N

N

Extraction, purification and stability of C-phycocyanin
from Arthrospira platensis
Jean-Francois Fabre, N'goran Urbain Florent Niangoran, C. Gaignard, David

Buso, Zephirin Z. Mouloungui, Romain Valentin

» To cite this version:

Jean-Frangois Fabre, N’goran Urbain Florent Niangoran, C. Gaignard, David Buso, Zephirin Z.
Mouloungui, et al.. Extraction, purification and stability of C-phycocyanin from Arthrospira platen-
sis. European Food Research and Technology, 2022, 248, pp.1583-1599. 10.1007/s00217-022-03987-z .
hal-03617220

HAL Id: hal-03617220
https://hal.inrae.fr /hal-03617220

Submitted on 20 Jun 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.inrae.fr/hal-03617220
https://hal.archives-ouvertes.fr

Extraction, purification and stability of C-phycocyanin from Arthrospira platensis

Fabre, J-F.> ", Niangoran, N.U.F>¢., Gaignard C°, Buso D.? , Mouloungui, Z.2, Valentin, R.2

a Laboratoire de Chimie Agro-Industrielle, LCA, Université de Toulouse, INRAE, Toulouse,
France

b Laboratoire Laplace, Université de Toulouse, France

¢ Laboratoire de Physique Fondamentale et Appliquée (LPFA), Université Nangui Abrogoua,

Abidjan, Cote d’Ivoire

*Corresponding author. Tel. : +33 534323525; Fax. : +33 534323598.

E-mail address: jeanfrancois.fabre@ensiacet.fr
ORCID:

Fabre J-F.: 0000-0001-8158-958X ; Valentin, R.: 0000-0002-5789-0740 ; Mouloungui, Z.: 0000-0001-

7141-8904 ; Niangoran, N.U.F: 0000-0002-3436-8183

Abstract

C-phycocyanin is a highly valuable phycobiliprotein from Arthrospira platensis. However, its
extraction, purification and conservation currently limit its commercial use. We review here the
most common techniques and less conventional methods. Simple incubation in phosphate buffer at
neutral pH can give high yields (>100 mg/g) and even high protein purity (> 0.7) if the parameters
(buffer concentration, temperature, incubation time, Arthrospira platensis. state etc.) are chosen
correctly. This method is preferable to incubation in distilled water or acid solutions. Some
mechanical, physical or thermal treatments can improve the extraction yield and accelerate the

release of C-phycocyanin. Ultrasound-assisted extraction has been widely studied and probes



generally give higher extraction yields than baths (> 100 mg/g) in less than 30 minutes. This
technique can be coupled with others, such as freeze-thaw methods, to improve protein release.
Indeed, freeze-thaw cycles are an efficient destructuring technique that can be used alone or as a
pretreatment. Bead mills or pulsed electric fields can also be used to extract C-phycocyanin, but
there is room for improvement in the choice of operating parameters. For purification of the
extracted pigments, salting out or aqueous two-phase extraction can be used to increase
phycocyanin grade. More advanced purification methods, mostly based on chromatography, can
provide addition improvement. C-phycocyanin stability is dependent principally on pH and
temperature, and is higher between pH 5 and pH 7 and at temperatures below 40°C, but the use of

various preservatives or conditioning can increases its lifetime.
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Spirulina, Ultrasound, Salting out, Aqueous two-phase extraction, lon-exchange chromatography,

Freeze-thaw,

Introduction

Microalgae grow faster than other plants and can accumulate valuable compounds over short time
periods [1]. They are used in many different applications, as health foods, colorants or therapeutic
agents [2]. Arthrospira platensis (simplified to “spirulina”, due to its spiral-shaped structure), is
the most widely consumed microalgae worldwide. Its benefits were discovered more than a
thousand years ago, initially in Chad, and then in Mexico [3, 4]. It is rich in proteins (50 to 70% of
its dry weight) and also contains minerals, vitamin B12, fibers and pigments. It has been reported
to have positive effects on diabetes and obesity [5] and is used mostly for its beneficial nutritional
properties. C-phycocyanin (C-PC) is one of the major high-added value molecules present in
Arthrospira platensis. It is a blue, water-soluble protein that harvests light energy at wavelengths
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(615-620 nm) poorly absorbed by chlorophyll. It is also present in several other microorganisms,
such as Spirulina fusiform [6] and Spirulina maxima [7]. Arthrospira platensis also contains high
concentrations of other phycobiliproteins, such as allophycocyanin (absorbance at 650 nm) and, to
a lesser extent, pycoerythrin (absorbance at 565 nm). C-phycocyanin has been the subject of many
studies in recent decades [8] and is now used in many applications [9]. It has been reported to
have positive effects against ischemia-induced myocardial injury [10], inflammation [11, 12], liver
injury [13, 14], and diabetes [15], and may also protect against cancer [16—18]. In addition to its
pharmaceutical applications, C-PC can be used in nutrition [19] and as a natural coloring for food
or cosmetics [20, 21]. Its fluorescence is also used in scientific research and in diagnostic
applications for medicine [22, 23]. Its effective extraction from microalgae is, therefore, viral, but
its purification and storage are also important for its scientific and commercial value. The

quantitative characterization of C-PC is generally performed by spectrophotometric methods [24].

The cell wall of Arthrospira platensis is more fragile than those of several other microalgae, such
as Chlorella vulgaris and Haematococcus pluvialis [25]. It may therefore be possible to release C-
PC at higher rates through its membrane, provided that the conditions for its diffusion are
optimized. The membrane of this microalga consists of four layers, the outermost of which is
analogous to the cell wall of gram-negative bacteria; this layer is covered by protein fibrils,
followed by a peptidoglycan layer and an innermost fibril layer [3]. The peptidoglycan layer is the

principal contributor to cell rigidity [26].

