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xtraction methods to obtain high-
purity protein concentrate from green microalgae
Nannochloropsis oceanica

Thi Phuong Linh Le,*a Jayani Samarathunga,a Max Gabard,b Katrina Strazdins,b

Jeroen Rensb and Benu Adhikari *a

Nannochloropsis oceanica is a promising and sustainable source of high-value protein. This study

compared various extraction methods to implement an optimal protocol for obtaining high-purity

protein concentrate. These methods included non-defatting protocols using ultrasound and high-

pressure homogenization, as well as solvent-based defatting with chloroform, ethanol, isopropanol, and

acetone. The most effective protocol involved acetone defatting, followed by alkaline extraction at pH

12.0 and acid precipitation at pH 2.0, obtaining 86% protein content by dry weight. This protocol

outperformed non-defatting methods, which achieved only 42% protein content by dry weight. The

higher effectiveness of the acetone-defatting process was attributed to its capacity to break down cell

walls and remove lipids and pigments, including chlorophyll a. These findings establish that acetone

defatting is an effective method for obtaining high-purity protein concentrate from N. oceanica and

could support further research and applications in protein extraction from this and other microalgal species.
Sustainability spotlight

This study contributes to the United Nations Sustainable Development Goals (SDGs), particularly SDG 2 (Zero Hunger) and SDG 12 (Responsible Consumption
and Production), by advancing the sustainable extraction of high-purity protein from microalgal resources, specically Nannochloropsis species. The proposed
method achieves a high protein content (86%), is easy to implement, and environmentally benign. As a sustainable protein source, microalgae require minimal
energy and nutrients while producing protein-rich biomass. By presenting an efficient extraction and purication process, this research promotes the diver-
sication of protein supply chains, minimizes the environmental impact of protein production, and helps establish microalgae as a resource-efficient solution
for meeting the growing global demand for high-value, protein-rich foods.
1. Introduction

The world's human population reached 8.0 billion in 2022 and
is expected to reach 10 billion by 2053.1 A massive expansion of
mainstream agricultural and food industry resources is
required to meet the protein needs of this population. However,
such expansion cannot be easily realized due to associated
sustainability constraints and negative impact to the environ-
ment. In addition, there is an increasing demand for protein
ingredients and protein-rich foods. Consequently, food scien-
tists, industry, and human society are exploring alternative
protein sources to meet the demand for protein without
compromising sustainability. The United Nations (UN)
Sustainable Development Goal (SDG)2 has rightly emphasized
reducing protein malnutrition through developing sustainable
food systems.3 Protein derived from mainstream sources such
lbourne, VIC 3083, Australia. E-mail:

ari@rmit.edu.au

ia

the Royal Society of Chemistry
as animals (in particular) and terrestrial plants is unlikely to
meet the increased protein demand, and also they require more
land, high energy, and water input.4 Thus, there is a need to
consider alternative sources of protein that are less costly (in
terms of energy, water and nutrients) and also require less
land.5 Microalgae are a well-known source of proteins and have
the potential to be used inmany food products. Microalgae have
a low carbon footprint and are able to absorb 10–50 times more
CO2 than other natural plants.6 In addition, they grow fast, can
be densely grown in ponds and reactors and require less input
in terms of energy, water and nutrients.7

Some microalgal species contain up to 70% of their dry
biomass protein.7,8 They also contain sufficient essential amino
acids comparable to plant proteins.9,10 Despite the potential
health benets of microalgae, particularly in preventing age-
related metabolic issues,11 their use in human diets is limited.
Nannochloropsis spp. is known for its robust growth and high
levels of essential nutrients like protein (30–43% in dry weight
(DW)), lipids (28–45% in DW) and polyunsaturated fatty acids,
carbohydrates (15–35% in DW), antioxidants, and vitamins,12
Sustainable Food Technol., 2025, 3, 549–558 | 549
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represent promising candidates for future dietary inclusion.
Nannochloropsis spp. has been known as a high docosahex-
aenoic acid (DHA) and eicosapentaenoic acid (EPA)-containing
strain in Australia. According to Food and Agriculture Organi-
zation (FAO) recommendations, it contains sufficient amounts
of essential amino acids and can meet the daily requirement of
29 to 40% of the proteins or 13–15 mg of these amino acids per
kilogram of body weight.13,14 However, the extracted protein
from microalgae has drawbacks such as high dewatering cost,
complex extraction, and purication. The sensory issues asso-
ciated with the shy smell and pigment also restrict their
application in food.15

