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ARTICLE INFO ABSTRACT

Keywords: The nutrient-rich composition of microalgae biomass positions it as a highly promising natural food ingredient.
Microalgae This holds the potential to not only enhance the nutritional value of various food products but also simulta-
Protein neously alter their structural attributes.

ztelilfc;zipt methods This work investigated the effect of five protein extraction techniques such as freeze-thawing, enzymatic-
Extraction assisted extraction, high-pressure homogenization, ultrasounds-assisted extraction, and pH adjustment (pH 7,

pH 10, and pH 13) in protein yield, and subsequente cell and protein structure of three microalgal suspensions,
namely, Chlorella vulgaris, Nannochloropsis oceanica, and Tetraselmis chui.

In Chlorella vulgaris, freeze- thawing and high-pressure homogenization exhibited a higher effect in terms of
protein yield (~26.60 g protein /100 g protein microalgae). The same occurred for Nannochloropsis oceanica with also
ultrasounds-assisted extractions and pH 7 and 10 having a protein yield above 30 %. Tetraselmis chui was similar
to Chlorella vulgaris (>20.00 g protein /100 & protein microalgae) for freeze-thawing, high-pressure homogenization
and ultrasound-assisted extraction. Enzymatic-assisted had a the lower protein yield for all the three microalgae
(<10.00 g protein /100 g protein microalgae)- The majority of proteins extracted from Chlorella vulgaris samples had
molecular weights exceeding 337 kDa, whereas proteins extracted from Nannochloropsis and Tetraselmis had
molecular weights ranging from 5 to 50 kDa. a-helices occurred in proteins extracted from Chlorella vulgaris
through freeze-thawing and enzymatic-assisted extraction, while Nannochloropsis and Tetraselmis only had
B-sheet.

In conclusion, for optimal protein yield recovery, methodologies such as freeze-thawing and high-pressure
homogenization are the most efficient across all studied microalgae. The method selected for extraction had a
greater impact on both the protein yield and structure for spray-dried cells.

1. Introduction

In response to the growing “protein gap” that has emerged in recent
decades, researchers have been exploring alternative sources of protein.
This gap is primarily a consequence of the rapid increase in the global
population, which has led to a heightened demand for food. In addition,
the current agricultural practices may not be sustainable in the long
term due to their negative environmental impacts, including the gen-
eration of greenhouse gases, land clearing, and nutrient run-offs, among

other factors [1].

The rapidly increasing demand for protein has led to a significant
interest in microalgae protein. This interest is primarily driven by the
attributes of microalgae, including their productivity and efficient
resource utilization. Microalgae display a high protein content and an
amino acid profile, rich in essential amino acids, as several strains
exhibit higher protein content compared to conventional sources like
chicken, eggs, and soybeans [2]. Consequently, microalgae protein has
emerged as a highly promising and innovative source of protein.

* Corresponding author at: Centre of Biological Engineering, University of Minho, Campus de Gualtar, 4710-057 Braga, Portugal.

E-mail address: cmrocha@ceb.uminho.pt (C.M.R. Rocha).

https://doi.org/10.1016/j.algal.2025.103958

Received 11 March 2024; Received in revised form 7 February 2025; Accepted 7 February 2025

Available online 13 February 2025

2211-9264/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:cmrocha@ceb.uminho.pt
www.sciencedirect.com/science/journal/22119264
https://www.elsevier.com/locate/algal
https://doi.org/10.1016/j.algal.2025.103958
https://doi.org/10.1016/j.algal.2025.103958
http://crossmark.crossref.org/dialog/?doi=10.1016/j.algal.2025.103958&domain=pdf
http://creativecommons.org/licenses/by/4.0/

C. Moreira et al.

The high protein content of microalgae like Chlorella vulgaris
(C. vulgaris), Nannochloropsis oceanica (N. oceanica), and Tetraselmis chui
(T. chui) makes them suitable for use in food products like meat and fish
substitutes[3]. However, extracting specific components from micro-
algae can be challenging due to the structure and rigidity of their cell
walls [4].

For example, C. vulgaris is characterized by the development of a
progressively thickening cell wall as it matures. This process culminates
in the formation of a microfibrillar layer consisting of cellulose micro-
fibrils [5]. N. oceanica has one distinctive feature: a sturdy bilayered
trilaminar sheath outer layer comprising both cellulosic and hydro-
phobic layers. This unique structural characteristic renders it a unique
obstacle when attempting to disrupt cell integrity, primarily because of
its rigid and robust nature [6,7]. T. chui cell wall is formed by the fusion
of cell body scales characteristic of the Prasinophyceae, and primarily
comprise mannose and glucose monosaccharides in their composition
[8l.

An essential initial step involving protein extraction is often required
to overcome this natural barrier. This process facilitates access to the
intracellular components and streamlines subsequent extraction pro-
cedures. In an attempt to overcome the longstanding hurdle in the
extraction of microalgae and plant-derived protein, numerous methods,
including freezing-thawing (F/T) [9], enzymatic-assisted extraction
(ENZ) [10], pH adjustment [11], and other techniques have been
employed in the past [12,13]. However, these methods have consis-
tently encountered the barrier of low extraction yields and/or low
scalability [4].