Extraction at a high yield, purification to a high grade, and the storage of C-PC for long periods,
together with waste minimization, are the limiting steps in the commercial use of this compound.
We review here the most common techniques used. Even during simple incubation in water,
increasing the temperature can increase the diffusion rate, and modifications to pH can increase

the solubility of C-PC in water and may even partly solubilize the membrane. Enzymes can be



used to lyse the cell walls, and surfactants can help to destructure the membrane and partition the
dye. Mechanical or physical chemistry methods can also be used to disrupt the cell wall and/or
extract C-PC at a higher rate. Ultrasound, freeze-thaw, bead mills, and pulsed electric fields can be
used. The purity of the pigment depends on the methods used, as these methods can extract a
broad range of compounds. Extracts generally contain large amounts of chlorophyll. However, the
large difference in the solubilities of C-PC and chlorophyll in water make it far easier to separate
these two compounds than to separate C-PC from other soluble chromophores or proteins. The
purity indicated in the literature therefore generate relates solely to C-PC as a proportion of the
total amount of protein extracted, as estimated spectrophotometrically. This purity can
subsequently be improved with the various techniques described here. Once C-PC is extracted,
judicious conditioning, with careful control of pH and temperature, is required to ensure that it

remains stable.

C-PC extraction

Simple extraction in agueous solutions

Incubation in water
The extraction yield of C-PC is calculated almost exclusively by measuring absorbance at specific

wavelengths. In water, the concentration of C-PC can be calculated as follows [27]:

Ag17—0.474XAgs2
5.34

Cc-pc (Mmg/mL) =

With:
Cc-pc: Concentration of C-PC (mg/mL)
As17: Absorbance at 617 nm

Ass2: Absorbance at 652 nm



This equation is used in almost all articles on phycocyanin extraction, but it dates back to 1973
and was initially developed for C-PC extracted from Fremyella, and extinction coefficients may
change differ between substrates and extraction conditions [28]. Furthermore, it does not take into
account the influence of chlorophyll pigments on the absorbance values obtained. A correction
has, therefore, recently been applied to this equation [29, 30], taking into account the specific

absorption values of chlorophyll at these wavelengths. The equation thus becomes:

617—A617(Chla)—0.474X(A652 —A652(Chla)

A
Cc-pc (mg/mL) = 5 32

With:
Ag17(chla): contribution of chlorophyll a to the absorbance measured at 617 nm

Asgs2 (chla): contribution of chlorophyll a to the absorbance measured at 652 nm

The extraction yield is then calculated as follows:

Yoec (molg) ==~
With Yc-pc: C-PC extraction yield (mg/g), c: concentration of C-PC (mg/mL), V: volume of the
extract (mL) and m: mass of spirulina (g). Protein purity is evaluated by determining the ratio of

C-PC absorbance at 620 nm and the absorbance of the aromatic amino acids of all proteins at 280

nm.

Several authors have performed extraction involving only incubation or gentle stirring in different
solutions. The influences of time, microalga conditioning and concentration have also been
investigated, sometimes through experimental design. The most interesting results of these studies
are reported here, but we have deliberately excluded studies for which it was not possible to

calculate an extraction yield (mg C-PC/g of biomass).

In distilled water



Table 1. Yield (Y) and purity (P) of C-PC after incubation of spirulina in distilled water, as a function of initial state of

spirulina, concentration (C), incubation, temperature and time (N.I : not indicated).

C Incubation Y
# Spirulina state Conditions P Ref.
(mg/mL) time (H) (mg/g)
Stirring 30
1 Dried 1-170 24 17-18 N.I. [31]
min
2 Dried 33 N.I. 4x12 24 0.7 [32]
3 Wet N.I. 37°C 14-16 11 0.2 [33]
4 Wet N.I. 4°C 24 13 0.5 [34]
5 70 24°C 24 47 0.4
6 Dried (40°C, 48 h) 80 32.5°C 24 40 0.5
[35]
then frozen (-18°C) 30°C,
7 40 24 93 NLI.

rotary shaker

Spirulina is cultured in solutions with high concentrations of minerals [36, 37]. Its subsequent
incubation in distilled water could, therefore, promote osmotic shock and enhance the diffusion of
its pigments. However, the use of distilled water in the absence of other treatments (Table 1), with
dried or wet spirulina, results in low yields (<25 mg/g) (entries 1-4) and low purities (< 0.8) [31—
34], even with a long incubation time (24 hours) (entries 1 and 4). Thus, wet or dried spirulina is
not significantly broken down by incubation in a hypotonic medium. With a single freeze-thaw
cycle (entries 5-7), much higher yields can be obtained [35], but purity remains low. In this last
study, a higher yield (93 mg/g) was obtained with the lowest microalga concentration (40 mg/mL).
This indicates that distilled water does not provide sufficient osmotic pressure to enhance the

diffusion of C-PC unless the membrane has already been degraded.

In acid aqueous solutions



An acid solution can be used to protonate C-PC and increase its solubility. It may also help to
hydrolyze the cell wall. However, strong acids may also hydrolyze C-PC. According to published
results (Table 2), the yield may increase with acid concentration (entries 1-4 and 6-7), but it
remains low (< 50 mg/g) (entries 1-6). The cell membrane remains resistant to even high-
concentration solutions of hydrochloric acid [38, 39], and the pigment is not stable at the resulting
pH and cannot be extracted with a high yield. The yield obtained in sodium acetate, at a pH of 5,
is lower than that obtained with distilled water (entry 9) [35]. It remains low (13 mg/g) (entry 8)
even after successive extraction cycles [32]. Freeze-thaw cycles increase the extraction yield (46

mg/qg) (last entry).

