in a IKA RW 20 agitator equipped with a Rushton impeller rotating at 

150 rpm (Fig. 7). 

 

                                                    

 

 

 

 

 

 

Fig. 7 – N. gaditana (32%DW) frozen paste and 100 g/l suspension agitating. 
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4.1.3. High-pressure homogenization  

The microalgae suspensions were passed 1 time through 1500 ± 50 bar in a GEA Niro Soavi Panda 

PLUS 2000 homogenizer (Fig. 8), at a flow rate of 11 L/h. A cooling system in which water at 15°C 

circulated around the outlet tube was integrated to the machine, to allow a rapid cooling of the 

homogenized solution. Generally the homogenization was done in batches of 500 ml. 

 

Fig. 8 – GEA Niro Soavi Panda PLUS 2000 homogenizer. 

4.1.4. Centrifugations 

Two centrifuges were used in this project, due to technical issues with one of them for a period 

of time. Both of them were used with fixed-angle rotors. The Termo Scientific Sorvall Lynx 6000 

(denominated “centrifuge A” from now on) was equipped with a F14-14×50cy rotor, in which 

falcon tubes of 50 ml were filled with 46 ml of sample. The other centrifuge was the Termo 

Scientific Sorvall RC 6 + (Fig. 9B) (denominated “centrifuge B” from now on) and was equipped 

with a SS34 rotor, in which the 40 ml proper centrifugation tubes were filled with 36 ml of sample. 

Before the centrifugation, the rotors were centrifuged with no tubes at the required temperature 

for 10 minutes. 

 

Fig. 9 – Centrifuges used in this project. A: Termo Scientific Sorvall Lynx 6000 with an F14-14×50cy rotor. B: Termo 

Scientific Sorvall RC 6 + with a SS34 rotor. 

A B 
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4.1.4.1. Volumes of supernatants 

The supernatants were weighted in a Kern KB scale, but since the densities were approximately 

1.00 kg/dm3, the results will be expressed as volume of supernatant. 

4.1.5. Microscopic observations  

Microscopic observations were conducted on a Zeiss Axioplane Universal microscope 

(transmitted light and incident light fluorescence) equipped with a Zeiss Axiocam ICC3. The 

amplification used was 1000×. A drop of immersion oil was added on the lamella to increase the 

resolving power of the pictures. 

4.1.6. Viscosity  

The viscosity was measured with a LVT Brookfield Dial reading viscometer. 50 ml of sample were 

necessary to do the measurements. The values were read 10 seconds after the spindle was rotating 

in the samples. When the effect of the temperature was studied, the samples were immersed in a 

water bath at the respective temperatures. 

4.1.7. Optical density and optical density ratio 

The optical density was measured in a Hach Lange DR 3900 spectrophotometer, at 750 nm. 

Normally, the samples were diluted 10×, to keep the absorbance bellow 1.  

The optical density ratio is a calculation to address the efficiency of the centrifugation in removing 

the cell debris from the solution, giving a value of the percentage of debris that are still in the 

supernatant. 

 𝑂𝐷𝑅 (%) =
𝑂𝐷𝑠𝑢𝑝𝑒𝑟𝑛.

 𝑂𝐷𝑛𝑜𝑛−𝑐𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑔𝑒𝑑 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

× 100 (Eq. 3) 

4.1.1. Dry weights 

The samples were weighted before and after 12 hours at 105°C, on a Heraeus Instruments 

Kelvitron+ oven, to measure the percentage of solids in the samples. 
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4.1.2. Sugar quantification  

The sugars content in the supernatants was approximated by measuring the glucose content, 

using a HANNA Instruments HI 96803 Glucose Digital Refractometer. The instrument measures 

the refractive index to determine the % of glucose in the aqueous solution. Calibration was made 

with distilled water (± 0.2% measurement accuracy). 

4.1.3. Protein quantification 

To determine the amount of protein in samples, the method of Kjeldahl was used, which results 

in a total protein concentration based on the determination of the nitrogen in the samples, and so 

it measures both soluble and insoluble proteins all together in a given sample. The Kjeldahl 

method can be divided in three steps: digestion, distillation and titration. The apparatus used in 

Kjeldahl analyses were the Gerhardt Kjeldatherm® block digestion unit and Turbosog gas 

scrubber (Fig. 10A) and the Vapodest distillation unit (Fig. 10B) (Gerhardt Analytical Systems – 

Germany). The titration step was made in a Metrohm 718 STAT Titrino.  Before the digestion, 

about 1.5 ml of the samples was added to the Kjeldahl glass tubes and left to dry for 12 hours. 

4.1.3.1. Digestion 

A kjeltab tab (3,5 g of potassium sulphate and 0,4 g copper sulphate) from Thompson & Copper 

and 9 ml of sulphuric acid (96%) were added to the dried sample in the Kjeldahl tube. Then the 

rack with tubes was inserted in the heater at 420°C during 50 minutes.  

4.1.3.2. Distillation 

After the digestion, 75 ml of distilled water was added to each tube. Each tube was then inserted 

in the Vapodest distillation unit and left to distill for 4 minutes. In this process, 80 ml of sodium 

hydroxide (33%) and 100 ml of distilled water was added to the tube. The distilled liquid was 

then poured into an Erlenmeyer with 80 ml of boric acid (5.0 g/l).  

4.1.3.3. Titration 

The nitrogen content was then estimated by titration of the ammonium borate formed with 

standard hydrochloric acid (0.1 M). Blank samples with just the reagents and distilled water were 

also ran to take into account any residual nitrogen which may be present in the reagents used. 

There was a duplicate of each sample. 
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The quantity of nitrogen can then be calculated according with the following conversion: 

𝑁(𝑚𝑔) =  (𝐻𝐶𝑙 (𝑚𝑙)𝑡𝑖𝑡𝑟𝑎𝑡𝑒𝑑 𝑤𝑖𝑡ℎ 𝑠𝑎𝑚𝑝𝑙𝑒 −  𝐻𝐶𝑙 (𝑚𝑙)𝑡𝑖𝑡𝑟𝑎𝑡𝑒𝑑 𝑤𝑖𝑡ℎ 𝑏𝑙𝑎𝑛𝑐  )  ×  [𝐻𝐶𝑙](𝑚𝑜𝑙/𝑙)  × 𝑀𝑀(𝑁)(𝑔/𝑚𝑜𝑙) 

 

(Eq. 4) 

And using the Kjeldahl conversion factor, KF, which indicates the ratio of nitrogen in the protein 

content, it is possible to calculate the total protein concentration. For both species, the conversion 

factor used was 5.5, based on a previous study conducted at the Food and Biobased Research 

department. 

4.1.4. Protein yield 

Two variables were calculated in order to evaluate the process efficiency in terms of protein 

recovery. The first one was the concentration ratio (CR%), which consists in the ratio between the 

concentration of protein in the supernatant and the concentration of protein in the non-

homogenized suspension (initial concentration). This gives an indication of the protein solubility 

under the process conditions, after the high-pressure homogenization and centrifugation. The 

second one was the yield of protein. When referring to the yield after the centrifugation (Y%), it 

considers as maximum concentration the concentration of protein in the non-homogenized 

suspension, and as final concentration the concentration of protein in the supernatant. It also 

takes into account the volume of supernatant recovered after the centrifugation, which was very 

dependent on the process conditions. The volume of liquid in the centrifugation tubes was 

considered to be the maximum recoverable volume, and corresponds to the total volume of 

solution in the tubes minus the volume occupied by the solids (admitting density of 1 Kg/dm3). 

Regarding the yield of the ultrafiltration (UFY%), it considers the volume and concentration of 

protein in the supernatant, and the same parameters on the recovered permeate. 

 

 
𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛(𝑚𝑔/𝑚𝐿) =

𝑁(𝑚𝑔) ∗ 𝐾𝐹

𝑆𝑎𝑚𝑝𝑙𝑒 𝑉𝑜𝑙. (𝑚𝑙)
 

 

(Eq. 5) 

Fig. 10 – Equipment used in the Kjeldahl method. A: Digestion, B: Distillation and C: titration. 

A B C 
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The following equations were used: 

• Concentration ratio, CR (%), and yield, Y (%), after homogenization and centrifugation: 

 

 𝐶𝑅 (%) =
𝐶𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡(𝑚𝑔/𝑚𝑙)

 𝐶𝑛𝑜𝑛−ℎ𝑜𝑚𝑜𝑔𝑒𝑛𝑖𝑧𝑒𝑑 𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛(𝑚𝑔/𝑚𝑙)
× 100 (Eq. 6) 

 

 𝑌(%) =
𝑉𝑆𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡  (𝑚𝑙) ×  𝐶 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡(𝑚𝑔/𝑚𝑙)

𝑉𝑙𝑖𝑞𝑢𝑖𝑑 𝑖𝑛 𝑐𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑔𝑒 𝑡𝑢𝑏𝑒 (𝑚𝑙) ×  𝐶𝑛𝑜𝑛−ℎ𝑜𝑚𝑜𝑔𝑒𝑛𝑖𝑧𝑒𝑑 𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛(𝑚𝑔/𝑚𝑙)
× 100 

(Eq. 7) 

 

• Yields on the permeate after UF (UF Y%) and global yield (Global Y%): 

 

 𝑈𝐹𝑌(%) =
𝑉𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒  (𝑚𝑙) ×  𝐶𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒(𝑚𝑔/𝑚𝑙)

𝑉𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡  (𝑚𝑙) ×  𝐶𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡(𝑚𝑔/𝑚𝑙)
× 100 (Eq. 8) 

 

𝐺𝑙𝑜𝑏𝑎𝑙 𝑌(%) =
𝑉𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒  (𝑚𝑙) × 𝐶𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒(𝑚𝑔/𝑚𝑙)

𝑉𝑙𝑖𝑞𝑢𝑖𝑑 𝑖𝑛 𝑐𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑔𝑒 𝑡𝑢𝑏𝑒 (𝑚𝑙) ×  𝐶𝑛𝑜𝑛−ℎ𝑜𝑚𝑜𝑔𝑒𝑛𝑖𝑧𝑒𝑑 𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛(𝑚𝑔/𝑚𝑙)
× 100 (Eq. 9) 

 

4.1.5. Ultrafiltration 

A Merck Millipore Labscale™ Tangential Flow Filtration system (Fig.11) was used for the 

ultrafiltration step. The system includes a 500 ml acrylic vessel incorporated with a magnetic 

stirrer, three inlet ports on top (retentate, recirculate and air) and one outlet exit in the bottom. A 

diaphragm pump with maximum feed rate (water) of 100 ml/min (at 4.14 bar) pushes the solution 

from the vessel through the cassette membrane.  

 

Fig. 11 – Millipore Labscale™ TFF System filtrating a supernatant from N. gaditana at pH 5, at a TMP of 1.38 bar. 

Before filtrating the supernatants, a first step of flushing with distilled water was executed to 

clean the system and the membrane cassette, as well as wash out the NaOH solution from the 
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system. The fluxes of clean water were measured to compare with those after usage and cleaning. 

To make sure all of the NaOH was removed, the pH of the permeate stream was checked with a 

paper indicator. 

 After, the supernatant sample was introduced in the vessel and pumped through the membrane. 

A volume of 300 ml was used for all experiments. The retentate was recirculated to the vessel and 

constantly mixed with the magnetic stirrer. The pressure used in all experiments was 2.07 bar for 

the feed pressure and 0.69 bar for the retentate pressure (TMP = 1.38 bar). The operation was 

running until 200 ml were recovered in the permeate. 

Next, the system was cleaned by flushing with distilled water until no colour was seen in the 

system. After, a 0.1M NaOH solution was recirculated to regenerate the membrane for one hour, 

and then a new solution was left inside the system. 

The permeate flux (𝐽𝑚) of the filtrations was monitored. The permeate was measured 2 minutes 

after the start of the filtration and every 5 minutes after that. 

 

The initial resistances, Ri, (fluxes after 2 minutes of filtration) and the final resistances, Rf, (final 

fluxes) were calculated by equation 11. The initial viscosities (µ) were considered to be the 

viscosities of the supernatants at the respective pH values and the final viscosities were the 

viscosities of the retentates at the end of each filtration (the final viscosities of N. gaditana were 

considered to be the same as the ones of N. oleoabundans). The densities of the supernatants were 

approximately 1.00 kg/dm3, and so the resistance calculations were done with the volumetric 

fluxes (Jv) values. 

