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Abstract The cyanobacterium Spirulina platen-
sis was subjected to a fractionation process involv-
ing ultrasound-assisted extraction and membrane
filtration to obtain a pure phycocyanin fraction and a
clarified colorless protein fraction free of chlorophyll
and carotenoids. The effects of pressure and power
on total protein release were assessed. The retention
of the extracted proteins was then assessed by ultra-
filtration, with and without ammonium sulfate pre-
cipitation. Total protein recovery yields reached 97%
in aqueous solution, at a low frequency (12 kHz),
atmospheric pressure, and with an ultrasonic power
of 200 Watts (W). Ammonium sulfate (25% w/v)
precipitation was used to remove pigments and impu-
rities from the crude protein extract. Finally, semi-
frontal ultrafiltration resulted in high levels of C-phy-
cocyanin recovery in the retentate: 95% and 91%
with 10 and 100 kDa-cutoff membranes, respectively.
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However, the levels of total non-pigmented proteins
in the permeate compartment did not exceed 67%
with a 100 kDa-cutoff membrane. A fractionation
process is proposed here for the valorization of two
different protein fractions from Spirulina platensis.

Keywords Membrane process - Microalgae -
Phycocyanin - Protein purification - Sonoextraction

Introduction

Spirulina platensis is a cyanobacterium widely used
as a source of proteins for human consumption due
to its high abundance of proteins and essential amino
acids (AlFadhly et al. 2022). The protein content of
these edible blue-green algae may reach 70% of total
dry biomass, exceeding that of common plant or ani-
mal protein sources, such as soybean (35%), ground-
nut (25%), meat and fish (15-25%), eggs (12%), and
whole milk (3%) (Fernandes et al. 2023).
Phycobiliproteins are water-soluble proteins that
play an important role in harvesting light energy from
sunlight and transferring it to the photosynthetic reac-
tion center, which contains a special pair of chloro-
phyll molecules. These colored phycobiliproteins are
found in covalently bound form to thylakoid system
and its photosynthetic lamellae. Spirulina produces
several different phycobiliproteins, including allophy-
cocyanin (APC), C-phycocyanin (C—PC), and phyco-
erythrin (PE). The principal phycobiliprotein fraction
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consists of C-PC, which may account for approxi-
mately 20% of the total dry biomass (Pez Jaeschke
et al. 2021; Dagnino-Leone et al. 2022).

C-PC is used commercially as a natural pigment in
the food and cosmetic industries but it also has vari-
ous uses in the field of nanotechnology (Ashaolu et al.
2021). Non-pigmented protein fractions are increas-
ingly being explored for pharmaceutical and cosmetic
uses, but their potential is often limited by the pres-
ence of colored compounds, which affect color and
flavor (Grossmann et al. 2020). The potential uses of
Spirulina proteins could, therefore, be increased by
removing C-PC, APC, and other undesirable colored
components.

In addition, effective protein recovery from Spir-
ulina requires cell disruption to release intracellular
proteins (Vernes et al. 2019). Ultrasound-assisted
extraction (UAE) has been used in fractionation pro-
cedures for microalgae and cyanobacteria, facilitating
cell disruption and protein release (Deng et al. 2023).
Two technologies were compared here: traditional
sonication and mano-thermo-sonication (MTS),
which combines pressure and ultrasound to improve
extraction yields for intracellular molecules, including
phycocyanin and other related biomolecules (Meul-
lemiestre et al. 2017). Low-frequency ultrasound has
been shown to be more suitable and efficient for cell
destruction (Delran et al. 2023), but the use of ultra-
sound at audible frequencies (20 Hz-20 kHz) for the
extraction of proteins from microalgae has never been
reported. This study investigated the use of gentle
ultrasound-assisted extraction at 12 kHz, a frequency
previously unexplored for Spirulina.

Spirulina has a particularly fragile cellular wall
and UAE can release a complex mixture of compo-
nents, necessitating challenging and costly down-
stream purification processes (Martinez-Sanz et al.
2020; Fabre et al. 2024). Low-purity C-PC can be
used as a biocolorant in the food and cosmetics indus-
tries, but a higher purity is required for analytical-
grade C—PC for therapeutic and biomedicine applica-
tions (Figueira et al. 2018). Ultrafiltration (UF) is a
separation method for the effective purification and
concentration of proteins without the need for ther-
mal denaturation or chemical solvents. UF has been
studied for the purification of polysaccharides and
the concentration of proteins from microalgae (Zhao
et al. 2020; Liu et al. 2021; Costa et al. 2021; Ribeiro
et al. 2022). Filtration processes have also been used
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to recover C-PC from Spirulina sp. (NisticO et al.
2022; Melanie et al. 2023). Phosphate buffer extrac-
tion was found to yield C—PC with purity of 0.53,
but UF followed by a single diafiltration step with a
50 kDa-cutoff membrane increased purity to 0.76
(Brido et al. 2020).

Most studies to date have focused on the extrac-
tion of phycobiliproteins (C—PC), neglecting other
colorless proteins. The use of sonication (35 kHz,
20% power, 50% duty cycle, and 7 min of irradia-
tion time) followed by a liquid biphasic system has
been reported to extract 95% C-PC from Spirulina
sp. (Chia et al. 2019). A process for extracting C-PC
from Spirulina by bead milling has been developed,
with purification based on diafiltration with a ceramic
membrane with a transmembrane pressure (TMP)
of 4 bar and a 300 kDa molecular weight cutoff
(MWCO) (Balti et al. 2021). A C—PC extraction yield
of 2.5 mg C-PC g~! DW was reported following son-
ication at a frequency of 35 kHz and a power of 300
W for 3 h (Minchev et al. 2020).

The purification of polysaccharides extracted by
sonication at 24 kHz has been explored (Zhou et al.
2023), but very few studies have considered the use
of ultrasound and ultrafiltration in Spirulina. Proteins
have been extracted with ultrasound at a frequency
of 40 kHz and an amplitude of 90% for 35 min, and
then purified with a membrane-based process (Mene-
gotto et al. 2020). Despite the studies on C—PC val-
orization performed, a critical gap in the literature
persists regarding the clarification and valorization
of both pigmented and non-pigmented proteins in a
single process. This gap is particularly crucial at the
industrial scale, as each fraction has different applica-
tions. This study therefore explored the use of low-
frequency ultrasound (12 kHz) followed by UF for the
extraction and purification of non-pigmented proteins
and the production of C-PC from fresh Spirulina sp.
This is the first time that such a low frequency has
been used for the rupture of Spirulina cells, which
adds the novelty to this work.