Table 2. Yield (Y) and purity (P) of C-PC after spirulina incubation in acid solutions, as a function of initial spirulina

state, concentration (C) ,extraction medium, incubation temperature and time (N.I. : not indicated)

# Spirulina C Extraction Incubation Y
Conditions P Ref.
state (mg/mL) medium time (H) (mg/g)
1 HCl 4 M <2
2 HClI6 M 17
3 HCI8 M 12
Wet 5000 25°C 24 N.I. [38]
4 HCl 12 M 40
5 Acetic acid,
<2
1M
6 HCI2-8 N <05
Wet N.1. 25°C 24 N.I. [39]
7 HCI10 N 21
Sodium
8 Dried 33 acetate 4°C 12 cycles 13 0.6 [32]
(pH 5.0)
Dried Sodium
(40°C, 48 40 acetate 30°C,
9 24 46 N.I. [35]
h) (10 mM, pH  rotary shaker
then frozen 5.0)




(-18°C)

At neutral pH, with phosphate buffer

Table 3. Yield (Y) and purity (P) after the incubation of spirulina in phosphate buffer, as a function of initial spirulina

state, concentration (C), buffer molarity, incubation temperature and time (N.I. : not indicated)

C Buffer Incubation Y
#  Spirulina state Conditions P Ref.
(mg/mL) molarity time (H) (mg/g)
Dried
1 (Water bath, 17 1.0
50°C)

Sun-dried N.I. 0.1 M 4°C 24 [34]
2 65 0.9

(35°C, 1h)

Air-dried
3 80 1.8

(25°C, 1 h)

10 M
4 Wet 5000 + EDTA 25°C 24 <2 N.I. [38]
+ lysozyme

5 60 96 35
6 40 0.01M 25°C 24 104 3.2
7 20 105 3.3

Oven-dried
8 60 48 121 0.8
9 40 0.1M 25°C 24 111 0.7
10 20 12 89 0.7 [40]
11 60 193 0.9
12 40 0.01M 25°C 24 197 1.0
13 Freeze-dried 20 187 1.0
14 60 151 0.8

0.1M 4°C 24

15 40 128 0.8




16 20 25°C 12 313 0.6

Dried
30°C,
(40°C, 48 h)
17 40 0.01 M rotary 24 105 N.I. [35]
then frozen
shaker
(-18°C)
18 Dried 66 0.1M Stirring 2 17 0.9 [41]
19 Wet 109 1.0
Freeze-dried
20  (-80°C, 25°C, 133 0.8
8 h)
[42]
Sun-dried 10 0.1M Stirring 4
21 125 0.8
(30-35°C, 7 h)
Oven-dried
22 24 0.2
(70°C, 7H)
23 Freeze-dried 83 0.6 [43]

With the use of a phosphate buffer (PB) (Table 3), at neutral pH, it is possible, in some cases, to
obtain very high extraction yields (more than 100 mg/g), even at room temperature. A high
concentration gradient is required, together with a very low concentration of spirulina in water, to
achieve a high diffusivity of C-PC. Very low yields are therefore obtained (entry 4) for a
surprisingly high spirulina concentration (5000 mg/mL) [38]. Diffusion across intact cell
membranes may also require a long incubation time. With dried spirulina at a concentration of 66
mg/mL and a short incubation time (2 hours) the yield obtained is lower (17 mg/g) (entry 18) [41]
than that obtained at a concentration of 10 mg/mL and over a longer incubation time (from 109 to
133 mg/qg) (entries 19 to 21) [42]. However, this difference may also reflect the pretreatment of the
spirulina. Dried spirulina can give results similar to those obtained with wet spirulina, but the
mode of drying must be chosen with care. For example, the exposure of spirulina to the sun, at a
temperature of 30-35°C, for seven hours does not result in significant C-PC denaturation, as a

yield of 125 mg/g can be obtained (entry 21) [42]. However, lower temperatures may be
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advantageous, as a yield of 80 mg/g (entry 3) is obtained with air-dried spirulina at 25°C, versus
65 mg/g with sun-dried spirulina at 35°C (entry 2) [34]. Yield is strongly decreased by drying
temperatures above 40°C, with a yield of 17 mg/g obtained at 50°C (entry 1), versus 80 mg/g at

25°C (entry 3), or 24 mg/g at 70°C (entry 22) versus 125 mg/g at 35°C (entry 21).

One research team [40] has performed a large number of extraction trials (108), varying the state
of the spirulina (oven-dried or freeze-dried), the concentration of the phosphate buffer (0.1 M and
0.01 M), biomass concentration (20, 40 and 60 mg/mL), incubation time (12, 24 and 48 h) and
temperature (-20°C, 4°C, 25°C). The best results for each biomass concentration are indicated
here (entries 5-16). The freeze-drying of spirulina weakens the cell membrane, potentially
accounting for the better yields obtained with this spirulina pretreatment (entries 11-16, with
yields between 128 and 313 mg/g, whereas, for entries 5-10, yield is between 89 and 121 mg/g,
although repeatability tests are required to confirm the maximum yield of 313 mg/g). These yields
are associated to high purity values (>0.7). Diffusion should increase with temperature, and the
highest temperature tested (25°C) does not seem to degrade the dye, even after incubation for 24 h
(entries 11-13). This duration seems to be largely sufficient to obtain a high extraction yield and
prolonging the incubation time to 48 h may jeopardize C-PC integrity. The concentration of

spirulina (from 20 mg/mL to 60 mg/mL) does not seem to be a significant factor (entries 5 to 16).

In summary, better results are generally obtained with freeze-dried spirulina, extraction at ambient

temperature (25°C) and in 0.01 M phosphate buffer at pH 7 (entries 11-13) [40].

