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Microalgal alternative proteins are increasingly recognized as a sustainable and promising source for future food
production. Despite the widespread use of alkaline solubilization in protein extraction, its influence on the
functional properties of microalgal protein extracts has received limited attention. This study marks the pio-
neering effort to assess the impact of alkaline (NaOH) solubilization on both the extraction process and the
functional properties of Chlorella vulgaris protein extract (CVPE) obtained through isoelectric precipitation. With
the gradual escalation of alkaline concentration from 0 to 0.7 M, there was a notable improvement in protein
extraction efficiency, increasing significantly from 6.22 % to 56.23 %. However, elevated NaOH concentrations
resulted in protein degradation, as evidenced in SDS-PAGE studies. Alkaline solubilization exhibited a positive
impact on various functional properties of CVPE. It enhanced solubility, water absorption capacity, foaming
capacity and stability, as well as emulsifying activity and stability. However, there was a slight decrease in oil
absorption capacity with increasing NaOH concentration. Notably, the maximum solubility, oil adsorption ca-
pacity, foaming capacity, and emulsion activity of CVPE were 2.3-, 1.8-, 2-, and 1.3-fold higher, respectively,
than those of commercial soy protein isolate (SPI). This highlights the effectiveness of alkaline solubilization in

modifying C. vulgaris protein and emphasizes the high potential of CVPE as a functional food ingredient.

1. Introduction

In response to the growing global demand for sustainable and
nutritious protein sources, microalgae have emerged as a promising
alternative to address the challenges of conventional protein production
as well as to create a greater food security and resilience worldwide.
Microalgae have been substantiated as a valuable source of various
biological components, encompassing carbohydrates, lipids, vitamins,
pigments, and polyphenols, with proteins being particularly noteworthy
(Spolaore et al., 2006; Mata et al., 2010). Specifically, the protein con-
tent of microalgae constitutes a substantial proportion when compared
to lipids and carbohydrates (Finkel et al., 2016). Notably, certain species
of microalgae exhibit protein quantities and qualities comparable to
those found in conventional protein sources such as milk, beef, soy-
beans, and eggs (Gouveia et al., 2008).

Among the microalgae species, Chlorella vulgaris has attracted
attention due to its rapid growth, substantial protein content, and
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excellent adaptability to diverse environmental conditions (Tomaselli,
2008). Notably, C. vulgaris can accumulate a total protein content
ranging from 42 % to 58 % of its dry weight, depending on the growth
conditions (Safi et al., 2014a). This makes C. vulgaris a promising sus-
tainable source of protein. However, the rigid cell wall of C. vulgaris
poses a challenge, leading to low intracellular component availability
and hindering efficient protein extraction (Morris et al., 2008; Shelef
and Soeder, 1980). Additionally, the in vitro protein digestibility of
crude biomass from C. vulgaris remains limited, ranging from 12 % to 41
% (Becker, 2007; Kose and Oncel, 2015; Shelef and Soeder, 1980).

To overcome the aforementioned limitations, it is essential to
implement effective cell wall disruption and protein solubilization
techniques for extracting C. vulgaris protein with an industrially relevant
yield. A diverse range of cell disruption methods, including mechanical
actions such as bead milling and high-pressure cell disruption, ultra-
sound and sonication, as well as enzymatic and chemical (alkaline)
treatments, have been proposed for microalgae protein extraction.
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However, the choice of extraction method significantly influences the
quality and functionality of the extracted protein, necessitating the
development of improved extraction methods (Yu et al., 2007; Safi et al.,
2014a). For example, the selection of NaOH concentration or pH during
alkaline treatment can have a substantial impact on the protein structure
and functional properties (Hou et al., 2017; Mir et al., 2019a). In a recent
study, it was observed that C. vulgaris protein, extracted using a
high-pressure cell disrupter and alkaline treatment, exhibited distinct
emulsifying capacities at lower pH (pH 7) compared to higher pH (pH
12) (Ursu et al., 2014). Additionally, Garcia et al. (2018) found that
protein extracted from microalgae through bead milling demonstrated
superior foaming and emulsification properties when compared to
commercial whey protein isolate. Furthermore, Mahali and Sibi (2019)
investigated the protein from A. platensis microalgae extracted using
ultrasound, revealing enhanced solubility and improved foaming ca-
pacity compared to protein extracted through alkaline methods. Hence,
it is crucial to conduct comprehensive research on the functional prop-
erties of microalgae protein extracted through various methods, with a
specific emphasis on the impacts of alkali concentration. This research is
vital since the successful integration of these proteins into food products
greatly relies on understanding and optimizing their functionality.
While studies have reported the functional properties of microalgae
protein extracts at specific pH levels (Schwenzfeier et al., 2013; Wagh-
mare et al., 2016; Garcia et al., 2018; Chen et al., 2019), the effects of
different alkaline concentrations on microalgae functional properties
remain unexplored. Moreover, many previous papers have focused
solely on individual functionalities, such as emulsion, foaming, or sol-
ubility, leaving other properties unexplored.