Materials and methods

Biomass and chemicals

Spirulina platensis was purchased from Alg&You
(Toulouse, France) as fresh biomass. It was cultured
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in a photobioreactor under normal growth conditions,
as recommended by the supplier. Fresh biomass was
supplied in a liquid culture medium (concentrated
at 5% dry weight). All experiments were conducted
within two days of the arrival of the algal suspension,
to minimize the potential alterations to the structure
of the algae.

Lowry protein assay kits were purchased from
Thermo Fisher Scientific (France). All chemicals
and standards were of analytical grade and purchased
from Sigma-Aldrich (France).

Cell disruption

The algal suspension (600 ml) in aqueous medium
was treated by UAE, with water as the solvent.
The suspension was placed in a stainless-steel cyl-
inder with a capacity of 1 L and pressurized with
nitrogen gas (Fig. 1). The temperature was main-
tained at 30+2 °C by circulating cooling water
through an internal coil to prevent excessive heat-
ing. The solution was homogenized by constant stir-
ring with a magnetic bar at 500 rotations per min
(rpm) and sonicated at a low frequency (12 kHz).

Fig. 1 Schematic diagram
of the pilot ultrasound appa-
ratus used for cell disrup-
tion. 1: Motor for the stirrer,
2: autoclave, 3: double-jack-
eted vessel, 4: sonotrode, 5:
transducer, 6: nitrogen bot-
tle, 7: ultrasound generator,
8: Spirulina sp. suspension,
9: Manometer (pressure
control)

Table 1 Conditions for the disruption of fresh Spirulina sp.
cells

Experiment Time Relative US power (W) Fre-
code (min) pressure quency
(bar) (kHz)
POWO 60 0 0 0
POW100-10 10 0 100 12
POW100-60 60 0 100 12
POW200 60 0 200 12
POW300 60 0 300 12
P1.5W100 60 1.5 100 12
P3W100 60 3 100 12
P3W300 60 3 300 12

PO atmospheric pressure, P1.5 pressure at 1.5 bar, P3 pressure
at 3 bar, W power of 0, 100, 200 and 300 W

The effects of ultrasound on protein recovery were
studied (Table 1), taking the following parameters
into account: acoustic power (100 W, 200 W, and
300 W), relative hydrostatic pressure (0 bar, 1.5 bar,
and 3 bar), and stirring time (10 min and 60 min).
The cells were disrupted and the mixture was cen-
trifuged at 15,000 g for 15 min at 5 °C, and the
resulting supernatant was collected for further anal-
yses of protein content.

: Motor for the stirrer

: Autoclave

: Double-jacketed vessel

: Sonotrode

: Transducer

: Nitrogen bottle

: Ultrasound generator

: Spirulina sp. suspension

: Manometer (pressure control)
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Precipitation of the non-protein fraction

The UAE extracts were centrifuged to remove resi-
dues. The resulting greenish supernatants were rich
in undesirable pigments and lipids and were subjected
to precipitation in 25% (w/v) ammonium sulfate. The
sample/ammonium sulfate mixture was stored over-
night in the dark at 5 °C and was then centrifuged at
15,000x g for 15 min at 5 °C. The supernatant was
recovered and subjected to UF to recover non-pig-
mented proteins free of C—PC and other pigments.

Ultrafiltration

Semi-frontal ultrafiltration was performed with a
laboratory-scale Amicon® stirred-cells UF unit
(Thermo Fisher Scientific), with a maximum vol-
ume of 200 ml and a filtration area of 30.17 cm?.
This unit was fitted with a polyethersulfone (PES)

Fig. 2 Schematic repre-
sentation of the process
for protein recovery from
Spirulina sp. studied

disc membrane with a molecular weight cutoff
(MWCO) of 10 kDa or 100 kDa. During UF, 100 ml
of feeding solution was constantly stirred (200 rpm)
in the feeding chamber, minimizing the concentra-
tion polarization effect at the membrane surface
(Liang et al. 2023). The TMP was kept constant at
2 bar for all experiments. The pigment-free protein
fraction was recovered in the permeate compart-
ment. Samples of the permeate and retentate were
taken for the analysis of total chlorophylls, total
carotenoids, proteins, and C-PC.
Two series of UF procedures were performed:

i) A sample of the supernatant from the experiment
with the highest protein extraction yield was sub-
jected to UF to obtain a pure fraction of non-pig-
mented proteins.

ii) Another sample from the same experiment was
subjected to precipitation with 25% (w/v) ammo-
nium sulfate followed by UF (Fig. 2).

UAE on fresh Spirulina sp.

l

Centrifugation
15,000x g (15 min, 5°C)

L Pellets discarded

Supernatant

Ultrafiltration

Precipitation with ammonium

sulfate (25% w/v)

|— Retentate (CPC) .

Centrifugation

Permeate

(non-CPC proteins)
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(non-CPC proteins)
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Analysis
Total proteins

Total protein content was determined by the Kjeldahl
method, which uses a coefficient of 6.25 to account
for the total nitrogen present in the biomass (Ben Mya
et al. 2024). Biomass analysis was performed in trip-
licate, on 50 mg samples.

Soluble proteins

The soluble protein content of the UAE supernatants
was determined in Lowry assays (Lowry et al. 1951)
performed with a Lowry protein assay kit (Lowry rea-
gent plus bovine serum albumin (BSA) standards, and
2 N Folin—Ciocalteu reagent) purchased from Thermo
Fisher Scientific (Illkirch, France). Before analysis,
the residues were removed from the supernatants by
centrifugation at 15,000 g for 15 min. Absorbance
was measured at 750 nm with a Shimadzu UV-1800
UV-Vis spectrophotometer.

