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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. 
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I. 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. 

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, 

 
Fig. 1. Refinery of microalgae into a wide variety of products (Slegers 2014). 
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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.  

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.  

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 
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). 

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).  

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. 

The present study includes biorefinery 
approaches for two different microalgae species, 
Nannochloropsis gaditana and Neochloris 
oleoabundans, in order to recover an enriched 
fraction of water soluble protein, free from 
polysaccharides and chlorophyll. 

 

II. MATERIALS AND METHODS 

 
Starting with a high concentration (100 g.L-1) of 
both species 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 2. 

 

Microalgae 

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. 

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. 
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Maximum temperature was set at 30 ᵒC, with light 
exposure of 20 h.day-1 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. 

 

Cell Disruption 

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

High pressure homogenization was performed in 
1 passage at 1500 bar with a GEA Niro Soavi 
PandaPLUS homogenizer (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 in order to avoid overheating the 
treated samples, and therefore denaturing the 
proteins. 

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 
10% dry matter. 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 solutions were 
centrifuged at 16 000 g and 10 ᵒC during 15 
minutes in a Sorvall™ LYNX6000™ 
ThermoScientific to obtain the supernatant. 

A BD Accuri™ C6 flow Cytometer 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. 
Microscopic observations were conducted on a 
Leica DM 2500 light microscope equipped with a 
Leica DFC 450 camera. 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. 

 

Filtration 

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

During filtration of supernatant samples, the 
permeate flux (F) was monitored. For that, 

 
Fig. 2. Schematic representation of the overall process, from harvested microalgal biomass to a protein enriched permeate. 
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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)
 (1) 

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. 

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. 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. 

 

Sugar 

Sugar 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

= (
∑ 𝐶 𝑟𝑒𝑡𝑒𝑛𝑡𝑎𝑡𝑒(𝑚𝑔 𝐺𝑙𝑢𝑐𝑜𝑠𝑒. 100𝑚𝐿−1) × 𝑉𝑟𝑒𝑡𝑒𝑛𝑡𝑎𝑡𝑒(𝑚𝐿)

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

× 100% 

(2) 

 

Protein Analyses 

To determine the amount of total protein in 
samples, the method used was Kjeldahl. The 
apparatus used in Kjeldahl analyses were from 
Gerhardt Kjeldatherm® block digestion unit, 
Turbosog gas scrubber and Vapodest distillation 
unit (Gerhardt Analytical Systems – Germany). 

The titration step was made in a Metrohm 718 
STAT Titrino. The N-to-protein conversion factor 
used was 5.5, based on a previous study 
conducted at Food and Biobased Research 
department (Wageningen University). 

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 
equation was used to obtain the yield of protein 
recovered in the processes. 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑌𝑖𝑒𝑙𝑑 𝑈𝐹

=
𝑉𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 (𝑚𝐿) × 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒(𝑚𝑔. 𝑚𝐿−1)

𝑉𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 (𝑚𝐿) × 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡(𝑚𝑔. 𝑚𝐿−1)

× 100% 

(3) 

In order to assess information on proteins present 
in the supernatant and the separation in 
ultrafiltration, the electrophoretic method of SDS 
PAGE were used. Samples were diluted to have 
a protein concentration around 1 mg.mL-1, based 
on protein concentration obtained with kjeldahl. 
Gels were from Novex™ NuPAGE® 10% Bis-Tris  

 

Statistical Analysis 

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. 

 

III. RESULTS AND DISCUSSION 

 
Cell Disruption 

For the marine species N. gaditana, the disruption 
efficiency of the techniques applied was 77% and 
80% for homogenization and enzymatic treatment 
respectively while for the fresh water N. 
oleoabundans, flow cytometer indicated a 
disruption efficiency of 90% and 92% respectively. 
Microscopic observations of the starting material 
and the two disruption solutions of both species 
are presented in Figures 3 and 4. 

Figure 3(A) shows the intact cells of N. gaditana. 
After cell disruption by HPH (Figure 3(B)), 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 3(C) 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 
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enzymatic hydrolysation of the cell wall proteins by 
alcalase. 

Figure 4(A) present the Neochloris cells intact 
with the characteristically circular shape well 
defined, while in Figure 4(B) the cell debris are 
visible after complete destruction of the cell wall 
by homogenization. Figure 4(C) 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. 

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. 

 

Ultrafiltration 

The permeate flux was monitored during 50 
minutes of filtration using equation (1). The 
graphic on Figure 5 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. 

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. 

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. 

 

Fig. 3. (A) Nannochloropsis gaditana cells (amplification 1000x); (B) Nannochloropsis gaditana cells after homogenization 
(amplification 1000x); (C) Nannochloropsis gaditana cells after enzymatic treatment (amplification 1000x). 

 

Fig. 4. (A) Neochloris oleoabundans cells (amplification 1000x); (B) Neochloris oleoabundans cells after homogenization 
(amplification 1000x); (C) Neochloris oleoabundans cells after enzymatic treatment (amplification 1000x). 
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In Figure 5 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. 

For Neochloris oleoabundans, Figure 6, 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. 

 

Sugar 

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 in the membrane in both steps 
of filtration. The graphic in Figure 7 shows the 
results for the sugars retention, with the 
supernatant as the starting material. 

For different membrane cut-offs the results were 
not significantly different (p > 0.05) and, 
consequently, Figure 7 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. 

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. 

 

Fig. 5. N. gaditana permeate flux graphic for 300, 500 and 1000 
kDa cut-off membranes and HPH and ET. 

 

Fig. 6. N. oleoabundans permeate flux graphic for 300, 500 and 
1000 kDa cut-off membranes and HPH and ET. 
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After the enzymatic treatment, the different 
composition of the supernatant also resulted in 
slightly different outcomes in sugars retention. 
The percentage of sugars retained by the 
membrane 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 
combination of the smaller concentration 
polarization layer and the recirculation and mixing 
during the filtration process. 

 

Proteins 

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 equation 2. 
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, 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 complex 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 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 N. oleoabundans, after HPH, the supernatant 
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 

 

Fig. 7. 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. 
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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 (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. 

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. 

To conclude about the protein 
content in the supernatant and 
in the different fractions during 
filtration, a SDS PAGE was 
performed for both species and 
different membranes. SDS gels 
resented the same image for 
the three membranes with 
different cut-off, so only 500 
kDa membrane results are 
shown in Figure 8. 

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 a result supporting 
the hypothesis for the 
existence of smaller proteins 
in N. oleoabundans or even 
HPH shear affecting the 
proteins released. 

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. 

 

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 

 

Fig. 8. (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. 

 

Fig. 10. 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. 
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composes the supernatant. Figure 10 represents 
the overall final recovery of the initial protein 
content present in N. gaditana, while Figure 11 
presents the same for N. oleoabundans. 

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. For Neochloris trials, the 
same combination of yields resulted in similar 
conclusions. 

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. 

 

IV. CONCLUSIONS 

 
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. 

To conclude, in the biorefinery scene, effort 
should focus on reducing the losses of the desired 
product desired 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. 

 

V. ACKNOWLEDGMENTS 

 
This project was developed as part of two 

different research programmes of AlgaePARC 
Biorefinery (Wageningen University and 
Research Centre) and EU project MIRACLES. 

 

 

Fig. 11. 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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