The objective of this study was to investigate the impact of varying
NaOH concentrations on distinct functional properties of C. vulgaris
protein. The protein extraction process involved a two-step approach,
consisting of dry milling followed by alkaline (NaOH) solubilization.
Alkaline solubilization was chosen because it is widely applied for
commercial extraction of various plant proteins like soy and pea pro-
teins, owing to its effectiveness in protein solubilization, cost-efficiency
and versatility. Hence, this study focused on the influence of NaOH
concentration on solubilization yield and its impact on the various
functional properties, including solubility, water and oil absorption
capacity, foaming capacity, foam stability, emulsifying capacity, and
emulsion stability, were evaluated for the freeze-dried protein extract
(CVPE) obtained through solubilization with different NaOH concen-
trations. Commercial soy protein isolate was selected as a benchmark for
comparing functional properties with CVPE due to its extensively
documented functional properties and wide-ranging applications (Singh
et al., 2008). This comparison could provide valuable insights into the
potential of C. vulgaris protein for practical food product development.
The findings offer insights into C. vulgaris protein solubilization and the
functional characteristics of the protein extract, potentially addressing
the global demand for sustainable protein sources and their adaptable
use in various food applications.

2. Materials and methods
2.1. Materials

The dried microalgae Chlorella vulgaris biomass was purchased from
GO SUPERFOODS LTD (UK) and used without any treatment. Com-
mercial soy protein isolate (SPI) was obtained from Bulk Powder com-
pany (Australia) via our collaborator Ridded Institute, New Zealand. The
protein content in C. vulgaris biomass and SPI was about 54 and 84 %,
respectively as measured by the Dumas method. Bradford reagent,
bovine serum albumin (BSA), soybean oil and sodium dodecyl sulphate
(SDS) were from Sigma-Aldrich. All other chemicals and solvents uti-
lized in the study were of analytical grade.
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2.2. Preparation of C. vulgaris protein extract

Microalgae protein was extracted from dried C. vulgaris biomass by a
2-step process. Firstly, the bead milling of dried biomass was performed
to facilitate the disruption of C. vulgaris cell wall. The dried C. vulgaris
biomass was loaded into a zirconium oxide grinding jar containing 0.5
mm diameter zirconium beads, and milled with Retsch Mixer Mill MM
400 (Retsch, Germany) at a frequency of 26 Hz for 6 x 10 min with 5-
minute break interval.

Secondly, the bead milled sample was then subjected to alkaline
(NaOH) solubilization followed by isoelectric precipitation and freeze
drying. In brief, the sample was suspended in sodium hydroxide (NaOH)
solution of five different concentrations (0.03-0.7 M), at a solid-liquid
ratio of 1:20. The suspension was then stirred magnetically at 37 °C
for 1 hour. The suspension was centrifuged at 8000 rpm for 20 min, and
the supernatant was collected. The supernatant was adjusted to pH 4.0
with concentrated HCI for isoelectric precipitation of solubilized pro-
tein. The protein precipitate was collected by centrifugation (4000 rpm,
10 min), and subsequently adjusted to pH 7 for neutralization before
freeze drying. Freeze drying was conducted using freeze dryer (Lab-
conco, United States) set to dry at —56 °C and 0.021 mbar. The freeze-
dried protein was stored for subsequent analysis. The solubilized pro-
tein in the liquid sample was measured using Bradford assay while the
protein content of the freeze-dried C. vulgaris protein extract (CVPE) and
commercial SPI were determined with Dumas method. The protein
solubilization yield was calculated using following formula:

Protein solubilization yield (%)
B Protein in supernatant
" Total protein in original biomass (54%)

x 100

2.3. Determination of protein content in liquid sample

The solubilized protein in the liquid sample was determined by
Bradford assay (Bradford, 1976) as used by other researchers for
microalgae protein (Chia et al.,2019). In brief, 50 pL of sample was
mixed with 1.5 mL of Bradford reagent and incubated for 10 min at room
temperature. Subsequently, 250 pL of mixture was added to a 96
micro-well plate and absorbance at 595 nm was measured. Protein was
quantified using calibration curve prepared using BSA as standard.

2.4. Determination of protein content in dry sample

The total protein content of the freeze-dried CVPE and commercial
SPI were measured using Dumas combustion method in DUMATHERM
instrument (Gerhardt Analytical Systems, Germany). A nitrogen-to-
protein conversion factor of 6.25 was used (Chen et al., 2019). The
protein content in freeze dried sample was about 50-67 %.

2.5. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) analysis

The electrophoretic profile of the CVPE in supernatant was deter-
mined following the method of Laemmli (1970) using 12 % precast
polyacrylamide gel (Bio-Rad, United States). Samples were mixed with 1
% SDS, 100 mM Tris -HCI to solubilize the protein, followed by heating
at 95 °C for 10 min. The samples were then mixed with 2X Laemmli
sample buffer containing 50 mM dithiothreitol (Bio-Rad, United States).
Sample, containing 30 ug protein, was loaded on the gel, and the elec-
trophoresis was carried out at a constant voltage of 140 V using a Mini-
PROTEAN Tetra Cell (Bio-Rad, United States) for 30 min. Gel was
stained with Coomassie Brilliant Blue R-250 and destained using a
mixture of methanol, acetic acid and deionized water in the proportion
of 50/10/40 (v/v/v), respectively. The molecular weight of the proteins
was measured using a prestained protein ladder (10-250 kDa).
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2.6. Determination of functional properties

2.6.1. Solubility

Solubility of CVPE was assessed following the protocol outlined by
Ma et al. (2018). Briefly, the extract was suspended in deionized water
(pH 6.83) to a final concentration of 100 mg/mL. The mixture was
vortexed, and then shaken (250 rpm) for 1 hour at 22-24 °C. It was then
centrifuged for 10 min at 14,500 rpm. The protein content in the upper
layer was quantified using Bradford assay as described in Section 2.3.
Protein solubility was calculated according to the following equation:

__ Supernatant protein content

Protein solubility (%) = Total protein content x 100

2.6.1. Water absorption capacity (WAC)

WAC of CVPE was measured based on the procedure specified by
American Association of Cereal Chemists Technical Committee (1981).
Briefly, deionized water was added incrementally to 0.25 g of sample
(W1), and the mixture was vortexed vigorously to produce a homoge-
nous paste. The sample mix was kept for 80 min at room temperature,
followed by centrifugation at 10,000 rpm for 1 hour. The free water
droplet was removed, and the slurry weight (W2) was recorded. WAC of
CVPE was determined by the following equation:

w2 — Wi

WAC (%) = =2 x 100

2.6.2. Oil absorption capacity (OAC)

OAC was assessed according to the method reported by Du et al.
(2018). In brief, 0.5 g of the protein extract (W) were added with 5 mL of
soybean oil (W1) and the mixture was vortexed for 2 min and then
shaken at 200 rpm for 30 min. After the centrifugation at 10,000 rpm for
1 h, the weight of free oil (W2) was recorded. OAC was determined
according to the equation below:

1 - we
OAC (%):w x 100

2.6.3. Foaming capacity (FC) and foam stability (FS)

The foaming properties of the proteins were assessed using the
procedure reported by Timilsena et al. (2016). Briefly, 10 mL of 0.5 %
(W/V) sample was homogenized (IKA, Germany) for 1 min at 10,000
rpm. The sample volume before (V1) and after (V2) homogenization
were determined. The homogenized sample was settled at 22-24 °C for
10 min and the sample volume (V3) was measured. FC and FS were
expressed as follows (Yuliana et al., 2014):

V2 — V1

FC (%) =~ 7~ x 100

V3 - V1
FS (%) = w37 X 100

2.6.4. Emulsifying activity index (EAI) and emulsion stability index (ESI)

EAI and ESI of the protein extract were measured with a modified
method by Pearce and Kinsella (1978). In brief, 6 mL of the protein
solution (1 mg/mL) was mixed with 2 mL of soybean oil. The mixture
was homogenized for 2 min at 10,000 rpm (IKA, Germany) to form an
emulsion. A total of 50 pL of the emulsion was added into 5 mL of 0.1 %
SDS solution at 0 min and 10 min, respectively. The absorbance of the
mixture at 0 min and 10 min were assessed at 500 nm using a spectro-
photometer (Shimadzu Co., Japan). EAI and ESI were determined as
follows:

2303 x Ap x 2 x d

2
EAT (m* /'8) = 7= 70000 x ¢ x C
ESI (min) = ———
(min) Ay — Apo

Future Foods 9 (2024) 100368

where Ag and Aq refer to the absorbance of solution at 0 and 10 min,
d refers to the dilution factor (d = 100), L refers to the pathlength of
cuvette (L = 1 cm), ¢ refers to the oil volume fraction (9 = 0.25), C
refers to the initial protein concentration (C = 0.001 g/mL), and At
refers to the sampling interval (At = 10 minl0 minutes).

2.7. Statistics

Each experiment was conducted in triplicate under identical condi-
tions, and the data were reported as mean =+ standard deviation. Error
bars on charts represent 0-8 % of the mean value of the data. SPSS
software (IBM, USA) was used to perform one-way analysis of variance
(ANOVA) with Turkey’s multiple comparison tests to determine signif-
icant difference between the data collected at 95 % confidence level (p-
value < 0.05).

3. Results and discussion

3.1. Effect of NaOH concentration on Chlorella vulgaris protein
solubilization

The solubilization yield of protein from C. vulgaris broken biomass is
shown in Fig. 1. The yield was found to be significantly improved (2-
fold) when NaOH concentration increased from 0.03 M to 0.1 M, after
which it increased in a slower pace up to 0.7 M at which about 56.0 % of
C. vulgaris protein was solubilized. These findings align with Safi et al.’s
(2014b) observations, revealing a substantial enhancement in protein
yield (33.0 %) from C. vulgaris through alkaline treatment in comparison
to water-based extraction (10.0 %). Additionally, Juul et al. (2023) and
Stack et al. (2018) illustrated that employing alkaline extraction with a
high pH value (pH 12), rather than low pH extraction, could result in a
twofold increase in protein extraction yield for Saccharina latissima
seaweed and Phaeodactylum tricornutum microalgae, respectively.

The data presented in Fig. 1 indicates a notably low protein solubi-
lization yield at both neutral (pH 6.83) and alkaline (pH 9 with 0.0001
M NaOH) conditions, approximately 6.0 %. This suggests that bead
milling alone, employed for physical cell disruption, was ineffective in
liberating C. vulgaris protein from the cell biomass into the aqueous
phase. Consequently, a higher NaOH concentration (a stronger pH)
became necessary to lyse the cells and solubilize the protein. However, it
is noteworthy that elevated NaOH concentrations tend to induce protein
aggregation due to denaturation. The increase in protein solubilization
yield therefore slowed at higher NaOH concentration (> 0.1 M). The
elevated NaOH concentration might induce protein hydrolysis, resulting
in the formation of peptides, thereby potentially altering the protein’s
functionality. Consequently, the proteins solubilized with varying NaOH
concentrations were recovered and subjected to analysis, including ex-
amination of their molecular weight (size) and functional properties.