APC and C-PC quantification

The C-PC content of the strain used was analyzed
after extraction in phosphate buffer (Boussiba and
Richmond 1979). C-PC content was determined as
the total amount of C-PC and APC. C-PC recov-
ery in UAE supernatant, permeate and retentate was
assessed with a Shimadzu UV-1800 UV-Vis spectro-
photometer and the following equations (Bennett and
Bogorad 1973; Patel et al. 2005):

_ (ODgs, — 0.2080D¢y,)

APC
5.09

ey

(ODgyy — 0.4740Dg;5,)

C-PC=
5.34

2

The retention rate for C-PC was determined as fol-
lows (Jaouen et al. 1999):

D ermeate
Retention rate (%) = 100 — |1 — 620.P d 3)

oD 620,Re tan rate

Pigment analysis

Pigment analysis was performed on the supernatant
as previously described (Safi et al. 2017). Pigment
concentrations were determined with the following
equations (Ritchie 2006):

Total chlorophyll (ugl™") =(9.3443 X ODys,)

+ (43481 X ODgs) P

Total carotenoids (,ugl_l) =4 X OD g, ®))

Microscopy

The efficiency of cell disruption was assessed by
examining a sample of the cell suspension placed
on a specific plate under a stereo microscope (Nikon
SMZ 1500) before and after disruption. The images
were captured at a magnification of X 1000 under
constant illumination and exposure, with a Nikon
Eclipse E600 camera.

Statistical analysis

Each experiment was performed at least three times
(n=3). The statistical significance of the differ-
ence between means (p<0.05 considered signifi-
cant) was evaluated by one-way analysis of variance
(ANOVA) and Tukey tests in XLTAT software ver-
sion 2018.1.

Results and discussion

The total protein content of the initial biomass was
0.7 g protein g~! dry weight, a value close to pub-
lished values for Spirulina obtained in several stud-
ies (Ahda et al. 2023; Kurpan et al. 2024). The C-PC
content was 0.24 g C-PC g~! dry weight, correspond-
ing to 34.2% of total protein content. This value
is consistent with the findings of a previous study
(Athiyappan et al. 2024) reporting a C-PC con-
tent in Spirulina of about 25% of total dry biomass.

@ Springer
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Non-pigmented proteins accounted for 65.8% of total
protein, which is equivalent to 0.46 g protein g~! dry
weight of the Spirulina sp. studied.

Influence of ultrasound parameters on protein
recovery

Spirulina has a cell wall consisting principally of
murein (peptidoglycan), with no cellulose (Machado
et al. 2022). A blank reference was established to
facilitate evaluation of the true effect of ultrasound.
In the baseline experimental conditions used to estab-
lish this reference, with a stirring rate of 500 rpm and
no cell disruption, the soluble protein extraction yield
was approximately 34% of the total protein content
after 60 min of treatment (POWO) (Fig. 3).
Microscopy revealed that stirring damaged the cell
wall in this fragile species (Fig. 4 a, b). Ultrasound
parameters had a significant effect on protein extrac-
tion yield (p <0.01). The application of a gentle UAE
treatment at 100 W for 10 min (experiment POW100-
10) resulted in the release of more than 72% of total
protein content into the aqueous medium, whereas
only 34.5% (POWO) of total protein content was
released in the absence of UAE treatment (Fig. 3).
Microscopy revealed that the cells were completely
disrupted and lost their spiral shape during UAE

Fig. 3 Differences in total
protein extraction yield 100
between different UAE 90
conditions. The results
shown are the mean values
for three experiments +SD
(n=3)

80

7
6
5
4
3
2
1
0
N

Protein extraction yield (%)
o & & 5 & & o

QQ &
Q@“ ®
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(Fig. 4c). Moreover, the extraction yield at atmos-
pheric pressure increased to 97.2% if the power was
increased to 200 W (POW200), whereas it decreased
to 71.7% if the power was increased further to 300
W (POW300) (Fig. 3). The negative effect of increas-
ing UAE power from 100 to 300 W at a pressure of
3 bar was much more pronounced, with protein yield
decreasing sharply, from 75% to 9.5%.

At a power of 100 W, increasing the pressure sig-
nificantly improved protein extraction yield. Specifi-
cally, the yield was 71.5% at atmospheric pressure
(POW100), increased to 81% at 1.5 bar (P1.5W100),
and reached 92% at 3 bar (P3W100). Conversely, at
a power of 300 W, the yield decreased sharply with
increasing pressure, dropping from 72% at atmos-
pheric pressure (POW300) to only 9.5% at 3 bar
(P3W300) (Fig. 3). At atmospheric pressure, the
duration of extraction had a minimal effect on protein
release. For instance, with extraction times of 10 min
(POW100-10) and 60 min (POW100), yields of 72%
and 75%, respectively were obtained (Fig. 3). In addi-
tion, a low-frequency UAE process (POW200) gave a
high protein extraction yield of up to 97% with Spir-
ulina sp.. The efficiency of protein release was influ-
enced by the ultrasound parameters used. For the pur-
poses of comparison, simply stirring the cells in the
ultrasound apparatus (the blank in this study) resulted
in a protein extraction yield of 34%. Protein extraction

\Q fLQ %Q \Q \Q

\ﬁ«\ﬂ\ﬂ@ﬂ@ﬂ

UAE treatment
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Fig. 4 Microscopy obser-
vations of fresh Spirulina
sp. before and after UAE-
mediated cell disruption. a
Before disruption; b UAE at
0 bar, 0 W (POWO0); c UAE
at 0 bar, 100 W (POW100);
d UAE at 1.5 bar, 100 W
(P1.5W100); e UAE at

3 bar, 100 W (P3W100)

from cyanobacteria and microalgae remains challeng-
ing due to the presence of a cell wall, which acts as
a major barrier. Efficient cell disruption methods are
required to gain access to intracellular metabolites
(Machado et al. 2022). Another challenge in protein
extraction from microalgae and cyanobacteria is that
the various proteins have diverse intracellular distri-
butions and are found in different cell compartments.
Plasma membrane proteins are generally easy
to recover, whereas the extraction of other proteins
located at sites deeper within the cells requires more
intensive cell disruption (Verdasco-Martin et al.
2019; Giannoglou et al. 2022). The proteins that are
not released are assumed to be attached to the thyla-
koid system and photosynthetic lamellae. A large pro-
portion of the total protein (66%) was not extracted,
possibly because not all the cells were lysed, or
because the non-released proteins were retained in

intracellular structures. High recovery yields (70%),
very similar to those obtained after 1 h, were obtained
after 10 min of US treatment at a power of 100 W.
Ultrasonication can therefore act very rapidly, within
10 min, so it is not necessary to use long extraction
times (e.g. 1 h). The efficiency of ultrasound treat-
ment at 100 and 200 W and atmospheric pressure may
be attributed to a mechanical effect of US, disrupting
the cell walls of Spirulina and releasing proteins. The
high recovery yields obtained show that UAE can
destroy almost all the cellular structures, including
the thylakoids, thereby releasing C—PC. Under these
conditions, the extraction yield was greater, but the
solution obtained was also more complex and darker
in color.