The average apparent transmission coefficients will also be calculated, using the final 

concentration of protein in the retentate and in the permeate, according to equation 12:   

 𝑇𝑎 =
𝐶𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒(𝑚𝑔/𝑚𝑙)

𝐶𝑟𝑒𝑡𝑒𝑛𝑡𝑎𝑡𝑒(𝑚𝑔/𝑚𝑙)
 

(Eq. 12) 

 

𝐽𝑚 (
𝑘𝑔

ℎ. 𝑚2
) =

𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑒 𝑀𝑎𝑠𝑠 (𝑘𝑔)𝑡+𝑥 𝑚𝑖𝑛. − 𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑒 𝑀𝑎𝑠𝑠 (𝑘𝑔)𝑡

𝐴 (𝑚2) × 𝑥 (𝑚𝑖𝑛. )
× 60 (𝑚𝑖𝑛. ) (Eq. 10) 

 𝐽𝑣 =
𝛥𝑃𝑇𝑀

µ.𝑅
                         

 

(Eq.11) 
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4.1.5.1. Membrane  

The ultrafiltration cassette used in the system was a Merck Millipore Pellicon XL 50 cassette with 

a flat plate format. The membrane media was Biomax®, composed of Polyethersulfone (PES), 

with a filtration area (A) of 50 cm2 and a holdup volume of 3.2 ml.  The cut-off was 300 kDa. This 

membranes has a maximum TMP of 2.8 bar and was stored with a solution of 0.1M NaOH to 

preserve their integrity.  

4.1.6.  SDS-PAGE 

The protein compositions of the algae extracts were analysed using SDS-PAGE under reducing 

conditions on a XCell SureLock Mini-Cell Electrophoresis System. The samples were diluted with 

distilled water to 1 mg/ml. The gels used were Novex™ NuPAGE® 10% Bis-Tris. The running 

buffer was the NuPAGE® MES (20×), the sample buffer was NuPAGE® LDS Sample Buffer (4×) 

and the reducing agent was the NuPAGE® Sample Reducing Agent (10×), containing 500 mM 

DTT, all from ThermoFisher Scientific. The standard marker used as reference was See-Blue® 

Plus2 Pre-Stained Protein Standard. A Power Pac 200 (BioRad) at 200 V was used to run the gel, 

for approximately 30 minutes. After, the gel was coloured with the SimplyBlue SafeStain solution 

and the pictures were taken with a GS-800 Calibrated Densitometer. The detailed protocols are 

in the attachment “A”. 

4.1.1. Native-PAGE  

The native protein compositions of the algae extracts were also analysed using Native-PAGE on 

a XCell SureLock Mini-Cell Electrophoresis System. The samples were diluted with distilled 

water to 1 mg/ml. The gels used were Novex™ 4-20% Tris-Glycine. The running buffer was the 

Tris-Glycine native running buffer (10×) and the sample buffer was the Tris-Glycine Native (2×). 

The standard marker used as reference NativeMark™ Unstained Protein Standard from 

Novex™, all from ThermoFisher Scientific. A Power Pac 200 (BioRad) at 125 V was used to run 

the gel, for approximately 90 minutes. After, the gel was coloured with the SimplyBlue SafeStain 

solution and the pictures were taken with a GS-800 Calibrated Densitometer. The detailed 

protocols are in the attachment “B” 
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4.2. Project specific procedures 

4.2.1. High-pressure homogenization studies 

To study how an alkaline pH affects the permeability of the cell membranes, two non-

homogenized samples were agitated for 2 hours with a magnetic stirrer, and the pH of one of 

them was adjusted to pH 9 with NaOH (2M). Another sample from the same batch was submitted 

to high-pressure homogenization to evaluate the relative efficiency of this step. After, the samples 

were centrifuged on centrifuge B, for 15 minutes, at 22°C and 15000 g. 

In the study regarding the pH adjustment before and after homogenization, one microalgae 

suspension sample was adjusted to pH 9 with NaOH (2M), and left agitating with a magnetic 

stirrer for 2 hours before the cell disruption method. Another microalgae sample was first 

submitted to homogenization and then the pH was adjusted to pH 9, and it was left agitating for 

2 hours. A blanc solution, without any pH adjustment was also homogenized. After, the 

homogenized samples were centrifuged on centrifuge B for 20 minutes, at 22°C and 30000 g. For 

N. oleoabundans it was possible to obtain a clear supernatant for all samples. However, with N. 

gaditana, in the samples where the pH was adjusted to pH 9, the centrifugation was not efficient, 

being the supernatant extremely turbid. For that reason, the turbid supernatants were centrifuged 

for 10 minutes, at 22°C and 30000 g and a clearer supernatant was obtained. The protein content 

of that supernatant was then also analysed. Two replicates were done for each experiment.  

4.2.2. Centrifugation studies 

The first study regarding the centrifugation aimed to find the ideal parameters of the 

centrifugation (temperature, G force and duration), to maximize the yield of protein recovery. In 

order to discover the combination of the parameters that maximize the centrifugation efficiency, 

a design of experiments (DoE) was conducted using the software MINITAB, applying the surface 

design tool, using three factors, two duplicates and six central points. The software receives as 

input a range of values for each parameter and creates a design of experiments to determine the 

possible outcomes. Since a published study regarding the influence of the centrifugation 

parameters on microalgae protein extraction was not found, the range was based on the 

parameters reported in several microalgae protein extraction publications (Table 4) and the 

previous work in the laboratory of FBR. The majority of the studies reported in Table 4 do not 

state the temperature at what the centrifugation occurred, and so a broad range of temperatures 

will be studied, from 4°C to 22°C. As for the time, it was decided that the minimum duration will 
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be 5 minutes, and the maximum 15 minutes, regarding the G force the minimum value would be 

10000 g and the maximum 15000 g, which according to previous work in the laboratory of FBR 

should be enough to get a good separation, without entering in high energy expense values. The 

software design of the experiment led to 13 experiments, combining the different parameters. To 

further analyse the isolated influence of the temperature of the centrifugation, a new study was 

made, fixating the G force at 15000 g, during 15 min., and trying several different temperatures: 

4°C, 13°C, 22°C, 31°C and 40°C.  Centrifuge A was used in this study.  

On the study regarding the pH effect on the centrifugation efficiency, the pH of the solutions was 

adjusted after homogenization, with either HCl (2M) or  NaOH (2M), to pH 4,5,8 or 9. The 

solutions were left agitating for 30 minutes with a magnetic stirrer before centrifugation on 

centrifuge B for 15 minutes, at 22°C and 15000 g. In the cases of pH 8 and 9, the centrifugations 

were not so efficient and therefore the supernatants of the previous centrifugation were 

centrifuged for 10 minutes, at 22°C and 30000 g to obtain clear supernatants and a more accurate 

measurement of the protein concentration in the supernatants. 

To test the influence of biomass concentration, the homogenized solutions (100 g/l) were diluted 

with distilled water to obtain the desired concentrations (50,60,70,80,90 g/l) and left agitating for 

10 minutes. Afterwards, the centrifugations were performed on centrifuge A. The N. oleoabundans 

samples were centrifuged for 15 minutes, at 22°C and 15000 g. However, for N. gaditana, a 

centrifugation for 30 minutes, 22°C and 30000 g was needed to obtain a clear supernatant. 

Regarding the study of testing different inlet temperatures in the  homogenizer, the microalgae 

suspensions were put in water baths at the temperatures of 4°C, 13°C and 22°C before the 

homogenization. Afterwards, the N. oleoabundans homogenized sample was centrifuged on 

centrifuge A for 15 minutes, at 22°C and 15000 g. However, for N. gaditana, a centrifugation for 

30 minutes, 22°C and 30000 g was needed to obtain a clear supernatant. Two replicates were done 

for each experiment.  

4.2.3. Ultrafiltration study 

Both species solutions were centrifuged for 15 minutes, at 22°C and 15000 g on centrifuge A, after 

homogenization. Afterwards, the pH of the supernatants was adjusted with HCl (2M) or NaOH 

(2M) to pH 5, 7 or 9, and the solutions were left agitating for 30 minutes before the filtrations. The 

filtrations were running until 2/3 of the supernatant was filtrated. Every 5 minutes the weight of 

the permeate was measured. 
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5. Results and discussion  

5.1. Protein composition of the supernatants 

As a starting point, is it important to know the protein composition of the microalgae under 

study. The Native-PAGE (Fig.12A) shows a diverse profile of proteins, with an intense band 

above 480 kDa, indicating the presence of the RuBisCO protein complex, which is composed by 

8 large and 8 small subunits, and weights around 540 kDa [57]. In the SDS-PAGE profile 

(Fig.12B), the high intensity band at 50 kDa band possibly indicates the presence of the large 

subunit of RuBisCO and the band around 14 kDa might be correspondent to the small subunit 

[16]. Besides RuBisCO, no other bands seem to stand out in Fig.12.  

 

            

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12 – Native (A) and SDS-PAGE (B) profiles of the supernatants, after centrifugation and cell disruption with 

high-pressure homogenization at 1500 bar. Legend: M - Marker; 1 - N. gaditana; 2 - N. oleoabundans. 

The electrophoretic profile obtained for both microalgae, however, confirms a high diversity in 

the protein composition, which can be explained by the fact that microalgae do not accumulate 

distinct storage proteins as nitrogen source. The proteomics studies realized by Wang et al. (2004) 

[62] and Contreras et al. (2008) [63], on several different microalgae species, indicate that the 

majority of the proteins are enzymes involved on photosynthesis and other metabolic activities.              

         A) Native-PAGE       B) SDS-PAGE 
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5.2. High-pressure homogenization optimization 

5.2.1. Influence of alkaline pH on the permeability of non-homogenized cells  

To access the influence of an increase of pH in the permeabilization of the cell membranes, a study 

was made by increasing the pH of the non-homogenized (NH) suspensions to pH 9 and then 

centrifuging it to measure how much soluble protein migrates to the supernatant. The results 

obtained at pH 9 were compared to the ones obtained at native pH (6.52 for N. gaditana and 6.00 

for N. oleoabundans). In another test, one sample was high-pressure homogenized (HPH) at native 

pH, prior to centrifugation, to access the relative efficiency of the high-pressure homogenization 

in releasing the protein content (Fig. 13). 

 

 

Fig. 13 – The top two graphics show the concentration ratio (CR) and optical density ratio (ODR) of the supernatants. 

The bottom two show the volume of supernatant obtained in each centrifugation and the yields. The high-pressure 

homogenized samples (HPH) were submitted to 1500 bar. All samples were centrifuged on centrifuge B, in 40 ml tubes 

filled with 36 ml of sample (15 min., 15000 g, 22°C). Before centrifugation, the non-homogenized suspensions (NH) 

were agitated with a magnetic stirrer for 2 hours, at the respective pH. The native pH of the suspensions before 

homogenization was 6.52 for N. gaditana and 6.00 for N. oleoabundans. After, the pH increased to 6.70 and 6.07, 

respectively.  

With homogenization before the centrifugation, the concentration ratios obtained were 

46.7%/initial concentration for N. gaditana and 56.7%/initial concentration for N. oleoabundans.  

N. gaditana          N. oleoabundans 
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As for the concentration ratios of the non-homogenized samples at native pH, a value of 

10.7%/initial concentration was obtained for N. gaditana and 33.6%/initial concentration for N. 

oleoabundans.  

The values of the concentration ratios after centrifugation of the non-homogenized samples were 

surprisingly high when compared with the values of the homogenized samples, especially for N. 

oleoabundans, where the high-pressure homogenization only brought an improvement of 23.1%. 

It is possible that some cells were already disrupted due to the freezing-thawing process, 

justifying the release of the intracellular proteins without the cell disruption step. The freezing 

process can disrupt cells because the formation of extracellular ice crystals makes the extracellular 

medium hypertonic, given that water is being removed from the solution. This causes the cell to 

shrink and swell during the thawing, causing damages to the cell membrane [64]. Ben-Amotz 

and Gilboa (1980) [65] reported that when algae are cultivated in a saline media, they became 

especially sensitive to this procedure due to the accumulation of salts in the solution. The author 

also reports that the degree of damage reflects different properties and compositions of the algal 

membranes, which may indicate that the cell wall of N. oleoabundans is less resistant. In fact, N. 

oleoabundans is a native freshwater microalgae, with halotolerance capacity [66] (opposingly to N. 

gaditana, which is naturally a marine microalgae [67]) and since it was cultivated in a saline media, 

perhaps the cell wall is not so resistant to the osmotic pressures variations. Besides, the 

centrifugation itself can cause the disruption of some cells. Xu et al. (2015) [68] reported that 50% 

of the cells of Dunaliella salina were disrupted after centrifugation during 10 minutes at 15000 g 

(same G force used in this study). However, this species has a very fragile cell wall [68], and so, 

the effect of the centrifugation shear stress would not be that relevant in microalgae with a rigid 

cell wall, like N. gaditana [22] and N. oleoabundans [38]. 