3.2. Effect of NaOH concentration on molecular weight (protein size) of
C. vulgaris protein extract

The ris protein extract (CVPE) after solubilization with different
NaOH concentrations was determined by SDS-PAGE analysis. It can be
seen from Fig. 2 (SDS-PAGE) that C. vulgaris protein composed of diverse
protein and the molecular weight of the protein extract (Lane 2, 0 M
NaOH) was mainly distributed over the range of 10-18 kDA, 23-27 kDa
and 40-60 kDa. Notably, the protein bands with higher molecular
weight (> 15 kDa) exhibited a gradual diminishing trend in response to
increasing NaOH concentration. This alteration in the protein profile
implies that the proteins of C. vulgaris underwent conformational
changes and initiated degradation, particularly pronounced at higher
NaOH concentrations (> 0.1 M) (Lane 4-8). The observed protein
degradation/hydrolysis is likely attributable to a robust interaction with
NaOH, which has the potential to unfold the protein by disrupting
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Fig. 1. Effect of NaOH concentration on solubilization of protein from bead milled C. vulgaris biomass. Different letters indicate the significant difference between

two mean values (p-value < 0.05).
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Fig. 2. SDS-PAGE of C. vulgaris protein extract (CVPE) obtained by different
concentration of NaOH, Lanes: (1) molecular weight marker, with sizes in kDa
indicated on the left, (2) 0 M, (3) 0.1 M, (4) 0.2 M, (5) 0.3 M, (6) 0.4 M, (7) 0.6
M, (8) 1.0 M.

hydrogen bonds and hydrophobic interactions, as suggested by Zhao
et al. (2014), ultimately breaking peptide bonds that maintain the amino
acids’ linkage in the protein structure. This finding emphasizes the
importance of fine-tuning NaOH concentration to uphold the integrity,
functionalities, and structural properties of C. vulgaris proteins.

70 r

3.3. Effect of NaOH concentration on functional properties of C. vulgaris
protein extract

3.3.1. Protein solubility

The solubility of proteins serves as a crucial parameter influencing
additional functionalities such as emulsifying, foaming, or gelling
properties (Kiosseoglou et al., 2021). The impact of varying NaOH
concentration during protein extraction on solubility of CVPE in water
was illustrated in Fig. 3. The protein extracted with 0.5 M NaOH showed
maximum solubility of 64.49 %, about 2.3-fold higher than that of SPI
(28.76 %). The protein extracted using 0.5 M NaOH showed a maximum
solubility of 64.49 %, surpassing that of SPI by about 2.3-fold (28.76 %).
Although there is no data on microalgae protein, similar observation was
also reported in the previous study by Ayim et al. (2018) in which the
solubility of tea protein residue increased with increasing NaOH con-
centration up to 0.12 M and dropped at higher concentration (0.15 M).
The influence of extraction pH (NaOH concentration) on protein extract
solubility is reported to be case-dependent. While extreme pH treatment
(pH 12) has been reported to enhance the solubility of pea protein
isolate (Jiang et al., 2017), it can adversely impact the solubility of soy
protein extract (Jiang et al., 2009).

Broadly, an elevation in extraction pH or NaOH concentration tends
to modify the protein configuration, leading to a disturbance in the
equilibrium between protein-water and protein-protein interactions,
consequently influencing solubility (Cui et al., 2020). Although addi-
tional research is needed to fully understand the influence of NaOH
concentration on the solubility of C. vulgaris protein extract, the
SDS-page results (Fig. 2) suggests that the increase in NaOH

d
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NaOH) NaOH) NaOH) NaOH)