The concept of green extraction methods has garnered support from
many researchers since it is a paradigm that emphasizes the need to
reduce solvent usage, minimise energy consumption, and mitigate
environmental pollution while concurrently striving to maximize yield
[4,14]. Fueled by the principles of green extraction, novel processing
technologies, notably ultrasound-assisted extraction (UAE) and high-
pressure homogenization (HPH), have been increasingly employed to
effectively extract compounds from plant matrices, significantly
increasing the yields. Typically, the efficiency of these techniques is
assessed by examining the extraction of a single component before and
after the application of the treatment and/or the evaluation or mea-
surement of cellular integrity [15,16].

In addition to the chemical composition of microalgae, their
morphological and structural characteristics also significantly influence
the efficacy of protein solubilization. Certain proteins present challenges
in solubilization due to their hydrophobic nature or the presence of di-
sulfide bonds between protein molecules, resulting in decreased solu-
bility [1,8-10,16,17]. Protein solubility can be enhanced in alkaline
media or other denaturing treatments.

A comprehensive literature review does not reveal a clear trend but
suggests that each microalgae responds differently to cell lysis, neces-
sitating tailored processes for each species. These investigations pre-
dominantly focus on fresh biomasses or those subjected to pre-
treatments, such as freeze-drying or freezing. A structured approach
and comparable data are imperative to investigate the potential for
protein extraction in these microalgae thoroughly.

The central focus of the current study is to assess how different
protein extraction techniques affect the extraction of proteins from three
different microalgae species in an aqueous medium (C. vulgaria, N.
oceanica, T. chui). Different processing techniques (freeze-thawing, high-
pressure homogenization, ultrasound-assisted extraction, enzymatic
extraction, and pH variation) were employed, and their impact on
protein yield, and on the structure of the recovered protein (molecular
weight and protein conformation) was evaluated.
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2. Materials and methods
2.1. Materials

Chlorella vulgaris (C. vulgaris, batch number L201950071) was grown
in heterotrophy, washed with decalcified water (1:10 w/w), and pro-
cessed by microfiltration to obtain a suspension with a concentration of
~60 g/L. Nannochlorospis oceanica (N. oceanica, batch number
1L202240131) and Tetraselmis chui (T. chui, batch number 1.202130148)
were grown autotrophically in reconstituted saline water in tubular
photobioreactors in Allmicroalgae Natural Products S.A. (Pataias,
Portugal). The biomass was harvested by filtration to obtain a suspen-
sion of approximately 60 g/L and the three microalgae pastes were then
pasteurized and spray dried.

Viscozyme® L was purchased from Sigma-Aldrich Chemical Co. Ltd.
(St. Louis, MO, USA). All chemicals used were analytical grade.

2.2. Microalgae characterization

Microalgae protein content was estimated by quantification of total
nitrogen after sample acid digestion using a Kjeldahl digestor (Foss
Analytics, Hilleroed, Denmark), applying the nitrogen conversion factor
(N x 4.78) [18]. Lipids were determined using the Bligh & Dyer method
with minor modifications. For this, 1 mL mixture chloroform/methanol
(2:1, v/v) was added to 50 mg microalgae biomass, and re-extraction
cycles were performed until no pigmentation was detected in the sol-
vent. This step was followed by a re-extraction in 2 mL chloroform and 1
mL methanol, and 750 pL water were added to promote phase separa-
tion and lipid extraction. The organic phase was collected. The com-
bined phases were dried under N, steam and weighed. Each sample was
analyzed in triplicate, and the results were presented in percentage of
biomass dry weight [19-21].

For the moisture and ash content determination 1 g algae biomass
was weighed into ceramic crucibles and dried overnight at 105 °C. The
crucibles were allowed to cool to room temperature in a desiccator and
weighted to calculate the moisture content (%). Samples were then put
in a muffle furnace (ECF 12/6, Lenton, UK) at 575 °C for 16 h and
weighed (AOAC [22]).

Carbohydrate content was assessed with the following procedure: 3
mg of each microalga was mixed with 3 mL 72 % H2SO4, and placed into
a water bath at 30 + 3 °C for 60 min. Afterwards, each sample was
diluted to a 4 % H5SO, final concentration and autoclaved for 1 h at
121 °C. The samples were analyzed by high-performed liquid chroma-
tography with a refractive index detector using the following parame-
ters: Aminex HPX-87H column at 60 °C; mobile phase of 0.05 M H2SO4
at a 0.6 mL/min flow rate. The quantification of monosaccharides was
performed using a calibration curve of each standard (glucose, galac-
tose, rhamnose, arabinose, fucose, glucuronic acid and galacturonic
acid) at concentrations between 0.0625 and 1.5 g/L [23]. A limitation of
HPX-87H column is the co-elution of xylose, mannose, and galactose;
consequently, the results from compositional analyses were presented as
the sum of these three sugars (XMG) [24].

All experiments were run in triplicate, and the results are presented
as percentages.

2.3. Microalgae treatments

2.3.1. Freeze/thawing

A volume of 30 mL deionized water (dH20) was introduced to 3 g
microalgae. This mixture underwent a freezing phase (at —20 °C) lasting
90 min, followed by a thawing phase (at 20-25 °C) lasting 180 min. The
preliminary assay encompassed a total of 10 cycles, with the optimal
outcome emerging after 4 cycles (Table 8- supplementary material). All
samples were then centrifuged at 6000 xg for 30 min, and the super-
natants were recovered and lyophilized for further use. All experimental
procedures were conducted in triplicate.
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2.3.2. High pressure homogenization

A quantity of 200 g of powdered of C. vulgaris, T. chui or N. oceanica
at a ratio of 1:10 (200 g / 2000 mL of dH50) was pumped through the
HPH (Panda Plus 2000, GEA Niro Soavi, Parma, Italy) at 1000 + 100
bar. The process of homogenization was performed in one cycle, and
only the first stage of homogenization was utilized [25,26]. The tem-
perature was measured during all the extraction (23 + 2 °C). After
treatment, all solutions were centrifuged at 6000 xg for 30 min and the
supernatants were recovered and lyophilized for further use.

