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Resumo 

 

Com o propósito de obter uma fracção enriquecida em conteúdo proteico, livre de clorofila e 

polissacáridos, a partir de duas espécies de microalgas, Nannochloropsis gaditana e Neochloris 

oleoabundans, foi investigada uma abordagem não agressiva de biorefinaria. A partir de uma biomassa 

concentrada (100 g.L-1) de ambas as espécies, as células foram sujeitas a disrupção por 

homogenização a alta pressão (HPH) e tratamento enzimático (ET) usando alcalase. A ruptura celular 

por HPH foi efectiva para ambas as espécies enquanto que o ET apresentou piores resultados em 

termos de libertação de conteúdo proteico para N. gaditana. 

Foi aplicada ultrafiltração (UF) e diafiltração (DF) ao sobrenadante obtido após a disrupção celular, e 

foram testadas membranas com diferentes tamanhos de poros (300, 500 e 1000 kDa). Após UF+DF, 

os resultados obtidos em termos de proteína recuperada favoreceram o uso do tratamento enzimático 

sobre a homogenização. A membrana com poros de maior tamanho (1000 kDa) apresentou piores 

resultados em termos de permeabilidade de proteínas e de fluxo de permeado, o que sugere que 

aumentar o tamanho dos poros da membrana deverá ser prejudicial para os objectivos desta aplicação. 

Após optimização do processo desenvolvido, a combinação de ET com UF+DF resultou em 

rendimentos de recuperação de conteúdo protéico superiores à combinação de HPH com UF+DF. 

 

Palavras Chave: microalgas, conteúdo proteico, ultrafiltração, biorefinaria, disrupção celular, 

fracionamento 
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Abstract 

 

A mild biorefinery approach was investigated on two microalgae species, Nannochloropsis gaditana and 

Neochloris oleoabundans, in order to obtain an enriched fraction of water soluble protein free of 

chlorophyll and polysaccharides. Starting with a 100 g.L-1 suspension of harvested biomass from both 

species, microalgae cells were subjected to disruption by either high pressure homogenization (HPH) 

or enzymatic treatment (ET) by using alcalase. Cell disruption by HPH was effective for both species 

while ET was worse in terms of protein release for N. gaditana. 

Ultrafiltration (UF) and diafiltration (DF) were applied on supernatant obtained after cell disruption, 

testing membranes with different cut-off (300, 500 and 1000 kDa). Results of protein permeation after 

UF+DF favoured the use of enzymatic cell disruption over homogenization in terms of protein recover. 

The membrane with the largest pore size (1000 kDa) had a negative effect on the permeability of 

proteins and permeate flux when compared with the other membranes, suggesting that increasing the 

cut-off of the membrane may be adverse for this application objectives. 

After optimising the process conditions, the combination of ET with UF+DF resulted in larger overall 

yields of protein recovery compared to the combination of HPH with UF+DF. 

 

Keywords: microalgae, protein, ultrafiltration, biorefinery, cell disruption, fractionation 
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1. Introduction 

 

With the increasing demand for sustainable energy sources and alternatives to fossil fuels, microalgae 

have been studied as a source of lipids suitable for biodiesel production. However, it is now known that 

the cost of biodiesel production from microalgae is too high to be competitive with other biodiesel 

sources or with fossil fuels (Safi, Ursu, et al., 2014). The production costs of microalgae biomass are 

being estimated to range from 4 to 10 €.kg-1 dry weight and, to be competitive and economically viable 

in industrial scale, all valuable components must be recovered and valorised throughout a biorefinery 

approach (Postma et al., 2015). 

The main objective in a microalgae biorefinery is the efficient utilization of all the biomass fractions 

similarly to the approach of petroleum refineries, in which oil is fractionated in fuels and in a variety of 

other products with higher value and applications (Günerken et al., 2015). The microalgae biorefinery 

concept includes at least three-steps of processing including the release of the intracellular components, 

fractionation and concentration of the main components, and the final purification step of each high-

value component (Montalescot et al., 2015). For that purpose it is worthwhile to extract and to separate 

those compounds, ideally, with the maximum efficiency and lower consumption of energy possible. 

For most of the biotechnological processes, the cost associated with the downstream processing take 

an influential contribution in the economics of the overall process, accounting for around 60% of the total 

production cost. Consequently, an effort should be done in order to study and choose the best options 

for each step of downstream processing, in order  to reduce the energy input, and the costs involved in 

each individual process (Postma et al., 2015). 

According to previous studies on cell disruption, high-pressure homogenization is one of the mechanical 

disruption methods that are more reliable and scalable in terms of cell disintegration efficiency without 

compromising the integrity of intracellular components, but with a high specific energy consumption. On 

the other hand, enzymatic treatment is a cell disruption method that has much lower specific energy 

consumption and that can also be scalable to selectively recover the desired products. However, the 

introduction of an enzyme has costs associated to longer operation time and possible formation of 

unwanted products (Günerken et al., 2015). Exploring two different cell disruption methods may result 

in different outcomes and conclusions on the extraction of the intracellular components from the species 

of interest. 

Fractionation of valuable compounds extracted is another important challenge in the microalgae 

biorefinery concept. Using innovative and mild techniques of separation to recover valuable metabolites, 

such as proteins, is necessary. The ultrafiltration system, previously used by Safi, Liu, et al., (2014), 

showed remarkable results and represents one membrane process with potential to achieve a protein 

fraction free from pigments and polysaccharides. 
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1.1.  Project context and objectives 

 

This project was developed as part of two different research programmes of AlgaePARC Biorefinery 

and EU project MIRACLES. 

The AlgaePARC Biorefinery program is a cooperation between the Wageningen UR, eleven industrial 

partners and the University of Twente. The program is performed with financial support from the 

Netherlands’ Ministry of Economic Affairs in the framework of the TKI BioBased Economy. The main 

objective of the project (2013-2018) is to develop innovative, scalable technologies for biorefinery 

commodities (lipids, proteins, carbohydrates) from microalgae. 

The EU supports several R&D projects in order to develop a sustainable biorefinery of microalgae that 

could valorise the different fractions of microalgae biomass. In that context, the 4 years (2013-2017) 

Miracles project (FP7) aims to develop an integrated, multiple-product biorefinery technology for 

valuable specialties from algae for applications in food, aquaculture feeds and non-food products. 

To contribute to these projects with new results and conclusions, not only on different algae species but 

also regarding the techniques and methods explored, the main goals of this thesis are the following: 

 Disrupt effectively two species of microalgae cell wall to release the intracellular components 

with methods involving low energy consumption and high efficiency; 

 Explore, develop and optimize a filtration system to obtain an enriched microalgal protein 

fraction, free of from polysaccharides and chlorophyll; and 

 Compare the results and conclude on the best disruption and filtration technique to attain a high 

protein yield from each algae species. 

 

1.2.  Approach 

 

Starting with a high concentration (100 g.L-1) of either Nannochloropsis gaditana or Neochloris 

oleoabundans, the first approach was to apply two different cell disruption methods, namely high-

pressure homogenization and enzymatic treatment. Then, centrifugation of the disrupted material was 

performed to obtain a hydrophilic extract containing, among other compounds, proteins. The 

fractionation of this extract to obtain an enriched microalgae protein fraction was carried out through a 

two-step filtration system, including ultrafiltration and diafiltration unit operations. The overall process is 

schematically represented in Figure 1.1. 
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Figure 1.1 Schematic representation of the overall process, from harvested microalgal biomass to a protein enriched permeate. 
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2. Theoretical Background 

 

2.1.  Microalgae Importance 

 

Microalgae are prokaryotic and eukaryotic microorganisms that can be found in a wide range of marine 

and freshwater environments. These microorganisms have a photosynthetic mechanism similar to the 

one found in higher plants but are able to convert sunlight energy more efficiently into chemical energy 

(biomass) due to their simple structure. This advantage is even more significant since microalgae don’t 

need arable land to grow. 

The cell wall composition and rigidity are species-dependent in both types of cell, prokaryotic or 

eukaryotic. The photosynthetic machinery is hosted by chloroplasts. The morphology and the internal 

structure of a microalgal cell is dependent on the strain and life stage. The cell size can also vary 

according to the light and nutrient growing conditions (Richmond, 2004).  

 

Figure 2.1. Schematic structure of a prokaryotic (Wikipedia) and a eukaryotic (San Diego Mesa College) cell microalgae cell 
model. 

 

Thanks to their unicellular or simple multicellular structure, microalgae can live in harsh conditions and 

grow fast, being able to complete a cell cycle in few hours (Richmond, 2004). This fact, allied to their 

genetic tractability, place microalgae as an ideal organism for biotechnological applications. Recent 

years witnessed an intensive focus on microalgae technology with industrial scale applications, as whole 

cells or associated compounds, for different purposes: food, feed, pharmaceutical industry, cosmetic, 

agriculture, biofuel production and wastewater treatment (Chu, 2012). 

As whole cells, microalgae have been widely used as feed in aquaculture, human nutrition and 

wastewater treatment. In the developed market of aquaculture, the polyunsaturated fatty acids (PUFA) 

produced by different species of microalgae are an essential key factor for fish nutrition. Instead of using 

oil fish as the normal source of PUFA, the incorporation of microalgae in fish feed can provide this 

essential compounds from a more sustainable source, as well as all the other advantages of microalgae 
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for fish (Hamilton et al., 2015). Microalgae pigments like astaxanthin are also another important 

characteristic for the aquaculture feed market with extreme impact in terms of colour for fishes. 

Microalgae cultures are also being used in the waste water and flue gas treatment stations because of 

their natural capability to uptake carbon dioxide, nitrogen, sulphur, phosphorus oxides and heavy metals 

contributing to the purification of those waste streams in a more efficient and eco-friendly way 

(Umamaheswari and Shanthakumar, 2016). 

The investigation of chemical compounds from microalgae has proven to be a promising area of study. 

Many reports have been published about isolated compounds from algae with biological activity and its 

ability to produce metabolites with high complexity and unlimited diversity of pharmacological or 

biological properties (Cardozo et al., 2007). Microalgae are known for the capacity to synthesize 

important compounds like lipids, polyunsaturated fatty acids, pigments, proteins, polysaccharides and 

vitamins. For example, the omega-3 and omega-6 lipids and fatty acids families are associated with 

health benefits, and some microalgae species have also high accumulation rates of proteins and 

carbohydrates with nutritional value. (Spolaore et al. 2006). 

 

Figure 2.2. Refinery of microalgae into a wide variety of products (Slegers, 2014). 

 

With optimal growth conditions, some microalgae species can achieve a protein fraction up to 50% of 

the total biomass dry weight. Compared to other protein sources (Figure 2.3), microalgae outperforms 

their protein content. Also, microalgae have a large diversity of amino acids composition which could 

turn as a valuable product (Cartens et al., 1996) (Becker, 2006). Proteins from microalgae can be used 

for human and animal nutrition. Furthermore, microalgae biomass also contains an amino-acid profile 

extremely attractive to the fertilization of plants, since it contains some necessary elements to develop 

plant structures, saving metabolic energy in nitrogen conversion when comparing to nitrate fertilization 

(Romero García et al., 2012). Although proteins represent a large fraction of microalgae biomass, they 

are still undervalued when compared with other minor products such as omega fatty acids, even if their 

techno-functional potential is high (López et al., 2010). 
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Figure 2.3. General protein (% dry matter) estimative of different human food sources (skin colour) and algae (green). Adapted 
from (Spolaore et al., 2006). 