The pH 9 adjustment caused an increase on the concentration ratios for both species, from 10.7% 

to 13.4%/initial concentration in N. gaditana and from 33.6% to 39.1%/initial concentration in N. 

oleoabundans. This result is in agreement with Ursu et al. (2014) [29], who also denoted an increase 

of the concentration ratio after treatment at pH 9 for the green microalgae C. vulgaris, and with 

Safi et al. (2014) [44], who achieved an increase of soluble protein with several green microalgae, 

at pH 12. According to Safi et al. (2014)  [52],  for cellulose-rich cell walls, such as N. gaditana and 

N. oleoabundans, the sodium hydroxide is able to penetrate the cellulose microcrystalline structure, 

forming alcoholates in a process similar to mercerisation, and can also dissolve the hemicelluloses 

attached to the cellulose, favouring solubilisation of cell wall proteins. Besides that, Li et al. (2016) 

[69] reported that the polar lipids located in the cell and chloroplast membranes, can be saponified 
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in this bleaching process, weakening the resistance of the cell wall and increasing the permeability 

of the membrane and release of proteins. 

The volumes of supernatant recovered were higher in the centrifugations of non-homogenized 

cells (Fig. 13). The non-homogenized cells are naturally bigger than the cell debris, which 

facilitates the sedimentation, and furthermore the viscosity is lower than in the homogenized 

solutions (section 5.3.1.4.1). Nevertheless, since the concentration of soluble proteins in the 

supernatant was lower, the yields turned out to be higher for the homogenized cells. 

Interestingly, with N. gaditana, the supernatant of the non-homogenized sample treated with pH   

9 had a green colour, while the non-treated sample had a yellowish colour (Fig. 14A). Chlorophyll 

is a hydrophobic pigment, and so it would be expected that it would precipitate on the pellet, 

however, it can be linked to some cell debris and chloroplastic fragments that remain on the 

supernatant or associated with soluble proteins [16]. Since the protein release was higher on the 

pH 9 sample, it is possible that more proteins had chlorophyll linked to them, leading to a green 

colour. Furthermore, Li et al. (2016) [69]  studied the removal of chlorophyll from the green 

microalgae Scenedesmus sp. at alkaline conditions, and stated that sodium hydroxide permeates 

the cell and reacts with chlorophyll, generating water-soluble sodium magnesium chlorophyllin 

(SMC) and phytol, and the generated SMC molecules can then diffuse outside the cell. This 

mechanism is possibly occurring in N. gaditana and causing the supernatant to become green. 

Regarding N. oleoabundans, the supernatants of the non-homogenized samples were very turbid 

with a brown/green colour (Fig. 14B), which possibly indicates the present of several 

chloroplastic fragments in the liquid phase. This goes in agreement with the hypothesis that some 

cells can be disrupted during centrifugation, and as a consequence, smaller cell debris are formed.  

 

 

 

 

 

 

Fig. 14 – Pictures of the supernatants of the non-homogenized samples. The samples were centrifuged on centrifuge B, 

in 40 ml tubes filled with 36 ml of sample (15 min., 15000 g, 22°C). Before centrifugation, the samples were agitated 

with a magnetic stirrer for 2 hours, at the respective pH.  The native pH of the suspensions was 6.52 for N. gaditana 

and 6.00 for N. oleoabundans 

N. gaditana      N. oleoabundans 

A B 



33 

 

5.2.2. Influence of alkaline pH in combination with high-pressure 

homogenization 

To access if the treatment with pH 9 could act in synergy with the mechanical disruption to 

increase the protein yield extraction, the pH of one microalgae suspension was adjusted to pH 9 

before homogenization. After the cell disruption, the pH of this sample decreased to 8.10 in the 

case of N. gaditana and to 7.84 in the case of N. oleoabundans, due to the intracellular medium being 

more acid. The adjustment to pH 9 after homogenization at the native pH was also experimented, 

to evaluate the solubility of the intracellular proteins at this pH.  

After the homogenization, it was very difficult to centrifuge the samples of N. gaditana adjusted 

to pH 9, either before or after this step, with the supernatant and the pellet being practically 

indistinguishable. At the native pH (6.70), however, there was a significant difference between 

the colour of the supernatant (clear) and the colour of the pellet (dark) (hardly distinguishable on 

the pictures (Fig. 15A)), and so it was possible to separate the supernatant, although the pellet 

was still quite liquid. The volumes of supernatant of the samples adjusted to pH 9 were higher 

because, since there was no difference between the supernatant and the pellet, the turbid liquid 

was poured out of the tubes and only some particles were sedimented on the bottom (Fig. 15A). 

Regarding N. oleoabundans, it was possible to get clearer supernatants in all of the samples, 

however, the pH adjustment also had a negative effect on the centrifugation efficiency, since the 

volumes of supernatant recovered were lower than at the native pH (6.21). The influence of the 

pH on the volume of supernatant recovered will be studied in detail in section 5.3.3.  

 

Regarding the concentration ratios obtained for N. gaditana (Fig. 16), the higher values were 

achieved with the samples treated at pH 9, around 75%/initial concentration. At the native pH, a 

lower concentration ratio of 46.7%/initial concentration was obtained. However, as previously 

said, the supernatants of the samples treated at pH 9 were very turbid, meaning that a lot of 

N. gaditana     N. oleoabundans 

N. gaditana         N. oleoabundans 

Fig. 15 – Pictures of the pellets and supernatants after high pressure homogenization at 1500 bar and centrifugations. 

The samples were centrifuged on centrifuge B, in 40 ml tubes filled with 36 ml of sample (20 min., 30000 g, 22°C). 

The native pH of the suspensions was 6.70 for N. gaditana and 6.21 for N. oleoabundans. Abbreviatures: P - Pellet; S 

- Supernatant; HPH - High-pressure homogenization. 
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debris were in the supernatant and consequently a lot of insoluble proteins were present in those 

cell debris, making these results misleading. The relation between the turbidity and the 

concentration of insoluble proteins will further be explored in section 5.3.1. 

 

Fig. 16 – The top two graphics show the concentration ratio (CR) and optical density ratio (ODR) of the supernatants. 

The bottom two show the volume of supernatant obtained in each centrifugation and the yields. The high-pressure 

homogenized samples (HPH) were submitted to 1500 bar. All samples were centrifuged on centrifuge B, in 40 ml tubes 

filled with 36 ml of sample (20 min., 30000 g, 22°C). The samples were agitated with a magnetic stirrer for 2 hours, at 

the respective pH, either before or after homogenization. The native pH of the suspensions before homogenization was 

6.52 for N. gaditana and 6.12 for N. oleoabundans. After, the pH increased to 6.70 and 6.21, respectively. In the samples 

treated with pH 9 before homogenization, the pH decreased to 8.10 and 7.84. 

Because the concentration ratios of the N. gaditana samples treated at pH 9 were being enhanced 

due to a high amount of proteins included in the cell debris, the supernatants were centrifuged 

again, in order to sediment the cell debris, and to subsequently analyse accurately the protein 

concentration of these supernatants (Fig. 17). 

 

N. gaditana          N. oleoabundans 
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Fig. 17 – Concentration ratio (CR) and optical density ratio (ODR) of the supernatants from the centrifugation of the 

turbid supernatants from the first centrifugation of N. gaditana. All samples were centrifuged on centrifuge B, in 40 

ml tubes filled with the turbid supernatants from the first centrifugations (10 min., 30000 g, 22°C).  

The concentration ratios obtained after the centrifugation of the supernatants from N. gaditana, 

show that the concentration ratios were actually similar (Fig. 17), indicating that the pH 

adjustment did not have any significant influence in the process. The fact that the pH adjustment 

before homogenization did not result in higher concentration ratios is surprising, since the 

treatment with pH 9 appeared to contribute to the permeabilisation of the cell walls (section 5.2.1) 

and the microscope images (Fig. 18) confirm that less cells are intact after homogenization in the 

samples pre-adjusted to pH 9. It is possible that the isoelectric point of a group of intracellular 

proteins is in the range of the pH after homogenization (8.10), inducing some proteins to 

precipitate due to net charge neutralization, and that can overpower the fact that more cells are 

being disrupted. Cavonius et al. 2015 [8] tested the solubility of proteins from Nannochloropsis 

oculata in the range of pH 1 - 12 and  also reports a minor decline of solubility from the native pH 

(6,5) to pH 12. This tendency was also verified in the green algae Tetraselmis sp. [16], and Spirulina 

sp.[70] suggesting that considerable similarities exist between various microalgal proteins, even 

though they belong to distinct taxonomic groups [8]. As for N. oleabundans, there was practically 

no difference in the solubility with pH 9 treatment either before or after homogenization. This 

can indicate that the effect of the pH 9 in disrupting the cells overpowers some possible isoelectric 

point that cause proteins to precipitate. 

As for the yields, these were higher in the sample treated with pH 9 before the homogenization 

on N. gaditana, however, as previously said, these results are misleading since the supernatants 

were very turbid. For N oleoabundans, the higher yield was obtained at the native pH, since the 

concentrations of soluble protein were not affected by the pH but it was possible to recover more 

supernatant at the native pH.  
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Fig. 18 – Microscope observations with 1000× amplification with 100 g/l of biomass. A: Non-homogenized suspension; 

B: Homogenized solutions without pH adjutment; C: Homogenized solutions with previous pH 9 adjustment. 

5.2.3. Analysis of the yields obtained at native pH 

The yields of protein extraction after high-pressure homogenization without pH adjustment were 

relatively low, around 27.6%(w/w initial protein) for N. gaditana and 29.7%(w/w initial protein) 

for N. oleoabundans (Fig. 16). And naturally these values are due to the low concentration of 

proteins in the supernatant and the low volume of supernatant recovered (59.1% of the liquid in 

the tube for N. gaditana and 66.8% for N. oleoabundans). 

The values of the concentration ratios were 46.7%/initial concentration for N. gaditana and 

44.4%/initial concentration for N. oleoabundans. The first reason to explain these low results is that 

N. gaditana    N. oleoabundans 

B B 

C C 

A A 
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there were still a lot of intact cells after homogenization (Fig. 18), and so the intercellular protein 

probably was not released. These results are, however, in the range of the values reported in the 

literature for the extraction of protein from this species by mechanical cell disruption methods. 

Safi et al. (2017) [22], reported a concentration ratio of 50%/initial concentration after high-

pressure homogenization of N. gaditana and Postma et.al (2016) [71] reported a concentration ratio 

of 35%/initial concentration for N. oleabundans after bead mill cell disruption. Safi et al. (2017) [22] 

states that the majority of the protein released to the aqueous phase after cell disruption by high-

pressure homogenization is cytosolic.  

The fact that such low concentration ratios are obtained can be related with the physiology of 

microalgae cell itself. Like all eukaryotes, but unlike the bacteria and archaea domains, algae cells 

contain membrane-bound organelles, including the nuclei containing their genetic information 

[72]. Phong et al. (2016) [23] reported that the intracellular compounds of microalgae, including 

proteins, are mostly located in globules or bound to complex membranes, making the extraction 

of cell contents a great challenge. The majority of this membranes and organelles aggregates are 

expected to sediment in the pellet, taking a lot of protein with them. Large amounts of anionic 

cell-wall polysaccharides, such as alginate, in the case of N. gaditana, and neutral polysaccharides, 

like cellulose, present abundantly in the cell walls of both species, can also difficult the protein 

accessibility [73].  