Nannochloropsis oceanica belongs to single-celled eukaryotes.
Their cell is protected by a thick multi-bilayered cell wall,16

primarily composed of algaenan. Algaenan is a complex, highly
resistant carbohydrate that is difficult to break down due to its
chemical structure, which includes long-chain aliphatic
hydrocarbons linked together by ether bonds.17 This cell wall
structure and characteristics are a barrier to solvent penetra-
tion, making extracting intracellular compounds difficult when
conventional extraction methods are used. Therefore, the cell
wall of microalgae must be disrupted by a suitable combination
of physical (e.g., mechanical, thermal, and thermo-mechanical
processing), chemical (e.g., organic solvents, osmotic shock,
and acid-alkali treatment), or biological (e.g., enzymatic) pre-
treatments to make the extraction process more efficient.
Recent research efforts on Nannochloropsis oceanica have
primarily aimed at improving cell disruption efficiency to
optimize lipid yield and quality.18–22 In contrast, efforts to
extract and characterize other components, such as proteins,
have been limited, with far fewer studies dedicated to protein
isolation.

Therefore, this study aimed to optimize and compare protein
extraction methods to obtain concentrates with greater than
80% (w/w) protein from Nannochloropsis oceanica. Various
mechanical cell disruption and solvent-based defatting
methods were applied to increase protein purities. The effects of
these methods on the release of intracellular compounds, as
well as the purity of the extracted protein, were evaluated
through compositional and morphological analyses.
2. Materials and methods
2.1. Materials

The freeze-dried Nannochloropsis oceania (N. oceanica) biomass
(4.3% ± 0.0 moisture content) was received from Qponics
Limited (Queensland, Australia). Ethanol, isopropanol, and
acetone were purchased from ChemSupply Australia Pty. Ltd
(Victoria, Australia). All other chemicals used in this study were
purchased from Sigma-Aldrich Australia (New South Wales,
Australia) and were used as received.
2.2. Methods

2.2.1. Determination of isoelectric point. One gram of
freeze-dried N. oceanica biomass was suspended in 20 mL of
Milli-Q water, and the suspension was stirred for an hour to
550 | Sustainable Food Technol., 2025, 3, 549–558
obtain complete hydration. The pH of this suspension was
adjusted or varied from 2.0 to 12.0 at an increment or decre-
ment of 1 pH to determine the effect of pH on protein extrac-
tion. The pH shi was achieved using 0.1 MHCl or 0.1 M NaOH.
These dispersions were agitated at ambient temperature (25± 2
°C) for 2 h and stored at 4 °C overnight, wrapped in aluminum
foil. The supernatants of protein dispersions were collected by
centrifugation (3-30KS Sigma, John Morris Group, Australia) at
10 000×g for 30 min at ambient temperature.

The isoelectric point of the extracted protein was determined
by recording zeta potential as a function of pH. A dynamic light
scattering (Zetasizer ZS-90, Malvern Instruments, Worcester-
shire, UK) was used for these measurements at 25 °C. The
supernatants (obtained aer centrifugation) of each sample
were transferred into folded capillary cells for the zeta potential
measurements. The zeta potentials were calculated using the
Smoluchowski model for all measurements. Every supernatant
was measured in triplicate with ve readings per measure-
ment.23 The isoelectric point was determined as the pH value
where the net charge or zeta potential was zero or close to zero.24

2.2.2. Extraction of protein. Seven procedures for protein
extraction were tested in this study. All procedures started with
a freeze-dried algal sample. The freeze-dried sample was ground
using a lab blender (8011ES, John Morris Group, Australia).

2.2.2.1. Non-defatting of procedure. The freeze-dried
biomass was dissolved in Milli-Q at a ratio of 1 : 20 (biomass :
water) and stirred at 700 rpm for an hour at room temperature
to obtain complete hydration. This biomass suspension was
used in pre-treatments and protein extraction as mentioned
below.