Increasing the power to 300 W decreased protein
extraction yield, possibly due to the degradation of
proteins through physical and mechanical effects.

@ Springer



8 Page 8 of 14

Biotechnol Lett (2025) 47:8

With low-frequency ultrasound, the mechanical
effects of the pressure and power of UAE may be
the principal drivers of the degradation of large mol-
ecules, such as proteins (Liu et al. 2018). The rup-
ture of Spirulina cells by UAE involves two mecha-
nisms that alter cell structure: cavitation and acoustic
streaming. Cavitation is the production of microbub-
bles, which implode violently, sending out shock
waves that disrupt the surrounding material (Chit
et al. 2023).

The protein analysis was performed on soluble pro-
teins, so aggregates were not characterized. Similar
results were obtained in a previous study (Zhou et al.
2023) in which a high ultrasonic intensity was found
to be detrimental to the pigments and proteins. Alter-
natively, the acoustic power may have been too high,
and the creation of a bubble cloud at the sonoprobe
surface may have led to acoustic shielding, preventing
correct transmission of the ultrasound waves in the
tank (Grosjean et al. 2019). Alternatively, the kinet-
ics of protein release may be faster at higher pres-
sures, leading to a denaturation of the proteins, which
remain in the liquid phase for longer. This denatura-
tion may be attributed to the mechanical effects of
ultrasound or the appearance of free radicals.

At low power (100 W), increasing the pressure
from O to 3 bar led to an increase in protein extrac-
tion yield. Microscopy revealed a strong correlation
between pressure and cell disruption (Fig. 4c—e). This
result may reflect an increase in the collapse pressure
of the bubbles formed during acoustic cavitation, as
reported in a previous study (Liu et al. 2022). Increas-
ing the pressure also enhances the diffusion of mol-
ecules out of cell residues (Vernes et al. 2019). At
high power (300 W), an increase in pressure from O
to 3 bar resulted in a significant decrease in protein
extraction yield, from 71.7 to 9.5%, probably due to
the combined effects of high pressure and high power,
as discussed above.

Ultrafiltration

The supernatant obtained after UAE and centrifuga-
tion contained many impurities in addition to pro-
teins: cell debris, lipid residues, and several pigments
composed of C-PC, chlorophylls, and carotenoids.
Ultrafiltration experiments were performed directly
on 100 ml of extract introduced into an Amicon cell,

@ Springer

to which a static pressure of 2 bar was applied. The
permeate was continuously recovered during filtra-
tion, but the volume concentration ratio remained
below 1.5 in all cases. The permeate flux decreased
sharply from 12 kg h™' m™ to a limiting value of
2 kg h™! m™ after a few min for both the 10 kDa and
100 kDa membranes (Fig. 5).

The limiting flux was similar for both membranes,
but the initial flux differed slightly, with a variance
of 0.5 (kg h™' m™) 2. The observed decrease in mem-
brane ultrafiltration flux over time was linked to the
development of membrane fouling (Xu et al. 2022).
The fouling of ultrafiltration membranes is typically
primarily influenced by the presence of a cake layer
or aggregates (Tanudjaja et al. 2022). Other factors
such as the membrane material and operational vari-
ables also play a significant role in membrane foul-
ing, as highlighted in a previous study (Marson et al.
2021). This behavior can be explained by the forma-
tion of a polarization layer at the start of filtration due
to the accumulation of biomolecules on the mem-
brane surface, increasing solute concentration in the
medium (Fernandez and Riera 2012). This accumu-
lation reduces membrane efficiency, such that perme-
ate flux is no longer controlled by the porosity of the
membrane but by this layer (Marshall et al. 1993).
According to Darcy’s law, which explains the change
in membrane performance over time, the decrease in
permeate flux is due to an increase in medium viscos-
ity, provided that the transmembrane pressure applied
and membrane resistance are constant (Rida et al.
2024).

The permeate obtained was yellow, indicating
the presence of certain pigments, whereas the reten-
tate was very dark (Fig. 6a). The total protein reten-
tion rate was 20+1.2% for the 10 kDa membrane
and 12+0.8% for the 100 kDa membrane (Table 2).
This result confirmed that the rate of protein pas-
sage through the membrane increased with increasing
membrane MWCO. However, the C-PC retention rate
was 92 +0.2% for the 100 kDa-cutoff membrane and
94+0.5% for the 10 kDa-cutoff membrane. These
results are consistent with those of a previous study
(Nistico et al. 2022) reporting a C-PC retention rate
of 96% with a 20 kDa-cutoff PES membrane. The
high rate of C—PC retention can be explained by the
C-PC in Spirulina sp. being present predominantly
in the form of trimers (o;f;) with a mean molecular
weight of about 91 kDa, ranging from 81 to 161 kDa
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Fig. 5 Permeate flux for

the crude protein extract 16 a
subjected to ultrafiltration,
at different time points, 14
with and without ammo- — i
nium sulfate precipitation a (\I.E 12 T
100 kDa b 10 kDa. Results — hd
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depending on the pH. The part lost in the permeate
probably corresponds to the a and P subunits, which
have molecular weights of 16 and 21 kDa, respec-
tively (Zheng et al. 2019; Amarante et al. 2020).
However, this high rate of rejection with the 100 kDa
membrane confirmed that the layer created during fil-
tration reduced the permeability of the membrane and
altered its selectivity.

An analysis of protein mass balance revealed
that, in both cases, a significant proportion of the
total protein was not recovered in the permeate or

the retentate: 18 and 11% of total protein remained
on the surface of the 10 kDa and 100 kDa cutoff
membranes, respectively (Table 2).