2.3.3. Enzymatic extraction

An enzymatic method using Viscozyme® L (Sigma-Aldrich Chemical
Co. Ltd., St. Louis, MO, USA) was performed to evaluate its impact on the
recovery of proteins from microalgae. Specifically, 1.5 g algae were
combined with 50 mL a 50 FPU enzyme solution in water at pH 4.5 and a
temperature of 50 °C, according to the manufacturer’s optimum rec-
ommended conditions for this enzymatic cocktail. The following incu-
bation times were tested: 1, 2, 3, 4, 5, 6, 24, 48, 72 and 168 h, with the
optimal outcome emerging after 48 h. Afterwards, all solutions were
centrifuged at 6000 xg for 30 min and the supernatants were recovered
and lyophilized. Extractions were conducted in triplicate.

2.3.4. Ultrasound-assisted extraction

An ultrasound probe (model cv334, Sonics, Newtown, USA) was
tested to enhance protein extraction. A volume of 120 mL dH,0 was
added to 12 g algae and the following exposure times were tested: 2, 5
and 10 min. The optimal outcome was obtained after 10 min. After, all
solutions were centrifuged at 6000 xg for 30 min and the supernatants
were recovered and lyophilized for further use. Experiments were con-
ducted in triplicate.

2.3.5. pH adjustment

The microalgae studied were subjected to pH adjustment to study the
impact of pH on protein solubilization for each species. Using the solid-
liquid ratio of 1:10 (final volume of 50 mL), the procedure was done
with dH,0, with concentrate solutions of NaOH and HCI used to adjust
the pH to the target value (7, 10 and 13). After that, the microalgae
suspensions were stirred for 1 h at 200 rpm. After, all solutions were
centrifuged at 6000 xg for 30 min and the supernatants were recovered
and lyophilized for further use. Experimental procedures were con-
ducted in triplicate.

2.4. Protein quantification

The protein content was assessed through the quantification of total
nitrogen after sample acid digestion using an automatic Kjeldahl
digestor unit (Foss Analytics, Hilleroed, Denmark), applying the nitro-
gen conversion factor of 4.78. All determinations were run in triplicate,
and results were reported as percentage of protein [18,27].

Bradford method was used for preliminary information regarding the
F/T cycles. Briefly, 180 pL extract and 20 mL Bradford solution were
mixed and incubated for 15 min. A standard curve was made of BSA (0,
0.0625, 0.125, 0.25, 0.5 and 1 g/L) and absorbance was read at 595 nm
[28].

2.5. Fourier Transform Infrared Spectroscopy

The secondary structure in the lyophilized extracts was investigated
with FTIR spectroscopy using an ALPHA II-Bruker spectrometer
(Ettlingen, Germany) with a diamond-composite attenuated total
reflectance (ATR) cell (FTIR-ATR). The FTIR spectra were recorded in
the 4000-400 cm ™! range by acquiring 64 scan cycles per sample with a
resolution of 4 cm™!. The maximum peaks were assigned with peak
picking based on the second derivative as implemented in Bruker OPUS
software [29,30].
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2.6. Molecular weight

The protein’s molecular weight (MW) distribution was assessed
through High-Performance Liquid Chromatography (HPLC) gel perme-
ation chromatography (GPC), utilizing a PolySep-GFC-P-4000 column
(300 x 7.8 mm, Phenomenex, USA). Lyophilized extracts were diluted in
dH0 at a concentration of 1 mg/mL and then subjected to elution with
ultrapure water, employing a flow rate of 0.8 mL/min at a temperature
of 40 °C, with refractive index (RI) and ultraviolet (UV) detection
methods. Linear regression calibration was executed using the standard
pullulan kit P-82 from ShodexTM, Japan, over a range spanning from
6.1 kDa to 337 kDa [31].

2.7. Statistical analysis

Results were presented as mean + standard deviation (SD) of at least
three independent experiments. Statistical analyses were performed
using GraphPad Prism 9 (GraphPad Software, Inc., San Diego, CA).
Differences between samples were tested using t-test, and the results
were considered statistically different for values of p < 0.05.

3. Results
3.1. Proximal composition of microalgae biomass

The comparative proximal (see Table 1) analysis demonstrated that
T. chui exhibited a higher protein content, whereas C. vulgaris demon-
strated a higher carbohydrate concentration, primarily attributed to
glucan levels (see Table 2). Both N. oceanica and T. chui had comparable
lipid and ash levels.

3.2. Protein extraction methods for protein recovery

The protein extraction efficiencies of three microalgae species were
evaluated using five different protein extraction techniques (Table 3). F/
T and HPH demonstrated the highest efficacy in protein extraction,
while enzymatic treatment with Viscozyme® resulted in the lowest
protein yield. Application of pH 7 during extraction from C. vulgaris and
N. oceanica did not yield statistically different results compared to UAE.
In N. oceanica, extraction at pH 10 produced a protein yield equivalent
to that of HPH. Extraction under alkaline pH led to the lowest yields in
T. chui, with pH 13 yielding the least favorable results.