2.2.2.1.1 Procedure I: alkali solubilization and acid precipi-
tation. The biomass suspension was adjusted to pH 12.0 (ob-
tained from part 2.2.1) by 1.0 M NaOH and agitated at 700 rpm
for 5 h at ambient temperature (25 ± 2 °C). Subsequently, the
extract was centrifuged at 10 000×g for 30 min (Sorvall LYNX
6000, Thermo Fisher Scientic, USA). The supernatant was
collected, and its pH was adjusted to 2.0 which was found to be
the iso-electronic point of N. oceanica protein (Section 2.2.1), by
using 1.0 MHCl to precipitate the protein. The extracted protein
was stored at 4 °C overnight to allow complete protein precip-
itation. This precipitated protein was centrifuged at 10 000×g
for 30 min, redispersed in Milli-Q water, and then neutralized
using 1.0 M NaOH. The neutralized protein mass was freeze-
dried at 0.1 mbar and −40 °C (VaCo 10, Zirbus Technology
GmbH, Germany). The freeze-dried protein sample was vacuum
sealed and stored at −20 °C till further use.

2.2.2.1.2 Procedure II: ultrasound-assisted extraction. Soni-
cation was applied to the biomass suspension as a pretreatment
to improve protein extraction. A laboratory ultrasonicator Q500
(Qsonica, Newtown, CT, USA) equipped with a 1/2-inch tip
probe at 60% of amplitude for cell disruption. Sonication was
applied for 5 min with a pulse mode of 5 seconds ON and 5
seconds OFF at 500 W maximum power and 20 kHz frequency.
The sonication was carried out in an ice bath to minimize
temperature increase and avoid possible undesired reactions.25

The ultrasound-treated biomass suspension was subjected to
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fb00387j


Paper Sustainable Food Technology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

/2
/2

02
6 

10
:4

4:
26

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
alkali extraction–acid precipitation procedure as described in
Procedure I above.

2.2.2.1.3 Procedure III: high-pressure homogenization-assisted
extraction. High-pressure homogenization was applied as
a pretreatment to improve protein extraction. The biomass
suspension was homogenized using a laboratory two-stage
high-pressure homogenizer (Panda PLUS 2000, GEA Niro
Soavi Americas, Bedford, USA). Three passes were applied at
a xed homogenizing pressure of 150 MPa with a volumetric
ow rate of 9 L h−1. The temperature during this homogeniza-
tion process varied from 22–30 °C in the rst pass and thus was
cooled down to 22 °C before undertaking the next pass.26 The
high-pressure-homogenized biomass suspension was subjected
to alkaline extraction and acid precipitation procedure
described in Procedure I above.

2.2.2.2. Defatting procedure. The freeze-dried biomass was
defatted in different solvents at a ratio of 1 : 5 (biomass : solvent)
and stirred at 500 rpm for 2 h at room temperature (20–25 °C).
Chloroform :methanol (2 : 1, v/v) (Procedure IV), ethanol 50%
(Procedure V), isopropanol 60% (Procedure VI), and acetone
98% (Procedure VII) were applied in the defatting process. The
supernatants containing the lipids were removed. The defatting
process was repeated twice. The defatted biomass obtained in
this way was dried in a fume hood for 72 h to allow residual
solvents to evaporate. Subsequently, protein from the dried
defatted biomass was extracted using the alkaline extraction–
acid precipitation procedure described above.

2.2.3. Determination of protein content. Protein content
on the protein samples mentioned above was determined using
the Kjeldahl protein measurement method following the AOAC
procedure27 with some modications. Briey, approximately
0.5 g of sample were hydrolysed by mixing 12.5 mL of 99.9%
sulfuric acid and Kjeldahl catalyst tablets at 420 °C for an hour
in a heat block of Protein Analyser system (Kjeltec™ 8200,
FOSS, Denmark); then, the hydrolysed samples were distilled.
The distilled samples were titrated to calculate the protein
content using a 6.25 value (F) as a nitrogen conversion factor.

Kjeldahl nitrogenð%Þ ¼ ðVS � VBÞ �M � 14:0067

W � 10

Crude protein (%) = Kjeldal nitrogen (%) × F

where VS = volume (mL) of standardized acid used to titrate
a test; VB = volume (mL) of standardized acid used to titrate
reagent blank;M =molarity of standard HCl; 14.0067 = atomic
weight of nitrogen;W=weight (g) of test portion or standard; 10
= factor to convert mg g−1 to percent; and F = factor to convert
nitrogen to protein.