 

Despite these advantages, microalgae also present some limitations and economic bottlenecks such as 

the high amount of water required and the high energy demand in the downstream processing 

(Günerken et al. 2015). 

 

2.2. Microalgae Species 

 

2.2.1.  Nannochloropsis gaditana 

 

Nannochloropsis is a picoplanktonic genus of marine environment. Nannochloropsis gaditana is a small 

non-motile eustigmatophycea and its shape is usually slightly ovoid or spherical with a diameter ranging 

from 2 to 4 µm. It has a single chloroplast without pyrenoid and containing several bands of 

photosynthetic lamellae, each with three thylakoids per band. The chloroplast endoplasmic reticulum is 

continuous with nuclear envelope. The cells can only accumulate starch if grown under appropriate 

stress conditions (Richmond, 2004). The outer layer of the cells is composed of aliphatic 

biomacromolecules called algaenan that confer resistance to hydrolysation and makes the 

polysaccharidic cell wall of Nannochloropsis robust. Nannochloropsis genus have the ability to 

accumulate high contents of long-chain omega-3 polyunsaturated fatty acids like eicosapentaenoic acid 

(EPA) and neutral lipids in nitrogen deprivation conditions (Montalescot et al., 2015). This genus also 

lack chlorophyll b or c and unique xanthophyll pigments as well as other important ones such as 

violaxanthin (major light-harvesting carotenoid pigment), astaxanthin, zeaxanthin, canthaxanthin and 

xanthophyll l (Ryckebosch et al., 2014). 
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2.2.2.  Neochloris oleoabundans 

 

Neochloris oleoabundans is a green microalga species, belonging to the Chlorococcaceae family, which 

can grow in either freshwater or marine water. When grown under photoautotrofic conditions, it is able 

to accumulate around 50% of lipids in its dry biomass, mostly triglycerides. The cell size can range from 

2 to 6 μm with a behaviour similar to a high strength bacteria. The cell wall skeleton is dominantly built 

from cellulose enriched with proteins in the cell wall (Wang et al., 2015). Among the existent pigments 

on the species, astaxanthin (carotenoid) is one of the most valorous with superior antioxidant activity. 

However, the presence of this carotenoid on N. oleoabundans is not so pronounced as in 

Haematococcus pluvialis (Cuellar-Bermudez et al., 2015).  

 

2.3.  Biorefinery concept 

 

Biorefinery relates to the process of converting biomass into feedstock or products that could be applied 

in a large range of markets such as food, feed, fuel, pharma, materials or chemicals. Analogous to the 

refinery of crude oil, the biorefinery of microalgae has the challenge of originating a range of valuable 

products instead of recovering a simple product type. Many of the existing microalgae biorefinery 

processes are variations on existing techniques that have been applied in bio and food processing. 

However, the choice of process units, design characteristics and process conditions for each step in the 

algae biorefinery chain affects the performance of successive processing steps and the energy 

consumption in the processing route (Slegers, 2014). Consequently, the complexity of these choices 

makes it challenging to assess the potential performance of the biorefinery concept. 

To access the microalgae potential products, biomass has to be processed and the first step is to disrupt 

the microalgae cells to release its intracellular products. The “demolition” of the cell has to be done 

under certain conditions to avoid that valuable ingredients lose their functionality. After this step, a very 

complex mixture of biomolecules needs to be fractionated. The separation processes are challenging 

not only due to the complexity of the mixture, but also due to the preclusion of using harsh or chemicals-

based techniques that could compromise the final products. These difficulties associated to cell 

disruption, extraction and fractionation processes are even more significant at a large scale proportion 

(Cuellar-Bermudez et al., 2015). 
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2.4. Cell disruption 

 

After cell harvesting, the first step is cell disintegration, so that valuable components produced by 

microalgae can be recovered. The extraction efficiency differs for different species, as it is dependent 

on the size, cell wall composition and structure of the cells (Parniakov et al., 2015). A variety of products 

produced from microalgae, such as proteins, can be found in different parts of the cells (namely in the 

cell wall, cytoplasm, chloroplast and other organelles inside the cells) (Safi et al., 2015). Normally, they 

are bound to those cell membranes or located in globules that are covered by a relatively thick cell wall, 

which makes the extraction process very challenging. Additionally, the extraction efficiency is dependent 

on this complex and poorly understood cell wall structure (Günerken et al., 2015). For this reason, the 

cell disruption methods should be energy-efficient and simultaneously mild to ensure low operating costs 

and high product recovery without losing the quality of the extracted products. 

The extraction of the interesting components from microalgae is a critical step that faces problems like 

the intrinsic rigidity of its cell wall. That may result in an unhindered release of all the intracellular 

products. Hence, many cell disruption techniques have been used to break the cell wall of microalgae 

and help to access the intracellular components and facilitate the extraction process (Safi, Ursu, et al., 

2014). The cell disruption methods can be divided in two main groups like shown on Figure 2.4: 

mechanical and non-mechanical methods. Both mechanical or chemical techniques have been tested 

to recover the valuable components, such as bead milling, ultrasonication, high-pressure 

homogenization, high-speed homogenization, microwave radiation, pulsed-electric field, enzymatic 

treatment and chemical treatment (Günerken et al., 2015). These disintegration methods expose the 

cells and their content to harsh conditions, such as high pressures, high shear stress levels, high 

temperatures or different osmotic pressures (Postma et al., 2015). 

 

Figure 2.4. Classification of the cell disruption methods (Günerken et al., 2015). 
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Chemical and enzymatic methods may provide higher selectivity in product release and have lower 

energy consumption than mechanical ones which, on the other hand, have better controllability, 

efficiency and are more suitable for industrial scale applications. Moreover, mechanical methods are 

usually preferred to enzymatic and chemicals ones because they don’t involve the use of any solvents 

or of enzymes that have an associated cost and which can result in the presence of exogenous 

chemicals in the product of interest (Montalescot et al., 2015). 

Nevertheless, mechanical disruption methods have several drawbacks. The release of all the 

intracellular components results in a complex mixture leading to an increase of the viscosity of the 

solution due to the nucleic acids released, the gelatinisation of starch, or the formation of strong emulsion 

due to the presence of lipids. Subsequent processes may be affected by these drawbacks, especially 

in cases like chromatography or filtration processes. The other risk related to the mechanical disruption 

methods is the possible denaturation of proteins caused by the heat generated in the device (Grimi et 

al., 2014). 

Also, in terms of the extraction of proteins, the morphology and structural characteristics influence the 

efficacy of protein solubilisation. Some proteins are difficult to solubilise because of their insoluble nature 

or the presence of a disulphide bond between protein molecules that induce the decrease of protein 

solubility (Shen et al., 2008). A solution to overcome this problem is to choose a selective extraction 

method, as denaturising treatments like alkaline treatment to enhance solubility. However, in case of 

alkaline treatment attention should be given to avoid saponification of intracellular lipids (Ursu et al., 

2014). 

As a result, the most suitable method of disruption may be different for each microalgae species, or 

even for stage of the microalgae growth, which justifies the need to study each situation separately. 

 

2.4.1.  Enzymatic Treatment 

 

Non-mechanical processes are not as harsh as mechanical ones and the cells are only perforated or 

permeabilized instead of being completely destroyed. Additionally, the energy input necessary for this 

type of methods is also lower (Chisti and Moo-Young, 1986). They can be more selective due to their 

specific interactions with the cell wall or with membrane components, weakening them, damaging their 

function as barriers and thus leading to the release of products (Günerken et al., 2015). Among the 

biological methods already used are: addition of a single or a mixture of purified enzymes, enzymatic 

extracts from another microorganism or microbial cell-to-cell interaction in co-culture (Demuez et al., 

2015). 
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During enzymatic treatment, the enzymes specifically bind to cell membrane/wall constituents 

hydrolysing their intermolecular bonds. As the cell wall of green microalgae includes cellulose, it is 

expected that by degradation of the proteins, cellulose and/or pectin of the wall, intracellular metabolites 

are loosened. This enzyme-assisted processes are considered environmentally friendly extraction 

procedures. However, enzymatic processes may not achieve a very high cell disruption degree, like 

previous studies reported. A synergy between different types of enzymes might be explored to increase 

disruption yields (Wang et al., 2015). 

Among the different types of enzymes, lysozyme, protease, driselase, α-amilase and cellulase are some 

of the already tested enzymes for microalgae cell disruption. Food-grade digestive enzymes, such as 

proteases, can be used to break down the cell walls and cuticles of natural matrices like microalgae, 

since they are made up of chemically complex and heterogeneous biomolecules. Proteases can also 

contribute to enhance the extraction efficiency of fatty acids, since these enzymes hydrolyse the 

structural proteins in which they are embedded (Grosso et al., 2015). Additionally, depending on algal 

species, proteases can release a higher quantity of energetically valuable components such as sugars, 

lipids and proteins (Demuez et al., 2015). Nevertheless, since microalgae cell morphology and 

composition differ considerably according to the species, the selection of enzymes and operation 

parameters, like temperature, pH and salt concentration, are essential to obtain the best yield in 

disruption (Günerken et al., 2015). 

Despite the advantages associated with this disruption technique, the application costs are still high as 

the costs associated with enzyme production are high. Also, the addition of enzymes to microalgae 

solutions introduces an exogenous substance that may need to be removed during downstream 

processing. 

 

2.4.2.  High-pressure homogenization 

 

High pressure homogenization (HPH) is a liquid shear cell disruption technique. The homogenizer 

consists of a positive displacement pump that generates high pressures and forces the cell suspension 

to pass continuously through a valve that is positioned against a valve seat, as represented in Figure 

2.5. Cell disruption will occur due to the high shear and turbulence created when the suspension is 

forced to pass through the valve and the sudden decrease in pressure after the valve. The disruption 

yield is a function of the applied pressure, the design of the valve seat, the temperature and the number 

of passages through the valve (Azevedo, 2014a). 
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Figure 2.5. High pressure homogenizer working principle representation (Genizer™). 

 

Different studies have reported a higher efficiency of HPH when compared to other disruption methods 

aiming to release proteins with faster diffusion rates (Safi, Ursu, et al., 2014). High pressure 

homogenization is associated with a rise of temperature that together with the created high shear may 

be harsh for some metabolites (Spiden et al., 2013). On the other end, it can contribute to the 

solubilisation of proteins and the release of intracellular non-essential amino acids (Safi, Charton, et al., 

2014). This technique can be scalable to industrial levels, however, due to the low operational dry cell 

weight  concentrations (0.01-0.85% w/w), large treatment volumes and high energy consumptions are 

associated and thus some drawbacks still need to be solved (Günerken et al., 2015). 

High pressure homogenization has already been widely studied to disrupt different microalgae species. 

Even in microalgae species with more rigid cell walls, the minimum pressure to be applied that 

guarantees a disruption efficiency of over 90% is 1500 bar (Spiden et al., 2013). 