With enzyme or surfactant

Table 4. Yield (Y) and purity (P) of C-phycocyanin after the incubation of spirulina in different enzymatic or

surfactant solutions as a function of initial spirulina concentration, incubation time and temperature
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Concentration Duration

# Medium Conditions Y P Ref.
(mg/mL) (H)

1 167 Tween 80 (0.6%) 27°C 84 0.7 0.8

2 167 Tween 20 (0.6% pH 7) 27°C 77 0.8 1

3 167 Triton X-100 (0.6%) 27°C 50 0.6 0.8 [44]

4 5 Lysozyme (0.6%, pH 7) 37°C 70 1.2 0.8

5 167 Lysozyme (1%, pH 7) 37°C 80 1.2 16

Detergents and enzymes are often used for cell lysis [45]. Detergents are composed of amphiphilic
molecules that can be incorporated into membrane bilayers, disrupting lipid-lipid and lipid-protein
interactions. Above a certain concentration, they can totally disorganize the structure of the
membrane, and even solubilize membrane proteins [46]. Enzymes, such as lysozyme, can digest
the polysaccharide components of some cell walls at certain temperatures, pH values and activities
[47]. In Arthrospira platensis, these enzymes can be used to digest the peptidoglycan layer. The
various articles dealing with the enzyme-assisted extraction of C-PC do not precisely indicate
yield or purity. In one study [44], the results obtained with lysozyme or surfactant were not
superior to obtained with phosphate buffer at pH 7 (Table 4). However, lysozyme treatment may
increase the purity of the C-PC obtained (entries 4 and 5). This enzyme could certainly be used to
break down the peptidoglycan layer of the membrane further in optimized conditions. In the
conditions (pH, concentration) used here, the surfactants tested may not have been able to

solubilize the membrane proteins and seem to have had little effect on the peptidoglycan layer.

Extraction assisted by thermal and/or technological methods

C-PC extraction with ultrasound

Ultrasound without other treatment
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Ultrasound can create high shearing forces, with the implosion of cavitation bubbles creating
hotspots of high temperature and pressure capable of generating jets of liquid. When using
ultrasound technology, it is important to differentiate between ultrasound baths with poorly
localized waves and a low volumetric power (generally < 100 W/L) and ultrasound probes, which
are generally used to treat smaller volumes, but at much higher power (>1000 W/L). Various
parameters are crucial to obtaining a better yield. These parameters include probe diameter and
amplitude, immersion depth, container shape, volume of solution, organelle concentrations,
temperature, treatment time and pulse mode. However, the values of these parameters are not
generally reported in studies dealing with the ultrasound-assisted extraction of C-PC. The
concentration of the extract is generally indicated (in mg/mL), but the total volume is not always
mentioned, precluding yield comparisons. Here, we separate the results obtained with ultrasound
probes (Table 5) from those obtained with ultrasound baths (Table 6), as the energies involved are
more than one order of magnitude differed. We indicate only the best yields obtained in each

study.

Table 5. Yield (Y) of C-phycocyanin after extraction assisted by ultrasound probe,s as a function of the initial spirulina
concentration (C), probe diameters (probe diam.), volume (V), treatment temperature (T) and time, extraction

medium, pulsation (Puls.), power and/or amplitude of the ultrasound wave (N.I. : not indicated)

Power
Probe

Spirulina C V T Extraction (W) Duration Yield
# diam. Puls. Ref.
state (mg/mL) (mL) (°C) medium Amplitude (min) (mg/g)
(mm)
%)
TRIS-
0.5 S04 60 W ;
1 Wet 4 8 4 N.1 12 174 [48]
(dry) (pH 7.5, N.I.
50 mM)
Freeze- Britton- 130w
2 200 30 5 25 75% 20 131 [49]
dried Robinson N.I.
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(pH 7,

0.05 M)
Tris-HCI
60 W
3 Wet 5 4 ~10 4 (pH 8.3, N.1. 10 90 [50]
NLI.
10 mM)
CaCl, 50 W
4 91
Dried 1% 80%
. 2.2 3or7 4 25 50% 9.3 [51]
(40°C, 48 h) Distilled 50 W
5 92
water 74%
50%
Distilled 600 W
6 Dried 10 13 100 4 (60 s/60 20 68-73 [52]
water 20-40%
s)
130 W
PB 67% 4
N.I. 80%
7 Freeze-dried 2 N.I. 4 (pH 6.8, (10s/5s)  (best 2- 67 [53]
15mg (best 20-
50 mM) 12)
100%)
PB
Rehydrated 200 W 50%
8 167 N.I. N.I. 25 (pH6.8, 2.5 52 [54]
(120 min) N.I. (1s/ls)
0.1 M)
PB
750 W (60 s/30
9 Freeze-dried 67 25 N.I. NI (pH7,10 5 60 [55]
50% s)
mM)

Treatment duration was necessarily short (less than 20 min) in all trials with an ultrasound probe.

Extraction yields could reach values exceeding 100 mg/g (entries 1 and 2).

Many parameters differed between the various experiments, so it is difficult to determine precisely

which have the greatest influence on extraction yield. Spirulina concentration may affect yield as,

with a very low spirulina concentration, 0.5 mg/mL (entry 1), it is possible to obtain a yield

exceeding 150 mg/g, whereas yield decreases to 90 mg/g at a concentration of 5 mg/mL (entry 3).
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However, differences in the buffers used in the two studies may also have contributed to this
result. The addition of CaCl. (1%) to distilled water seems to have no effect on extraction yield
(entries 4 and 5). Spirulina concentration does not seem to be crucial, as even high concentrations
of freeze-dried spirulina (entry 2) can give a high extraction yield (131 mg/g), as indicated in a
detailed study [49]. The use of high power with low temperature resulted in a low yield (~ 70
mg/g) (entry 6) [52], raising questions about the possible degradation of C-PC or decreases in
cavitational activity at high ultrasound energy [53]. The low yields (67 mg/g, 52 mg/g and 60
mg/g) obtained in three studies [53] (entry 7) [54] (entry 8) [55] (entry 9) may reflect a short
treatment time, but data for some parameters are missing. In the last of these studies, a relatively
low yield (60 mg/g) was obtained after a short extraction time (5 min) despite the use of high
power (750 W). Better yields were obtained with a low biomass-to-solvent ratio (1:15 was found
to be better than 1:25 and 1:50). After the extraction of C-PC, some authors also treated the

residual biomass with ultrasound to extract 3-carotene [53].