2.2.4. Observation of N. oceanica cell surface. Freeze-dried
biomass samples (before and aer treatments) were mounted
on metal stubs using conductive carbon tape and coated with
a 5 nm thick gold lm in an EM ACE600 sputtering system
(Leica Microsystems, Australia). The surface morphology was
observed under a scanning electron microscope (FEI Quanta
© 2025 The Author(s). Published by the Royal Society of Chemistry
FEG, Japan). The micrographs were acquired at an accelerating
voltage of 5 keV and spot size of 4.28

2.2.5. Nuclear magnetic resonance (NMR) study. Solid-
state Cross-Polarization/Magic Angle Spinning (CP/MAS) 13C
NMR spectroscopy was used to analyze the samples at room
temperature with an Oxford AS 500 MHz magnet (Oxford, UK),
operating at a frequency of 100.64 MHz. The instrument was
equipped with a 4 mm thin-walled ZrO2 MAS rotor. Samples
(10 mg each) were loaded into the rotor and inserted into the
spectrometer. Each spectrum was obtained by accumulating
4000 scans, with a recycle delay of 5 s and a magic angle spin-
ning speed of 10 kHz. Chemical shis were calibrated using the
carboxyl signal of glycine as an external standard (176.03
ppm).29
2.3. Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics 28
(IBM, USA). All experimental measurements were conducted at
least in triplicate. The data were reported as mean value ±

standard deviation. The analysis of variance (ANOVA) was per-
formed to determine the signicant difference between any two
mean values. Duncan test was implemented on the data sets
using a 95% signicance level (P < 0.05).
3. Results and discussion
3.1. Protein content and isoelectric point

In the process of protein extraction, it is essential to know the
isoelectric point of the protein being extracted as its solubility is
lowest at this point and easiest to separate it from the complex
mixture by precipitation/centrifugation. pH is a primary factor
inuencing colloidal stability as proteins exhibit pH-dependent
surface charge alterations (in solution state) due to their ion-
isable groups. Ionic strength also modulates protein's charge
and, consequently, their stability. Adjusting the pH to the
protein's isoelectric point makes it least soluble and most easily
precipitable out of the solution, allowing for its separation from
other components. A isoelectric point (pI) of proteins is most
readily determined as pH where the net charge (measured
through zeta potential on the protein is zero).30

To establish suitable pH values for alkali solubilization and
acid precipitation the zeta potential of N. oceanica protein was
determined as a function of pH (pH 2.0 to 12.0) (Fig. 1). This
range was chosen for two reasons: (1) many algal proteins
exhibit isoelectric point at lower pH and most proteins typically
have high solubility at high alkaline condition.23

As can be observed (Fig. 1), the isoelectric point of N. oce-
anica protein is 2.0, indicating that it could be optimally sepa-
rated at this pH. It showed negative zeta potential at a pH value
above 2.0, and the magnitude zeta potential values increased
with the increase in pH. The highest negative value of zeta
potential (−34.6 mV) was observed at pH 12.0, indicating that
the protein component in N. oceanica would be optimally
solubilized at this pH. In the aqueous environment, the values
of the zeta potential indicate potential stability or instability of
the colloidal systems. A high magnitude of zeta potential
Sustainable Food Technol., 2025, 3, 549–558 | 551
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Fig. 1 The variation of electrostatic charge density (zeta potential) of
Nannochloropsis oceanica protein as a function of pH at ambient
temperature (25 ± 2 °C).
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solutions of N. oceanica protein at and above pH 6.0 indicated
that these solutions would be highly stable above this pH.31 The
magnitude of zeta potential values of the solutions was more
than 30 mV at pH 11.0 and 12.0, indicating that N. oceanica
protein was readily soluble and stable and thus most readily
extractable.

This work aimed to precipitate the protein to a maximum
extent. When the pH was lowered, the magnitude of zeta
potentials increased rapidly from −29.4 mV at pH 10.0 to
−0.8 mV at pH 3.0. The zeta potential versus pH curve passed
through zero zeta potential at pH 2.0, indicating that it was its
isoelectric point. Thus, this pH was used for extraction
(precipitation) of N. oceanica protein.

The pH values for solubilisation (pH 12.0) of N. oceanica
protein determined in this study were comparable to those of
Spirulina and Chlorella protein. The pH values of the best sol-
ubilisation of Spirulina protein and Spirulina protein were re-
ported to be 8.0–11.0 and 10.0–12.0, respectively. However, the
pI of N. oceanica protein was substantially lower than that of
Spirulina protein (pH 3.0–4.0) and Chlorella protein (pH 4.0–
5.5).32–36 Protein from Tetraselmis sp. was reported to be highly
soluble above pH 6.0, and it was sparingly soluble at pH values
below 4.0.37 Notably, the low pI of N. oceanica protein, compared
to proteins from other algae strains, can be attributed to its high
content of acidic amino acids. Aspartic acid and glutamic acid
together constitute 8–12% of the total amino acids in most
microalgae.8 However, N. oceanica proteins have a higher
proportion of these acids, accounting for 21.6–22.5% of the
total protein.10,38,39 At neutral pH, the negatively charged side
chains of these amino acids contribute to a net negative charge
on the protein, thus lowering the pI.40 Based on this result, pH
12.0 was chosen as the solubilization-pH and pH 2.0 was chosen
as the precipitation-pH in the further extraction process.
Fig. 2 Protein contents of three extracts from three different non-
defatting protein extraction procedures: (I) alkali extraction–acid
precipitation, (II) ultrasound-assisted alkali extraction–acid precipita-
tion, and (III) high-pressure homogenisation-assisted alkali extrac-
tion–acid precipitation.
3.2. Protein content