According to some authors, the mechanical cell disruption appears to be the best option to achieve an 

efficient cell rupture in spite of the large volumes of water and the existence of lipids in the external 

membranes that hinder the application of adequate shear forces (Samarasinghe et al., 2012). 

 

2.5.  Fractionation 

 

In order to fractionate the different microalgae components released upon cell disruption, and primarily 

separated by centrifugation, an intermediate purification step is required. Several separation techniques 

have been used such as filtration, liquid-liquid extraction, adsorption or ultrafiltration (Azevedo, 2015). 

The separation of microalgal components, such as proteins, by solubilisation with an alkaline solution 

followed by precipitation with an acid (Safi, Liu, et al., 2014), or polysaccharides by precipitation with 

ethanol have also been evaluated. On the other hand, solvent extraction methods face regulatory 



 

13 
 

approval, as the solvent used must be accepted by regulatory agencies when the product is to be used 

for human or animal consumption. To reduce the use of solvents like hexane, chloroform or acetone, 

recent studies have been focused on alternative techniques like supercritical CO2 or membrane 

processes (Cuellar-Bermudez et al., 2015). 

Chromatography, crystallization, drying and lyophilisation are also techniques of separation and 

purification, but are usually used in last stages of purification when less material is involved because 

these are expensive techniques, especially at large scale. 

 

2.5.1.  Protein Fractionation 

 

Proteins constitute a major fraction of microalgae biomass and are expected to play a leading role in 

algae biorefinery since their abundance and amino acid profile have long been considered as an 

alternative protein source for food and feed. However, so far the application of microalgae protein has 

no importance in those markets due to the presence of non-protein components (e.g. chlorophyll), that 

led to undesired changes in colour, taste and structure. To overcome this problem and increase the 

potential applications of microalgae proteins, they must be free from coloured pigments or intense tastes 

without altering their molecular structure (Schwenzfeier et al., 2011). 

To concentrate proteins previously extracted and separate them from other compounds, different 

methods have been proposed to fulfil this operation, namely, precipitation or ultrafiltration. Precipitation 

methods are based on salting out, use of solvents or the isoelectric point of the majority of proteins. 

Proteins isolation by precipitation has the advantage of reducing the operating costs because 

precipitated phase can be easily dried, but, on other hand, the resolubilisation of dried proteins requires 

the use of an alkaline solution and some proteins could irreversibly denaturize (Ursu et al., 2014) 

(Waghmare et al., 2016). 

More studies tested the separation of microalgae proteins and lipids by pH shifting (Cavonius et al., 

2015), three phase partitioning (Waghmare et al., 2016) and aqueous two-phase extraction (Desai et 

al., 2014). However, despite their efficiency in terms of protein recovery and native structure preserved, 

these methods still require solvents or chemicals, especially when scaled up and when they are not 

capable of completely removing chlorophyll. Chromatography, dialysis and centrifugation are better 

suitable for the final stage purification of proteins but are also time consuming and expensive for large 

scale applications. 

In protein purification, it is essential to remove salt or buffer still present in the disrupted solutions. In 

that context, membrane technologies like ultrafiltration and diafiltration, commonly used in other 

biotechnological processes, have been used for some microalgal applications. The filtration techniques 

are an option that can help in purifying the different phases and it is a process that can be scalable into 

industrial size because it permits to treat large volumes and can be automatized (Patel et al., 2013). 
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One of the major problems related with filtration process is the deterioration of their performance in time 

due to phenomena like fouling and polarization of the membrane. This is caused by the irreversible 

deposition and accumulation of particles on the membrane surface or within the membrane pores. 

Fouling is then manifested by progressive reduction in membrane performance, decreasing fluxes and 

increasing rejection of solutes (Azevedo, 2014b). 

 

2.5.2.  Ultrafiltration 

 

Ultrafiltration is very well suited for the process of biological products since it operates at relatively mild 

conditions and does not involve phase change or chemicals addition. This minimizes the possible 

denaturation, deactivation and/or degradation of the interest biological molecules. Another important 

characteristic of ultrafiltration that is attractive for all biotechnological processes is the high throughput 

of product processed. In recent years, the use of ultrafiltration to fractionate complex mixtures of proteins 

has been studied. However, this has not been scaled up and commercialised to any significant extent. 

The first attempts to use membrane techniques to separate proteins failed due to the limited selectivity 

offered by membrane systems at chosen operating conditions. As a result, it was assumed that effective 

protein separation using filtration techniques were only possible when proteins differ by at least a factor 

of ten in terms of molecular weight (Wan et al., 2005). Ultrafiltration have also the drawback of not being 

suitable to obtain protein powder because of high residual water content in both permeate and retentate 

phase (Ursu et al., 2014). 

Apart from the advantages presented, protein ultrafiltration has some limitations and reasons for poor 

separation sometimes observed, namely the effect of the concentration polarization, protein adsorption 

within the porous structure of the membrane, proteins deposit on the upper surface of the membrane 

and protein-protein or protein-polysaccharides interactions in the bulk solution and/or membrane (Wan 

et al., 2005). Those reasons also contribute for the fouling phenomena observed in general applications 

of membrane separation. The rate and extent of membrane fouling depend upon the membrane material 

(porosity, hydrophobicity), feed protein concentration, protein type, solution environment (pH, ionic 

strength), and operating parameters such as transmembrane pressure, crossflow velocity, temperature, 

etc (Ramesh Babu and Gaikar, 2001). Also, ultrafiltration processes can have prolonged process times 

and membranes could be expensive (Waghmare et al., 2016). 

The techniques mostly used in terms of ultrafiltration of proteins are the tangential flow filtration (TFF) 

(cross-flow filtration), direct flow filtration (DFF), pulsed sample injection and carrier phase (both based 

in constant permeate flux). Ultrafiltration membranes can be made of polymers, ceramic and metallic 

materials (rarely used at large scale). Ceramic membranes have some applications in pharmaceutical 

and biotechnology industry thanks to their robustness and sustainability to thermal or chemical 

sterilisation. However, polymeric membranes are the most used and are mostly polysulfone or 

polyethersulfone based. Four configurations types can be found: flat sheet, tubular, hollow fibre and 
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spiral wound (Cui, 2005). Membranes should also present a molecular weight cut-off that is from 3 to 6 

times lower than the product to be retain or 3 to 6 times higher the product to be filtrated (Schwartz and 

Seeley, 2014). 

In microalgae area this technique is mostly used for harvesting the cells (Morineau-Thomas et al., 2002) 

and only recently it has been studied to separate microalgae biomass components in an integrated 

process (Safi, Liu, et al., 2014) (Ursu et al., 2014). They used a system of tangential flow ultrafiltration 

with high selectivity in which the concentration polarisation is exploited to enhance protein separation. 

Using appropriate dynamic and mass transfer conditions to control membrane fouling, it is feasible to 

separate proteins from the remaining components. TFF processes can either retain the product or filtrate 

it. It is also possible to combine both separations by a two-stage process using different membranes 

cut-off (Safi, Liu, et al., 2014). Permeate and retentate solutions present excellent emulsifying properties, 

either protein matrix with low molecular weight or high stability of emulsions because of protein 

aggregates. These solutions have emulsifying properties comparable or higher than some commercial 

ingredients, such as soybean proteins or sodium caseinate and can be used as raw material for 

emulsification purposes (Ursu et al., 2014). 

 

2.5.3.  Diafiltration 

 

Diafiltration is explained as the fractionation process that washes smaller molecules through a filtration 

membrane and leaves the larger molecules in the retentate phase at the same initial volume and 

concentration. Diafiltration is widely used in processes to remove salts, exchange buffers, solvents or 

additives. Diafiltration can be performed under continuous or discontinuous mode. Discontinuous mode 

has the benefit of not requiring a volume level control, but it is not efficient as continuous mode because 

retentate concentration changes abruptly as the water/buffer is added. The most interest method is the 

continuous diafiltration, since it adds the washing solution (water or buffer) at the same rate than the 

filtrate is generated and keep the reservoir at constant volume. The most influential parameter in 

diafiltration, is the diavolumes of washing solution used, which are equal to the volume of starting sample 

to be diafiltrated (Schwartz and Seeley, 2014). The concentration of the starting solution is important 

because it influences the volume of the product to diafilter (low concentration, higher volume) and the 

flux rate (higher concentrations, lower flux rate). Therefore, an optimum starting concentration exists 

when the trade-off between the flux and volume is balanced to guarantee minimum membrane area and 

process time needed (Millipore, 2003).  
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3. Materials and Methods 

 

In this chapter, the materials, instrumental devices and the methods followed during the experimental 

trials will be presented. 

 

3.1.  Microalgae 

 

3.1.1.  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 pH in the culture by using a pH controller 

and gas flowmeters. The pH was set at 7.5, while natural light-dark cycles and ambient temperature 

were used (10-11 h of light, temperatures ranging from 10-22 ºC). The reactors were inoculated with 

cultures grown using the standard conditions of Fitoplancton Marino S.L. Cells were harvested by 

centrifugation during the exponential growth phase and supplied as a frozen paste (20% dry weight). 

The primary composition of N. gaditana was 9.2% ash, 50% proteins, 11% carbohydrates, 25% lipids 

and 4% total pigments based on the cell dry weight. 

 

3.1.2.  Neochloris oleoabundans 

 

Neochloris oleoabundans (UTEX 1185) was grown inside a greenhouse (AlgaePARC, Wageningen UR) 

in 1300 L horizontal photobioreactors. CO2 was injected into the photobioreactor and used to control the 

pH at 8.1. Maximum temperature was set at 30 ᵒC, with light exposure of 20 hours per day at 400-800 

μmol.m-2.s-1. The growth medium contained 1.0 g.L-1 NaCl, 0.3 g.L-1 MgCl2, 0.1 g.L-1 CaCl2, 0.3 g.L-1 

K2SO4 and mineral and nitrate solutions. Cells were harvested by centrifugation during exponential 

phase and supplied as paste (20% dry weight). The primary composition of N. oleoabundans indicate 

44 % proteins based on the microalgae dry weight.  

 

3.2.  High Pressure Homogenization (HPH) 

 

The cells were first washed to remove the growth medium, and then a 100 g.L-1 suspension was 

prepared and homogenized in 1 passage at 1500 bar with a GEA Niro Soavi PandaPLUS homogenizer 
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(flow rate of 9 L.h-1) to break the cell wall and release the intracellular components. A cooling system 

was integrated to the machine, as presented in Figure 3.1, in order to avoid overheating the treated 

samples, and therefore denaturing the proteins. 

 
Figure 3.1. GEA Niro Soavi Homogenizer – PandaPLUS with cooling system. 

 

The homogenized solution collected was centrifuged at 16 000 g and 10 ˚C during 15 minutes in a 

Sorvall™ LYNX6000™ ThermoScientific centrifuge to obtain the supernatant. 

 

3.3.  Enzymatic Treatment (ET) 

 

Enzymatic treatment was performed in a thermostatic bath M 25 LAUDA at 50 ˚C during 4 hours with 

mechanical agitation. Before starting the treatment, microalgae were diluted to around 100 g.L-1. The 

Alcalase® used in the treatment was a protease from Bacillus licheniformis with ≥ 2.4 U.g-1 from Sigma-

Aldrich®. Before and after addition of alcalase to the solution (ratio enzyme to substrate (E/S) 5% w/w), 

the pH was set to 8 using a 4M NaOH solution prepared from Merck Millipore 40 g.mol-1 NaOH pellets. 