Fig. 3. Solubility of soy protein isolate (SPI) and C. vulgaris protein extract (CVPE) extracted by different NaOH concentrations. The detailed conditions of protein
extraction were described in Materials and Methods section. Different letters indicate the significant difference between two mean values (p-value < 0.05).
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concentration during extraction resulted protein degradation to smaller
molecular weight. These smaller fragments may exhibit a more hydro-
philic nature, potentially contributing to increased solubility. Existing
literature suggests that a decrease in protein molecular size is associated
with enhanced solubility in water (Hamada, 1997; Hou et al., 2017).
Moreover, the high solubility of the protein extract (64.49 %) in water
implies that the interaction of NaOH during extraction may lead to the
formation of more globular proteins, typically soluble at neutral pH. It is
also plausible that NaOH could facilitate the removal of insoluble
polysaccharides linked to C. vulgaris protein through hydrolysis during
extraction, thereby increasing solubility. However, it is important to
note that the protein may undergo denaturation at high NaOH concen-
trations, such as 0.7 M, potentially reducing solubility. Our findings thus
suggest that our finding thus suggests that NaOH concentration used for
protein extraction plays a crucial role in influencing the solubility of
CVPE. The high solubility of the extracts could be advantageous for their
use in beverage preparation.

3.3.2. Water absorption capacity (WAC)

WAC of protein is defined as its ability to retain water in the presence
of excess water when exposed to external forces such as heating,
centrifugation and pressing (Zayas, 1997). This property is crucial in
various food applications such as confectionery products, baked goods,
and viscous foods like soups as they require water imbibition without
dissolution of proteins, ultimately achieving the desired viscosity (Seena
and Sridhar, 2005). The WAC of CVPE obtained with different NaOH
concentration is depicted in Fig. 4. It can be observed that the WAC
increased with the rise in NaOH concentrations used for extraction,
reaching 297.0 % at 0.5-0.7 M. This suggests that CVPE is well-suited for
applications in viscous foods or baked items, as its WAC falls within the
specified range of 149-472 % (Aletor et al., 2002). While no prior
studies have explored the impact of different NaOH concentrations in
alkaline solubilization on WAC, the maximum WAC value of CVPE
(297.0 %) is slightly lower than that of SPI (367.43 %). Additionally, it is
comparable to the WAC of pea protein isolate (240-260 %) reported by
Stone et al. (2015). Furthermore, CVPE demonstrates a higher WAC than
mung bean protein (262.0 %) extracted by Du et al. (2018). Addition-
ally, CVPE exhibits similar WAC when compared to other microalgae
protein such as Chlorella pyrenoidosa protein (287.0 %) and Arthospira
platensis protein (281.0 %) (Chen et al., 2019).

The rise in WAC of CVPE can be attributed to the conformational
changes due to strong alkaline condition. This leads to the exposure of
hydrophilic groups in the protein and the formation of smaller protein/
peptide fragments, as supported by SDS -PAGE results and documented
by other studies (Zhao et al., 2014; Yue et al., 2019). These changes

400
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increase the surface area, creating more sites for water binding, conse-
quently elevating the WAC. This finding aligns with a previous study
indicating that protein concentrates extracted through alkaline treat-
ment exhibit higher WAC compared to those recovered using ultrafil-
tration (Boye et al., 2010). Furthermore, the improved solubility of
CVPE (Fig. 3) may also positively contribute to the WAC, a correlation
supported by previous research findings (Mir et al., 2019b; Wang et al.,
2020).

3.3.3. Oil absorption capacity (OAC)

OAC is a critical parameter in formulated food, as it assesses the
capability of non-polar side chains of proteins to absorb, retain, and
interact with lipids in emulsions and other food systems (Zayas, 1997).
This attribute holds particular significance from an industrial standpoint
as it mirrors emulsifying capacity, a highly desirable trait in products
like mayonnaise. As depicted in Fig. 5, the OAC of CVPE showed a
declining trend with increasing NaOH concentrations. However, all
CVPE samples obtained with various NaOH concentrations exhibited
higher OAC compared to the commercial SPI (143.05 %). Specifically,
the OAC of CVPE with 0.1 M demonstrated approximately a 1.8-fold
increase compared to that of SPI. Other studies have reported the OAC
of SPI to be in the range of 89-154 % (Kinsella, 1979; Tang et al., 2021).
These results suggest that CVPE possesses a larger surface area and more
hydrophobic proteins compared to SPI. The decrease in OAC in CVPE is
likely attributed to protein degradation, as observed in SDS-PAGE
(Fig. 2), and a reduction in surface hydrophobicity. The enhanced
OAC of CVPE further stress the potential application in various process
foods, including sausages, burgers, and baked goods where a high OAC
is essential.