The protein content in the Nannochloropsis oceanica biomass
was 52.8 ± 0.7% on a dry weight (DW) basis. Seven different
non-defatting and defatting protein extraction procedures were
552 | Sustainable Food Technol., 2025, 3, 549–558
carried out to determine which could produce protein content
>80% in DW (w/w) in the extracted protein sample.

3.2.1. Extraction without defatting. Three protein samples
of Nannochloropsis oceanica were extracted from biomass
without prior defatting, employing three distinct methods: (I)
alkali extraction followed by acid precipitation without the
application of ultrasound or high pressure, (II) ultrasound-
assisted alkali extraction with subsequent acid precipitation,
and (III) high-pressure homogenization-assisted alkali extrac-
tion followed by acid precipitation. The protein content of the
resulting extracts was determined (Fig. 2). There was a signi-
cant protein content difference (P < 0.05) among these three
extracts.

As can be seen, the ultrasound-treated extracts had the
lowest protein content (42.0 ± 2.0%). The simplest procedure
(Procedure I), which did not involve intense sonication or
homogenization, achieved 59.4 ± 0.5% protein content. The
homogenization-assisted extraction produced the extract with
the highest protein content (72.2 ± 1.4%) among these three
procedures.

In Procedure I of the alkali extraction–acid precipitation, the
maximum solubilisation of N. oceanica protein occurred at pH
12.0, and the highest precipitation occurred at pH 2.0, indi-
cating these two pH values to be optimum for extraction and
precipitation (separation), respectively. At pH 12.0, the protein
component in the cell wall and the cytoplasm of N. oceanica
cells was solubilized to a maximum extent. The highly alkaline
condition could also have disrupted the intermolecular forces
between biopolymers within the cell wall and sever certain
resistant covalent bonds. This could have altered or increased
the cell wall's porosity and permeability,37 or caused the
breakdown of cell wall components into smaller organic frag-
ments that would dissolve in water easily.41 In addition, N.
oceanica biomass is reported to contain a considerable amount
of lipids (10–69% in DW), carbohydrates (5–28% in DW), poly-
phenols, pigments, and minerals.42 This meant intracellular
components were expected to be co-released with protein
through the weakened cell wall at alkaline conditions.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Protein contents in extracts obtained from defatting proce-
dures which used different solvents. (IV) Chloroform :methanol (2 : 1);
(V) ethanol 60%; (VI) isopropanol 50%; and (VII) acetone 98%.
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Hydroxide ions permeate the algal cell wall and membrane to
interact with intracellular lipids, resulting in the saponication
of triglycerides into glycerol and fatty acid anions.43 These non-
protein components are expected to precipitate together with
protein under acidic environment. As a result, the protein
extract obtained from the alkali extraction-isoelectric precipi-
tation procedure did not have high protein content or high
purity. The algaenan (a highly resistant biopolymer presenting
in the cell walls of some green algae species) in Nannochloropsis
spp. and specically, in Nannochloropsis oceania is composed of
long-chain aliphatic hydrocarbons that undergo an ether cross-
linking process.16 Due to their resistance to digestion and
degradation, the recalcitrant nature of these microalgal cell
walls presents a signicant challenge for extracting biomole-
cules, including proteins. Ultrasound and high-pressure
homogenization have been widely used as primary physical
methods to disrupt the cell wall, allowing the release of intra-
cellular products and extracting protein.44 The ultrasound and
high-pressure homogenization processes are considered to be
quite effective in disrupting cell walls. High-pressure homoge-
nization pre-treatments are known to break down biomass into
smaller particle sizes and release a higher concentration of
protein in the extracts compared to ultrasonication.26,45–47 This
trend was also observed in this study, where high-pressure
homogenization obtained extracts with higher protein concen-
trations than those obtained through ultrasonication. In this
study, both methods did not enable extraction or protein from
N. oceanica to $80%. The data presented in Fig. 2 shows that
the N. oceanica protein extracts obtained from Procedure II
(ultrasound-assisted alkali extraction–acid precipitation)
extraction showed 40.6 ± 2.0% protein content. The ultra-
sonication is known to create high shear and cavitation effects,
which are expected to induce intense mechanical stress on the
cell wall,48 which would ultimately release intracellular
components along with protein. The cavitation effect could
promote the unfolding of proteins, which could increase the
ability of proteins to bind with other molecules, such as poly-
saccharides, covalently.49,50 Such binding decreases the protein
content or protein purity in the extract. Thus, it is also essential
to remove the lipids and other compounds from biomass before
extracting protein to improve the purity or protein content in
the extracts.