During the 4 hours of treatment the same solution was used to maintain the pH around 8. After the 

complete treatment, the solution was centrifuged at 16 000 g and 10 ᵒC during 15 minutes in a Sorvall™ 

LYNX6000™ ThermoScientific to obtain the supernatant.  

 

3.4.  Flow Cytometer 

 

A BD Accuri™ C6 flow Cytometer (see Figure 3.2) was used to measure the disruption efficiency of both 

disruption methods. Samples from before and after disruption were diluted 2000 times to perform the 

flow cytometer measurements. A control value was obtained with Mili-Q water. The system accurately 
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monitors the sample volume pulled per run (15 µL) at a fluidics rate of 35 μL.min-1 and it calculates 

absolute counts more precisely compared to manual counts. 

 

Figure 3.2. BD Accuri™ C6 Flow cytometer device (BD Biosciences). 

  

3.5.  Microscopic observations 

 

Microscopic observations were conducted on a Leica DM 2500 light microscope equipped with a Leica 

DFC 450 camera. Disrupted and non-disrupted cells from different trials were observed in order to 

evaluate the efficiency of cell disruption. The solutions were diluted 50 times with water and a drop of 

immersion oil was added on the lamella to increase the resolving power of the picture at a magnification 

of 1000 times. The magnifications used to analyse the cell disruption were of 100, 400 and 1000 times. 

 

3.6.  Viscosity 

 

All samples collected during the process were measured with a LVT Brookfield Elscolab Dial reading 

viscometer. Around 50 mL of sample were necessary to cover the spindles used. Each spindle and 

speed had associated a correlation factor to give a real value of viscosity in cP (mPa.s). Measurements 

were made at room temperature to avoid the influence of temperature on the results. 

 

3.7.  Conductivity 

 

Basic analysis of samples conductivity was performed using a METTLER TOLEDO SG3 – SevenGo™ 

conductivity meter. To calibrate the 738-ISM sensor, a standard solution with known conductivity of 

12.88 mS.cm-1 was used. Measurements were made at room temperature to avoid influence of 

temperature on the results. 
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3.8.  Ultrafiltration 

 

3.8.1.  Ultrafiltration System (UF) 

 

The ultrafiltration system used for the separation step was a Merck Millipore Labscale™ Tangential Flow 

Filtration system (Figure 3.3). The system include 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. The vessel 

can be closed to create vacuum inside and allow the operation of diafiltration. A diaphragm pump with 

maximum feed rate of 100 mL.min-1 (at 60 psig) pushes the solution from the vessel through the cassette 

with membrane and allows recirculation. Tubing of the system are made of silicone (platinum-cured) 

and GORE™ STA-PURE® (platinum-cured silicone expanded PTFE) plastic. It includes also a retentate 

backpressure valve, feed and retentate pressure indicators. 

To operate the ultrafiltration system, a first step of flushing with distilled water was executed to remove 

residues in the system and cassette as well as to recover the original permeability of the membrane. 

Following the flush, the supernatant sample was introduced in the vessel and pumped through the 

membrane. Retentate solution was recirculated to the vessel and constantly mixed with the magnetic 

stirrer to assure solubilisation of the solution. The pressure used in all experiments was 40 psi for the 

feed pressure and 20 psi for the retentate pressure, making the working transmembrane pressure (TMP) 

of 30 psi (2.07 bar), based on preliminary studies. The operation was running until around 2/3 of the 

initial volume of supernatant were filtrated, resulting in a concentration factor of 3. After diafiltration, the 

system was cleaned by flushing with distilled water until no colour was seen in the system. A cleaning 

step followed the flushing by circulating the cleaning solution (0.1M NaOH) for at least 30 minutes. 

 

Figure 3.3. (A) Labscale 500 mL reservoir setup; (B) Millipore Labscale™ TFF System operating. 
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During filtration of supernatant samples, the permeate flux (F) was monitored. For that, permeate was 

quantified, every 5 minutes of filtration in order to follow up with the permeate flux that was calculated 

by using the following equation. 

𝐹 (𝑘𝑔. ℎ−1. 𝑚−2) =
𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑒 (𝑘𝑔)

𝑇𝑖𝑚𝑒 (ℎ) × 𝑀𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝐴𝑟𝑒𝑎 (𝑚2)
 ( 3.1 ) 

 

Energy consumption (E) during filtration time (t) and permeability of the membrane (Lp) were also 

calculated in this study by using the following equations. The specific energy was calculated based on 

ultrafiltration system characteristics as showed on Appendix A. 

𝐸𝑡  (𝑘𝑊. ℎ) = 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐸𝑛𝑒𝑟𝑔𝑦 (𝑘𝑊. ℎ. 𝑘𝑔−1) × ∑ 𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑒 (𝑘𝑔)

𝑡

0

 ( 3.2 ) 

𝐿𝑝 (𝐿. 𝑚−2. 𝑏𝑎𝑟−1. ℎ−1) =
𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑒 (𝐿)

𝑀𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝐴𝑟𝑒𝑎 (𝑚2) × 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝑏𝑎𝑟) × 𝑇𝑖𝑚𝑒 (h)
 ( 3.3 ) 

 

3.8.2.  Membranes 

 

Ultrafiltration cassettes used in the system were the Merck Millipore Pellicon XL 50 cassettes with a flat 

plate format. Membranes are composed of Polyethersulfone (PES) with a filtration area (A) of 50 cm2 

and a holdup volume of 3.2 mL. Membranes have a maximum TMP of 2.8 bar. Membranes are stored 

with a solution of 0.1M NaOH to preserve their integrity. Three membranes with different cut-off were 

used in the study namely 300, 500 and 1000 kDa.  

 

3.8.3.  Diafiltration (DF) 

 

After ultrafiltration, the remaining retentate was diafiltrated with distilled water to increase the recovery 

of proteins in permeate phase. For that, the ultrafiltration system was prepared for diafiltration mode, 

and, once vacuum was created, the diafiltrate was syphoned to keep a constant volume in the initial 

vessel, as presented in Figure 3.4. The same TMP (30 psi), with 40 psi for feed pressure and 20 psi for 

retentate pressure, was established. Diafiltration was running until the permeate II volume reached two 

times the retentate volume, which was constantly mixed, making two diavolumes of diafiltration. At the 

end of the process, retentate and permeate II were collected and the ultrafiltration system was cleaned 

as described in the previous section 

. 
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Figure 3.4. (A) Schematic of a simple diafiltration TFF system (Merck Millipore); (B) Millipore Labscale™ TFF System operating 
in diafiltration mode. 

 

3.9.  Sugar Analyses 

 

Sugars analyses were made based on the refractive index of each sample. A HANNA Instruments HI 

96803 Glucose digital refractometer was used for sugar analyses with automatic temperature 

compensation based on glucose solution. The instrument measures the refractive index to determine 

the % of glucose in the aqueous solution. The refractive index of the sample is converted to mass 

concentration units (%w/w), mg Glucose per 100 mL of solution. Calibration was made with distilled 

water. Tests were made at room temperature to minimize influence of temperature. 

To quantify the retention of sugars yield (RSY) by the membranes, the following equation was used:  

𝑅𝑆𝑌 = (
∑ 𝐶𝑠𝑢𝑔𝑎𝑟𝑠 𝑟𝑒𝑡𝑒𝑛𝑡𝑎𝑡𝑒 𝑖(𝑚𝑔 𝐺𝑙𝑢𝑐𝑜𝑠𝑒. 100𝑚𝐿−1) × 𝑉𝑟𝑒𝑡𝑒𝑛𝑡𝑎𝑡𝑒 𝑖(𝑚𝐿)

𝐶𝑠𝑢𝑔𝑎𝑟𝑠 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡(𝑚𝑔 𝐺𝑙𝑢𝑐𝑜𝑠𝑒. 100𝑚𝐿−1) × 𝑉𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡(𝑚𝐿)
) × 100% ( 3.4 ) 

 

3.10. Dry weight 

 

Dry weight was measured before the protein analyses. Different amounts of sample (≥ 1.5 mL) were 

inserted in Kjeldahl tubes previously weighed. Then, the sample amount was measured in an analytical 

balance. Tubes stayed overnight inside an oven at 100 ᵒC. After cooling at room temperature, the weight 

of the tube with sample was measured with the same analytical balance and the dry weight was 

calculated as the difference between the final and initial values 
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3.11.  Protein Analyses 

 

3.11.1. Total proteins analyses 

 

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

total protein concentration based on determination of organic nitrogen in the samples. The Kjeldahl 

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

used in Kjeldahl analyses were from Gerhardt Kjeldatherm® block digestion unit, Turbosog gas scrubber 

and Vapodest distillation unit (Gerhardt Analytical Systems – Germany), as presented in Figure 3.5. The 

titration step was made in a Metrohm 718 STAT Titrino. 

 
Figure 3.5. (A) Gerhardt Kjeldatherm® block digestion unit with exhaust system and Turbosog gas scrubber; (B) Gerhardt 

Vapodest distillation unit; (C) Metrohm 718 STAT Titrino. 

 

In the first step the sample was digested in strong sulphuric acid in the presence of a catalyst, which 

helps in the conversion of the amine nitrogen to ammonium ions. A kjeltab containing the catalyst and 

9 mL of sulphuric acid were added to the samples in the kjeldahl tubes. Then the rack with tubes was 

inserted in the heater at 420ᵒC with exhaust system during 50 minutes. Before distillation, 75 mL of 

distilled water were added to each tube. 

The ammonium ions were then converted to ammonium gas by addition of sodium hydroxide, heated 

and distilled in the kjeldahl distillation unit, Vapodest. The ammonia gas liberated went to an Erlenmeyer 

with boric acid, resulting in conversion of ammonia gas into ammonium ions and boric acid into borate 

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

hydrochloric acid. A blank sample just with the reagents and distilled water was ran at the same time to 

take into account any residual nitrogen which may be present in the reagents used. Once the nitrogen 

content was determined, it was converted to a protein content using the following conversion factor. 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛(𝑚𝑔) = (𝐻𝐶𝑙𝑠𝑎𝑚𝑝𝑙𝑒(𝑚𝐿) − 𝐻𝐶𝑙𝑏𝑙𝑎𝑛𝑐  (𝑚𝐿)) × [𝐻𝐶𝑙](𝑚𝑔. 𝑚𝐿−1) × 14 × 𝐾𝐹 ( 3.5 ) 

The concentration of hydrochloric acid used in titration was 0.1 mg.mL-1. 14 represents the molecular 

weight of nitrogen and KF stands for the N-to-protein conversion factor which depends on the type of 

protein and sample that are being analysed. For both species the conversion factor used was 5.5, based 

on a previous study conducted at Food and Biobased Research department. 

Equation ( 3.6 ) was used to calculate the percentage of protein in the samples, while equation ( 3.7 ) 

gives the concentration of protein in the samples solutions. 