The high-pressure homogenization may also be responsible for some protein aggregation and 

consequent sedimentation on the centrifugation. The temperatures that the microalgae solution 

attains inside the chamber of the high-pressure homogenizer are around 50°C. At temperatures 

higher that 35°C, proteins start the unfolding process, forming an intermediate state, between the 

native and the unfolded state. When the proteins are in the intermediate state, it is possible that 

they attach to other proteins in the same state, forming aggregates [74]. In addition, according to 

Jenkins and Walsh (2002) [75], when there is a partial polymer unfolding or denaturation 

(normally caused by heating), carbohydrates molecules can cross-link with each other and with 

proteins in an interconnected three-dimensional network structure. Microalgae have high 

percentages of proteins and carbohydrates in their composition, which might enhance this 

phenomenon. The shear stress inflicted throughout this operation  can also alter the native fold 

of the protein and break the non-covalently bound subunits, leading to further aggregation [76]. 

The other factor that greatly influences the yield is the quantity of supernatant recovered. After 

the centrifugations, the pellets were still very loose and liquid, and so the decantation of the 

supernatants had to be done carefully so that the debris were not taken into the supernatant. This 
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difficulty and the influence of the centrifugation parameters on the recovery of the supernatant 

were further studied in section 5.3. 

5.3. Centrifugation optimization 

5.3.1. Operational parameters  

A design of experiences (DoE) was performed in order to optimize the centrifugation step. In 

Table 4, the experimental results obtained to fill the MINITAB DoE are shown, namely the 

supernatant concentration, optical density and volumes, as well as the concentration ratios and 

yields obtained for each combination of parameters.  

Table 4 – Experimental results of supernatant concentration, optical density and volume as well as the 
concentration ratios and yields, for each combination of centrifugal parameters. The centrifugations were done in 
centrifuge A, in 50 ml tubes filled with 46 ml of sample. 

Centrifugation 

parameters 
N. gaditana N. oleoabundans 

T(°C) 
G force 

(x1000) 

Duration 

(min.) 

Supern. 

Conc. 

(g/l) 

Supern. 

OD 

CR 

(%) 

ODR 

(%) 

Vol. 

Super. 

(ml) 

Yield 

(%) 

Supern. 

Conc. 

(g/l) 

Supern. 

OD 

CR 

(%) 

ODR 

(%) 

Vol. 

Super. 

(ml) 

Yield 

(%) 

4 10 10 
23.81  
± 0.29 

4.74 
± 0.65 

50.14 
± 0.62 

4.78 
± 0.65 

11.64 
± 0.35 

14.09 
± 0.60 

24.58 
± 0.01 

0.99 
± 0.02 

59.42 
± 0.10 

0.96 
± 0.01 

18.50 
± 0.09 

26.61 
± 0.10 

4 12.5 5 
23.47 
± 0.01 

4.18 
± 0.09 

49.43 
± 0.01 

4.22 
± 0.09 

8.35 
± 0.33 

9.96 
± 0.39 

25.73 
± 0.01 

1.85 
± 0.01 

62.20 
± 0.01 

1.80 
± 0.01 

15.64 
± 0.01 

23.55 
± 0.01 

4 12.5 15 
22.79 
± 0.20 

3.32 
± 0.12 

48.00 
± 0.42 

3.35 
± 0,12 

15.15 
± 0.07 

17.54 
± 0.07 

25.08 
± 0.10 

0.83 
± 0.04 

60.63 
± 0.24 

0.80 
± 0.03 

20.77 
± 0.23 

30.52 
± 0.45 

4 15 10 
23.41 
± 0.10 

4.13´ 
± 0.06 

49.31 
± 0.20 

4.17 
± 0.06 

14.28 
± 0.09 

16.99 
± 0.18 

25.14 
± 0.07 

1.09 
± 0.04 

60.77 
± 0.18 

1.06 
± 0.03 

20.26 
± 0.03 

29.81 
± 0.12 

13 10 15 
23.11 
± 0.09 

3.57 
± 0.26 

48.68 
± 0.19 

3.61 
± 0.26 

14.20 
± 0.18 

16.67 
± 0.27 

23.74 
± 0.01 

0.66 
± 0.01 

57.39 
± 0.03 

0.64 
± 0.01 

19.24 
± 0.14 

26,74 
± 0.21 

13 10 5 
23.70 
± 0.18 

4.28 

± 0.30 
49.93 
± 0.38 

4.32 
± 0.30 

7.00 
± 0.20 

8.43 
± 0.31 

25.44 
± 0.27 

2.52 
± 0.01 

61.52 
± 0.64 

2.46 
± 0.07 

18.53 
± 0.15 

24.39 
±0.20 

13 12.5 10 
23.14 
± 0.37 

3.58 
± 0.20 

48.73 
± 0.18 

3.61 
± 0.20 

13.98 
± 0.73 

16.43 
± 0.81 

24.61 
± 0.09 

1.09 
± 0.08 

59.49 
± 0.23 

1.10 
± 0.07 

19.71 
± 0.43 

28.40 
± 0.51 

13 15 5 
23.36 
± 0.12 

4.17 
± 0.16 

49.21 
± 0.26 

4.21 
± 0.16 

10.68 
± 0.35 

12.67 
± 0.34 

25.62 
± 0.07 

1.84 
± 0.12 

61.93 
± 0.16 

1.79 
± 0.11 

17.78 
± 0.02 

26.67 
± 0.05 

13 15 15 
22.52 
± 0.16 

2.62 
± 0.05 

47.44 
± 0.33 

2.65 
± 0.05 

17.95 
± 0.04 

20.55 
± 0.11 

23.82 
± 0.01 

0.49 
± 0.02 

57.58 
± 0.01 

0.48 
± 0.02 

21.74 
± 0.03 

30.32 
± 0.04 

22 10 10 
22.81 
± 0.34 

3.43 
± 0.04 

48.05 
± 0.71 

3.46 
± 0.04 

12.50 
± 0.01 

14.49 
± 0.21 

24.02 
± 0.21 

0.77 
± 0.05 

58.06 
±0.50 

0.75 
± 0.05 

19.06 
± 0.05 

26.78 
± 0.33 

22 12.5 5 
22.39 
± 0.04 

3.08 
± 0.05 

47.17 
± 0.08 

3.11 
± 0.05 

9.95 
±0.01 

11.33 
± 0.02 

25.59 
± 0.05 

1.83 
± 0.05 

61.86 
±0.12 

1.78 
± 0.04 

17.70 
± 0.15 

26.52 
± 0.19 

22 12.5 15 
22.20 
± 0.14 

2.73 
± 0.01 

46.76 
± 0.29 

2.75 
± 0.01 

17.24 
±0.14 

19.44 
± 0.02 

24.67 
± 0.07 

0.66 
± 0.02 

59.64 
± 0.16 

0.64 
± 0.02 

22.02 
± 0.03 

31.79 

± 0.13 

22 15 10 
22.22 
± 0.16 

2.96 
± 0.03 

46.80 
± 0.33 

2.99 
± 0.03 

15.18 
±0.39 

17.13 
± 0.29 

23.90 
± 0.22 

0.57 
± 0.01 

57.79 
± 0.53 

0.56 
± 0.01 

20.77± 

0.02 
29.08 
± 0.24 
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After submitting the experimental results in the software, it calculated the optimal parameters 

that optimize each variable. The aims were: high supernatant concentration, low optical density, 

high volume, and high yield. The results are presented in the tables bellow (Table 5, Table 6). 

Table 5 – Optimized variables according to the Minitab software for N. gaditana, and respective centrifugation 

parameters. 

 

 

 

 

Table 6 – Optimized variables according to the Minitab software for N. oleoabundans, and respective centrifugation 

parameters. 

 

 

 

 

By analysing the results obtained directly from the experimental work and the optimized 

parameters projected by the software, it is possible to draw up several assumptions on how the 

centrifuge efficiency depends on the operational parameters.   

5.3.1.1. N. gaditana 

Regarding the concentration of protein in the supernatant of N. gaditana, the software indicates 

that the concentration would be higher at cold temperatures, 4.18 °C, and for the lowest duration 

(5.0 min.) and G force (10000 g) studied. Interestingly, the conjugation of parameters that 

minimize the optical density demonstrate an opposite tendency, that is, the highest temperature 

(22.0°C), duration (15.0 min.) and G force (15000 g) studied, which indicates that the supernatants 

with the highest concentrations were also the supernatants with the highest optical densities, and 

therefore with the highest concentration of cell debris. In fact, when comparing the values of 

protein concentration with the optical density (Fig. 19), we find a correlation between the two 

factors. 

Optimized variable Optimization Temp. (°C) Time (min.) 
G Force 

(x1000G) 

Supern. Conc (g/l) Max. = 23.82 4.18 5.0 10.0 

Supern. OD  Min. = 2.21 22.0 15.0 15.0 

CR (%) Max= 50.17 4.18 5.0 10.0 

ODR (%) Min. = 2.33 22.0 15.0 15.0 

Vol. Supern. (ml) Max.= 18.48 22.0 15.0 15.0 

Yield (%) Max.= 20.56 19.9 15.0 15.0 

Optimized variable Optimization Temp. (°C) Time (min.) 
G Force 

(x1000G) 

Supern. Conc (g/l) Max. = 26.17 4.0 5.0 15.0 

Supern. OD  Min. = 0.35 22.0 14.4 15.0 

CR (%) Max. = 63.27 4.0 5.0 15.0 

ODR (%) Min. = 0.33 22.0 14.4 15.0 

Vol. Supern. (ml) Max.= 22.53 22.0 15.0 15.0 

Yield (%) Max.= 32.01 4.0 15.0 15.0 
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Fig. 19 – Relation between the supernatants protein concentration and the supernatant O.D of N. gaditana and N. 

oleoabundans, using the values from the experimental work represented in Table 4. 

Knowing that a high quantity of microalgae protein is located in the cell membranes [23], it is 

possible that the reason the software indicates that a centrifugation at 4.18 °C, 5.0 minutes and 

10000 g would maximize the protein concentration, is because that same supernatant would be 

the one with the highest turbidity, and therefore more insoluble proteins attached to the cell 

debris. That way, it is possible to assume that the range of parameters studied does not have a 

significant effect on the concentration of the soluble protein in the supernatant. 

As for the volume of supernatant, the software calculated the parameters, 22.0°C, 15.0 minutes 

and 15000 g to maximize it, which were the same parameters projected to achieve the supernatant 

with less OD. This means that the sedimentation of the cell debris is more efficient the higher the 

temperature, duration, and G force. Although it may be intuitive that the higher the duration of 

the centrifugation and G force, the more efficient the centrifugation would be, the relation with 

temperature was studied more intensively in the section 5.3.1.4. 

Lastly, with respect to the yield, the optimal parameters calculated by the software were: 19.9 °C, 

15.0 minutes, 15000 g. The temperature is 19.9°C because probably it takes into account the 

temperature at which the concentration of the supernatant is higher, 4.18°C, and the temperature 

at which it is possible to get the highest quantity of supernatant, 22.0°C, and the software finds 

19.9 °C as the best temperature when balancing the two factors. However, since the temperature 

did not seem to influence the concentration of soluble protein in the supernatant, it is plausible 

to conclude that the highest yield would be obtained at 22°C, 15 minutes and 15000 g.  
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5.3.1.2. N. oleoabundans 

Regarding N. oleoabundans, the majority of the results reflect the same tendencies as for N. 

gaditana, nevertheless there are some considerable differences. Similarly, to N. gaditana, the 

supernatant with less OD would be found close to the maximum values of the parameters: 22.0°C, 

14.4 minutes and 15000 g, and the concentration of protein also correlates with the optical density 

(Fig. 19). 

As for the concentration of protein in the supernatant, the software indicates that it would be 

higher at 4.0°C and 5.0 minutes of centrifugation, at 15000 g, opposing to the 10000 g of N. gaditana. 

So, although the concentration of debris is higher at 4.0°C, 5.0 minutes and 10000 g which would 

make that protein concentration higher due to the amount of insoluble protein, there has to be a 

more significant cause for the increase in the concentration, related to an increase of the G force 

to 15000 g. From the study done in section 5.2.1, there was an indication that N. oleoabundans cell 

wall was more sensitive to the shear stress inherent to the centrifugation than N. gaditana, and 

some cells may have been disrupted during the process. Possibly, some cells still intact after the 

high-pressure homogenization, might have been disrupted during the centrifugations at 15000 g, 

causing an increment in the protein concentration. 

The software indicates that the yield would be higher at 4.0°C, 15.0 minutes and 15000 g. It reports 

4.0°C as the optimum temperature because it is influenced by the fact that the concentration 

would be higher at 4.0°C (possibly due to insoluble protein bound to cell debris), and that effect 

overpowers the fact that the volume of supernatant would be higher at 22.0°C. Nevertheless, 

assuming that the parameters do not affect the concentration of soluble protein, as reported 

above, we can deduce that the protein yield would be higher at 22°C, 15 minutes and 15000 g. 