3.3.4. Foaming capacity (FC) and foam stability (FS)

Protein functionality, specifically FC and FS, plays a pivotal role in
the production of diverse food items, particularly in aerated products
like meringues and leavened bakery goods (Campbell and Mougeot,
1999; Wong and Kitts, 2003). The impact of NaOH concentration on
CVPE (your protein of interest) is illustrated in Fig. 6A and 6B. It was
observed that both FC and FS of CVPE increased proportionally with the
rise in NaOH concentration during extraction, reaching an optimum at
0.5 M NaOH. However, at a higher NaOH concentration of 0.7 M, a
decline in both FC and FS of CVPE was noted. The CVPE showed the
highest FC and FS when extracted with 0.5 M NaOH with the value of
77.0 and 87.0 %, respectively.

Comparatively, CVPE exhibited approximately twice the FC of SPI
(38.33 %), highlighting its superior foaming capacity. Conversely, SPI
demonstrated a higher FS at 100.0 % when compared to CVPE. While no

SPI CVPE(0.1M CVPE(0.3M CVPE(0.5M CVPE(0.7M

NaOH)

NaOH) NaOH) NaOH)

Fig. 4. Water absorption capacity (WAC) of soy protein isolate (SPI) and C. vulgaris protein extract (CVPE) extracted by different NaOH concentrations. The detailed
conditions of protein extraction were described in Materials and Methods section. Different letters indicate the significant difference between two mean values (p-

value < 0.05).
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Fig. 5. Oil absorption capacity (OAC) of soy protein isolate (SPI) and C. vulgaris protein extract (CVPE) extracted by different NaOH concentrations. The detailed
conditions of protein extraction were described in Materials and Methods section. Different letters indicate the significant difference between two mean values (p-

value < 0.05).
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Fig. 6. (A) Foaming capacity (FC), and (B) foam stability (FS) of soy protein isolate (SPI) and C. vulgaris protein extract (CVPE) extracted by different NaOH
concentrations. The detailed conditions of protein extraction were described in Materials and Methods section. Different letters indicate the significant difference

between two mean values (p-value < 0.05).

prior research has explored on the impact of NaOH concentration on
microalgal protein foaming properties, a similar trend was noted in
plant proteins, specifically those derived from rice and tea (Hou et al.,
2017; Ayim et al., 2018). Furthermore, the maximum FC and FS of CVPE
were relatively higher than that of the protein from other microalgae
such as Chlorella pyrenoidosa protein (FC: 36.88 %; FS: 50.0 %) and
Nannochloropsis oceanica protein (FC: 31.50 %; FS:7.80 %) (Chen et al.,
2019). To gain a comprehensive understanding of the factors influencing
the foaming properties of CVPE with respect to NaOH concentration,
further research is imperative to unravel the underlying mechanisms.
In general, FC and FS increases with the solubility of protein
(Agboola et al., 2005; Kiosseoglou et al., 2021). It is evident from Fig. 4
that the solubility of CVPE increased with the rise in NaOH concentra-
tion. The result thus further supports the hypothesis that FC and FS are
correlated with protein solubility. Additionally, the foaming capacity
(FC) of CVPE surpasses that of mung bean protein (26.0 %), chickpea
protein (30.4-44.3 %), and soybean protein (36.0 %) (Kaur and Singh,
2007; Aydemir and Yemenicioglu, 2013; Du et al., 2018). This indicates
that CVPE exhibits a commendable surfactant property, a crucial char-
acteristic in foam formation. It can serve as an effective foaming agent,
enhancing the palatability of food products such as bread and ice cream.

3.3.5. Emulsifying activity index (EAI) and emulsion stability index (ESI)

EAI and ESI were evaluated to understand the emulsifying properties
of the CVPE extracted with different NaOH concentrations. Broadly,
Emulsion Activity Index (EAI) gauges a protein’s capacity to establish
emulsions. On the other hand, Emulsion Stability Index (ESI) evaluates a
protein’s proficiency in sustaining a stable emulsion over a specified
time frame (Boye et al., 2010; Suresh Kumar et al., 2014).