Table 6. Yield (Y) and purity (P) of C-phycocyanin after ultrasound bath-assisted extraction, as a function of spirulina
initial state, concentration (C), treatment time and temperature, extraction medium, ultrasound frequency (f) and

power (N.I.: not indicated)

Spirulina Cc T. Extraction f Power  Duration  Yield
# P Ref.
state (mg/mL) (°C) medium (kHz)  (WIL) (min) (ma/g)
1 Oven-dried PB 105 0.67
2 25 (pPH7,0.01 35 160 30 [56]
2 Freeze-dried 83 0.54
M)
PB 6
3 Dried 48 <10 28 100 67 High* [57]
(pH 7,0.1 M) (plateau)
Oven-dried Distilled
4 50 (dry) 30 N.I. 225 5 32 N.I. [58]
(60°C, 3 h) water
5 Wet 60 45  Ethanol 96% 42 400 35 16 N.I. [59]
6  Air-dried N.I. 25 PB 37 112 25 8 0.6 [60]

14



(2-3 days) (pH 7,0.1 M)

Distilled
7 Dried 40 35 35 300 180 81 0.86 [61]
water

*In this study, purity was defined as the ratio between C-PC concentration before and after

ultracentrifugation

With an ultrasound bath, frequency may have an important effect on the purity of the extracts, or
at least on the C-PC/chlorophyll ratio, as indicated by the reports that a frequency of 28 kHz is
better than 20 kHz or 40 kHz (entry 3) [57]. Yields can be high (>100 mg/g) at high dilution
(entries 1 and 2) [56], but many parameters, including spirulina state, concentration and the
extraction medium used, may explain the lower yields obtained by other authors (entries 4-6) [58—
60]. The positioning of the sample relative to the transducers should also be taken into account.
With a long duration of ultrasound treatment (3 hours) at a high temperature (35°C), a good yield
(81 mg/g) and purity (0.86) can be obtained from dried spirulina (entry 7). Better results were
obtained with dried spirulina than with a freeze-dried or frozen sample, but the sources of
spirulina were also different. The yields and purities obtained after three hours of sonication were
similar to those after 24 or 48 h of classical extraction (incubation in distilled water with constant

stirring, at the same temperature and spirulina concentration) [61].

Synergic use of ultrasound

Table 7. Yield (Y) and purity (P) of C-PC after ultrasound-assisted extraction coupled with another method (N.I.: not

indicated)

Yield
# Extraction method Purity Ref.

(mg/g)

US alone (Probe, 24 kHz — 4000 W/L —

1/1-4°C 2.5 min)

[62]
2 Freeze/thaw alone (4 cycles F/T) 74 0.66
3 US + Freeze/Thaw 109 0.4
4 Maceration alone (8 min) 56 0.63
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5 US + maceration 99 0.63

Homogenization alone (8 min, 25200 x

6 52 0.6
9)
7 US + Homogenization 91 0.65
8 Tween 80 (0.6%, 50 min) alone 84 0.7
9 US + Tween 80 93 0.8
[44]
10 Lysozyme (0.6%) alone 70 1.2
11 US + Lysozyme 98 11

Several authors have tried to associate the use of ultrasound with other extraction methods, such as
freeze-thaw, maceration and homogenization, to increase extraction yield further, but only a few
have studied the synergic effects of ultrasound and other treatments, as presented in Table 7 [44,
62]. In these studies, phosphate buffer (pH 6.8, 0.1 M) was used with spirulina rehydrated for 120

minutes and used at a concentration of 167 mg/mL.

Combinations of methods systematically provided a better extraction yield, particularly for freeze-
thaw extraction (entries 2 and 3). However, purity decreased with increasing number of
freeze/thaw cycles, as additional molecules are released with each cycle. Many studies have

investigated freeze-thaw methods for C-PC extraction.

Freeze/thaw method

In freeze/thaw extraction, the freezing of water at temperature T1 leads to an expansion of cell
volume, whereas thawing induces a contraction. With repeated freeze/thaw cycles, the membranes
are gradually weakened mechanically and may eventually rupture. The number of cycles is the
parameter with the greatest influence, but other variables may also play a substantial role. The
lowest temperature reached (T1) must be lower than the freezing temperature of the main

compounds present in the microalgae and is clearly of greater importance than the highest
16



temperature (T2) but the rate of temperature change or the duration of the freezing and cooling

steps (time at T1 and time at T2) may also be of the utmost importance. It is therefore essential to

specify the freezing method used. A few articles have provided detailed information that can be

exploited (Table 8).

Table 8. Yield (Y) and purity (P) of C-phycocyanin after freeze/thaw extraction as a function of initial spirulina state,

concentration (C), extraction medium, temperature (T1) and freezing time, temperature (T2) and time of thawing,

number of freeze/thaw cycles (N.I. : not indicated)

Time Time
Spirulina C Extraction T T, Y
# atT atT, Cycles P Ref.
state (mg/mL) medium  (°C) (°C) (mg/g)
(H) (H)
NH4CI
1 10 (pH 4.4, 18 0.7
0.05 M)
Wet -20 2 4 4 4 [63]
PB
2 35 (pH 7, 20 1.5
0.125 M)
PB
3 Dried 50 -20 4 25 0.33 4 83 NLI. [64]
(pH 6.5)
4 Tris-HCI 2 59 NLI.
Wet 5 (PH83,5 -18 <24 25 <24 [50]
5 4 101 NLI.
g/L)
6 167 17
Oven- Distilled
7 20 -18 2 25 05 N.I 18 N.I. [31]
dried water
8 10 18
9 167 PB 74 0.7
Dried (pH 6.8, -40 4 25 1 4 [62]
10 100 75 0.6
0.1 M)
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For short extraction times (< 2 h) at low temperature Ty, yields are low (about 20 mg/g), for both

wet (entries 1 and 2) [63] and dried (entries 6-8) [31] spirulina, as some of the water present may

not crystallize in these conditions. However, purity seems to depend on the extraction medium

(entries 1 and 2) [63]. After 4 hours at low temperature, yields are significantly higher (entries 3,

9-11) [62, 64], whatever the concentration tested. The number of freeze-thaw cycles is also of the

utmost importance, and these cycles can be repeated for as long as yield continues to increase

(from 59 mg/g after 2 cycles to 101 mg/qg after 4 cycles) (entries 4 and 5) [50], until a quantitative

extraction is achieved.