An ammonium sulfate (25% w/v) precipitation
step was incorporated into the procedure to improve
ultrafiltration efficiency by clarifying the extract
before ultrafiltration. This treatment probably
removed cell debris, lipid residues, and pigments,
as the precipitate was green, whereas the superna-
tant was blue (Fig. 6b).
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Fig. 6 a Color of the various compartments after direct UF.
(1) UAE crude extract, (2) retentate, (3) permeate. b Color of
the various compartments after precipitation with ammonium
sulfate (25% w/v): (4) pellet, (5) supernatant. ¢ Color of the

Table 2 Influence of the
extraction treatment on

the filtration selectivity of
the 10 kDa and 100 kDa
MWCO membranes. Initial
volume for UF: 100 ml;
precipitation performed
with 25% ammonium
sulfate

[TP] refers to the total
protein concentration of the
sample. The results shown
are the mean values for
three experiments

Fig. 7 Total chlorophyll
and total carotenoid
concentrations in the crude
protein extract (obtained

in experiment POW200)
before and after ammonium
sulfate (25% w/v) precipita-
tion. The results shown are
the mean values for three
experiments + SD (n=3).
Green: Total chlorophylls,
Yellow: Total carotenoids

@ Springer

various compartments after ammonium sulfate precipitation
followed by UF: (6) Crude extract before precipitation (7)

retentate, (8) permeate

UF without precipitation

UF with precipitation

10 kDa 100 kDa 10 kDa 100 kDa
[TP]; (mg protein ml~!) 6.5 6.5 6.1 6.1
[TP] (mg protein m1~!) 6.3 6.4 13.7 13.6
[TP]p (mg protein ml1~1) 52 5.7 3.1 3.1
Protein retention rate (%) 20 12 0
Mass balance deviation (%) 18 11 3
Retentate C—PC recovery (%) 94 92 95 91
Permeate protein recovery (%) 42 48 60 67
Permeate protein content (%) 19 22 28 31
70 63.4

= 60
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£
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The precipitation step eliminated up to
98 +£0.1% of carotenoids and chlorophyll from the
UAE extract (Fig. 7). The supernatant obtained fol-
lowing the ammonium sulfate precipitation step
contained up to 85% of the initially extracted pro-
teins (Table 2), mostly the colorless proteins. This
precipitation step increased C—PC content slightly
from 40 £0.3% to 42+ 0.5%.

Ammonium sulfate (25% w/v) precipitation of
the supernatant increased permeate flux at the end
of the ultrafiltration process. The flux stabilized
at 6 kg h™! m~2 and 4 kg h™! m~2 for the 100 kDa
and 10 kDa MWCO membranes, respectively;
there was therefore a variance of 2 (kg h™! m?) 2
between the two membranes. However, a more
significant difference — 24.5 (kg h™' m™2) 2 was
observed between the two membranes for initial
permeate flux. Membrane pore size therefore had a
stronger effect on initial permeate flux than on lim-
iting flux. Particle removal decreased membrane
fouling, resulting in a greater difference between
the two membranes. The 100 and 10 kDa MWCO
membranes retained 91+0.5% and 95+1% of
C-PC, respectively. It was, therefore, possible to
recover a non-pigmented fraction of proteins in a
colorless permeate without impurities, pigments,
or C-PC (Fig. 6 ¢). The rate of C-PC retention
after ammonium sulfate precipitation was similar
to that before precipitation. In the retentate, total
protein concentration increased to 13.7 g protein
17! and C-PC concentration increased to 9 g C-PC
17!, corresponding to a content of 65% for a final
volume/concentration ratio of 4.

The use of the clarified supernatant decreased
the protein retention rate on the two membranes
tested, with a 3% fall in mass balance. These
results suggest that protein retention in the absence
of clarification was linked to the creation of a cake-
like structure by impurities on the membrane sur-
face. The removal of these impurities decreased
the formation of this cake, leading to a lower level
of protein retention, and lower losses at the mem-
brane surface. After precipitation, the retentate was
dark blue (Fig. 6), with a high C-PC recovery yield
(95%), whereas the permeate was transparent and
colorless, with a high protein content, correspond-
ing to the recovery of a large proportion of the
non-C-PC proteins.

Conclusion

This article describes a novel process for valorizing
two different protein fractions of Spirulina platen-
sis. A total protein recovery yield of up to 97% can
be obtained with an ultrasound system, with a fre-
quency of 12 kHz, an ultrasonic power of 200 W,
and an aqueous medium, at atmospheric pressure.
Increasing the pressure increases recovery yield,
whereas increasing power may lead to partial deg-
radation of the protein and, thus, its entrapment
in the solid residue. Despite the promising yield,
the extracts obtained contained many impurities,
including cell fragments and pigment complexes,
which significantly limited filtration efficiency. This
issue was addressed by introducing an ammonium
sulfate (25% w/v) precipitation step, which effec-
tively removed pigments (up to 98% of chlorophylls
and carotenoids were removed by this approach)
and impurities from the crude protein extracts.

Following this pretreatment, semi-frontal ultra-
filtration was conducted, resulting in the recov-
ery of 95% and 91% of the C-phycocyanin in the
retentate with 10 and 100 kDa MWCO membranes,
respectively, whereas up to 67% of total non-
pigmented proteins were found in the permeate
with the 100 kDa MWCO membrane. These find-
ings highlight the potential of combining ultra-
sound and ultrafiltration for microalgae biorefinery
applications.

Nevertheless, it is imperative to check the selectiv-
ity of the membrane under tangential flow conditions
at a larger scale, with the aim of achieving higher per-
meate fluxes suitable for industrial applications.

Acknowledgements The authors gratefully acknowledge the
financial support provided by the university research council
of the Lebanese University, National Polytechnic Institute of
Toulouse, and Laboratoire de Chimie Agro-Industrielle (LCA,
Toulouse-France).

Author contributions All authors contributed to the study
conception and design. Material preparation, data collection
and analysis were performed by Sara Obeid, Hussein Rida,
Hosni Takache, Ali Ismail and Pierre-Yves Pontalier. The first
draft of the manuscript was written by Sara Obeid and Hussein
Rida, and all the authors commented on the pre-submission
versions of the manuscript. All the authors read and approved
the final manuscript.

Funding This work is supported by the university research
council of the Lebanese University, National Polytechnic

@ Springer



8 Page 12 of 14

Biotechnol Lett (2025) 47:8

Institute of Toulouse, and Laboratoire de Chimie Agro-Indus-
trielle (LCA, Toulouse-France).

Data availability The data supporting the findings of this
study are available within the paper.

Declarations

Conflict of interests The authors have no competing interests
of relevance to this article to declare.