5.3.1.3. Maximization of the supernatant recovery 

The yield is highly dependent on the quantity of supernatant recovered. From the experimental 

work (Table 4), the highest quantity was achieved at 13°C, 15 minutes and 15000 g for both 

species, and the software predicts that it can increase if the centrifugation is done at 22°C, to 18.5 

ml for N. gaditana and to 22.5 ml for N. oleoabundans. Since even in these cases, the pellet has a lot 

of moist and is relatively loose, a new study was made, to know the maximum quantity of 

supernatant that can be recovered, however, the new parameters require a lot more energy. 
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The centrifugations were done at 30000 g (close to the centrifuge maximum). The maximum 

supernatant recovered was achieved after 50 minutes of centrifugation with N. gaditana, and after 

40 minutes with N. oleoanbundans. The results are given on Table 7. 

Table 7 – Results after centrifugations on centrifuge “A” to maximize the supernatant recovery. Prior to the 

centrifugation, the samples were high-pressure homogenized at 1500 bar.  

 

 
Centrifugation parameters 

 
     

 T (°C) 
G force 

(x1000 g) 

Time 

(min.) 
Supern. OD  CR (%) ODR (%) 

Vol. Supern. 

(ml) 
Yield (%) 

DW of 

pellet (%) 

N. gaditana 30 30 50 
1.04 

± 0.03 

42.17 

± 0.29 

1.05 

± 0.03 

30.50 

± 0.10 

31.00 

± 0.52 

22.38 

± 0.13 

N. oleoabundans  30 30 40 
0.80 

± 0.02 

62.42 

± 0.45 

0.78 

± 0.02 

32.51 

± 0.07 

49.40 

± 0.38 

23.95 

± 0.08 
 

The yields increased considerably due to the higher amount of supernatant, being now 31.0% 

(w/w initial protein) for N. gaditana and 49.4%(w/w initial protein) for N. oleoabundans.  

Surprisingly, the supernatant of N. oleoabundans, seems to be completely free of chlorophyll a 

(peaks at 420 and 660 nm [77]), which indicates that all of the chlorophyll is attached to cell 

membranes, and these can sediment after intensive centrifugation (Fig. 20). A orange colour is 

seen, probably due to some oxidized molecules that remain in the supernatant. This can bring 

some advantages to the process, since it avoids extra steps to remove the green chlorophyll. 

Regarding N. gaditana, the supernatant still has a dark green colour, and the absorbance spectrum 

confirms that a high quantity of chlorophyll is still present (Fig. 21). 

         

Fig. 20 – Left: Optical densities spectrums of the supernatants from N. oleoabundans. Right: The pellet (P) and 

supernatant (S) after centrifugation at 30°C, 40 min. and 30000 g. 

P S 
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Fig. 21 – Left: Optical densities spectrums of the supernatants from N. gaditana. Right: The pellet (P) and supernatant 

(S) after centrifugation at 30 °C, 50 min. and 30000 g. 

5.3.1.4. Influence of the temperature on the centrifugation efficiency 

The results from the MINITAB (Table 5, Table 6) reported that the quantity of supernatant 

recovered would be higher at the highest temperature studied, 22°C. To better understand this 

tendency, a new study was made, setting the duration of the centrifugation at 15 minutes and the 

G force at 15000 g, and doing centrifugations at 4°C, 13°C, 22°C, 31°C and 40°C (maximum value 

of the centrifuge). These temperatures were chose to allow studies at 5 different temperatures 

separated by the same interval, starting at 4°C and ending at 40°C. In Fig. 22, the results clearly 

show that the volume of recovered supernatant increases with the temperature in both 

microalgae, and the concentration ratios do not seem to be affected. As a consequence of the 

higher volumes of supernatant recovered at higher temperatures, the yields are also slightly 

higher. 

Thus, knowing that the higher the temperature, the higher is the yield after the centrifugation, it 

is interesting to know what variables are being influenced by the temperature, and causing the 

centrifugation to be more efficient. According to the law of Stokes (section 2.4.3), the velocity of 

the sedimentation is influenced by the density of the particles, the density of the liquid phase and 

the viscosity of the solution. It is possible that the density of the liquid decreases with the 

temperature, since the liquid phase is manly composed by water and lipids, and their density 

decreases with the temperature [78]. Another important parameter is the viscosity, which will be 

object of study in section 5.3.1.4.1.  
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Fig. 22 – The top two graphics show the concentration ratio (CR) and optical density ratio (ODR) of the supernatants. 

The bottom two show the volume of supernatant obtained in each centrifugation and the yields. The samples were 

submitted to high-pressure homogenization at 1500 bar. All samples were centrifuged on centrifuge A, in 50 ml tubes 

filled with 46 ml of sample (15 min., 15000 g, 22°C). Previously to the centrifugation, the temperatures of the samples 

was adjusted in water baths. 

5.3.1.4.1. Studies on the viscosity of the homogenized solutions 

The viscosities of the non-homogenized suspensions were firstly compared with the 

homogenized ones (Table 8), and an increase of 9.3 times was verified for N. gaditana, and around 

4.2 times for N. oleoabundans.  

Table 8 – Viscosities before and after high-pressure homogenization at 1500 bar of 100 g/l microalgae solutions. 

 N. gaditana N. oleoabundans 

Viscosity of the microalgae suspension 

at 22°C (not homogenized) 
10.0 ± 0,5 mPa.s 18.0 ± 0,5 mPa.s 

Viscosity of the homogenized solution 

at 22°C  
92.5 ± 0,5 mPa.s 72.0 ± 0,5 mPa.s 

 

This increase of viscosity can bring hurdles for the downstream process. Therefore, the factors 

that contribute to this increasing should be well understood.  

The release of intracellular components and their interaction between each other should 

constitute the main factor for the increase of viscosity. According to Jenkins and Walsh (2002) 

[75], the release of large amounts of nucleic acids, significantly increases the viscosity of the 

N. gaditana          N. oleoabundans 
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cellular homogenates. However, the viscosity of yeast cell debris (100 g/l) can be as low as 6 mPa.s 

[48], and so other reasons that cause the increase of the viscosity to values like 92.5 mPa.s and 72 

mPa.s, have perhaps to do with the microalgae composition itself, or with the high-pressure 

homogenization.  

The microalgae solution achieves around 50°C inside the chamber of the homogenizer. As 

previously said (section 5.2.2), at temperatures higher that 35°C, proteins start to unfold, forming 

an intermediate state between the native and the unfolded state, possibly attaching to other 

proteins in the same state, forming aggregates. In this case, if the medium conditions allow the 

formation of linear aggregates, a gel viscoelastic response can be possible (gelation of proteins) 

[74]. In, addiction, according to Jenkins and Walsh (2002) [75], when there is a partial polymer 

unfolding or denaturation (normally caused by heating), carbohydrates molecules can cross-link 

with each other and with proteins in an interconnected three-dimensional network structure, 

forming a polymeric high viscosity gel. Microalgae have high percentages of proteins and 

carbohydrates in their composition, which might enhance this phenomenon. Microalgae also 

carry a considerable amount of lipids, and so the formation of emulsions is also possible, with 

consequent increasing of the viscosity.  Actually, the high-pressure homogenization has been 

previously used to create and stabilize emulsions together with proteins [79] and Ursu et al. (2014) 

[29] has proven that microalgae proteins can induce high stability on emulsions. 

Another reason for the increase of viscosity may be the gelatinization of the starch present in the 

cells. Starch gelatinization is the process of breaking down the intermolecular bonds 

of starch molecules in the presence of water and heat, allowing the hydrogen bonding sites to 

engage more water. This irreversibly dissolves the starch granule in water and the viscosity of 

the solutions rises steeply [80]. Belitz et al. (2009) [80], reported that the temperature of 

gelatinization of pea starch to be 52°C, which is close to the temperatures achieved during the 

homogenization. Besides that, Wang et al. (2008) [81] studied the influence of high-pressure 

homogenization on a maize starch solution (1%w/w) to obtain denatured starch for food 

applications, and concluded that the shear stress caused by the pressure and the increase of 

temperature inside the chamber, may have a combined effect in facilitating the gelatinization of 

starch. 

As a way of mimicking the influence of the centrifugation temperature on the homogenized 

samples viscosity, samples were put at the temperatures of the centrifugations studied before, 

plus one extra at 50°C, and the viscosity was measured.  The results shown in Fig. 23 demonstrate 

a steep decrease in the viscosity, from 4°C to 31°C in both species, which correlates to the increase 

https://en.wikipedia.org/wiki/Starch
https://en.wikipedia.org/wiki/Water
https://en.wikipedia.org/wiki/Hydrogen_bond
https://en.wikipedia.org/wiki/Dissolution_(chemistry)
https://en.wikipedia.org/wiki/Granule_(cell_biology)
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of recovered supernatant (Fig. 22). Nevertheless, at 40°C the viscosity increases slightly for the N. 

gaditana sample and there is a considerable increase for N. oleoabundans, but the supernatant 

recovered was still more than for 31°C. The final temperature of the samples after centrifugation 

at 40°C was around 34°C and so it is possible that the viscosity inversion point was not achieved.  

It is evident for both species that at temperatures higher than 31°C, the tendency of decreasing 

viscosity with the increasing temperature gets inverted, and the viscosity starts to increase. The 

reasons for this increasing may be the reasons explained before, for example, some protein and 

carbohydrates aggregates may be formed or enlarged after a second heating. On top of that, the 

gelatinization temperature can decrease if there are partially damaged starch granules [82], which 

can happen during the homogenization, making the gelatinization start at lower temperatures 

than it normally would. 

 

Fig. 23 – Viscosity of the homogenized samples after homogenization at 1500 bar. The samples were adjusted to the 

respective temperature in water baths. 

 

 

 

 

 

 

 

N. gaditana          N. oleoabundans 



47 

 

5.3.2. Influence of the high-pressure homogenization inlet temperature on the 

centrifugation yield 

To find out if the inlet temperature of the algae suspension in the homogenizer had any influence 

on the protein extraction after the centrifugation, three inlet temperatures were tested, 4°C, 13°C 

and 22°C. In theory, if the samples enter the machine at lower temperatures, they are expected to 

not heat up so much inside the machine, preserving the integrity of the intracellular components, 

reducing the increase of viscosity and facilitating the centrifugation, due to the factors explained 

in section 5.3.1.4.1. Nevertheless, the use of the heat exchanger on the outside of the homogenizer 

chamber reduced the outlet temperature to 22°C, regardless of the inlet temperature, but this does 

not mean that the temperatures were the same inside the machine. 

The viscosity results (Fig. 24) show that the lower the inlet temperature, the lower is the outlet 

viscosity, confirming that the reactions described in section 5.3.1.4.1 are catalysed by the 

temperature. 

 

 

 

 

 

Fig. 24 – Viscosities of the homogenized samples at 1500 bar, at different inlet temperatures. The samples were adjusted 

to the respective temperature in water baths. 

It was also excepted that the concentration ratio could be higher for the sample inserted at colder 

temperatures, since it would avoid some possible denaturation and aggregation of proteins due 

to high temperatures inside the machine [74].  However, the concentration ratios did not change 

considerably regardless of the inlet temperature (Fig. 25). This may be due to the fact that the 

residence time inside the machine is very short (around 5 seconds), which may not be enough to 

cause a considerable change in the soluble proteins. 
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Fig. 25 – The top two graphics show the concentration ratio (CR) and optical density ratio (ODR) of the supernatants. 

The bottom two show the volume of supernatant obtained in each centrifugation and the yields.  The samples were 

submitted to high-pressure homogenization at 1500 bar. All samples were centrifuged on centrifuge A, in 50 ml tubes 

filled with 46 ml of sample. N. gaditana was centrifuged for 30 minutes, at 22°C and 30000 g and N. oleoabundans for 

15 minutes, at 22°C and 15000 g. 