Fig. 7A and B represents the EAI and ESI of CVPE extracted at varying
NaOH concentrations. It can be noted that EAI and ESI of CVPE
increased as the NaOH concentrations for extraction was raised. The CPP
extracted with 0.1 M NaOH showed the lowest EAI value of 65.77 m?/g,
while maximum EAI 107.0 m?/g was observed at 0.5 M NaOH. ESI of
CVPE also showed the similar trend with the increase in NaOH con-
centration, exhibiting maximum stability of 18.3 min when extracted at
0.7 M NaOH. It’s noteworthy that the maximum EAI and ESI of CVPE
were relatively higher than those of the protein from other microalgae,
namely Chlorella pyrenoidosa (EAL 63.58 m?2/g; ESL: 17.50 min) and
Nannochloropsis oceanica (EAL 59.50 m?/g; ESI: 15.80 min) reported in
previous research (Chen et al., 2019). CVPE demonstrated a comparable
EAI pattern to the rice residue protein isolates (RRPI) reported by Hou
etal. (2017). EAI and ESI of commercial SPI were also assessed, yielding
values of 79.06 m?/g and 14.54 min, respectively. These values were
notably (approximately 1.3-fold) lower than those (106.95 m2/g and
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Fig. 7. (A) Emulsifying activity index (EAI), and (B) emulsion stability index (ESI) of soy protein isolate (SPI) and C. vulgaris protein extract (CVPE) extracted by
different NaOH concentrations. The detailed conditions of protein extraction were described in Materials and Methods section. Different letters indicate the sig-

nificant difference between two mean values (p-value < 0.05).

16.76 min) of CVPE obtained with 0.5 M NaOH extraction. These results
highlight the potential of CVPE for application in emulsion-based food
products.

The emulsifying properties of hydrolysates are predominantly
influenced by the amphiphilicity, reflecting the balance between hy-
drophilic and hydrophobic properties of the protein. The enhanced
emulsifying properties observed in CVPE extracted with higher NaOH
concentration signify its improved ability to break the surface/interfa-
cial tension (Schroder et al., 2017). Furthermore, the increased emul-
sifying stability suggests that NaOH treatment enhance the interaction
of hydrophobic and hydrophilic residues with oil droplets and water,
respectively. In general, the enhanced interaction improves emulsifying
stability through the reduction of steric effect (Lam and Nickerson,
2013; Adjonu et al., 2014).

4. Conclusion

This study has illuminated the significant impact of alkaline (NaOH)
solubilization of protein from bead milled C. vulgaris biomass on func-
tional properties of the protein extract. The optimization of alkali con-
centration emerges as a crucial factor, not only in maximizing protein
solubilization but also in enhancing the functional attributes of the
protein extract. The protein extract obtained through solubilization with
0.7 M NaOH exhibited maximum WAC and ESI, whereas 0.5 M NaOH
proved to be the optimal concentration for maximizing FC, FS, EAL and
solubility. The highest OAC was achieved at a solubilization pH of 0.1 M
NaOH. The alkaline solubilization made C. vulgaris protein extract
(CVPE) superior to soy protein isolate (SPI) in terms of solubility, OAC,
FC, emulsion activity and emulsion stability. While the WAC and FS of
CVPE showed improvement with higher NaOH concentration, they
remained slightly lower than those of SPI. The high solubility (64.49 %)
indicates that the predominant form of CVPE is globular protein. Given
its noteworthy solubility, OAC, FC, and EAI, CVPE holds significant
potential for use as a moisture modifier, texture enhancer, foaming
agent, and emulsifying agent in diverse food products. Future research
endeavours should focus on elucidating the mechanisms enhancing the
functionality of CVPE and examining structural changes. Additionally,
exploring potential health benefits and sustainability considerations,
along with assessing the feasibility of industrial-scale production, could
broaden the applicability of CVPE within the food industry.
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