Ethical approval This study did not involve human and/or
animal participants and there was therefore no requirement for
consent.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

Ahda M, Suhendra PA (2023) Spirulina platensis microalgae as
high protein-based products for diabetes treatment. Food
Rev Int. https://doi.org/10.1080/87559129.2023.2238050

AlFadhly NKZ, Alhelfi N, Altemimi AB et al (2022) Trends
and technological advancements in the possible food
applications of spirulina and their health benefits: a
review. Molecules 27:5584. https://doi.org/10.3390/molec
ules27175584

Ashaolu TJ, Samborska K, Lee CC et al (2021) Phycocyanin, a
super functional ingredient from algae; properties, purifi-
cation characterization, and applications. Int J Biol Mac-
romol 193:2320-2331. https://doi.org/10.1016/j.ijbiomac.
2021.11.064

Athiyappan KD, Routray W, Paramasivan B (2024) Phycocya-
nin from Spirulina: a comprehensive review on cultiva-
tion, extraction, purification, and its application in food
and allied industries. Food Humanity 2:100235. https:/
doi.org/10.1016/j.foohum.2024.100235

Balti R, Zayoud N, Hubert F et al (2021) Fractionation of
Arthrospira platensis (Spirulina) water soluble proteins by
membrane diafiltration. Sep Purif Technol 256:117756.
https://doi.org/10.1016/j.seppur.2020.117756

Ben Mya O, Souici S, Guenfoud M (2024) Comparative analy-
sis of nutritional and bioactive components in Algerian
and Egyptian spirulina from Tamanrasset and Khatatba

@ Springer

Regions. Biomass Convers Biorefinery. https://doi.org/10.
1007/s13399-024-05308-8

Bennett A, Bogorad L (1973) COMPLEMENTARY CHRO-
MATIC ADAPTATION IN A FILAMENTOUS BLUE-
GREEN ALGA. J Cell Biol 58:419-435

Boussiba S, Richmond AE (1979) Isolation and characteriza-
tion of phycocyanins from the blue-green alga Spirulina
platensis. Arch Microbiol 120:155-159. https://doi.org/
10.1007/BF00409102

Brido VB, Sbeghen AL, Colla LM et al (2020) Is down-
stream ultrafiltration enough for production of food-
grade phycocyanin from Arthrospira platensis? J
Appl Phycol 32:1129-1140. https://doi.org/10.1007/
s10811-019-02006-1

Chia SR, Chew KW, Show PL et al (2019) Spirulina platensis
based biorefinery for the production of value-added prod-
ucts for food and pharmaceutical applications. Bioresour
Technol 289:121727. https://doi.org/10.1016/j.biortech.
2019.121727

Chit V, Tan LS, Kiew PL et al (2023) Advancing process
intensification with high-frequency ultrasound: a mini-
review of applications in biofuel production and beyond.
Processes 11:1236. https://doi.org/10.3390/pr11041236

Costa JAV, Lucas BF, Alvarenga AGP et al (2021) Microalgae
polysaccharides: an overview of production, characteriza-
tion, and potential applications. Polysaccharides 2:759—
772. https://doi.org/10.3390/polysaccharides2040046

da Figueira F, S, Moraes CC, Kalil SJ, (2018) C-phycocyanin
purification: multiple processes for different applications.
Braz J Chem Eng 35:1117-1128. https://doi.org/10.1590/
0104-6632.20180353s20170160

Dagnino-Leone J, Figueroa CP, Castaiieda ML et al (2022)
Phycobiliproteins: Structural aspects, functional char-
acteristics, and biotechnological perspectives. Comput
Struct Biotechnol J 20:1506-1527. https://doi.org/10.
1016/j.¢sbj.2022.02.016

de Amarante MCA, Braga ARC, Sala L et al (2020) Design
strategies for C-phycocyanin purification: process influ-
ence on purity grade. Sep Purif Technol 252:117453.
https://doi.org/10.1016/j.seppur.2020.117453

Delran P, Frances C, Peydecastaing J et al (2023) Cell destruc-
tion level and metabolites green-extraction of Tetraselmis
suecica by low and intermediate frequency ultrasound.
Ultrason Sonochem 98:106492. https://doi.org/10.1016/].
ultsonch.2023.106492

Deng Y, Yang X, Yan T et al (2023) Ultrasound-induced cell
disintegration and its ultrastructure characterization for
the valorisation of Chlorella pyrenoidosa protein. Biore-
sour Technol 381:129046. https://doi.org/10.1016/].biort
ech.2023.129046

Fabre J-F, Niangoran NUF, Gaignard C et al (2024) Extraction
of C—PC from Arthrospira platensis: use of ultrasounds,
organic solvents and deep eutectic solvents. Eur Food Res
Technol. https://doi.org/10.1007/s00217-023-04452-1

Fernandes R, Campos J, Serra M et al (2023) Exploring the
benefits of phycocyanin: from spirulina cultivation to its
widespread applications. Pharmaceuticals 16:592. https://
doi.org/10.3390/ph16040592

Fernandez A, Riera FA (2012) Membrane fractionation of a
B-Lactoglobulin tryptic digest: effect of the hydrolysate


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/87559129.2023.2238050
https://doi.org/10.3390/molecules27175584
https://doi.org/10.3390/molecules27175584
https://doi.org/10.1016/j.ijbiomac.2021.11.064
https://doi.org/10.1016/j.ijbiomac.2021.11.064
https://doi.org/10.1016/j.foohum.2024.100235
https://doi.org/10.1016/j.foohum.2024.100235
https://doi.org/10.1016/j.seppur.2020.117756
https://doi.org/10.1007/s13399-024-05308-8
https://doi.org/10.1007/s13399-024-05308-8
https://doi.org/10.1007/BF00409102
https://doi.org/10.1007/BF00409102
https://doi.org/10.1007/s10811-019-02006-1
https://doi.org/10.1007/s10811-019-02006-1
https://doi.org/10.1016/j.biortech.2019.121727
https://doi.org/10.1016/j.biortech.2019.121727
https://doi.org/10.3390/pr11041236
https://doi.org/10.3390/polysaccharides2040046
https://doi.org/10.1590/0104-6632.20180353s20170160
https://doi.org/10.1590/0104-6632.20180353s20170160
https://doi.org/10.1016/j.csbj.2022.02.016
https://doi.org/10.1016/j.csbj.2022.02.016
https://doi.org/10.1016/j.seppur.2020.117453
https://doi.org/10.1016/j.ultsonch.2023.106492
https://doi.org/10.1016/j.ultsonch.2023.106492
https://doi.org/10.1016/j.biortech.2023.129046
https://doi.org/10.1016/j.biortech.2023.129046
https://doi.org/10.1007/s00217-023-04452-1
https://doi.org/10.3390/ph16040592
https://doi.org/10.3390/ph16040592