Extracts from C. vulgaris treated by F/T, and pH variation demon-
strated the highest protein content, while those treated with ENZ
exhibited the lowest. N. oceanica extracts with higher protein content
were F/T, pH 10, pH 13, and HPH. T. chui extracts with the highest
protein content were HPH, UAE, and pH 7, while ENZ, pH 10, and pH 13
treatments resulted in the lowest protein content (Fig. 1) (See overall
extraction yield in Table 7- supplementary material).

3.3. Molecular weight and secondary structure of extracted protein

3.3.1. Chlorella vulgaris
The analysis of the MW of C. vulgaris protein showed the presence of

Table 1

Chemical composition of Chlorella vulgaris, Nannochloropsis oceanica and Tetra-
selmis chui biomass expressed in g/100 g of biomass dry weight. Values represent
the mean and corresponding standard deviation (n = 3).

g/100 g dry weight C. vulgaris N. oceanica T. chui

Protein 27.1 £0.2 27.7 £ 0.0 32.3+£0.4
Carbohydrates 45.1 £ 0.5 6.4 +0.2 9.9 +£0.4
Lipids 12.2 £0.1 219 +1.1 22.8 +£0.9
Ashes 43+0.1 38.3+£0.2 329 +0.1
Moisture 4.8+£0.0 45+0.1 45+0.0
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Table 2

Carbohydrates composition of Chlorella vulgaris, Nannochloropsis oceanica and
Tetraselmis chui biomass expressed in g/100 g of biomass dry weight. Values
represent the mean and corresponding standard deviation (n = 3).

g/100 g dry weight C. vulgaris N. oceanica T. chui

Glucose 36.1 + 0.7 1.9 £ 0.0 51+0.2
Arabinose 1.2+£0.1 0.6 £ 0.0 0.6 £ 0.1
Rhamnose 1.2+0.1 0.6 £0.0 0.6 £0.1
XMG 3.1+0.1 1.2+ 0.0 2.44+0.1
Galacturonic acid 3.1+0.7 2.1+0.2 1.2 +£0.1

aggregates exceeding 337 kDa across all protein extraction techniques
employed. In F/T, HPH, ENZ, UAE, and pH 7 methods, aggregates
constitute over 90 % of the protein composition. The protein extracted at
pH 10 and pH 13 demonstrated having the lowest MW (Tables 3-5).

The FTIR spectra of the microalgae extracts revealed similarities
among the five protein extraction techniques with minor variations in
the absorption intensity of specific characteristic peaks (Fig. 2A).
Particularly for pH 7 and ENZ, higher intensities were observed between
1670 and 1600 cm™' (amine I) and 1400-1200 cm™" (amine III). The
second derivative spectra indicated the presence of the a-helix form
solely in F/T and HPH extracts (Fig. 2B).

3.3.2. Nannochloropsis oceanica
The analysis of the MW of N. oceanica protein showed a distinct

Table 3
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singular peak for every technique. F/T, and UAE exhibited MW lower
than 6 kDa, while HPH, ENZ, pH 7, and pH 10 presented a protein size of
15 kDa, and pH 13 showed MW of 50 kDa.

The FTIR spectra of the N. oceanica extracts displayed similarities
among the five protein extraction techniques, although in the amine I

Table 4
Molecular weight relative proportions distribution of Chlorella vulgaris extracts
obtained after F/T, HPH, Enz, UAE, pH 7, pH 10 and pH 13.

kDa F/T HPH ENZ UAE pPH7 pH 10 pH 13

<6 3% 2% 4% 5% 28 % 24 % 23 %

50-20 - - - - 16 % -

100-200 - - - - 7 % 6 % 15 %

>337 97 % 98 % 96 % 95 % 65 % 46 % 62 %
Table 5

Molecular weight relative proportions distribution of Nannochoropsis oceanica
extracts obtained after F/T, HPH, ENZ, UAE, pH 7, pH 10 and pH 13.

kDa E/T HPH ENZ UAE pH7 pH10  pH13
<6 69%  18%  24%  21%  20%  26% 29 %
1020 - 50%  55%  59%  59% 46 % -
20-50 - - - - - - 43%
>337 31%  23%  21%  20%  21%  28% 28 %

Protein yields (g protein /100 g total microalgae protein) after the protein extraction techniques application. Different letters within the same microalgae represent statistical

differences (p < 0.05).

Microalgae F/T HPH ENZ UAE pH7 pH 10 pH 13
C. vulgaris 28.0 + 0.2° 26.6 + 0.2° 2.2 4 0.2 14.3 + 0.7¢ 14.4 + 3.3%¢ 12.4 + 0.3 13.1 +0.3°
N. oceanica 34.6 + 0.2 31.5 + 0.28 9.3+1.8" 29.0 + 1.3' 30.6 + 0.1' 32.0 + 0.7% 23.6 + 0.6/
T. chui 25.6 + 0.2% 28.1 +0.1' 6.5 + 0.8™ 23.5 £ 0.1" 123 + 2.1° 6.8 + 1.2 2.8 + 0.2°
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Fig. 1. Protein content in microalgae extracts (g protein/ 100 g microalgae lyophilized extract) under five protein extraction techniques (Freeze/Thawing (F/T),
High-Pressure Homogeneizer (HPH), Enzymatic extraction (ENZ), Ultrasound-Assisted Extraction (UAE), and pH adjustment (pH 7, pH 10, and pH 13). Different

letters within the same microalgae represent statistical differences (p < 0.05).
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Fig. 2. A) FTIR spectra of Chlorella vulgaris extracts (4000-400 cm 1) B) FTIR derivative spectra of Chlorella vulgaris extracts (1710-1590 cm™Y) under F/T, HPH,
ENZ, UAE, pH 7, pH 10 and pH 13 extracts from Chlorella vulgaris. Wavenumbers of the FTIR spectra were determined with a peak-picking tool based on the second
derivative of these curves. The vertical lines attribute ranges of wavenumbers to specific secondary structures of proteins.

area HPH showed higher intensity than the other four samples, and ENZ
the lowest (Fig. 3A). The second derivative spectra analysis indicated the
presence of the same secondary structure regardless of the techniques
selected (Fig. 3B).