Regarding the volume of supernatant recovered, it was a possibility that the lower viscosity could 

improve the solids sedimentation and allow more supernatant to be recovered. Indeed, for N. 

gaditana, there was a slight increase of recovered supernatant for the samples with lower viscosity 

but this effect was not verified for N. oleoabundans. Consequently, the yield was not significantly 

altered and so the inlet temperature in high-pressure homogenization should be the 

environmental temperature, in order to avoid costs with the cooling.  
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5.3.3. Influence of pH on the centrifugation efficiency and protein solubility 

The studies from section 5.3.1.3, revealed that the centrifugation requires a high G force and 

duration to be efficient, which could lead to a high running cost. Besides that, according to Roe 

et al. 2001 [83], when the product of the G force and the spinning time is greater that 2. 0 × 107g.s, 

the centrifugation is considered inefficient and a flocculation strategy is recommended. The value 

for N. gaditana, considering 30000 g and 50 minutes, is 9. 0 × 107g.s, and for N. oleoabundans, 30000 

g and 40 minutes, it is 7. 2 × 107g.s. 

One possible strategy is the flocculation induced by variation of pH, which  was proven to be 

efficient when flocculating whole microalgae cells ([48], [49]), and so this strategy was tested on 

the cell debris . The solubility of the proteins in the supernatant will also be addressed. To study 

the influence of an acidic and alkaline effect, the pH values studied were 4, 5, 8 and 9 (Fig. 26).  

 

Fig. 26 – The top two graphics show the concentration ratio (CR) and optical density ratio (ODR) of the supernatants. 

The bottom two show the volume of supernatant obtained in each centrifugation and the yields. The samples were 

submitted to high-pressure homogenization at 1500 bar. All samples were centrifuged on centrifuge B, in 40 ml tubes 

filled with 36 ml of sample (15 min., 15000 g, 22°C). Before centrifugation, the homogenized samples were agitated for 

30 minutes at the respective pH, with a magnetic stirrer. The native pH after high-pressure homogenization was 6.60 

for N. gaditana and 6.07 for N. oleoabundans. 

N. gaditana      N. oleoabundans 
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5.3.3.1. Analysis of the volume of supernatant recovered 

The first evidence worth analysing is the influence of the pH on the volume of supernatant 

recovered. The results in Fig. 26 clearly show that the pH has a great effect on the quantity of 

supernatant recovered. Such as in the studies from section 5.2.2., the alkaline pH led to less 

efficient centrifugations, especially for N. gaditana. The volumes of supernatant of N. gaditana at 

pH 8 and pH 9 were higher because the supernatants were not distinguishable, and so the turbid 

liquid was poured out of the tubes and only some particles were sedimented on the bottom (Fig. 

28). For both species, decreasing the pH allowed the recovery of more supernatant and clearer 

than at the native pH, with more influence for N. gaditana, as at pH 4 it was possible to recover 

more 25% of the volume recovered at native pH.  

Liu et al. (2013) [48] studied the effect of decreasing the pH in the flocculation of microalgae cells 

(pH 1.5 - 5.0) and obtained a maximum flocculation efficiency at pH 4, so it is possible that the 

effect of decreasing the pH to flocculate microalgae cells, is the same as for flocculating the cell 

debris. According to the authors, the mechanism responsible for this phenomenon is related with 

the physical-chemical properties of microalgae cell walls.  

The presence of anionic and cationic groups (charged carboxyl, phosphate or amine groups) as 

well as hydrophobic zones highly controls the ability of microorganisms to flocculate [84]. The 

pKa of carboxyl groups varies between 2 and 6 [84] and so this is the cell surface constituent that 

probably influences the aggregation at acidic pH. Liu et al. (2013) [48], reports that for pH > 6.0, 

the microalgae surface charge is dominated by negatively charged carboxylate ions and neutral 

amine groups. As the pH decreases, carboxylate ions accept protons and the surface charge of the 

cells is reduced, leading to a reduction of the electrostatic repulsion, and the formation of 

aggregates [49], which are easier to sediment and compact in the pellet, leading to an increase of 

the volume recovered. 

On the contrary, when the pH was increased to alkaline values, the separation of the supernatant 

proved to be more difficult. For N. gaditana, it was not possible to obtain a distinct clear 

supernatant at all for pH 8 and 9, and when almost all the very turbid liquid was taken out of 

centrifuge tube, a small amount of pellet was observed at the bottom. Regarding N. oleoabundans, 

it was always possible to obtain a relatively clear supernatant, however the quantity of 

supernatant recovered was lower for pH 8 and even lower for pH 9, which confirms the negative 

effect of high pH on the centrifugation efficiency. This may be caused by the fact that the 

microalgae cells usually receive their negative surface charge and exhibit dispersing stability 

from the ionization of carboxyl groups into carboxylate ions [48]. Since more negative charges, in 
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the form of OH‾, are being added to the medium, the electrostatic repulsion between the cell 

debris is enhanced, increasing their dispersion, and therefore making it more difficult to 

aggregate and sediment in the pellet. The centrifugation was more affected by the alkaline pH for 

N. gaditana than for N. oleoabundans because possibly the repulsion between the cells on the first 

was higher, which can may indicate that the N. gaditana cell surface has more negative charges 

than N. oleoabundans.  

5.3.3.2. Analysis of the concentration ratios and yields 

Although it was possible to recover more supernatant (and clearer) at acidic pH that at the native 

pH, the concentration ratios were lower at acidic pH values (pH 4, pH 5). The decrease of protein 

concentration in the supernatant is possibly caused by the neutralization of the proteins charge, 

which leads to a decrease of solubility and consequent precipitation in the pellet [8]. This indicates 

that the isoelectric point of a great amount of proteins is in the range of pH 4 to 5. Regarding the 

alkaline pH, for N. gaditana, the concentration ratios were much higher because there were still a 

lot of debris in the supernatant with proteins attached to them. As showed in the section 5.3.1, 

there is a direct relation between the turbidity of the supernatant and the protein concentration.  

For that reason, the supernatants were centrifuged one second time to equilibrate the values of 

OD and eliminate the influence of the proteins attached to the cell debris (Fig. 27). As for N. 

oleoabundans, the concentration ratio was higher for pH 8 and pH 9, however, since the turbidity 

was also higher when compared to the values of the other pH, this supernatant was also subjected 

to a second centrifugation to have a more accurate concentration of soluble proteins.  

 

 

Fig. 27 – Concentration ratio (CR) and optical density ratio (ODR) of the supernatants from the centrifugation of the 

supernatants from the first centrifugation. All samples were centrifuged on centrifuge B in 40 ml tubes filled with the 

supernatants from the first centrifugations (10 min., 30000 g, 22°C). The native pH after high-pressure 

homogenization was 6.60 for N. gaditana and 6.07 for N. oleoabundans. 
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When analysing the values of the concentration ratios after the second centrifugation (Fig. 27), 

they were lower at alkaline pH values that at the native pH in N. gaditana, which may indicate 

the existence of isoelectric point at alkaline pH values, also verified by Cavonius et al. (2015) [8] 

in Nannochloropsis oculata. For N. oleoabundans, there were no significant changes in the alkaline 

pH values relatively to the native pH. 

Regarding the yields, after the first centrifugations, the lower values were observed for pH 4 and 

pH 5 in both species. For N. gaditana the yield was 14.8%(w/w initial protein) at pH 4 and 

15.8%(w/w initial protein) at pH5, and for N. oleoabundans the yield was 22.9%(w/w initial 

protein) at pH 4 and 32.6%(w/w initial protein) at pH 5. Which indicates that the increment of 

volume recovered is not sufficient to compensate the lower concentrations of protein in the 

supernatant. The yields were higher at pH 8 and 9 for N. gaditana, however, these values are not 

reliable because the supernatants were extremely turbid and full of insoluble proteins. As for N. 

oleoabundans, the yield was higher for the native pH, since it was the pH with the highest volume 

of recovered supernatant when compared to the ones at pH 8 and pH 9. Therefore, the best 

approach to achieve the highest yields should be to centrifuge both species at its native pH. 

5.3.3.3. Colour of the supernatants 

A major obstacle for the application of microalgae protein in industrial applications is the dark 

green colour of the algal biomass [16]. With the centrifugations at acidic pH, it was possible to 

remove the green colour from liquid phase (Fig.28). This may indicate that the cell debris 

containing chlorophyll and the chloroplast fragments agglomerated and precipitated in the 

pellet, following the same electrostatic mechanism explained in section 5.3.3.1.  For N. gaditana, 

the supernatants, at pH 4 and 5, had an orange colour, which may be due to some oxidized 

molecules.  

 

Fig. 28 – Pictures of the pellets and supernatants after the first centrifugations at the different pH, for 15min, at 22°C 

and 15000 g. Prior to the centrifugations, the samples were homogenized at 1500 bar. Abbreviatures: P- pellet; S -

supernatant. The native pH was 6.60 for N. gaditana and 6.07 for N. oleoabundans. 

N. gaditana N. oleoabundans 
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5.3.4. Influence of the concentration of biomass on the centrifugation efficiency 

The high-pressure homogenization and centrifugation were done at a biomass concentration of 

100 g/l. The concentration is relatively high to reduce the running costs, given that less volume is 

being processed. However, this may influence the efficiency of the centrifugation, and therefore 

several other concentrations were studied on the centrifugation step: 50, 60, 70, 80, 90 g/l. 

 

 
Fig. 29 – The top two graphics show the concentration ratio (CR) and optical density ratio (ODR) of the supernatants. 

The bottom two show the volume of supernatant obtained in each centrifugation and the yields. The samples were 

submitted to high-pressure homogenization at 1500 bar. Before centrifugation, the homogenized samples were diluted 

to the respective concentration with distilled and agitated for 30 minutes, with a magnetic stirrer. All samples were 

centrifuged on centrifuge A, in 50 ml tubes filled with 46 ml of sample. N. oleoabundans centrifugations were done for 

15 minutes, at 22°C and 15000 g, N. gaditana ones were done for 30 minutes, at 22°C and 30000 g. 

It is clear that the volume of recovered supernatant increases when the concentration of biomass 

is lower (Fig. 29). Obviously, there is more water in the solution and less cell debris, however, the 

pellet was much more compact when the concentration of biomass was lower (Fig. 30). When the 

concentration of biomass is lower, the viscosity of the solution is also lower, which facilitates the 

sedimentation of the particles. Besides, less cell debris need to sediment to form the pellet, 

meaning that less liquid gets trapped in the interstitial spaces between the cell debris, which 

makes the pellet more compressed, and therefore more supernatant is recovered. The fact that 

there are less debris in suspension can also reduce the hindered settling effect  from neighbouring 

particles allowing a more free sedimentation [85].  

N. gaditana          N. oleoabundans 
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The yield was also higher for the lower concentration of biomass, consequence of the higher 

volume of supernatant recovered. This solution should, however, be evaluated together with the 

increasing of the running costs of the centrifugation, since more volume has to be processed to 

recover the same mass of protein, which could implicate buying a centrifuge with higher capacity 

or doing more centrifugations cycles. 

 

 

. 

 

 

 

 

 

 

 

Fig. 30 – Pictures of the pellets and supernatants after centrifugations with different concentrations of biomass. All of 

the solutions were previously homogenized at 1500 bar at a concentration of 100 g/L and then diluted to the respective 

concentrations with distilled water. All samples were centrifuged on centrifuge A, in 50 ml tubes filled with 46 ml of 

sample. N. oleoabundans centrifugations were done for 15 minutes, at 22°C and 15000 g, N. gaditana ones were done 

for 30 minutes, at 22°C and 30000 g.  Abbreviatures: P-pellet; S-supernatant, 
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5.4. Ultrafiltration Optimization 

The ultrafiltration step is used after the centrifugation, to purify the protein extract and separate 

the chlorophyll and the remaining cell debris. In this study, the influence of the pH on the 

permeate yield and fluxes was tested. 

5.4.1. Fluxes of permeate 

 

One of the important factors on the ultrafiltration operation is the permeate flux rate. The effect 

of pH on the fluxes for each microalgae are displayed in the following graphics (Fig. 31) 

throughout the ultrafiltration The ultrafiltrations were carried on until 2/3 of the supernatant was 

filtrated. 

 

Table 9 – Durations of the ultrafiltrations until 2/3 of the supernatant was filtrated, average fluxes, initial resistances 

Ri (2 minutes after the start of the filtration) and final resistances, Rf, through the filtration. 

It is clear from the flux curves that there was a rapid decrease of flux during the first 15 minutes 

of filtration, especially for N. gaditana. This decrease can be due to the formation of a concentration 

polarization layer enhanced by gel formation on the membrane surface, as the deposition of the 

proteins occurred [86]. The cell debris and polysaccharides deposition on the membrane can also 

have contributed to this resistance increase.  