Bead mills

Table 9. Yield (Y) and purity (P) of C-phycocyanin after bead milling, as a function of spirulina initial state,

concentration (C), extraction medium, bead diameter, the percentage of the volume occupied by the beads, and

operating conditions (N.l.: not indicated)

Bead
Spirulina C Extraction Bead Y
# volume Conditions P Ref.
state (mg/mL) medium diameter (mg/g)
percentage
PB 0.25-05 4 cycles, 25
1 Wet N.I. N.I. 95 N.I. [65]
(pH 7.2) mm s, 30 Hz
Post
milling:
100 rpm, 4
0.106 - h, 25°C and
2  Frozen N.I. None N.I. 64 0.8 [66]
0.125 mm SiL=
0.08:1
(distilled
water)
3 Wet 12 CaCl; 10  0.8-5mm 38% 1500 rpm 7 1.3 [7]
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4 2 g/L 14 1.3

In bead milling, the membranes are destroyed by mechanical impact with the beads, which are
agitated to acquire a high Kkinetic energy. Smaller bead diameters results in smaller ground
particles. For bead milling, the diameter of the beads must be specified, at the very least, but their
number and total volume should also be indicated. Good yields (64-95 mg/g) (Table 9, entries 1
and 2) are obtained with beads that have a small diameter [65], even if no solvent is added during

the crushing procedure [66]. Higher diameter beads give low yields (< 14 mg/g) (entries 3 and 4)

[7]1.

Pulsed electric field (PEF)

This method has recently been used to increase the permeability of resistant cellular membranes. It
has not been extensively developed for use with spirulina, which has a weaker cell wall than other
microalgae and cyanobacteria. This method involves the application of an electric field in a
treatment chamber. The field developed depends on the voltage applied between the electrodes
and the distance between them. This electric field is applied in a pulsed mode; the pulses may
have different widths and shapes and are applied for a particular treatment time. The specific
energy is the electrical energy received by the sample [67]. Details are often provided as to the

electric impulsions delivered to the system, but the concentration of spirulina is often not reported.

Table 10. Yield (Y) and purity (P) of C-phycocyanin after PEF extraction on wet spirulina as a function of the electric
field applied, pulse mode, specific energy (Spec. energy) and post- treatment incubation time (Post-Incub time) (N.I.:

not indicated)

Spirulina  Extraction  Electric Spec. Post-Incub. Y
# Puls./Time P Ref.
State medium field energy time (mg/g)
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(kV/cm) (J/mL)

6h
1 28 (plateau at 30 30 N.I.

min)

6h
PB
2 Wet 40 Square, 1 s 56 (plateau at 15 85 N.I. [65]
(pPH7.2)
min)

6h
3 112 (plateau at 60 72 N.I.

min)

25 Monopolar 7H
4 110 152 0.5
Distilled (40°C) square: 3 uS (plateau at 6 h)
Wet [68]
water 25 Time:
5 110 7h 111 N.I.
(10°C) 150 ps

The electrical treatment is very short (less than 150 us), but a longer post-stimulation incubation is
then applied to give the desired compounds time to pass through the damaged membrane (Table
10). High yields (entry 4) were also obtained (152 mg/g) with this technique with the parameters

tested [65, 68], but further optimization is undoubtedly possible.

High-pressure homogenization

This technique has rarely been used for C-PC extraction from spirulina. In one recent study [69],
using spirulina dried in an oven at 40°C, moderate pressures, from 15 to 100 bars, were applied,
for various time periods (up to 360 min) to a 100 mg/mL solution of spirulina in sodium
phosphate buffer (pH 7, 0.1 M). Extraction yield increased with time and pressure, reaching 44
mg/g at 100 bars and 360 min, and the integrity of C-PC appeared to be preserved. A very high
purity was achieved (3.6). Additional studies of this method are required to assess its effect on the

selective extraction of C-PC more precisely.
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Some of the various methods detailed above for the extraction of C-PC may be suitable for use
alone or in synergy (particularly with freeze-thaw pretreatment) to obtain high extraction yields. It
even appears possible to obtain both a good extraction yield and high purity (as observed in table
3, entries 11-19), provided that optimal spirulina pretreatment and extraction parameters are used,
rendering C-PC extraction more economically viable. However, most studies have focused
exclusively on extraction yield, the purity of C-PC either being totally ignored or considered a

minor issue due to the large panel of purification techniques available.

C-PC purification

The purity of C-PC is evaluated by determining its concentration as a proportion of all the proteins
extracted. This can be achieved by determining a simple absorbance ratio (As2onm/Azsonm). Food-
grade C-PC must have a purity greater than 0.7, whereas reagent-grade C-PC must have a purity
of about 3.9. Analytical grade is attributed to any C-PC preparation with a purity higher than 4
[70, 71]. Depending on the purity expected, various methods can be used after extraction, and
most of these methods consist of several successive steps [9, 72]. Extraction by simply incubating
spirulina in phosphate buffer can result in good purity values, of 1 to 1.8 [34, 40, 42], but more
disruptive methods rarely result in high purity. A simple salting-out technique is often sufficient to
increase purity. Whenever a purification method is used, both final purity and the recovery
percentage should be given. However, this second value is often missing from published reports.
We will now considered the most relevant purification techniques described in previous studies,

principally salting out, aqueous two-phase extraction and chromatographic methods.
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Purification by salting out

Table 11. Purification of C-PC by salting out as a function of C-PC extraction mode, the salt used, initial purity, final

purity and recovery percentage (Rec.)