% 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 =
𝑃𝑟𝑜𝑡𝑒𝑖𝑛 (𝑚𝑔)

𝐷𝑟𝑦 𝑆𝑎𝑚𝑝𝑙𝑒 (𝑚𝑔)
× 100 ( 3.6 ) 

𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛  (𝑚𝑔. 𝑚𝐿−1) =
𝑃𝑟𝑜𝑡𝑒𝑖𝑛 (𝑚𝑔)

𝑆𝑎𝑚𝑝𝑙𝑒 (𝑚𝐿)
 ( 3.7 ) 

 

3.11.2. Yield of protein recovered 

 

The efficiency of the ultrafiltration and diafiltration process was calculated with a mass balance to the 

process. After reaching the concentrations of each fraction with kjeldahl method and with the known 

volumes of the fractions, the following equations were used to obtain the yield of protein recovered in 

the processes. 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑌𝑖𝑒𝑙𝑑 𝑈𝐹 =
𝑉𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 𝐼 (𝑚𝐿) × 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 𝐼(𝑚𝑔. 𝑚𝐿−1)

𝑉𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 (𝑚𝐿) × 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡(𝑚𝑔. 𝑚𝐿−1)
× 100% ( 3.8 ) 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑌𝑖𝑒𝑙𝑑 𝑈𝐹 + 𝐷𝐹

= 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑌𝑖𝑒𝑙𝑑 𝑈𝐹 +
𝑉𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 𝐼𝐼 (𝑚𝐿) × 𝐶𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 𝐼𝐼(𝑚𝑔. 𝑚𝐿−1)

𝑉𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 (𝑚𝐿) × 𝐶𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡(𝑚𝑔. 𝑚𝐿−1)
× 100% 

( 3.9 ) 

 

 

3.11.3. Native PAGE 

 

In order to assess information on native proteins present in the supernatant and the separation in 

ultrafiltration, the electrophoretic method of native PAGE was used. The protocol present in Appendix B 
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was followed and all samples were diluted to have a protein concentration around 1 mg.mL-1, based on 

protein concentration obtained with kjeldahl. Gels were from Novex™ WedgeWell™ 4-20% Tris-Glycine. 

The sample buffer, reducing agent, running buffer were also from Novex™ by ThermoFisher Scientific 

and Milli-Q water was also used in the protocol. The NativeMark™ Unstained Protein Standard from 

Novex™ was the standard marker of reference. The electrophoresis tank used was the XCell SureLock 

Mini-Cell Electrophoresis System. A Power Pac 200 (BioRad) at 125 V was used to run the gel, for 

approximately 1.5 h. After the complete treatment of the gel, imaging was made using the GS-800 

Calibrated Densitometer. 

 

3.11.4. SDS-PAGE 

 

The electrophoretic method of SDS-PAGE was made under the protocol in Appendix C and all samples 

were diluted to have a protein concentration around 1 mg.mL-1 based on protein concentration obtained 

by kjeldahl. Gels used were Novex™ Novel Technologies NuPAGE® 10% Bis-Tris. The sample buffer, 

reducing agent, running buffer (NuPAGE MES) and antioxidant were from ThermoFischer Scientific and 

Milli-Q water was also used in the protocol. The standard marker used as reference was See-Blue® 

Plus2 Pre-Stained Protein Standard. The electrophoresis tank used was the XCell SureLock Mini-Cell 

Electrophoresis System. A Power Pac 200 (BioRad) at 200 V was used to run the gel, for approximately 

0.6 h. After the complete treatment of the gel, imaging was made using the GS-800 Calibrated 

Densitometer. 

 

3.12. Statistical Analyses 

 

Data analyses were made with standard deviations from the experimental results. Also, analyses of 

variance (ANOVA) and Tukey-Kramer method were used to assess the significance of differences 

between different trials (Minitab 17). A p-value lower than 0.05 (p < 0.05) was considered significant. 
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4. Results and discussion 

 

In this chapter, the obtained experimental results and respective discussion will be presented. 

 

4.1.  Cell Disruption 

 

4.1.1.  High-pressure Homogenization and Enzymatic Treatment 

 

High-pressure homogenization was used to break the cell wall of both species, Nannochloropsis 

gaditana and Neochloris oleoabundans, and release the intracellular components. The homogenisation 

pressure was fixed at 1500 bar. The selection of this specific pressure was based on a previous study 

of optimisation conducted at Wageningen Food and Biobased Research. 

The enzymatic treatment with alcalase was performed during 4 hours at 50 ᵒC and pH 8 in order to 

damage the cell wall and allow the release of the intracellular components. 

The efficiency of both disruption methods was assessed by flow cytometer, microscopic observations, 

and the release of intracellular components. 

For the marine species N. gaditana, the disruption efficiency of the techniques applied was 77% and 

80% for homogenization and enzymatic treatment respectively (results can be found in Appendix D). 

Microscopic observations of the starting material and the two disruption solutions are presented in Figure 

4.1 to Figure 4.3. 

 

Figure 4.1. Nannochloropsis gaditana cells (amplification 1000x). 
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Figure 4.2. Nannochloropsis gaditana cells after 
homogenization (amplification 1000x). 

 

Figure 4.3. Nannochloropsis gaditana cells after enzymatic 
treatment (amplification 1000x). 

 

Microscopic observations show the degree of disintegration of the cells after being subjected to one of 

the two methods. Figure 4.1 shows the intact cells of N. gaditana. After cell disruption by HPH (Figure 

4.2), some cells kept their globular shape, and may have the cell wall compromised, which was enough 

to release the intracellular components. These results correspond to the findings of Samarasinghe et al. 

2012, where homogenised cells were partially ruptured but kept their shape intact. Figure 4.3 shows 

that the majority of cells treated with enzymes maintained their cellular integrity. This situation can be 

explained by the partial decomposition of the cell wall structure after enzymatic hydrolysation of the cell 

wall proteins by alcalase.  

For the fresh water N. oleoabundans, flow cytometer indicated a disruption efficiency of 90% and 92% 

by homogenization and enzymatic treatments respectively (results can be found in Appendix D). The 

microscopic observation below shows the difference between the non-treated sample, the homogenized 

solution and the enzymatic treated solution. 

 

Figure 4.4. Neochloris oleoabundans cells (amplification 1000x). 
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Figure 4.5. Neochloris oleoabundans cells after 
homogenization (amplification 1000x). 

 

 

Figure 4.6. Neochloris oleoabundans cells after enzymatic 
treatment (amplification 1000x).

 

Figure 4.4 present the Neochloris cells intact with the characteristically circular shape well defined, while 

in Figure 4.5 the cell debris are visible after complete destruction of the cell wall by homogenization. 

Figure 4.6 shows the disruption of the cells by enzymatic treatment, where the damage of the cells is 

visible. 

The differences between both disruption methods on both microalgae is explained with the difference in 

the cell wall composition and mechanical rigidity, as N. gaditana has a more robust cell wall. Scholz et 

al. (2014) discovered that Nannochloropsis has an outer wall exhibiting a trilaminar organization 

composed by non-hydrolysable, aliphatic biomacromolecules called algaenan, meanwhile the inner 

layers are dominated by a thick layer of cellulose. The resistance of algaenan and the small radius of 

the cells are the reasons for the robustness of the cell wall. Marine grown microalgae are generally more 

resistant to maintain the pH stability in that medium. The lower resistance of the N. oleoabundans cell 

wall is related to the fact that this species was grown in fresh medium.  

High-pressure homogenization seems to work better to disrupt the cell membrane and maintain the 

integrity of the desired components compared to enzymatic treatment. The enzymatic treatment, more 

than decomposing the cell wall proteins, hydrolyses the cell wall proteins and can form protoplasts 

without altering the morphological shape of the cells (Honjoh et al., 2003). Instead of releasing a high 

content of native proteins, ET works for releasing peptides. So, if the main goal is to recover proteins in 

the downstream processing, HPH appears to be the most suitable method of cell disruption. Otherwise, 

if there is no interest in native proteins, ET may be a cheaper and less energy consuming option to 

release the intracellular components. 

The protein content of the material before and after the two disruption methods was calculated by the 

Kjeldahl method and the results are shown the Table 4.1. as the percentage of protein (w/w). 
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Table 4.1. Percentage of protein in the cell disruption fractions in relation to the total protein in the biomass (w/w). 

 
Starting Material 

(total protein) 
Homogenization 

Supernatant 
Enzymatic Treatment 

Supernatant 

Nannochloropsis gaditana 49.0 ± 2.7 % 50.4 ± 2.4 % 38.5 ± 5.8 % 

Neochloris oleoabundans 48.1 ± 1.3 % 54.8 ± 2.4 % 49.9 ± 0.4 % 

 

The starting material presented a content of total protein of around 50% (w/w) dry matter for both 

species. After cell disruption, some proteins are lost, not only because of the rigidity of cell wall and 

efficiency of the disruption method, but also due to the insoluble nature of some proteins that remained 

in the pellet after centrifugation. The supernatant percentage presented in Table 4.1. represents the 

remaining protein content (soluble) recovered out of total protein found in the biomass. Supernatant 

volume was normally half of the initial biomass volume. The results also confirmed that for N. gaditana 

the enzymatic treatment does not work as efficiently due to the complex cell wall composition made of 

proteins, cellulose and algaenans. Hydrolysing the cell wall proteins may not be sufficient enough to 

weaken the cell wall and release the same amount of soluble proteins that were released by high-

pressure homogenization. 

 

4.1.2.  Viscosity 

 

As part of the technical analyses performed to the different fractions during the downstream process, 

the viscosity is an important aspect to follow during cell disruption. The graphics below represent the 

variation on solutions viscosity during both disruption methods applied compared to the Blanc (starting 

material). 

 

Figure 4.7. (A) Nannochloropsis gaditana viscosity graphic; (B) Neochloris oleoabundans viscosity graphic. 
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The viscosity of both species increases considerably after cell disruption by homogenization. That 

increase is related not only to the intracellular components and large amounts of cell debris but, specially 

to the gelatinisation of the starch and shearing of nucleic acids, due to the high temperatures in the 

homogenizer chamber. In the presence of water and high temperatures, the intermolecular hydrogen 

bonds between starch molecules are broken (Jenkins and Donald, 1998). Another hypothesis to this 

increase in viscosity is the emulsion triggered by proteins. 

After enzymatic treatment, there is a slight increase in viscosity which may result from the release of 

intracellular components. As most of the cells were not completely disrupted and only the cell wall had 

been damage, cell debris were considerably less than after homogenization. The temperature was 

always constant and did not have a considerable influence compared to what happened during High 

Pressure Homogenization. 

 

4.2.  Ultrafiltration 

 

The ultrafiltration process was developed for the recovery of an enriched fraction of proteins in the 

permeate phase. To select the best cut-off of membrane to be used, the permeate flux was monitored 

and energy consumption and permeability were calculated.  

 

4.2.1.  Flux 

 

The permeate flux was monitored during 50 minutes of filtration using equation ( 3.1 ). The following 

graphic shows the performance of the 300, 500 and 1000 kDa cut-off membranes for the 

Nannochloropsis gaditana after HPH or ET, maintaining the TMP constant at 2.07 bar. 
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Figure 4.8. N. gaditana permeate flux graphic for 300, 500 and 1000 kDa cut-off membranes and HPH and ET. 