3.3.3. Tetraselmis chui

The MW analysis of the T. chui protein indicated the presence of
aggregates exceeding 337 kDa across all protein extraction techniques
(15 %). The lowest MW was observed at pH 7 (<6 kDa), while higher
MW were recorded at pH 10 and pH 13 (50 kDa). >50 % of the protein
size is distributed between 15 and 50 kDa for all the protein extraction
techniques utilized.

The FTIR spectra of the T. chui extracts as previously mentioned for
C. vulgaris, and N. oceanica, displayed similarities among the five protein
extraction techniques, although in the amine I area HPH showed the
lowest intensity and pH 13 the highest (Fig. 4A). In N. oceanica, the

second derivative spectra analysis indicated the presence of the same
secondary structure regardless of the techniques selected (Fig. 4B).

4. Discussion
4.1. Proximal composition of microalgae biomass

N. oceanica and T. chui were grown in marine autotrophic media.
Although the protein, carbohydrate and lipid content are generally
aligned with previous studies for both microalgae [32-35] high varia-
tions are found in literature, depending, e.g., on the growth conditions
or harvesting methods. [34] report 22-37 % protein content, 29-40 %
carbohydrates content, 15-22 % lipids content and 8-11 % ash for
Nannochloropsis spp., depending on the residence time in the photo-
bioreactor. Liu et al., 2015 also reported significant variations in the
protein (24-30 %) and lipid (42-28 %) content depending on the growth
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medium composition (nitrogen depleted or repleted), for N. oceanica.
Nevertheless, the ash content present in N. oceanica and T. chui were
higher than the ones present on the literature. However, salt content in
the final biomass can be strongly influenced by the harvesting methods.
For instance, Das et al. [32] have reported ash contents of 19 % and 30 %
for Tetraselmis sp. harvested by cross-flow filtration or by electro-
coagulation, respectively. The biomass utilized in this study was pro-
cured from a large-scale supplier based in Europe. The microalgal
species N. oceanica and T. chui were harvested through a filtration pro-
cess, followed by pasteurization and spray drying. In an industrial
context, it is not feasible to achieve complete removal of the growth
medium. Specifically, N. oceanica and T. chui are cultivated in marine

water with a salinity of 30 to 40 g/L. Following filtration, the concen-
tration of microalgae is anticipated to rise from 1 to 2 g/L to 60 g/L,
resulting in a substantial increase in the ratio of microalgae to the re-
sidual salt in the medium. However, due to the inherent characteristics
of the processing, it is expected that approximately 30 % of the final
product will consist of ash, which includes salt and various micro-
nutrients, after the spray-drying stage. This phenomenon may account
for the observed higher ash content in the microalgae powder compared
to existing literature. In a study presented by Magpusao et al. [36]
similar ash content was found related to the biomass being resuspended
in buffer salt solution before to packing for delivery as a wet paste [36].

The C. vulgaris composition is similar to the one present in the
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Fig. 4. A) FTIR spectra of Tetraselmis chui extracts (4000-400 cm ™) B) FTIR derivative spectra (1710-1590 cm ™)) of F/T, HPH, ENZ, UAE, pH 7, pH 10 and pH 13
extracts from Tetraselmis chui. Wavenumbers of the FTIR spectra were determined with a peak-picking tool based on the second derivative of these curves. The
vertical lines attribute ranges of wavenumbers to specific secondary structures of proteins.

literature for strain growth in a media with glucose [37,38].

The protein content was around 30 % for all the studied microalgae
(Table 1). Previous studies has been reported a similar composition in
terms of proteins with C. vulgaris showing a content of 39.4 %,
N. oceanica of 35.1 % and T. chui 31.1 % [7]. Microalgae’s protein
content is higher than most vegetables and pulses (e.g., 10 % - 22 % for
peas or beans), making them attractive as a food protein source [4].

Some differences may be partly explained by geographical and sea-
sonal variation, as well as by methodological differences, growth con-
ditions, and quantification methodologies [39,40].

4.2. Protein recovery

For C. vulgaris, the higher extraction yields were obtained under F/T
and HPH methodologies yet, HPH besides being faster than F/T and also
a more sustainable process. UAE did not significantly improve the pro-
tein extraction yield, since the final value was similar to an extraction at
pH 7 (Table 3).

In T. chui’s case, HPH showed the best protein extraction yield, with
28 % of the total protein being solubilized, followed by F/T with 25 %
and UAE with 23 %. This shows that F/T works almost as well as HPH
and UAE for protein extraction for T. chui.

In N. oceanica, and unlike in C. vulgaris and T. chui, there appears to
be no advantage in using F/T, HPH, UAE, or pH 10 since the gains are
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marginal compared to simple extraction or solubilization at pH 7. The
only instance where a significant increase was observed was F/T, with
an increase of approximately 13 %. Nevertheless, N. oceanica stands out
as the algae for which the protein extraction yield was higher, probably
due to the greater solubility of its proteins.