Initial Final Rec.
# C-PC extraction mode Salt used Ref.
Purity purity (%)

1 FT Sat. (NH4)2PO4 0.9 2.4 N.I.

2 FT + 0.125 M sodium phosphate 0.8 1.9 N.I. [63]
Sat. (NH4)2SO4

3 FT + 0.05 M NH4CI 15 2.8 N.1I.

4 Enzymatic extraction 50% (NH4)2SO4 0.9 1.3 N.I. [28]

30% (NH4)2S04 then
5 FT + US 1.1 3.1 N.I. [73]
50% and 65%

6 Sc-CO; + dialysis 24% (NH2)2SO04 1.8 1.9 N.I.
7 Sc-CO; + dialysis 39% (NH,)2S04 18 2.2 N.I. [74]
8 Sc-CO; + dialysis 50% (NH2)2SO0x4 1.8 2.2 N.I.

25% (NH4)2SO4
9 FT + US 1.4 1.8 NLI. [21]
then 70%, 1 h, 4°C

FT and first purification with
10 25% (NH4)2S04, 1 h 1.6 2.9 81% [75]
chitosan

25% (NH4)2S04, 1 h +
11 Spray-dried 1.2 3.0 N.I. [76]
diafiltration

Note. FT = freeze-thaw ; US = ultrasound ; Sc-CO = supercritical COx.

In salting-out purification (Table 11), the aim is to decrease the solubility of the protein in water
by adding a more soluble substance, thereby rendering protein hydration more difficult.
Ammonium sulfate is the salt most frequently used for this purpose. Concentrations below 30%
seemed to be insufficient in some studies (entry 6) [74], even if salting out was associated with
other purification techniques (entries 10 and 11) [75, 76] with the aim of obtaining a high final

purity. With a concentration of 39% to 50%, purity can be increased from 0.9 to 1.3 (entry 4) or
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from 1.8 to 2.2 (entries 6-8) [28, 74]. The use of concentration gradients seems to give results that
are at least as good, with a purity of 1.4 to 1.8 (entry 9) [21], or 1.1 to 3.1 (entry 5) [73] . These
results are better than those obtained with a saturated solution, which gave purities from 0.9 to 2.4,
0.8 to 1.9, or 1.5 to 2.8 (entries 1-3) [63]. The purity indicated relates exclusively to the proteins
present in the product. Dialysis may be performed to decrease the salt concentration in the

extracted and/or purified C-PC.

Purification by aqueous two-phase extraction (ATPE)

Another simple separation technique widely used for C-PC purification is aqueous two-phase
extraction (ATPE) with a polar polymer and a salt. Depending on the parameters used (type and
concentration of salt, molecular weight of the polymer, pH, phase volume ratio, etc.), the desired
proteins can be concentrated into a single aqueous phase (Table 12). With phase diagrams and a
systematic approach, testing different molecular weights of polyethylene glycol “PEG” (4000,
1500, 6000, 20000 Da), different salts, pH, and volume ratios, the purity of C-PC was increased
from 1.18 to 3.52 (entry 2) [77], with a high recovery percentage. With similar parameters, but
starting from a lower initial purity and with a lower concentration of PEG 4000, another study
failed to achieve such high purity (entry 3) [78]; this was also the case for the use of a polymer of
lower molecular weight (entry 1) [7]. Purification in situ with PEG4000 and KH2PO4 at pH 7 was
also found to be highly efficient (entry 5) [79]. With the use of an ionic liquid instead of PEG,
some researchers reported obtaining both a high final purity and a high recovery percentage (entry

4) [80].

With lower-molecular weight PEGs and sodium phosphate, at a pH of 5.8, it was possible to
increase purity from 0.42 to 1.31, and a third ATPE made it possible to increase purity to 2.11 [81]

(entry 6). The use of trimethylamine (TMA) with PEG 1000 and NasPOs at pH 6.25 and 25°C
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gave a better purification. Final purity was 4.36 with non-optimized parameters, and reached 5.21

after a response surface methodology, and even 6.71 for two-stage ATPE (entry 7) [82].

Table 12. Purification of C-PC by ATPE methods, according to initial and final purity and recovery percentage (Rec.),

by C-PC extraction mode, polymer nature, molecular weight, the nature and concentration of the salt used, and

operating conditions.

C-PC
Polymer & Initial Final Rec.
# extraction Salt used Conditions Ref.
MW purity purity (%)
mode
Extraction
12 g/L of
with glass PEG 1450 KH2PO4/K;HPO,4
1 spirulina, N.I. 1.3 N.I. [7]
beads in situ 7% 20%
pH 6.5
with ATPE
Volume
PEG 4000, KH2PO4/K2HPO4
2 HPH ratio 0.8, 1.18 3.52 90.6% [77]
13% 14%
pH 6
PEG 4000 KH2PO4/K2HPO4
3  Conventional pH 6 0.59 0.79 N.I. [78]
5% 18%
23%
4 FT 29% K2HPO4 3 mg/mL N.I. 3.98 90.2% [80]
[Bmim]ClI
0.625% of Purif.
In situ, air PEG 4000 K2HPO, 25%,
5 crude N.I. 3.16- 87% [79]
flotation (250 g/L) pH 7
extract fold
6 FT PEG 1000 NasPO4 pH 5.8 0.42 1.31 89.52 [81]
PEG1000/
pH 6-7,
7 FT TMA- NasPO4 2.08 5.21 >97% [82]
T<35°C
PEG1000

Note: HPH = high-pressure homogenization

Purification by chromatography or other techniques
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Other methods for purifying C-PC generally involve chromatographic techniques (Table 13) for

increasing purity by several units. lon-exchange chromatography is the most widely used method

(entries 1, 3-8, 10-11, 13, 15, 17).