 

The permeate flux decreased with time for all membranes. The flux decrease in the initial 0.5 h may be 

related to the formation of a polarisation concentration layer due to the constant deposition of the large-

sized molecules that got retained by the membranes and contributed to the fouling phenomenon 

(Morineau-Thomas et al., 2002). Nevertheless, fouling was not very severe and after 0.5 h is possible 

to observe a stabilization of the flux. 

For Nannochloropsis gaditana, the statistical comparison between the different membranes flux, 

concluded that different cut-off of the membrane after each cell disruption method resulted in different 

permeate flux significantly (p < 0.05). The Tukey-Kramer method proved that different membranes cut-

off differed from each other significantly in terms of permeate flux for all the homogenized trials. For 

Enzymatic treatment trials, the 1000 kDa was significantly different, but no Tukey’s statistical difference 

was proven between the 300 and 500 kDa membranes. 

In Figure 4.8 and for both cell disruption methods, the best performance in terms of flux was achieved 

with the lowest cut-off of the membrane. This goes against the hypothesis that highest cut-off of the 

membrane could lead to faster permeate flux. This phenomena has been reported before as adsorptive 

fouling by Susanto et al. (2008). These authors discovered that membranes with large cut-off could be 

affected by adsorptive fouling caused by the retained polysaccharides that block the membrane pores, 

thus affecting negatively the permeate flux and consequently the filtration process. 

Moreover, another conclusion could be retained from Figure 4.8. Comparing the differences between 

homogenized and enzymatic treated samples, the second ones have a faster flux than the first ones. 

Alcalase can reduce the molecular weight of proteins which may lead to an easier flow through the 

membrane. 
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Figure 4.9. N. oleoabundans permeate flux graphic for 300, 500 and 1000 kDa cut-off membranes and HPH and ET. 

 

For Neochloris oleoabundans, Figure 4.9, the flux decrease was also observed and related with the 

same phenomena explained for N. gaditana. The ANOVA test had the same result with significant 

differences (p < 0.05). For HPH trials, the behaviour was similar to N. gaditana and a lower cut-off of the 

membrane resulted in a faster flux. The ET trials did not yield the same conclusions, with the 500 kDa 

membrane having the faster flux. This may be the result of the differences after enzymatic treatment 

between the two species as N. oleoabundans is more susceptible to release larger intracellular 

components that may affect the performance of the 300 kDa membrane. Also, in the trial using the 1000 

kDa after ET, the behaviour of the membrane was different from the other membranes, with pressure 

drops and constant changes that resulted in constant adjustment of feed and retentate pressure, which 

resulted in this being the slower flux of all experiments. This unpredictable performance of the 

membranes to the samples digested through enzymatic treatment confirms that not every microalgae 

specie react in the same way to alcalase giving origin to different supernatants which will influence the 

fractionation by ultrafiltration. In this case, a different treatment for the sample should be investigated or 

a different membrane should be chosen. 

 

4.2.2.  Energy consumption 

 

The energy consumption of the process was estimated during 50 minutes of filtration using equation ( 

3.2 ). The energy consumption increases constantly during the filtration time because the pressure of 

the feed pump is adjusted during the process in combination with the retentate pressure to keep the 

transmembrane pressure constant at 30 psi. 
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The trials conducted with Nannochloropsis gaditana resulted in similar energy consumption (8.2x10-06 ± 

1x10-06 kW.h) for the different membranes and cell disruption methods applied with the exception of the 

1000 kDa cut-off membrane that after disruption by HPH resulted in an higher energy consumption of 

1.6x10-5 ± 3x10-06 kW.h. In the trials with Neochloris oleoabundans the same trend was observed with 

all the membranes and cell disruption methods having an energy consumption of around 5.9x10-6 ± 

1x10-6 kW.h. 

This indicates that the pore size of the membrane and the chosen cell disruption method do not influence 

the energy consumption associated with the filtration system. The fact that the 1000 kDa membrane 

consumes more energy suggests once again, the unsuitable characteristics of this membrane in the 

process. 

 

4.2.3.  Permeability 

 

The permeability of the membrane was also assessed during the 50 minutes process using equation ( 

3.3 ). The following graphics show permeability of the membranes used in the study. 

 

Figure 4.10. (A) Permeability graphic of N. gaditana for 300, 500 and 1000 kDa cut-off membranes and HPH and ET; (B) 
Permeability graphic of N. oleoabundans for 300, 500 and 1000 kDa cut-off membranes and HPH and ET; 

 

Permeability of the membrane for both species follows the same trend observed for the permeate flux, 

since they are associated to the performance of the membrane. The same behaviour of a permeability 

decrease in the first 0.5 h was observed due to the formation of the polarization layer. In the first minutes 

there is an accumulation of material that reduces the pores surface available reducing thus the 

permeability of the membranes. The decrease was similar for all different trials with losses of 

permeability around 5 ± 1 L.m-2.bar-1.h-1. 
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4.2.4.  Pigment retention 

 

In terms of pigments retention, a qualitative analysis was made based on observing the colour of 

permeates obtained after different cell disruption treatments and comparing them with the 

supernatant/retentate colour. 

Figure 4.11 shows the two supernatants/retentates inside the container obtained by HPH and ET, and 

the respective permeates, collected in the flask behind, for N. gaditana. 

 

Figure 4.11. (A) Supernatant/Retentate (vessel) and permeate (flask) obtained after HPH of N. gaditana; (B) 
Supernatant/Retentate (vessel) and permeate (flask) obtained after ET of N. gaditana. 

 

The supernatant/retentate of N. gaditana presented a dark green colour for both disruption methods, 

but slightly vivid for the one obtained by ET. The permeate obtained after HPH was light orange while 

the one obtained after ET was a dark yellow. These results indicate that the chlorophyll present in 

abundance in supernatant was mostly retained during ultrafiltration. The vivid colour after ET suggested 

that this solution may be more resistant to oxidation. Also, the differences observed in permeate colour 

from the two disruption methods confirmed that the disruption method will also influence pigments 

release and concentration obtained in the hydrophilic extract and consequently in the permeate phase. 

Figure 4.12 shows the two supernatants/retentates inside the container obtained by HPH and ET, and 

the respective permeates collected in the flask behind, for N. oleoabundans. 
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Figure 4.12. (A) Supernatant/Retentate (vessel) and permeate (flask) obtained after HPH of N. oleoabundans; (B) 
Supernatant/Retentate (vessel) and permeate (flask) obtained after ET of N. oleoabundans. 

 

For N. oleoabundans, the supernatant/retentate also showed the same dark green colour for both 

disruption methods and the same more vivid colour after ET. However, the permeates obtained were 

different, with the one obtained after HPH being more orange and the one obtained after ET being more 

dark. These results suggested that, besides most of the chlorophyll has been retained during 

ultrafiltration, for N. oleoabundans pigments were more concentrated or less retained than for N. 

gaditana. 

Despite these results, this analysis is merely qualitative and further quantitative analysis and 

identification of pigments should be performed to all fractions to confirm and conclude these results. 

 

4.3.  Sugar analyses 

 

To qualify the ultrafiltration process and conclude whether sugars were retained by the ultrafiltration 

membranes, the glucose content of each fraction was measured. The mass balance of sugars for the 

fractions of filtration allowed to calculate the % of sugars retained by the membrane in both steps of 

filtration. The following graphic shows the results for the sugars retention, with the supernatant as the 

starting material. 
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Figure 4.13 Sugars retention (%) for both species after high-pressure homogenization and enzymatic treatment. Blue represent 
the retention (%) obtained after ultrafiltration step while red represent the retention (%) obtained in the overall process. 

 

For different membrane cut-offs the results were not significantly different (p > 0.05) and, consequently, 

Figure 4.13 only presents the results for the different species and cell disruption method. This may 

indicate that most of the polysaccharides released during cell disruption and present in the supernatant 

were larger than 1000 kDa, as this was the larger pore size used. 

It was observed that, independent of the species, when disrupted with high pressure homogenization, 

permeate I had much lower concentration of glucose when compared with retentate I phase, after the 

first step of ultrafiltration. The percentage of sugars retained in the UF membrane was 65 ± 4% for N. 

gaditana and 63 ± 8% for N. oleoabundans. Hence, the remaining percentage may represent the small 

oligosaccharides and monosaccharides that could pass through the pores of the membrane. The same 

happened in the diafiltration step, when the retentate I was washed with distilled water to recover more 

proteins through the membrane to obtain permeate II. After that step the overall retention of sugars was 

89 ± 22% for N. gaditana and 89 ± 15% for N. oleoabundans. The percentage of sugars retained does 

not reach 100%, not only because of the membrane efficiency, but also because of the polysaccharides 

hydrolysation during the DF that results in an increase of the percentage of sugars with lower molecular 

weight. Hydrolysation might have happened as these molecules are constantly being recirculated and 

mixed during the filtration process. 

After the enzymatic treatment, the different composition of the supernatant also resulted in slightly 

different outcomes in sugars retention. Similarly to the HPH treatment, permeate I has a lower sugar 

concentration compared with retentate I. However, the percentage of sugars retained by the membrane 
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decreased to 51 ± 1% for N. gaditana, and 43 ± 8% for N. oleoabundans. This may be the result of the 

smaller polarization layer formed with enzymatic treated solutions, which resulted in facilitated passage 

of polysaccharides through the membrane. DF only improved the retention to 60 ± 1% and 52 ± 15% 

respectively, as a consequence of the combined smaller concentration polarization layer and the 

recirculation and mixing during the filtration process. 

The analyses of sugar retention with the ultrafiltration membranes suggest that the selection of the cell 

disruption method is crucial if the main objective is to avoid the presence of polysaccharides in a 

permeate phase enriched in proteins. With enzymatic treated samples, the retention of sugars will be 

more difficult when compared to the homogenized supernatant solutions. No significant differences 

concerning sugar retention were observed between the two microalgae species (p < 0.05). 

 

4.4.  Protein analyses 

 

To assess the process efficiency in terms of proteins recovery, each fraction of the ultrafiltration process 

was analysed using the Kjeldahl method. Also, Native and SDS PAGE was used to study the protein 

content. 

 

4.4.1.  Protein recovery  

 

A protein mass balance for the filtration steps was made using the concentrations obtained and the 

respective volumes used in each fraction. Testing the three different membranes, 300, 500 and 1000 

kDa cut-off, the protein recovery in the permeate phase was calculated using equations ( 3.8 ) and ( 3.9 

). At the end of the filtration process, the average calculated protein mass balance for all the membranes 

and methods tested and for the two species in study was up to 90 ± 3 % closed. The results were based 

on four replicates. 

For Nannochloropsis gaditana, Figure 4.14 shows the recovery of proteins after filtration and diafiltration 

with the different membranes and cell disruption methods used. 
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Figure 4.14. Yield of protein recovery of N. gaditana in permeate phase after ultrafiltration and diafiltration for the three 
membranes used (300, 500 and 1000 kDa) and both cell disruption methods. The yield represents the percentage of proteins 

recovered in the filtrate out of total protein found in the supernatant. 