3.2.2. Extraction of protein aer defatting. To increase the
protein content in the extracts of N. oceanica biomass, various
defatting procedures were used to remove lipids and other
soluble components. The lipid content of the freeze-dried
biomass was found to be around 14.8% in dry weight prior to
defatting. These procedures used three different solvents and
their mixtures: chloroform :methanol (2 : 1, v/v) (Procedure IV),
ethanol 50% (Procedure V), isopropanol 60% (Procedure VI),
and acetone 98% (Procedure VII). All four defatting procedures
obtained higher protein content in the extracts compared to the
non-defatting procedure. The highest protein content (92.3 ±

1.7% in DW) was observed in the extract obtained from Proce-
dure IV (chloroform and methanol mixture), followed by the
extract obtained from Procedure VII (acetone) with 86.4 ± 3.4%
protein in DW. There was a signicant difference in protein
© 2025 The Author(s). Published by the Royal Society of Chemistry
content in extracts obtained from Procedures IV and VII (P <
0.05). The extracts from Procedure V and VI involving alcohols
(ethanol and isopropanol) contained lower protein content
compared to others (Fig. 3).

The chloroform–methanol mixed solvent is considered to be
highly effective in removing lipids.51,52 Non-polar organic
solvents such as chloroform can penetrate microalgal cell
membranes and extract neutral lipids. These lipids are subse-
quently solubilized and transported across the cell membrane
into the solvent. However, neutral lipids are complexed with
polar lipids within the cell, forming stable associations with
membrane proteins via hydrogen bonding. Thus, the non-polar
solvents are insufficient to disrupt these lipid–protein
complexes, necessitating polar solvents, such as methanol, for
more effective lipid removal.53 Chloroform–methanol mixtures
have been used for more effective lipid extraction, including
hydrocarbons, carotenoids, chlorophyll, sterols, triglycerides,
waxes, aldehydes, fatty acids, phospholipids, and glycolipids,
which are found to abundant in N. oceanica.16 However, because
of the toxicity concern, chloroform–methanol mixtures are
oen used only for research rather than industrial cases.

The organic solvents such as ethanol and isopropanol are
also trialled as alternatives for chloroform–methanol mixtures
in the process of defatting biomass.54 In the preliminary trials of
lipid extraction using different concentrations (50, 60 and 70%)
of ethanol and isopropanol, a promising result revealed that
isopropanol 60% and 70% could obtain higher protein content
of de-fatted biomass (72% in DW) compared to when chloro-
form :methanol solvent was used (data not reported). It could
be explained that isopropanol 60–70% efficiently extracted oil
frommicroalgae.54 Thus, this solvent was effective in the case of
N. oceanica, which had a high polar lipid content. Ethanol and
isopropanol could penetrate through the cell membrane and
dissolve the lipids and the lipoproteins of chloroplast
membranes and solubilise pigments such as chlorophyll a and
b present inN. oceanica cells and other green algae.55 This is why
defatted biomass of N. oceanica by ethanol and isopropanol had
higher protein content. However, the protein extracts obtained
from chloroform :methanol defatting treatment still had
Sustainable Food Technol., 2025, 3, 549–558 | 553
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a higher protein content than those subjected to defatting by
isopropanol and ethanol. The high alcohol concentration in the
solvent likely contributed to protein loss and reduced overall
purity of the protein extract. It might have partially unfolded the
proteins and disrupted non-covalent bonds, such as hydrogen
bonds and hydrophobic interactions, during lipid extraction,
making the denatured proteins difficult to dissolve even at
highly alkaline conditions.25 The high alcohol concentration
could also have affected the solubility of other components in
the samples, promoting non-specic binding between proteins
and these components, leading to their co-extraction along with
the protein.56