Subjecting the wet biomass to freezing, initiates the crystallization of
intracellular water, and subsequent thawing prompts the expansion of
these crystals, resulting in the rupture of cellular structures [41].
Although F/T methods have traditionally been used for their simplicity,
they are labour-intensive, time-consuming, and energy-intensive pro-
cesses at scale, making them unviable for most applications [13].

The ENZ extraction had the lower yields for all algae tested, with a
maximum of 9 % of the microalgae protein being solubilized for
N. oceanica, 6 % for T. chui, and 2 % for C. vulgaris. Carbohydrases, like
the ones present in Viscozyme® L, are involved in the disintegration of
cell wall tissue, facilitating protein extraction. The decrease in viscosity
caused by the degradation of $-glucan was expected to help in the sol-
ubilization and extraction of protein. Microalgae, like Nannochloropsis is
a source of f-glucan, even though they are not the main constituent of
their cell wall [42]. Enzymatic treatments were most effective when
used as a pre-treatment to enhance protein extraction. It concluded that
the use of carbohydrases was beneficial in improving the extraction
yields [43]. This reduced extraction yield could be ascribed to protein
denaturation (and consequently insolubilization) due to the long period
(48 h) at a moderate temperature (50 °C), causing the protein to remain
in the solid phase. This could be a strategy if the intention was to
concentrate the protein in the solid phase, while obtaining a liquid
extract rich in other compounds (e.g. carbohydrates). Also, a study
performed by Safi et al. [44] showed that 35 % of the protein from
N. gaditana was released using the ENZ approach, a considerably higher
value than our results. The authors observed that the use of proteases
was not enough to weaken the integrity of the cell wall, so flow
cytometry did not detect broken cells. These results can also be observed
in our work for all the microalgae studied. In addition, the use of en-
zymes has resulted in the hydrolysis of the proteins located in the cell
wall of N. gaditana, which implies that the remaining components of the
cell wall remained intact [44].

Alkaline treatments constitute a widely employed non-mechanical
procedure for extracting and solubilising proteins from microalgae.
Usually, this type of treatment significantly enhances the yield of
extracted proteins. Sodium hydroxide is expected to induce the hydro-
lysis of ester and hydrogen bonds present among various components
(polysaccharides and non-polysaccharides) within microalgae cell walls
[45]. N. oceanica protein extraction was higher between pH 7 and 10. As
the pH increased, the solubility dropped slightly to an average of 27 %
between pH 10-13. A pH in the range of 5.5-11 has little impact on the
solubility and extraction yield of proteins from N. oceanica [46]. The
same was observed for C. vulgaris, where the results did not show sta-
tistical differences in protein extraction between pH 7 and 13. Higher
solubility of proteins in alkaline media was attributed to the net elec-
trical charges of the proteins [47]. T. chui had a higher protein solubility
at pH 7. However, with an increase in pH, the extraction efficiency
significantly decreased, reaching 46 % and 78 % at pH 10 and pH 13,
respectively, compared to pH 7 [47]. Thus, it seems better to keep the
initial pH at 7 for both microalgae, reducing process time and chemicals.
[48] studied the influence of the pH in protein solubilization in Nan-
nochloropsis spp, and observed that at pH 13 the protein recovery was
higher (between 10 and 12 %), although considerably low compared to
the results presented in our work [48].

The UAE and HPH techniques have emerged as innovative “clean
technology” methods that have garnered increased attention in recent
years. They offer several advantages, including minimal solvent usage,
limited equipment requirements, and low economic and environmental
impacts. UAE employs ultrasonic waves to induce the formation,
growth, and subsequent collapse of bubbles within the water, facili-
tating the release of intracellular components. HPH forces the passage of
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a fluid through a valve with narrow stilts, resulting in a substantial in-
crease in pressure, and then striking an impact ring [41]. The resulting
mechanical effects, such as turbulence, shear stress, and cavitation, lead
to the extraction of cellular structures. HPH usually has a pronounced
impact on the microstructural properties of various microalgae sus-
pensions [25]. In a previous study performed with Nannochloropsis the
protein extraction yield using HPH was 50 % of the total protein.
However, this data is not directly comparable with the data from the
present work, as there is no information about the quantity of the pro-
tein present in the extract. The authors also justify that the release of all
proteins was not achieved due to the insoluble nature of some proteins
that remained in the pellet [44]. A recent study by Rida et al. [49] on
T. suecica indicated a total protein content in the extract following HPH
at 300 bars of 26.1 + 0.3 % dry weight [49]. This finding aligns closely
with the concentrations obtained in the present research. However, the
protein extraction yields reported were significantly higher (61.9 + 3.9
%). Notably, another investigation carried out by Delran et al. [25]
achieved an extraction yield of 80 % for total protein at an HPH of 400
bars, whereas our study recorded only 28.1 % [25]. It is important to
note that Delran’s work implemented a desalting step for the initial
biomass, which potentially enhanced protein extraction efficiency.
Furthermore, in the Rida’s work they utilized the ultrafiltration post-
centrifugation step, a method that effectively eliminated most washed
minerals along with certain lost extracellular components, including
smaller proteins and carbohydrates. The observed differences in
extraction yields may also be attributable to the variations in the effi-
ciency of the HPH equipment employed and setting conditions. Also,
Safi etal. [51] identified the temperature factor as a significant influence
on extraction processes, demonstrating that extractions conducted at
46 °C yielded higher results than those performed at 25 °C. This
enhancement is attributed to the ability of elevated temperatures to
solubilize various components, particularly starch and protein [51].