 

After HPH and ultrafiltration with the 300, 500 and 1000 kDa membranes, the amount of proteins 

recovered in the permeate from the amount of initial soluble protein in the supernatant was of 24 ± 1%, 

21 ± 1 % and 9 ± 3 % respectively. The 300 kDa membrane showed a better performance in terms of 

recovery than the two other membranes, suggesting also that the amount of proteins obtained in the 

permeate decrease with the increase in the cut-off of the membrane. After that step, the remaining 

retentates were submitted to diafiltration using distilled water and after processed two diavolumes the 

recovery of proteins increased in the permeate phase to 38 ± 1 %, 33 ± 1% and 10 ± 4 % for the three 

membranes respectively. The best result achieved using the 300 kDa membrane is indeed 10% higher 

than what previous studies had found (Ursu et al., 2014). However, the yields of protein recovery are 

still low. One of the explanations for these results is the formation of comple protein aggregates (van 

den Berg and Smolders, 1990) with a large molecular weight (Ursu et al., 2014) that can happen when 

supernatant contains a mixture of different charged proteins with a strong interaction between the 

positively and negatively charged ones. Consequently, the aggregates would be large enough to be 

retained by the membranes and increase the resistance formed by the layer near the membrane 

interface (van den Berg and Smolders, 1990). Another explanation is that some glycoproteins can form 

covalent linkages with larger polysaccharides and end up retained by the membranes (Heaney-Kieras 

et al., 1977) (Liu et al., 2005). 

After ET, the ultrafiltration process using the three membranes, 300, 500 and 1000 kDa showed a 

different behaviour compared to HPH. The proteins recovery after filtration was similar for all three 

membranes and attained values of 46 ± 3 %, 47 ± 1 % and 45 ± 1 % respectively. After the diafiltration 

step, the protein recovery increased to 71 ± 1 %, 71 ± 1 % and 72 ± 1 % respectively. These results in 
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terms of protein recovery were much higher than when the cells were submitted to HPH, which indicates 

that the supernatant obtained after ET is clearly different. The effect of alcalase is extended not only to 

the disruption of the cell wall but also to the proteins condition in the supernatant. Protein aggregates 

and linkages between proteins and polysaccharides may be affected by the action of the enzyme or 

even the pH. 

For Neochloris oleoabundans, Figure 4.15 shows the performance of the filtration and diafiltration steps 

in terms of protein recovery using different membranes cut-offs and cell disruption methods. 

 

Figure 4.15. Yield of protein recovery in permeate phase of N. oleoabundans after ultrafiltration (blue) and diafiltration (red) for 
the three membranes used (300, 500 and 1000 kDa) and both cell disruption methods. The yield represents the percentage of 

proteins recovered in the filtrate out of total protein found in the supernatant. 

 

After HPH, the supernatant of N. oleoabundans was filtrated using the three membranes of 300, 500 

and 1000 kDa and protein recovery in the permeate phase was 25 ± 1 %, 22 ± 0 % and 17 ± 3 % 

respectively. Once again, the decrease in the protein recovery yield with the increase of the pore size 

was observed and the 1000 kDa membrane achieved the lowest result. Diafiltration of the retentates 

allowed to increase the recovery of proteins up to 38 ± 2 %, 37 ± 1 % and 26 ± 4 % respectively, however 

still low recovery yields were obtained. The same explanation used for N. gaditana results is valid for 

this species. 

The supernatant obtained after ET had different results after filtration with the 3 membranes tested. The 

protein recovery was this time 41 ± 3 %, 35 ± 1 % and 11 ± 0 % respectively. The low recovery using 

the 1000 kDa membrane was due to the constant changing pressure observed during the trial and 

consequently the constant adjustment in the retentate and pump feed pressure valve. This may be the 

result of an almost complete blocking of the membrane or of the particular supernatant composition 
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(different sizes of the components). Consequently, this behaviour hindered the possibility of proceeding 

further with the 1000 kDa membrane for diafiltration. For the protein recovery in the permeate phase 

after the diafiltration step with the 300 and 500 kDa membranes increased to 63 ± 1 % and 59 ± 1 % 

respectively. This final result was again higher than the one obtained after HPH as observed with N. 

gaditana. However, the yields after ET were lower compared to the ones achieved with N. gaditana, 

indicating once more the effect of the different cell wall during enzymatic treatment among microalgal 

species. 

It is expectable that by increasing the diavolumes during the diafiltration, more proteins will be recovered 

in permeate phase. It is however necessary to balance the diavolumes (process time) and the protein 

recovery yield, since at a certain point the protein recovery will no longer be significant. 

 

4.4.2.  Native PAGE 

 

To conclude about the protein content in the supernatant and in the different fractions during filtration, a 

native PAGE was performed for both species and different membranes. Native gels presented the same 

image for the three membranes with different cut-off, so only 500 kDa membrane results are shown in 

Figure 4.16.  

 

Figure 4.16. (A) Native electrophoresis of ultrafiltration fractions (supernatant (S), permeate (P) and retentate (R)) of N. 
gaditana. H9 is the trial with HPH, ET3 the trial with ET and the marker is the column M; (B) Native electrophoresis of 

ultrafiltration fractions (supernatant (S), permeate (P) and retentate (R)) of N. oleoabundans. H8 is the trial with HPH, ET3 the 
trial with ET and the molecular weight marker is the column M. 
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After scanning the gels, it was possible to conclude that for both species enzymatic treatment had 

affected the native proteins. The supernatant obtained after HPH presented several bands of native 

proteins which were not visible in the supernatant obtained after ET. After this, none of other fractions 

related with ET showed bands of native protein. This result confirmed the protein hydrolysation by the 

effect of alcalase and the existence of small peptides and amino acids. 

For the HPH trials, the N. gaditana samples of supernatant and retentate showed a significant presence 

of a native protein with molecular weight around 500 kDa and other less concentrated proteins with 

different range of sizes. The permeate fraction also presented the more concentrated protein around 

500 kDa and some smaller native proteins with smooth bands. As expected, the N. oleoabundans 

supernatant and retentate showed a different composition of native proteins. However, in the permeate 

phase no bands appeared which lead to two different hypothesis. Either N. oleoabundans has native 

proteins so small (smooth bands in the bottom) or even with HPH native proteins were affected by the 

aggressive shear stress. 

 

4.4.3.  SDS PAGE 

 

Furthermore, SDS PAGE was performed to the same supernatant and filtration samples of the two 

species and the three membranes tested. Similarly to what happened with native gels, SDS images 

were similar between different membranes, so only the 500 kDa membrane is presented in Figure 4.17. 

 

Figure 4.17. (A) SDS electrophoresis of ultrafiltration fractions (supernatant (S), permeate (P) and retentate (R)) of N. gaditana. 
H9 is the trial with HPH, ET3 the trial with ET and the marker is the column M; (B) SDS electrophoresis of ultrafiltration fractions 

(supernatant (S), permeate (P) and retentate (R)) of N. oleoabundans. H8 is the trial with HPH, ET3 the trial with ET and the 
molecular weight marker is the column M. 
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The influence of the enzyme on the samples observed in native gels was again noticed. For both 

species, enzymatic treated samples only presented smooth bands with low molecular weight as a result 

of the presence of only small peptides and amino acids. 

For the HPH trials, both species present a similar composition between supernatant and retentate. The 

proteins filtrated are represented in the permeate column and for N. gaditana it is possible to identify 

different molecular weights of proteins which could be filtrated. For Neochloris the result was slightly 

different, as the bands are smoother and most of proteins filtrated had low molecular weight. This may 

be another result supporting the hypothesis proposed in native gel results for the existence of smaller 

proteins in N. oleoabundans or even HPH shear affecting the proteins released. 

The high diversity on protein content was observed in previous studies and can be explained by the fact 

that microalgae do not accumulate various storage proteins as N-source. On N. gaditana SDS gel, it is 

possible to observe clearly the two subunits of RuBisCO, with the large subunit with molecular weight 

around 50 kDa and the small subunit with around 15 kDa (Schwenzfeier et al., 2011). 

SDS results helps understanding the results obtained in protein recovery with ultrafiltration and 

diafiltration. The enzymatic treated samples showed the best protein recover yields for all the 

membranes tested and SDS results confirms that it is related to the smaller sizes of protein content 

which turn out to be an advantage to pass through the membranes. On other hand, HPH treated samples 

present a wide range of proteins with different molecular weight and size which turns out to difficult the 

fractionation resulting in lower yields. 

 

4.5.  Overall process performance 

 

The performance of the overall biorefinery processes for extracting and fractionating proteins was 

compared in terms of protein content obtained in the permeate phase after UF+DF. It was considered 

that the total initial protein present in the biomass, after disruption and centrifugation, was divided in 

non-soluble protein retained in the non-soluble extract of the pellet and the soluble protein present in 

the hydrophilic extract that composes the supernatant. Figure 4.18 represents the overall final recovery 

of the initial protein content present in N. gaditana, while Figure 4.19 presents the same for N. 

oleoabundans. 
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Figure 4.18. N. gaditana overall process yield of soluble protein along different cell disruption and filtration steps. The yield 
represents the percentage of proteins recovered in the filtrate out of total protein found in the biomass. 

 

For Nannochloropsis trials, combining the yields of soluble protein content obtained, it is possible to 

observe that the enzymatic treatment, even with lower soluble protein release during cell disruption, 

resulted in higher overall recovery yields of 28 ± 1%, independently of the membrane used in the filtration 

processes. In this case, it would be appropriate to choose the 300 kDa membrane among the others to 

combine with the ET, as this one presented a higher permeate flux which leads to a faster process 

operation with low energy consumption. 

 

Figure 4.19. N. oleoabundans overall process yield of soluble protein along different cell disruption and filtration steps. The yield 
represents the percentage of proteins recovered in the filtrate out of total protein found in the biomass. 
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For Neochloris trials, the same combination of yields resulted in similar conclusions. With the exception 

of the 1000 kDa trial where the abnormal pressure and unpredictable performance of the membrane 

affected the protein recover, enzymatic treatment samples showed the highest overall recovery of 

protein content of 30 ± 1%. 

In summary, if it is not required to obtain native proteins after the filtration step, enzymatic treatment 

should be chosen as disruption method over high-pressure homogenization due to higher overall protein 

content recovery yields and mildness in terms of energy consumption. 
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5. Conclusions and future perspectives 

 

The developed study was considered extremely important for the investigation in the area. Not only was 

possible to carry out the proposed mild biorefinery process with concentrated microalgae biomass in 

order to recover an enriched protein fraction free from different microalgae components but also to 

perform a screening in two disruption methods and three different ultrafiltration membranes for the 

species in study. 

On N. oleoabundans, the protease used during the enzymatic treatment was able to fragment the 

proteins embedded in the cell wall, but for N gaditana, the ET was not as efficient in terms of cell 

disruption and release of intracellular components. As cellulose is an important component of the cell 

walls of both microalgae species, the enzymatic treatment would be more effective if the enzyme cocktail 

would incorporate polysaccharide degrading enzymes. In future work, a combination of cellulase and 

protease should be explored for lysis. 

In terms of protein release, a high pressure homogenization appears to be more suitable than enzymatic 

treatment when disrupting N. gaditana. However, in the double step filtration, the samples obtained after 

enzymatic treatment achieved a better protein recovery yield in the permeate phase. Yet, it has to be 

considered that, for both species, after ET, proteins are also digested to peptides or amino acids, 

contrarily to HPH released proteins which kept their native structure. Nevertheless, both peptides and 

proteins have applications in different markets (e.g. food, feed and pharmaceuticals) which makes them 

economically valuable. 