Acetone, a polar aprotic solvent, has shown to be one of the
most effective candidates for defatting green algal biomass.57

The fact that it has high solvency for lipids and relatively low
toxicity and ammability compared to other organic solvents
makes it a better alternative. The degree of polarity of acetone is
higher than that of chloroform :methanol mixtures. Hence,
acetone was able to remove more of the polar lipids from N.
oceanica biomass. Moreover, because the cell membrane of N.
oceanica mainly consisted of polar lipids, including glycolipids,
phospholipids, and betaine lipids, the use of polar solvents
could increase the release of lipids from it.58,59 Chlorophyll, the
primary pigment in Nannochloropsis spp., is present in high
abundance.60 Organic solvent extraction is an efficient method
for chlorophyll production, as it requires less energy and is
more cost-effective compared to other methods. Common
solvents used for pigment extraction, including chlorophyll, are
polar organic liquids such as methanol, ethanol, acetone, and
dimethylformamide.61 Studies have shown that 100% acetone
can remove up to 70.9% of total lipids and achieve a 75.2%
chlorophyll (a + b) removal rate in Scenedesmus spp. Micro-
algae.62 However, acetone was found to extract only about 32%
of chlorophyll a from Nannochloropsis spp.61 Although previous
research indicated that polar solvents such as ethanol and
Fig. 4 Flow diagram of the process used to extract protein from Nanno

554 | Sustainable Food Technol., 2025, 3, 549–558
methanol are more suitable for chlorophyll extraction than
acetone,61 its use effectively prevents the formation of degra-
dation products during the extraction process.55 The protein
content in acetone-defatted N. oceanica biomass was 86% (DW),
much higher than that obtained from ethanol-defatted
biomass. This indicates that acetone was more effective than
ethanol at removing chlorophyll during the defatting process.
However, the yield (mass of protein in the extract/mass of
protein in the biomass) was 7.5 ± 0.5% across all the above-
mentioned extraction procedures. This low yield was due to
the removal of components covalently bound to the protein,
resulting in lower recovery. Based on these results, acetone was
used for defatting lipids before extracting protein (Fig. 4).
3.3. Microscopic characteristics of Nannochloropsis
oceanica surface

Fig. 5 (SEM images) shows the surface of N. oceanica cells before
and aer pre-treatments and protein extraction. In Fig. 5A, the
cells were observed to be round shaped with slightly sprinkled
and clumped on the surface. Aer the alkaline–acid extraction,
the N. oceanica cells shrunk and became rougher (Fig. 5B) than
the freshly freeze-dried microalgae cells. The surface structure
of microalgae cells was more severely altered and became at
and more shrunken. This indicated that the alkaline–acid
extraction process did not entirely disrupt or damage the cell
wall of N. oceanica, although it was expected to alter the
chemical composition of the cell wall. This would have changed
the cell wall's porosity, permeability, and structure. The
increased permeability of the cell wall enabled increased
outward release of intracellular components through the cell
wall. On the other hand, acetone caused signicant damage to
the N. oceanica's cell wall during the defatting procedure. The
cells became attened and deformed, with visible holes in the
cell wall (Fig. 5C). The acetone disrupted the cell membranes by
chloropsis oceanica.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SEM images of N. oceanica cells (A) freeze-dried biomass; (B) biomass obtained after alkali solubilisation–acid precipitation; (C) biomass
obtained after acetone defatting followed by alkali solubilisation–acid precipitation.
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dissolving polar lipids such as glycolipids, phospholipids, and
betaine lipids, which are the key components of the
membrane.59 This process also weakened the bonds within the
cell wall, leading to the release of intracellular compounds. Due
to acetone's solubility with lipids and carbohydrates, these
substances were easily removed during defatting.
3.4. NMR study of Nannochloropsis oceanica biomass,
acetone defatted biomass and protein extracts

NMR spectroscopy is a valuable method for determining the
chemical composition and structure of natural substances,
including those in microalgae.63,64 In this study, carbon-13 (13C)
Fig. 6 CP/MAS 13C NMR spectrum of biomass, acetone defatted bioma

© 2025 The Author(s). Published by the Royal Society of Chemistry
NMR spectroscopy was applied to solid samples rather than
liquid samples to capture both soluble and insoluble
compounds. The experiments covered qualitative and quanti-
tative analyses of Nannochloropsis oceanica components,
including proteins, lipids, and carbohydrates. This study
employed NMR spectroscopy to evaluate the effectiveness of the
acetone-based defatting and protein extraction procedures, and
to characterize both the defatted biomass and the protein
extracts of N. oceanica. The non-destructive nature of NMR,
along with its minimal sample preparation requirements, made
it an ideal tool for this analysis.