Biotechnol Lett (2025) 47:8

Page 13 of 14 8

concentration. Ind Eng Chem Res 51:15738-15744.
https://doi.org/10.1021/ie302376g

Giannoglou M, Andreou V, Thanou I et al (2022) High pres-
sure assisted extraction of proteins from wet biomass of
Arthrospira platensis (spirulina) — A kinetic approach.
Innov Food Sci Emerg Technol 81:103138. https://doi.
org/10.1016/j.ifset.2022.103138

Grosjean V, Julcour C, Louisnard O, Barthe L (2019) Axial
acoustic field along a solid-liquid fluidized bed under
power ultrasound. Ultrason Sonochem 56:274-283.
https://doi.org/10.1016/j.ultsonch.2019.04.028

Grossmann L, Hinrichs J, Weiss J (2020) Cultivation and
downstream processing of microalgae and cyanobacteria
to generate protein-based technofunctional food ingredi-
ents. Crit Rev Food Sci Nutr 60:2961-2989. https://doi.
org/10.1080/10408398.2019.1672137

Jaouen P, Lépine B, Rossignol N et al (1999) Clarification and
concentration with membrane technology of a phycocya-
nin solution extracted from Spirulina platensis. Biotechnol
Tech 13:877-881. https://doi.org/10.1023/A:1008980424
219

Khan Z, Bhadouria P, Bisen P (2005) Nutritional and therapeu-
tic potential of spirulina. Curr Pharm Biotechnol 6:373—
379. https://doi.org/10.2174/138920105774370607

Kurpan D, Ida A, Korner FG et al (2024) Long-term evalua-
tion of productivity and harvesting efficiency of an indus-
trial Spirulina (Arthrospira platensis) production facility.
Bioresour Technol Rep 25:101741. https://doi.org/10.
1016/j.biteb.2023.101741

Liang T, Lu H, Ma J et al (2023) Progress on membrane tech-
nology for separating bioactive peptides. J Food Eng
340:111321. https://doi.org/10.1016/j.jfoodeng.2022.
111321

Liu C, Cao Z, He S et al (2018) The effects and mechanism of
phycocyanin removal from water by high-frequency ultra-
sound treatment. Ultrason Sonochem 41:303-309

Liu S, Gifuni I, Mear H et al (2021) Recovery of soluble
proteins from Chlorella vulgaris by bead-milling and
microfiltration: Impact of the concentration and the phys-
icochemical conditions during the cell disruption on the
whole process. Process Biochem 108:34—47. https://doi.
org/10.1016/j.procbio.2021.05.021

Liu Y, Liu X, Cui Y, Yuan W (2022) Ultrasound for microalgal
cell disruption and product extraction: a review. Ultrason
Sonochem 87:106054. https://doi.org/10.1016/j.ultsonch.
2022.106054

Lowry OH, Rosbrough AL, Randall RJ (1951) Lowry assay
protocol. J Biol Chem Lond 193:265

Machado L, Carvalho G, Pereira RN (2022) Effects of inno-
vative processing methods on microalgae cell wall: pros-
pects towards digestibility of protein-rich biomass. Bio-
mass 2:80-102. https://doi.org/10.3390/biomass2020006

Marshall AD, Munro PA, Trigardh G (1993) The effect of pro-
tein fouling in microfiltration and ultrafiltration on per-
meate flux, protein retention and selectivity: a literature
review. Desalination 91:65-108. https://doi.org/10.1016/
0011-9164(93)80047-Q

Marson GV, Pereira DTV, da Costa Machado MT et al (2021)
Ultrafiltration performance of spent brewer’s yeast pro-
tein hydrolysate: Impact of pH and membrane material on

fouling. J Food Eng 302:1105609. https://doi.org/10.1016/j.
jfoodeng.2021.110569

Martinez-Sanz M, Garrido-Fernandez A, Mijlkovic A et al
(2020) Composition and rheological properties of micro-
algae suspensions: Impact of ultrasound processing. Algal
Res  49:101960.  https://doi.org/10.1016/j.algal.2020.
101960

Melanie H, Aspiyanto A, Maryati Y et al (2023) Recovery of
phycocyanin from microalgae Spirulina using membrane
technology and evaluation of its antioxidant activity. AIP
Conf Proc 2902:060024. https://doi.org/10.1063/5.01731
48

Menegotto ALL, Fernandes 1A, Colla LM et al (2020) Ther-
mic and techno-functional properties of Arthrospira plat-
ensis protein fractions obtained by membrane separation
process. J Appl Phycol 32:3885-3900. https://doi.org/10.
1007/s10811-020-02219-9

Meullemiestre A, Breil C, Abert-Vian M, Chemat F (2017)
Manothermosonication as a useful tool for lipid extrac-
tion from oleaginous microorganisms. Ultrason Sonochem
37:216-221.  https://doi.org/10.1016/j.ultsonch.2017.01.
014

Minchev I, Petkova N, Milkova-Tomova I (2020) Ultrasound-
assisted extraction of chlorophylls and phycocyanin
from Spirulina platensis. Biointerface Res Appl Chem
11:9296-9304

Nistico DM, Piro A, Oliva D et al (2022) A combination of
aqueous extraction and ultrafiltration for the purification
of Phycocyanin from Arthrospira maxima. Microorgan-
isms 10:308. https://doi.org/10.3390/microorganisms1
0020308

Patel A, Mishra S, Pawar R, Ghosh PK (2005) Purification
and characterization of C-Phycocyanin from cyanobac-
terial species of marine and freshwater habitat. Protein
Expr Purif 40:248-255. https://doi.org/10.1016/j.pep.
2004.10.028

Pez Jaeschke D, Rocha Teixeira I, Damasceno Ferreira
Marczak L, Domeneghini Mercali G (2021) Phycocya-
nin from Spirulina: a review of extraction methods and
stability. Food Res Int 143:110314. https://doi.org/10.
1016/j.foodres.2021.110314

Ribeiro C, Santos ET, Costa L et al (2022) Nannochlorop-
sis sp. Biorefinery: recovery of soluble protein by mem-
brane ultrafiltration/diafiltration. Membranes 12:401.
https://doi.org/10.3390/membranes12040401

Rida H, Peydecastaing J, Takache H et al (2024) Concentra-
tion and desalting of Tetraselmis suecica crude extract
by ultrafiltration. Desalin Water Treat 317:100209.
https://doi.org/10.1016/j.dwt.2024.100209