 N. gaditana N. oleoabundans 
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pH 5 160 15.3 2.62 × 1012 7.13 × 1012 240 10.4 4.88 × 1012 1.02 × 1013 

pH 7 75 33.0 1.83 × 1012 2.65 × 1012 115 21.6 4.24 × 1012 4.55 × 1012 

pH 9 74 33.6 1.82 × 1012  2.80 × 1012 165 16.0 3.26 × 1012  7.35 × 1012 

N. gaditana          N. oleoabundans 

 Fig. 31 – Permeate fluxes throughout the ultrafiltrations of the supernatants at the different pH, using a 300 kDa PES 

membrane and at a TMP of 1.38 bar. The ultrafiltrations were carried on until 2/3 of the supernatant was filtrated. 
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The lowest permeation fluxes were obtained at pH 5, for both species. From the previous studies 

in this report (section 5.3.3), it was found that a high amount of proteins precipitates at pH 5, 

indicating that the isoelectric point of a considerable amount of proteins is at that pH. The fact 

that the lower fluxes were at the isoelectric point of a considerable amount of proteins goes in 

agreement with the study of Fouzia et al. (2015) [86], which studied the effect of pH in the 

filtration of whey proteins, and reported that this phenomenon could be due to the development 

of membrane fouling and concentration polarization caused by the deposition of aggregates of 

uncharged protein molecules. Regarding the pH 7 and 9, the flux behaviours were different 

between the two species. With N. gaditana, it would be expected that the fluxes at pH 9 were lower 

that pH 7 because there is a slight decrease of solubility at pH 9 (section 5.2.2 and 5.3.3) , however 

this was not the case given that both fluxes (at pH 7 and 9) were very similar. This may be 

explained by electrostatic properties of the particles. Elzo et al. (1998) [87] has found out that the 

permeation flux is dependent on the surface charge of the particles and that higher permeate 

fluxes are obtained when the repulsion between the particles is stronger. At pH 9, the repulsion 

between the cell debris is higher (section 5.3.3), and this may prevent particles from depositing 

so that the thickness of the concentration polarization layer decreases, and the flux increases [87], 

and this can compensate the possible reduction of flux from the fact that some proteins have their 

isoelectric point at pH 9 and could precipitate in the membrane. For N. oleoabundans, there was a 

clear decrease of flux at pH 9. Although from the studies in the sections 5.2.2 and 5.3.3 there was 

not a clear decreasing of proteins solubility at pH 9, it is possible that if a small amount of proteins 

with high molecular weight has the isoelectric point at pH 9, they can create a resistance layer 

that can retain other proteins due to a gradual increasing of protein concentration in a 

concentration polarisation layer [88], which leads to permeate flux decreasing. Besides, N. 

oleoabundans did not show to be so sensitive to the pH 9 adjustment which causes particles 

repulsion (section 5.3.3), and so it is possible that the flux rate was not improved at pH 9 due to 

the absence of that repulsion.  

It is also interesting to analyse the fact that the permeate fluxes of N. gaditana were considerable 

higher than for N. oleoabundans. One of the reasons that may justify this has to do with the quantity 

of debris in the supernatant after the centrifugation, which was higher for N. oleoabundans (OD = 

9.6) than in N. gaditana (OD = 3.1). Since the cell debris are retained completely, it can increase the 

concentration polarization layer thickness, lowering the permeate flux. The quantity of protein in 

the supernatant might also play a role in the decreasing of the flux, with the concentration of 

protein in the supernatant of N. oleabundans (31.8 g/l) being almost the double of the one from N. 

gaditana (17.1 g/l), creating a more rapid kinetic in the deposition process and concentration 
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polarisation [89]. In addition, the that fact the sugar concentration is higher in the N. oleoabundans 

supernatant (7.2%w/w) in comparison with N. gaditana (3.9%w/w) could also influence the 

resistance. Polysaccharides can increase the resistance not only by creating a boundary layer on 

the membrane surface at the early beginning of the ultrafiltration, but also by adsorption in the 

membrane and pore blocking [90]. 

5.4.2. Chlorophyll removal  

The chlorophyll removal was evaluated qualitatively, based on the colour of the permeates. The 

supernatants of both species had a dark green colour and all permeates presented a clear yellow 

tonality, apparently indicating a full removal of chlorophyll (Fig.32). Being chlorophyll a 

hydrophobic pigment, it is possible that it gets repelled by the hydrophilic polyethersulfone (PES) 

membrane [54]. Also, the results from section 5.3.1.3 suggested that the chlorophyll is attached 

to the cell debris, and since the cell debris are larger than the membrane cut-off, the chlorophyll 

would be retained by the membrane. Nevertheless, further quantitative analysis and 

identification of pigments should be performed to all fractions to confirm these results. 

Regarding the colour of the retentates at the end of the filtration, it was observed that the retentate 

obtained at pH 7 filtration preserved the same colour as the initial supernatant. However, the 

retentate obtained at pH 5 was more turbid and whitish (Fig. 32), which could indicate 

denaturation and aggregation of proteins [91]. This was expectable since the isoelectric point of a 

considerable amount of the proteins is around pH 5 (section 5.3.3). The retentate of the 

ultrafiltration performed at pH 9 also turned slightly clearer, indicating a less intensive 

aggregation of proteins. The colours changes were analogous for both species.  

 

 

 

 

 

 

Fig. 32 – The top pictures represent the retentates at the end of the filtrations. The pictures below show the retentates 

and permeates at the end of the filtrations of the supernatant from N. gaditana. 

 

Ret. Ret. Ret. Per. Per. Per. 
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5.4.3. Yields on the permeate 

The yields of protein in the permeate were slightly higher at pH 5 for both species (Fig. 33). This 

goes in agreement with several publications that also reported higher ultrafiltration yields in the 

permeate when the pH is at the isoelectric point of the proteins. Burns and Zydney (1999) [92] 

reported that when the pH is higher than the pI, there can be electrostatic repulsion due to the 

charge of the membrane and the charge of the proteins being both positive, or both negative. PES 

gets an apparent negative charge at pH higher than 3.1, due to the adsorption of OH‾ ions [93]. 

When the pH of the protein solution is at pH 7, many proteins should also be charged negatively 

and so the electric repulsion between some proteins and the membrane may prevent the proteins 

from going through the membrane. Balakrishnan and Agarwal (1996) [94] also stated that when 

pH > pI, proteins can expand due to intramolecular electrostatic interactions, which hinders the 

crossing of the membrane. The second highest yields were obtained for pH 9, and that is probably 

due to the existence of some proteins with a isoelectric point in that pH region. 

 
Fig. 33 – Permeate yields after ultrafiltration at the different pH, using a 300 kDa PES membrane. 

Another factor important factor in an ultrafiltration process design is the  duration of the filtration 

as it directly impacts the productivity. It is therefore important, to analyse the productivity of the 

ultafiltrations (Fig. 34). 

 

Fig. 34 – Productivities on the permeate using a 300 kDa PES membrane. 

N. gaditana          N. oleoabundans 
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The lowest productivity values were achieved at pH 5 in both species. This shows that, although 

the yields were slightly higher at this pH, the mass of proteins that permeates the membrane per 

minute is lower, which brings disadvantages in terms of process costs.  

The highest yields obtained were 29.0%(w/w supern. protein) for N. gaditana and 35.5%(w/w 

supern. protein) for N. oleoabundans, at pH 5, and the respective average transmission coefficients 

were 37.7% and 28.9%. The first reason that may explain this low values is the fact that the 

supernatant used after the centrifugation still had some cell debris and a high quantity of 

microalgae proteins is attached to the cellular membranes and debris [23], which do not permeate 

the ultrafiltration membrane. Also, since chlorophyll can be aggregated with proteins [29], and 

chlorophyll is a hydrophobic pigment that is completely retained by the hydrophilic membrane 

(polyethersulfone) [54], the proteins linked to chlorophyll are restrained from crossing the 

membrane. 

The polarisation/fouling layer can also reduce the permeation of the proteins with lower 

molecular weight than the membrane cut-off, contributing to the lower yield [88]. Hwang and Sz 

(2011) [95] state that membrane fouling is especially difficult to manage when the product stream 

is a bio-mixture with several different components coexisting, like polysaccharides and proteins, 

identically to the composition of a microalgae supernatant. In a different study by Hwang and 

Chiang (2014) [96], when protein/polysaccharide mixtures were prepared to simulate the bio-

product of fermentation broths, the filtration flux was much lower than that in pure component 

filtration. This was attributed to the more compact structure of the fouled layer formed by multi-

component [96].  In addition, Safi et al. (2017) [58] reported that microalgae contain some 

glycoproteins, covalently linked to large polysaccharides, that are retained in a 300 kDa cut-off 

membrane. For all these reasons, the microalgae supernatant seems to be a complicated source of 

native proteins for purification by ultrafiltration at 300 kDa. 
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5.4.4. Native and SDS-PAGE 

When analysing the Native-PAGE profiles (Fig. 35, Fig.36), it is clear that a high amount of 

proteins is forming complexes with molecular weights above 300 kDa, which can also explain the 

low transmission of proteins through the membranes. The SDS-PAGE profile reveals a broad 

range of proteins with different molecular weights and, therefore, it is also possible that in this 

complex mixture of proteins, some can be contrarily charged when in solution, which leads to a 

strong interaction between the positively and negatively charged proteins, forming aggregates 

that do not cross the membrane [58]. The presence of the RuBisCO protein complex is clear on 

the Native-PAGE (above the 480 kDa band), and this protein is completely retained, not 

appearing on any of the permeate profiles. However, the subunits of RuBisCO appear on the SDS-

PAGE of the permeates, at 50 and 14 kDa, which might indicate that some RuBisCO might have 

become instable through the process and the subunits might have been separated, which allowed 

them to go through the membrane. Some changes in the native environment like the temperature, 

pH and shear stress can alter the native fold of the protein and separate the non-covalently bound 

subunits [57] [76]. During high-pressure homogenization, the solution is subjected to high 

pressures and shear stress. The centrifugation and the pumping during the ultrafiltration also 

subject the solution to shear stress, possibly causing the loss of the native fold of some proteins. 

Those bands however can also belong to other proteins. 

The SDS-PAGE profile revealed many proteins in the permeates, for molecular weights bellow 

98 kDa. It was expected that these bands also appeared in the permeate profiles of the Native-

PAGE. The reason why they did not might be related to the characteristics of the Native-PAGE, 

in which the charge, size and conformation of the proteins influence the separation. Since there 

were not any protein bands on the permeates relative to all pH, it is possible that the proteins 

were not being retained in the gel due to their charge and conformation. Because native gel 

electrophoresis is performed without SDS, the proteins may not all be negatively charged and 

consequently will not migrate to the anode. The proteins that cross the membrane are probably 

denatured proteins that acquire a linear conformation, making it harder to be retained on the gel. 

Also, the Native-PAGE covers a broader range of molecular weights, which can make it less 

sensitive to low weight proteins. 
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N. gaditana 

 

 

 

 

 

 

 

 

Fig. 35 –  Native and SDS-PAGE profiles of N. gaditana samples. M: Marker; 1: Supernatant of N. gaditana after 

centrifugation for 15 min., at 22°C and 15000 g (mother solution); 2: Retentate pH 5; 3: Retentate pH 7; 4: Retentate 

pH 9; 5: Permeate pH 5; 6: Permeate pH 7; 7: Permeate pH9. 

 

N. oleoabundans 

                                        

 

 

 

 

 

 

 

 

 

Fig. 36 – Native and SDS-PAGE profiles of N. oleoabundans samples. M: Marker; 1: Supernatant of N. oleoabundans 

after centrifugation for 15 min., at 22°C and 15000 g (mother solution); 2: Retentate pH 5; 3: Retentate pH 7; 4: 

Retentate pH 9; 5: Permeate pH 5; 6: Permeate pH 7; 7: Permeate pH9. 

 

 

 

 

 

         Native-PAGE          SDS-PAGE 

         Native-PAGE          SDS-PAGE 

Legend (both species): 

M: Marker;  

1:Supernatant after centrifugation 

for 15 min., at 22 °C and 15000 g 

(mother solution);  

2: Retentate pH 5;  

3: Retentate pH 7;  

4: Retentate pH 9;  

5: Permeate pH 5;  

6: Permeate pH 7; 

7: Permeate pH9. 
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6. Overall Performance 

The following graphs represent the maximum yields achieved in this project (Fig. 37), when 

processing 100 g/l microalgae suspensions. The ultrafiltration yield is respective to the 

ultrafiltration at pH 5, since it was the one in which the highest yield was obtained.  