The resulting aqueous extracts exhibit protein concentrations
consistent with the aforementioned extraction yields, i.e., in the case of
C. vulgaris, all extracts have a protein content between 19 and 23 %,
except for enzymatic extraction, thus confirming that other compounds
may have been preferentially extracted when Viscozyme® L was used,
and more protein remained unextracted in the solid phase. In the
N. oceanica and T. chui extracts, the same trend was observed, and even
with enzymatic extraction, a high percentage of protein was obtained
(Fig. 1).

Despite the low protein extraction yield at pH 10 and 13 for
C. vulgaris, the extract has a protein content similar to F/T. This could be
attributed to a reduction in the lipid content of the microalgae due to the
saponification process under alkaline treatments [52].

C. vulgaris and N. oceanica, while achieving acceptable protein
extraction yields through the HPH process, exhibited a lower level of
specificity in their protein extracting, leading to extracts with slightly
reduced protein percentage. This deviation in protein content is likely
attributed to the HPH process’s lower specificity in terms of solubiliza-
tion. It is probable that other components, such as lipids, carbohydrates,
and ashes, were solubilized to a greater extent alongside proteins.

This study represents the first attempt to compare the performance of
three distinct microalgae variants characterized by differing cell wall
compositions regarding their susceptibility to various protein extraction
techniques for protein recovery. This marks the pioneering investigation
into the structural analysis of the recovered protein subsequent to
application of diverse recovery technologies. Although, the maximum
protein extraction yield reach has been 28 %, 35 %, and 28 % for
C. vulgaris, N. oceanica, and T. chui, respectively using dH2O as a solvent
at 25 °C, the results are in line with previous studies. For instance,
employing mild protein extraction techniques resulted in protein yields
of 28-43 % for C. vulgaris and N. oculate [50], and 7-12 % for
T. impellucida and suecica [53,54].

The purpose of enhanced protein yield through various technological
methods is met with several limiting factors. The extraction of proteins
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from microalgae is impeded by the presence of a physical barrier created
by the cell wall, hindering the release of proteins [55]. Also, certain
proteins are bound to other molecules through ionic interactions, spe-
cifically with polysaccharides, impeding their extraction [4]. The high
viscosity and ionic interactions resulting from the presence of cell walls
and intracellular polysaccharides further add complexity to the extrac-
tion process also, the use of alkaline solvents has facilitated increased
protein extraction from select macroalgae species [56]. The combina-
tion of cell-disrupting techniques, such as HPH and pH 13, may hold
potential for increasing protein yield. However, depending on the
application, different methods can be considered. Further work is
needed to study the protein extract from microalgae obtained by
different cell-disrupting techniques and its impact on the protein
structure and functionality.

4.3. Molecular weight and secondary structure of extracted protein

4.3.1. Chlorella vulgaris

The chromatograms of C. vulgaris revealing the presence of aggre-
gates across all extraction methods (>337 kDa) (Table 3 and Fig. 5-
supplementary material). The chromatograms at pH 10 and pH 13
highlight the presence of MW below 120 kDa. This discrepancy MW
distribution suggests that the alkaline conditions at pH 10 and 13 may
induce a specific breakdown or alteration in the molecular structure of
proteins, resulting in lower MW species. Ursu et al. [52] have also re-
ported an higher eluted peak corresponding to MW higher than 670 kDa
and lower peaks (<60 kDa) when exposed to alkaline pH. The presence
of higher MW has been identified as the signature of complex soluble
aggregates of proteins and chlorophyll, reinforcing this conclusion by
the green colour of extracts yet as also reported in this study, alkaline
extraction modifies the MW profile compared to others extraction
techniques showing MW below 60 kDa [52].

FTIR spectroscopy measures the absorption of IR radiation by a
sample and provides data on the wavelength and intensity of the ab-
sorption. High polymers’ IR spectral data can be understood in terms of
the vibrations of a structural repeat unit. The amide I band (1700-1600
em™!) is the most sensitive spectral region for protein secondary struc-
tural components, mainly representing the C=O0 stretch vibrations of
the peptide linkages (about 80 %). The frequencies of the amide I band
components closely correlate with each secondary structural element of
the proteins. On the other hand, the amide II band mainly originates
from in-plane NH bending (40-60 %) and the CN stretching vibration
(18-40 %). The secondary structural composition is based on the
assumption that any protein can be considered as a linear sum of a few
fundamental secondary structural elements. Correlations between IR
spectra and protein secondary structures have been established, and
assignments of amide I band components to protein secondary structure
elements (such as a-helix, p-sheet, p-turn, and random structures) are
available for proteins in both H,O and D20 media [29].