Ritchie RJ (2006) Consistent sets of spectrophotometric
chlorophyll equations for acetone, methanol and ethanol
solvents. Photosynth Res 89:27-41. https://doi.org/10.
1007/511120-006-9065-9

Safi C, Olivieri G, Campos RP et al (2017) Biorefinery of
microalgal soluble proteins by sequential processing and
membrane filtration. Bioresour Technol 225:151-158.
https://doi.org/10.1016/j.biortech.2016.11.068

Tanudjaja HJ, Ng AQQ, Chew JW (2022) Mechanistic
insights into the membrane fouling mechanism during
ultrafiltration of high-concentration proteins via in-situ
electrical impedance spectroscopy (EIS). J Ind Eng

@ Springer


https://doi.org/10.1021/ie302376g
https://doi.org/10.1016/j.ifset.2022.103138
https://doi.org/10.1016/j.ifset.2022.103138
https://doi.org/10.1016/j.ultsonch.2019.04.028
https://doi.org/10.1080/10408398.2019.1672137
https://doi.org/10.1080/10408398.2019.1672137
https://doi.org/10.1023/A:1008980424219
https://doi.org/10.1023/A:1008980424219
https://doi.org/10.2174/138920105774370607
https://doi.org/10.1016/j.biteb.2023.101741
https://doi.org/10.1016/j.biteb.2023.101741
https://doi.org/10.1016/j.jfoodeng.2022.111321
https://doi.org/10.1016/j.jfoodeng.2022.111321
https://doi.org/10.1016/j.procbio.2021.05.021
https://doi.org/10.1016/j.procbio.2021.05.021
https://doi.org/10.1016/j.ultsonch.2022.106054
https://doi.org/10.1016/j.ultsonch.2022.106054
https://doi.org/10.3390/biomass2020006
https://doi.org/10.1016/0011-9164(93)80047-Q
https://doi.org/10.1016/0011-9164(93)80047-Q
https://doi.org/10.1016/j.jfoodeng.2021.110569
https://doi.org/10.1016/j.jfoodeng.2021.110569
https://doi.org/10.1016/j.algal.2020.101960
https://doi.org/10.1016/j.algal.2020.101960
https://doi.org/10.1063/5.0173148
https://doi.org/10.1063/5.0173148
https://doi.org/10.1007/s10811-020-02219-9
https://doi.org/10.1007/s10811-020-02219-9
https://doi.org/10.1016/j.ultsonch.2017.01.014
https://doi.org/10.1016/j.ultsonch.2017.01.014
https://doi.org/10.3390/microorganisms10020308
https://doi.org/10.3390/microorganisms10020308
https://doi.org/10.1016/j.pep.2004.10.028
https://doi.org/10.1016/j.pep.2004.10.028
https://doi.org/10.1016/j.foodres.2021.110314
https://doi.org/10.1016/j.foodres.2021.110314
https://doi.org/10.3390/membranes12040401
https://doi.org/10.1016/j.dwt.2024.100209
https://doi.org/10.1007/s11120-006-9065-9
https://doi.org/10.1007/s11120-006-9065-9
https://doi.org/10.1016/j.biortech.2016.11.068

8 Page 14 of 14

Biotechnol Lett (2025) 47:8

Chem 106:429-448. https://doi.org/10.1016/j.jiec.2021.
11.019

Verdasco-Martin CM, Echevarrieta L, Otero C (2019) Advan-
tageous preparation of digested proteic extracts from Spir-
ulina platensis biomass. Catalysts 9:145. https://doi.org/
10.3390/catal9020145

Vernes L, Abert-Vian M, El Maétaoui M et al (2019) Appli-
cation of ultrasound for green extraction of proteins from
spirulina. Mechanism, optimization, modeling, and indus-
trial prospects. Ultrason Sonochem 54:48-60. https://doi.
org/10.1016/j.ultsonch.2019.02.016

Xu F, Li H, Liu H et al (2022) Assessing organic fouling of
ultrafiltration membranes using partition coefficients of
dissolved organic matter in aqueous two-phase systems.
Chemosphere  307:136076.  https://doi.org/10.1016/j.
chemosphere.2022.136076

Zhao Z, Cuellar Bermudez S, Ilyas A et al (2020) Optimization
of negatively charged polysulfone membranes for concen-
tration and purification of extracellular polysaccharides

@ Springer

from Arthrospira platensis using the response surface
methodology. Sep Purif Technol 252:117385. https://doi.
org/10.1016/j.seppur.2020.117385

Zheng Y, Mo L, Zhang W et al (2019) Phycocyanin fluorescent
probe from Arthrospira platensis: preparation and appli-
cation in LED—CCD fluorescence density strip qualitative
detection system. J Appl Phycol 31:1107-1115. https://
doi.org/10.1007/s10811-018-1631-y

Zhou J, Wang M, Barba FJ et al (2023) A combined ultrasound
+ membrane ultrafiltration (USN-UF) process for enhanc-
ing saccharides separation from Spirulina (Arthrospira
platensis). Innov Food Sci Emerg Technol 85:103341.
https://doi.org/10.1016/j.ifset.2023.103341

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.


https://doi.org/10.1016/j.jiec.2021.11.019
https://doi.org/10.1016/j.jiec.2021.11.019
https://doi.org/10.3390/catal9020145
https://doi.org/10.3390/catal9020145
https://doi.org/10.1016/j.ultsonch.2019.02.016
https://doi.org/10.1016/j.ultsonch.2019.02.016
https://doi.org/10.1016/j.chemosphere.2022.136076
https://doi.org/10.1016/j.chemosphere.2022.136076
https://doi.org/10.1016/j.seppur.2020.117385
https://doi.org/10.1016/j.seppur.2020.117385
https://doi.org/10.1007/s10811-018-1631-y
https://doi.org/10.1007/s10811-018-1631-y
https://doi.org/10.1016/j.ifset.2023.103341

	Coupling ultrasound and membrane filtration for the fractionation of Spirulina platensis sp. and the recovery of phycocyanin and pigment-free proteins
	Abstract 
	Introduction
	Materials and methods
	Biomass and chemicals

	Cell disruption
	Precipitation of the non-protein fraction
	Ultrafiltration
	Analysis
	Total proteins

	Soluble proteins
	APC and C–PC quantification
	Pigment analysis
	Microscopy
	Statistical analysis
	Results and discussion
	Influence of ultrasound parameters on protein recovery
	Ultrafiltration
	Conclusion
	Acknowledgements 
	References