 

Fig. 37 – Yields of the centrifugation, ultrafiltration and global having as starting material 100 g/l microalgae 

suspensions. The high-pressure homogenization was done at 1500 bar, the centrifugations were done at 30°C, and 

30000 g for 50 minutes with N. gaditana and 40 minutes with N. oleoabundans. The pH of the supernatants was 

adjusted to pH 5 and the ultrafiltrations were done using a 300 kDa PES membrane.  
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7. Conclusion and future perspectives  

The high-pressure homogenization at 1500 bar was proven to be a relatively efficient method to 

disrupt the cell walls, however, when analysing the microscope pictures of the homogenized 

samples, a considerable number of cells were still intact in both species. To further improve the 

yield after the cell disruption, a treatment with pH 9 was attempted. This treatment was first 

attempted in non-disrupted cells and the yields after the centrifugation were higher with the pH 

9 adjustment, which proves that the pH increase has a positive effect on the disruption and 

permeability of the cell walls. Afterwards, this treatment was conjugated with the mechanical 

disruption by high-pressure homogenization with the objective of enhancing the cell disruption. 

However, the pH 9 adjustment had an unexpected effect on the centrifugation efficiency, 

especially for N. gaditana, and the supernatants had to be centrifuged a second time. The 

concentration of proteins in the second supernatants were not increased by the pH 9 adjustment, 

and so, the addition of this chemical treatment to the process is not relevant. Wang et al. (2015) 

[38] has tested a combination of enzymatic treatment (cellulases and proteases) with high-

pressure homogenization to weak the cell wall and has obtained improved results, so this 

approach could be attempted. However, the enzymes addiction would increase the cost of the 

process and some proteins may be digested.  

The concentration ratios after the centrifugation, at native pH varied between 40 - 48%/initial 

concentration for N. gaditana and 44 - 62%/initial concentration for N. oleoabundans in the batches 

used in this project, which means that the cell membranes (and some intact cells) in the pellet still 

account with a substantial amount of insoluble protein, and new process strategies should be 

applied to recover that protein. Jamet et al. (2008) [97], reports the use of surfactants like Triton 

X-100, Triton X-114 and Tween 80 to disrupt membranes from plant tissues and solubilize 

membranes proteins through the formation of micelles. The use of Triton X-114 has also been 

used to extract membrane proteins from yeast [98]. And so, this method could also be attempted 

with microalgae. A possible research approach would be to do the normal process and extract the 

water soluble proteins after centrifugation, and then resolubilize the pellet in a solution of water 

and surfactant and centrifuge again to extract the water insoluble proteins. Another possible 

approach could be to add the surfactant to the microalgae suspension before high-pressure 

homogenization, and evaluate if it can also weaken the cell membranes, improving the efficiency 

of the cell disruption. Nevertheless, it is possible that new steps would have to be added to the 

process in order to separate the surfactant from the product.  
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Another possible way to increase the solubility of membrane proteins is to increase the ionic 

strength of the solution since it promotes the disruption of ionic bonds [99], the solutions of this 

study had low conductivities since the microalgae frozen paste was diluted in distilled water and 

so this hypothesis is worth testing. 

The centrifugation proved to be one decisive step in the process. The separation of the cell debris 

was hard to accomplish in this process conditions, especially with N. gaditana. In the first study 

of the centrifugation optimization, the range of parameters studied were 4 - 22°C, 5 - 15 min, and 

10000 - 15000 g. In this range of parameters, the concentration of soluble protein in the 

supernatant was not affect. A linear correlation was found between the increase of protein in the 

supernatant and the turbidity due to cell debris, indicating that the protein concentration was 

higher in the supernatants with higher turbidity, due to the presence of insoluble proteins bound 

to cell debris and membranes. The volume of supernatant recovered after the centrifugation was 

found to be temperature dependent, increasing with higher temperatures, and a correlation 

between the temperature and viscosity of the sample was verified. 

The decreasing of the inlet temperature in the homogenizer originated homogenized solutions 

with lower viscosities, which can bring advantages on the downstream process point of view. It 

was expected that this decrease of viscosity could improve the centrifugation, so far as the 

easiness of the sedimentation of the cell debris is concerned. A slight improvement was achieved 

for N. gaditana, but not for N. oleoabundans. Nevertheless, the advantages of this procedure would 

have to be analysed together with the increasing in energy expenses to cool down the solution. 

To achieve the highest possible yield after the centrifugation, the samples were centrifuged at 

high energy expenditure, at 30°C, 30000 g, and until the volume of supernatant was maximized, 

which took 50 minutes with N. gaditana and 40 minutes with N. oleoabundans. The yields obtained 

were 31.0%(w/w initial protein) for N. gaditana and 49.4%(w/w initial protein) for N. oleoabundans. 

It was a positive surprise that after the N. oleoabundans centrifugation, the supernatant was free 

of chlorophyll and acquired a light orange colour. Possibly, all the chlorophyll was attached to 

cell debris that had sediment by the end of the centrifugation. 

Since these centrifugations require a lot of energy, a flocculation strategy, based on a pH 

variation, was attempted to increase the diameter of the particles and consequently increase the 

efficiency of the centrifugation. By doing the centrifugations at acidic pH values (4 and 5) it was 

possible to recover more supernatant because the cell debris aggregated and formed more 

compact pellets. However, since the isoelectric point of a lot of proteins was around those pH 
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values, a lot of proteins precipitated in the pellet, which decreased the yield. A possible way of 

optimization would be to try pH values in a small range, bellow the native pH, in which the 

solubility of proteins is high, and above the pH of 5, where a considerable flocculation of debris 

was already verified, and attempt to find an ideal pH where the debris start to flocculate and 

precipitate, but the concentration of soluble protein is kept high. Another possible solution would 

be the use of bioflocculants, Gerde et al. (2014) [100] has used cationic starch, which are polymers 

with high biodegradability, to harvest microalgae, and following the same line of thought, 

possibly it would also be efficient to sediment cell debris. However, this method would have to 

be carefully investigated, since it is possible that the flocculant also attaches to proteins making 

them precipitate, and it can also cause trouble in subsequent steps of the downstream process.  

The concentration of biomass on the centrifuged solutions also had a considerable influence in 

the centrifugation efficiency. It was verified that the more diluted is the solution, the more volume 

of supernatant is possible to recover, leading to higher yields. Nevertheless, this solution should 

also undergo economic analysis, since with the dilution, more volume as to be processed to 

achieve the same mass of protein.  

The ultrafiltration was the chosen method to fractionate the protein content. The pH had a 

considerable influence on the permeate fluxes, in which the fluxes were lower at pH 5, in both 

species. It was also the pH in which the highest yield was achieved, 29.0%(w/w supern. proteins) 

for N. gaditana and 35.5%(w/w supern. proteins) for N. oleoabundans. The permeates were free of 

chlorophyll but the yields are considered low and so further investigation would be needed to 

optimize the fractionation of the proteins by membrane processing. Possibly, if the supernatants 

used in the filtrations were from centrifugations executed with lower biomass concentrations 

than 100 g/l, which was proven to improve the centrifugation yields, the supernatants would 

have less cell debris and the protein concentration would be lower, which could result in less 

accumulation of debris and proteins in the membrane, and perhaps a decreasing of the 

concentration polarization and increase of the yields. 

Due to the growing interest in harnessing valuable bioactive compounds from microalgae, the 

development of cost-effective mild cell disruption for industrial scale is garnering worldwide 

attention. However, the development of extraction technologies that would return high yields 

and be economically efficient still remains a captivating challenge. 
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9. Attachments  

A – SDS-PAGE protocol 

1. Add 6.25 µL of NuPAGE LDS Sample Buffer(4×) with 2.5 µL of NuPAGE Sample 

Reducing Agent (10×) and add 16.25 µL of the sample (concentration 1mg/ml). 

2. Centrifuge with the MiniStar Silverlive (VWR) for 10 seconds. 

3. Heat the samples to 70 °C for 10 minutes using the TruTemp DNA Microheating 

System (Robbins Scientific). 

4. Centrifuge again using the MiniStar Silverlive (VWR) for 1 seconds. 

5. Rinse the cast of the NuPAGE® 10% Bis-Tris gel with Milli-Q water. 

6. Place the cast in the electrophoresis tank (XCell SureLock Mini-Cell Electrophoresis 

System).  

7. Dilute the running buffer by mixing 40 ml of NuPAGE MES (20×) with 760 ml of Milli-

Q. 

8. Add 210 ml of diluted running buffer to the Upper (Inner) Buffer Chamber and add 500 

µL of NuPAGE Antioxidant.  

9. Add 590 ml of diluted running buffer to the Lower (Outer) Buffer Chamber. 

10. Carefully remove the comb by gentle wiggling. 

11. Rinse the wells with running buffer and antioxidant by pipetting up and down briefly. 

12. Apply the samples (20µl), use a SeeBlue Plus2 Pre-stained Protein Standard as a marker 

(5µl). 

13. Close the electrophoretic tank with the corresponding lid. 

14. Turn on the Power Pac 200 (Bio-Rad), select V (for Volts) and set to 200 using the 

arrows.  

15. Run the gel until the dye front is almost migrated off the gel, approximately 35 min. 

16. Turn off the Power Pac 200, detach white clamp, rinse electrophoretic tank with 

demineralized water. 

17. Remove the gel from the cast using a special gel knife. Carefully wiggle the cast at all 

four corners and cut off the thickened edge (which is marked). 

18. Transfer the gel into a noodle tray and rinse the gel with Milli-Q 3 times for 5 min at 100 

RPM using the KS250basic (Labortechnik) orbital shaker. 

19. Stain the gel using the SimplyBlue SafeStain solution. Pour just enough to barely cover 

the gel. Incubate for 1 hour at 100 RPM. 

20. Distain the gel using Milli-Q and incubate overnight. 

Note: For optimal removal of background refresh the Milli-Q every other hour. 

21. Image the gel using the GS-800 Calibrated Densitometer. Add a droplet of Milli-Q to 

the scanning plate prior to laying the gel on the densitometer. 
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B – NATIVE-PAGE protocol 

1. Add 12.5 µL of Tris-Glycine Native sample buffer (2×) with 12.5 µL of your sample 

(concentration 1mg/ml).  

2. Centrifuge with the MiniStar Silverlive (VWR) for 10 seconds. 

3. Rinse the cast of the 4-20%Tris-glycine cast with Milli-Q. 

4. Place the cast in the electrophoresis tank (XCell SureLock Mini-Cell Electrophoresis 

System).  

5. Dilute the running buffer by mixing 80 ml of Tris-Glycine native running buffer (10*) 

with 720 ml of Milli-Q. 

6. Add 200 ml of diluted running buffer to the Upper (Inner) Buffer Chamber  

7. Add 600 ml of diluted running buffer to the Lower (Outer) Buffer Chamber. 

8. Carefully remove the comb by gentle wiggling. 

9. Rinse the wells with running buffer by pipetting up and down briefly. 

10. Apply the samples (20µl), use a NativeMark Unstained protein standard as a marker 

(7µl). 

11. Close the electrophoretic tank with the corresponding lid. 

12. Turn on the Power Pac 200 (Bio-Rad), select V (for Volts) and set to 125 using the 

arrows.  

13. Run the gel until the dye front is almost migrated off the gel, approximately 1.5 hours. 

14. Turn off the Power Pac 200, detach white clamp, rinse electrophoretic tank with 

demineralized water. 

15. Remove the gel from the cast using a special gel knife. Carefully wiggle the cast at all 

four corners and cut off the thickened edge (which is marked). 

16. Transfer the gel into a noodle tray and rinse the gel with Milli-Q 1 times for 5 min at 100 

RPM using the KS250basic (Labortechnik) orbital shaker. 

17. Stain the gel using the SimplyBlue SafeStain solution. Pour just enough to barely cover 

the gel. Incubate for 1 hour at 100 RPM. 

18. Distain the gel using Milli-Q and incubate overnight. 

Note: For optimal removal of background refresh the Milli-Q every other hour. 

19. Image the gel using the GS-800 Calibrated Densitometer. Add a droplet of Milli-Q to 

the scanning plate prior to laying the gel on the densitometer. 

 

 

 