A comparison of the FTIR spectra of the C. vulgaris lyophilized extract
(Fig. 2) showed that only protein from F/T methodology was slightly
shifted to lower wavenumbers, indicating an increased order in sec-
ondary protein structure, namely a-helix (1656 + 2.0 cm ™). g-Sheet
structures result in characteristics wavenumbers in the regions 1696 +
2.0cm ™ t0 1667 + 1.0 cm ™ and 1642 + 1.0 cm ™! t0 1624 + 1.0 cm ™!
[30]. The secondary structure of proteins is influenced by the specific
sequence of amino acids and the interactions between molecules. Pro-
tein extraction techniques induce changes in the secondary structure by
disrupting these interactions [29]. In HPH, UAE, and alkaline pH pro-
cesses, protein molecules unfold, leading to the disruption of a-helices
and their conversion into -sheets. Sonication can induced the formation
of aggregates, subsequently causing a decrease in a-helix content and an
increase in p-sheet content [57]. Strong absorption signals observed at
1110,1118and 1113 cm™~! are attributed to the C-O-C band, indicating
the presence of polysaccharides, which can support the statement that
protein could be aggregated due to their presence [58].
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4.3.2. Nannochloropsis oceanica

Various conditions such as HPH, ENZ, pH 7, and pH 10 exhibited
distinct peaks, indicating the presence of proteins with MW ranging
between 10 and 20 kDa (Fig. 6- supplementary material). Conversely, at
pH 13, proteins appeared to have MW between 20 and 50 kDa, with
lower MW proteins observed under F/T and UAE techniques (5-10 kDa,
and < 5 kDa, respectively) (Table 5). The use of sodium hydroxide may
have led to the solubilization of insoluble proteins in water, resulting in
higher MW proteins. Alkaline conditions are anticipated to have a hy-
drolytic effect on the biomass, which may have liberated different pro-
teins from the microalgae structure. This was likely due to rendering
these proteins accessible to the solvent and slightly hydrolyzing them,
thus enabling their solubilization [59].

Absorbance peaks were observed in the range of 3200-3500 cm ™},
indicating the presence of the OH group in cellulose which was the
predominant carbohydrate found in the Nannochloropsis [60]. Another
peak at 1049 cm™! was attributed to the C-O-C band, suggesting the
presence of polysaccharides within the 950-1200 cm ™! range.

The analysis of the second derivative of the absorption spectra
(Fig. 3) within the range of 1600-1700 cm™! indicated that the pre-
dominant components of the spectra were consistently present in all
complexes. The samples exhibited an absorption peak at 1627-1642
cm ™!, which was consistently attributed to C=0 stretching (amide I)
and associated with the protein p-sheets structure (1623-1641 cm™1).
This observation aligns with the secondary structure composition. This
observation suggests that the protein’s secondary structure remains
largely unaltered, confirming the preservation of the same structural
characteristics in all seven extracts [61].

4.3.3. Tetrasemis chui

The T. chui protein analysis, similar to N. oceanica, showed a distinct
peak across various conditions: F/T (10-50 kDa), HPH (10-20 kDa),
ENZ (5-20 kDa), UAE (5-20 kDa), pH 7 (5-20 kDa), pH 10 (10-50 kDa),
and pH 13 (10-50 kDa) (Table 6 and Fig. 7- supplementary material),
with smaller aggregates present in all samples studied, exceeding 337
kDa. The presence of low MW proteins in Tetraselmis sp. Safi et al.
studied the extraction of protein from Tetraselmis suecica and found the
presence of proteins with MW between 10 and 60 kDa for HPH aqueous
extraction, which matches the findings of this work [51]. The results
showed that the FTIR spectra of T. chui lyophilized extracts (Fig. 4) were
very similar, with small differences in the absorption intensity of some
characteristic peaks. It indicated that the secondary structure could be
the same, with a complete absence of a-helix. The strong absorption
peaks are assigned to a C=O0 stretching (amide I) and correspond to
B-sheet structures [58]. The peaks between protein extraction tech-
niques tend to follow the same tendency, which is supported by the
unchanged nature of the secondary structure.

The three microalgae species presented a higher proportion of
p-sheets and p-turn structures, suggesting a more inflexible and folded
globulin configuration. This structural attribute, primarily associated
with the prevalence of f-turns, introduces constraints on the confor-
mational entropy of the peptide chain [62]. Therefore, this heightened
rigidity may contribute to the comparatively lower solubility of micro-
algae proteins compared to proteins from alternative plant sources.
However, the precise mechanistic implications of these structural

Table 6
Molecular weight relative proportions distribution of T. chui extracts obtained
after F/T, HPH, ENZ, UAE, pH 7, pH 10 and pH 13 and relative proportions.

kDa F/T HPH ENZ UAE pH7 pH 10 pH 13
<6 26 % 24 % 21 % 24 % 33 % 20 % 27 %
10-20 3% - - 6 % - 6% -
20-30 37 % 47 % 58 % 54 % 41 % 7% 6%
50 - - - 37 % 35 %
>337 34 % 29 % 21 % 16 % 26 % 30 % 32 %
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variances in protein aggregates and their repercussions on solubility
remain the subject of ongoing scientific discourse. For instance, a study
posited that protein aggregation was correlated with a reduction in
water solubility [63], while another reported that these aggregates were
water-soluble [64].

5. Conclusion

This research has shown that methodologies like F/T and HPH were
the most efficient for optimal protein yield recovery across various
microalgae species, in particular for T. chui and C. vulgaris. Increased
alkalinity showed a tendency to promote protein aggregation. In terms
of protein characterization, N. oceanica and T. chui exhibited lower MW,
while C. vulgaris tended to aggregate. Although results were obtained
with cells dried by spray drying, the findings may not be applicable to
fresh cells. Yet, these findings highlight the importance of carefully
selecting extraction methods to maximize the efficiency and quality of
protein extraction from microalgae, considering both protein yield and
structural characteristics.

Based in this study, it can be concluded that the chosen extraction
method significantly impacts both protein yield and structure. Under-
standing the differences in cell wall composition and structure among
species is crucial for obtaining desirable proteins with varying molecular
sizes and functionalities. This knowledge can expand their applications
and support the development of nutritionally enriched food products.
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