To determine the efficacy of the defatting and protein
extraction processes for N. oceanica, the whole-cell biomass,
ss and protein extract of Nannochloropsis oceanica.

Sustainable Food Technol., 2025, 3, 549–558 | 555
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acetone-defatted biomass, and protein extracts were analyzed
using the NMR protocol described above. The effectiveness of
the established protocol was further assessed by comparing the
CP/MAS 13C NMR spectra of the three samples (Fig. 6). The
chemical shis of carbon atoms in lipids observed in 13C NMR
can be categorized into four regions: aliphatic (10–35 ppm),
glycerol backbone (60–72 ppm), unsaturated (olenic) (124–134
ppm), and carbonyl or carboxyl (172–178 ppm).65 The aliphatic
13C chemical shis of carbon atoms in proteins also appear in
the region of 10–70 ppm.66 In the spectra of the defatted
biomass and protein extract, the signals corresponding to lipid
aliphatic carbon atoms in the upeld region were signicantly
less intense than in the initial biomass sample. A similar trend
was observed for the unsaturated double-bond carbons (olenic
carbons, 124–134 ppm). A signicant drop in signal intensity
was noted in the CP/MAS 13C NMR spectrum of the defatted
sample compared to the initial biomass. Additionally, the
signals for these olenic carbons appeared at very low intensity
in the protein extract. In contrast, the 13C signal from amine
groups (37–45 ppm), characteristic of carbons in protein
molecules, showed a notable increase in intensity compared to
both the initial and defatted biomass. These ndings indicate
that the defatting and protein extraction processes considerably
removed lipids, thereby enhancing the purity of the protein
extracts.

Meanwhile, the signals corresponding to carbohydrates (60–
112 ppm) remained almost unchanged between the defatted
and initial biomass, suggesting that most of the carbohydrates
remained within the cell wall or membranes. In contrast, the
intensity of these signals decreased noticeably in the protein
extract, indicating partial removal of carbohydrates during the
protein extraction process. Interestingly, a decrease in signal
intensity was observed in the 55–65 ppm region, with the lowest
intensity in the protein extract, followed by the defatted
biomass, and the highest intensity in the initial biomass. The
13C signal in the 55–65 ppm region can be attributed to the C7,
C8, and C10 carbons of chlorophyll a.67 Chlorophyll a is abun-
dant in the biomass of green microalgae, including Nanno-
chloropsis spp. During the defatting procedure, chlorophyll
a was largely dissolved and removed along with the lipids by
acetone, and further separated during the protein extraction
process. This resulted in a decreased 13C signal intensity for
chlorophyll a and lipids in the CP/MAS 13C NMR spectra of the
defatted biomass and protein extract. The removal of chloro-
phyll a during extraction was evident from the yellowish color of
the protein extract. These ndings conrm the effective removal
of lipids and partial removal of carbohydrates from the N. oce-
anica biomass using the procedure applied in this study.

4. Conclusion

Protein was extracted from freeze-dried N. oceanica biomass
using various procedures. The most effective method involved
acetone defatting followed by alkaline extraction and acid
precipitation, obtaining a protein concentrate with 86% protein
by dry weight. This process outperformed non-defatting
methods, including high-pressure homogenization and
556 | Sustainable Food Technol., 2025, 3, 549–558
ultrasound pre-treatment, which produced concentrates with
only 42% protein. The higher effectiveness of acetone defatting
was attributed to its ability to disrupt the cell wall and dissolve
lipids and pigments, including chlorophyll a, from the biomass.
In contrast, high-pressure homogenization and ultrasound
treatment were unable to sufficiently disrupt the robust cell wall
of N. oceanica. Although the acetone-based procedure obtained
slightly lower protein purity compared to chloroform extracts
(92% protein in the extract), it is a safer option for the defatting
process, as it is generally recognized as safe (GRAS). This study
provides a viable approach for obtaining high-purity protein
concentrate from N. oceanica with safety considerations. Given
the growing global demand for sustainable protein sources, the
ndings contribute towards advancing research and increasing
the utilization of microalgae as a valuable protein source.
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