The study also concludes, against all expectations, that increasing the cut-off of the membrane does 

not necessarily increase the permeate flux and the yield of proteins recovered in the permeate phase. 

Considering this conclusion and the highest protein yield of recovery obtained after enzymatic treatment, 

a combination of disruption by enzymatic treatment and fractionation by ultrafiltration and diafiltration 

using a 300 kDa membrane cut-off would be the best route to achieve an enriched protein fraction for 

this species. 

The developed diafiltration step proved to be extremely useful for protein recovery. In all the trials, the 

diafiltration step was able to increase considerably the protein recovery. However, further studies are 

still necessary to achieve the optimal balance between the diavolumes processed and the recovery of 

proteins, since it influences directly the operation time. 

On the microalgae biorefinery scene, this was to my knowledge the first case aiming to achieve an 

enriched soluble protein fraction starting with an initial biomass concentration of 100 g.L-1. Previous 

studies with this level of biomass concentration have only focused on cell disruption step and no further 

processing have been explored. In terms of economic efficiency, a microalgal biorefinery should start 
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with a biomass stream significantly concentrated to reduce the operation costs and ecological footprint 

associated with water (Coons et al., 2014). This study tested successfully realistic operating conditions 

inserted in this approach which is a step forward to accomplish greater objectives. 

In the future, the challenge of projects in the biorefinery area is to increase the amount of proteins 

recovered in the process. That should pass by either increase the recovery yield of each step or discover 

new operation conditions or, in the ultrafiltration case, new membranes more suitable for each 

microalgae specie. An already on-going development in this process is to combine both cell disruption 

methods, which can significantly reduce the mechanical energy requirement and obtain higher yields in 

disruption. Discovering the sequence of operations and conditions that would release more proteins 

without jeopardizing the supernatant for ultrafiltration should be investigated in the future. 

To conclude, in the biorefinery scene, effort should focus on reducing the losses of the desired product 

as well as on the energy costs related to the extraction and purification steps. Large scale downstream 

processing must be further developed with environmentally friendly processes in order to achieve true 

economic revenue. 
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Appendix 

 

A. Specific Energy 

 

The specific energy relates to the energy density as the amount of energy per mass or volume of the 

solution. Dividing the energy related to filtrate the mass/volume of the solution by the respective 

mass/volume of the solution gives the specific energy of the process. In this ultrafiltration case, the 

energy to filtrate the solution is directly related to the applied transmembrane pressure to the processed 

mass as the flux is constant before and after the membrane. The following equation was used to 

calculate the specific energy. 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐸𝑛𝑒𝑟𝑔𝑦 (𝑘𝑊. ℎ. 𝑘𝑔−1) =
𝑇𝑀𝑃 (𝑏𝑎𝑟) × 𝑅𝑒𝑡𝑒𝑛𝑡𝑎𝑡𝑒 𝐹𝑙𝑜𝑤(𝑚3. 𝑠−1) × 105

3.6 × 106 × 𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑒 𝐹𝑙𝑜𝑤 (𝑘𝑔. 𝑠−1) × 𝑛
 ( A.1 ) 

 

The parameters of the equation represent the TMP (bar) multiplied by the volumetric flow recirculated 

(retentate) in m3.s-1, multiplied then by 105 to convert for Joules. Joules are converted to kW.h dividing 

by 3.6x106. The value obtained is then divided by the mass flow processed (permeate) in kg.s-1. The 

efficiency (ƞ) was assumed to be 1. 

The value obtained was 5.75 x 10-5 kW.h.kg-1 for all the trials since the TMP was kept constant at 2.07 

bar. 

 

B. Native PAGE protocol 

 

The protocol used to perform a Native PAGE assay was from Food and Biobased Research Department 

from Wagenigen University and Research Centre. It followed the next procedure. 

1. Dilute sample buffer and reducing agent, either in a mastermix or directly with sample. 

2. For direct dilution add 12.5 μL of Tris-Glycine Native sample buffer (2*) with 12.5 μL of your 

sample (concentration of 1 mg.mL-1). 

3. Briefly centrifuge using the MiniStar Silverlive (VWR®). 

4. Remove the packaging and the white tape of your selected gel (4-20% Tris-Glycine). 

5. Rinse the cast with Milli-Q water. 

6. Place the cast in the electrophoresis tank (XCell SureLock Mini-Cell Electrophoresis System). 

7. For correct positioning of the gel, make sure the side with the white tape and black outlined 

wells is facing outwards. 

8. When only 1 gel, make sure to place a dam and secure the cast with a white clamp. 
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9. Dilute the running buffer by mixing 80 mL of Tris-Glycine native running buffer (10*) with 720 

mL of Milli-Q water. 

10. Add 200 mL of diluted running buffer to the Upper (Inner) Buffer Chamber. 

11. Add 600 mL of diluted running buffer to the Lower (Outer) Buffer Chamber. 

12. Carefully remove the comb by gentle wiggling. 

13. Rinse the wells with running buffer by pipetting up and down briefly. 

14. Apply your samples (20 μL), use a NativeMark Unstained protein standard as a marker (7 μL). 

15. Close the electrophoretic tank with the corresponding lid. 

16. Turn on the Power Pac 200 (Bio-Rad), select V (for Volts) and set to 125 using the arrows. 

17. Run the gel until the dye front is almost migrated off the gel (approximately 1.5 hours). 

18. Turn off the Power Pac 200, detach white clamp, rinse electrophoretic tank with demineralized 

water. 

19. 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) 

20. Transfer the gel into a noodle tray and rinse the gel with Milli-Q 1 time for 5 minutes at 100 RPM 

using the KS250basic (Labortechnik) orbital shaker. 

21. Stain the gel using the SimplyBlue SafeStain solution. Pour just enough to barely cover the gel. 

Incubate for 1 hour at 100 RPM. 

22. Destain the gel using Milli-Q water and incubate overnight (refresh the Milli-Q every other hour). 

23. 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. 

 

C. SDS PAGE protocol 

 

The protocol used to perform a SDS PAGE assay was from Food and Biobased Research Department 

from Wagenigen University and Research Centre. It followed the next procedure. 

1. Dilute the sample buffer and reducing agent, either in a mastermix or directly with sample. 

2. For a direct dilution, 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 your sample (concentration of 1mg.mL-1). 

3. Briefly centrifuge using the MiniStar Silverlive (VWR®). 

4. Heat the mixture to 70ᵒC for 10 minutes using the TruTemp DNA Microheating System (Robbins 

Scientific). Make sure to close the lid to keep temperature constant. 

5. Briefly centrifuge using the MiniStar Silverlive (VWR®). 

6. Remove the packaging and the white tape of your selected gel. 

7. Rinse the cast with Milli-Q water. 

8. Place the cast in the electrophoresis tank (XCell SureLock Mini-Cell Electrophoresis System). 
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9. For correct positioning of the gel, make sure the side with the white tape and black outlined 

wells is facing outwards. 

10. When only 1 gel, make sure to place a dam and secure the cast with a white clamp. 

11. Dilute the running buffer by mixing 40 mL of NuPAGE MES or MOPS SDS Running Buffer (20*) 

with 760 mL of Milli-Q water. 

12. Add 210 mL of diluted running buffer to the Upper (Inner) Buffer Chamber and add 500 μL of 

NuPAGE Antioxidant. Mix by pipetting up and down and check for leaks in the chamber. 

Note: Be cautious with the antioxidant, it is a carcinogen and may cause respiratory tract, 

irritation and dizziness! 

13. Add 590 mL of diluted running buffer to the Lower (Outer) Buffer Chamber. 

14. Carefully remove the comb by gentle wiggling. 

15. Rinse the wells with running buffer and antioxidant by pipetting up and down briefly. 

16. Apply your samples (20 μL), use a SeeBlue Plus2 Pre-stained Protein Standard as a marker (5 

μL). 

17. Close the electrophoretic tank with the corresponding lid. 

18. Turn on the PowerPac 200 (Bio-Rad), select V (for Volts) and set to 200 using the arrows. 

19. Run the gel until the dye front is almost migrated off the gel (approximately 35 minutes for MES 

and 50 minutes for MOPS). 

20. Turn off the Power Pac 200, detach white clamp, rinse electrophoretic tank with demineralized 

water. 

21. 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). 

22. Transfer the gel into a noodle tray and rinse the gel with Milli-Q water 3 times for 5 minutes at 

100 RPM using the KS250basic (Labortechnik) orbital shaker. 

23. Stain the gel using the SimplyBlue SafeStain solution. Pour just enough to barely cover the gel. 

Incubate for 1 hour at 100 RPM. 

24. Destain the gel using Milli-Q water and incubate overnight (refresh Milli-Q every other hour). 

25. Image the gel using the GS-800 Calibrated Densitometer. Add a droplet of Milli-Q water to the 

scanning plate prior to laying the gel on the densitometer. 

 

D. Flow Cytometry 

 

To evaluate the efficiency of the disruption methods in terms of cell disruption efficiency a BD Accuri™ 

C6 flow Cytometer was used. The flow cytometer incorporate an own software to treat the data acquired. 

The software give the following results on important parameters. 
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Table D.1. Flow cytometer software (BD Accuri C6) plot statistics for trials with both species. 

Specie Fraction 
Events 
Count 

Volume (μL) 
% of All 
counts 

Mean FL3-A 

Nannochloropsis 
gaditana 

Blanc 156697 15 79% 105767 

HPH 46388 15 30% 81024 

ET 42464 15 25% 77959 

Neochloris 
oleoabundans 

Blanc 101283 15 80% 306858 

HPH 14977 15 29% 202480 

ET 13246 15 31% 195800 

 

With the flow cytometer parameters from Table D.1 it is possible to assess the disruption efficiency on 

both cell disruption methods. The event count represent the number of counts plotted that theoretically 

represents intact cells, the volume is referent to the sample volume pulled for the analysis, the % of all 

counts means the % of counts plotted in the total counts and the Mean FL3-A is the statistical parameter 

used for calculate statistical value of intact cells from the plot selected by equation ( D.2 ). 

𝐼𝑛𝑡𝑎𝑐𝑡 𝑐𝑒𝑙𝑙𝑠 𝑠𝑡𝑎𝑡𝑖𝑠𝑡𝑖𝑐𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 =
𝐸𝑣𝑒𝑛𝑡𝑠 𝐶𝑜𝑢𝑛𝑡 × 𝑀𝑒𝑎𝑛 𝐹𝐿3 − 𝐴

𝑉𝑜𝑙𝑢𝑚𝑒
 ( D.2 ) 

 

Table D.2 represent the results in terms of disruption efficiency. With the intact cells statistical value of 

each fraction, the Blanc value correspond to the theoretical total and the residual value of the other 

fractions is obtained as a percentage of that. 
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Table D.2. Flow cytometer results in terms cell disruption efficiency for trials with both species. 

Specie Fraction Residual (%) Disruption (%) 

Nannochloropsis 
gaditana 

Blanc 100% 0% 

HPH 23% 77% 

ET 20% 80% 

Neochloris 
oleoabundans 

Blanc 100% 0% 

HPH 10% 90% 

ET 8% 92% 

 