Table 13. Final purity (FP) and recovery percentages (Rec.) after chromatographic treatments, as a function of chromatography

type (Chrom. type), prior purification steps, column type and sample volume

# Chrom. Priorsteps IP Column Sample Elution FP  Rec. Ref.
type type volume mode (%)
DEAE-
200 mL NaCl
SEPHAROSE
1 IEC SO, dialysis  3.10 N.1. (0-0.25 M) 456  N.l
CL-6B
1 mL/min
(2.5*%15 cm) [73]
0.002 M PB
Sephadex G-100
2 GFC #1 4.56 N.I. (pH 7),0.5 506 N.L
(1.5*40 cm)
mL/min
50 mL NaCl
C10/C20 Q- (0.1 M then
Sepharose Fast (0.1-1 M), in
3 IEC None 0.9 N.1I. 34 30.2
Flow 8 mL Tris buffer
(1*20 cm) (pH 5)-40 [85]
cm/h
C10/C20 Q- 0.1 M acetate
4 IEC None 1 Sepharose Fast N.I. buffer pH 45 373
Flow 8 mL (5.6-3.4)
NaCl (0-0.35
M), 0.8
DEAE Sepharose mL/min (C-
5 IEC SO, dialysis  1.81 5mL 25  N.L [21]
Fast Flow PC) at NaCl

concentrations

between 0.25
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and 0.30 M

NaCl (0.1-0.3
DEAE Sephadex 3mL
Charcoal, M) in 10 mM
IEC 2.78 A-25 (2.6*60 21.17 43 423 [41]
UF PB (pH 6.8),
mL) mg/mL
0.7 mL/min
8 cm/h
Adsorption
Q-Sepharose Fast 36 mL NaCl
IEC on different  0.53 N.I. 1.82 77.30 [86]
Flow (0-1 M) pH
adsorbants
7.5,45cm/h
Acetate buffer
DEAE cellulose-
IEC SO, dialysis 1.5 N.I. (pH 3.76- 45  80% [87]
11 (2*30 cm)
5.10), 20 mL/h
PB (2.5 mM —
HPC SO, dialysis 0.85  Hydroxyapatite N.I. 2.8 N.I.
70 mM)
NaCl gradient,
DEAE Sephadex [28]
0.15-0.45Miin
IEC #9 2.8 A-50 (1.5*20 NLI. >4 NLI.
0.05 M PB
cm)
(pH 8.0)
DEAE Toyopearl
NaCl (0-0.2
IEC SO, dialysis  1.45 650 M (2.5x10 N.I. 442 N.L [88]
M)
cm)
0.3- (NH4)2S04( 0-  2.9-
EBA None EBA N.I. 35%
0.4 0.2 M) 3.6
EBA, 2.9- Q-Sepharose NaCl (10-15  3.3-
IEC N.I. 8.7%
dialysis 3.6 based IEC mM) 3.8 [32]
EBA,
3-
HPC dialysis, Hydroxyapatite N.I. NaCl (0.2 M) +5%
3.2
IEC
DEAE Sephadex NaCl (0-0.35  6.6-
15 IEC ATPE 5.22 NLI. NLI. [89]
(2.5*15) M) 1 mL/min 9
16 GFC Activated 1.34  Sephadex G100 8 mL 0.005 M 277 519 [43]
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charcoal (40-120 um) (2.5 NaPB, pH 7.0

*20 cm) 2 mL/min
DEAE Sepharose
Fast Flow (45- NaCl (0-0.25
17 IEC #16 2.77 8 mL 325 482
165 pm), (2.5*20 M), 2 mL/min
cm)
Sephadex G100
GFC then As for #16 and
18 #16 3.51 & DEAE 8 mL 3.74 2138
IEC #17
Sepharose

DEAE Sepharose
IEC then As for #17 and
19 #16 3.25 and Sephadex 8 mL 3.82 253
GFC #16
G100

IP: initial purity; FP: final purity; GFC: gel filtration column; IEC: ion exchange chromatography; EBA: extended bed

adsorption; HPC: hydroxyapatite; Rec.: recovery yield

Most of the columns used are based on a positively charged diethylaminoethyl group bound to a
polysaccharide matrix. Cellulose (entry 8), Sepharose (entries 1, 3-7, 10, 13, 15, 17) or a
hydroxylated polymer (Toyopearl) (entry 11) are often used. For C-PC purification, a NaCl
concentration gradient can be used at a neutral pH, controlling the interactions of the different
proteins with the column. Near-optimal conditions were described as early as 1972 [90], based on
a mixture of gel filtration and ion-exchange chromatography. These conditions were then adapted
and modified [28]. Elution can be controlled by gradually changing ionic strength, but pH
gradients can also be used, and both methods were tested in some studies (entries 3-4). The
isoelectric point (PI) of C-PC is indicated as 4.7 [91], about 4.6 to 5.2 according to several studies
[92-94], or about 4.1-6.4 [95]. The pH gradients used generally remain close to the isoelectric
point, from 3.4 to 5.6 (entry 4) or from 3.8 to 5.6 (entry 8), which is almost PI-1 to PI+1, the
charge of the protein being quite low, and salt gradients can remain low (<0.1 M) (entry 13),

medium (0.1-0.5 M) (entries 5, 6, 10, 11, 15, 17) or extend to higher values (up to 1 M) (entry 3).
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The salt concentration at which the enriched fraction is eluted depends on buffer strength and pH,

and the type of column.

Hydroxyapatite columns are generally used in combination with ion-exchange chromatography
(entries 9 and 14) to increase C-PC purity further through the complexation of the calcium and
phosphate ions of this mineral matrix with the amino and carboxyl groups of proteins. The
proteins are then eluted in different concentrations of competitive ions or at different pH values.
Some authors have also used an extended bed adsorption system to adsorb proteins separately
from cell debris and contaminants (entry 12). With complementary anion-exchange
chromatography and hydroxyapatite purification processes for less pure fractions, it is possible to
achieve purities >3 [32]. Proteins can also be purified on the basis of molecular size, by gel
filtration (entries 2 and 16). The molecular weight of C-PC was initially estimated at about 30 kDa
([96]) in various microalgae, but it seems to be much larger, with a molecular weight of about 91
kDa, in Arthrospira platensis, as recently shown ([97]) with the use of large-volume
polyglucoside beads (Sephadex G100 to Sephadex G150). Gel filtration can also be associated
with ion-exchange chromatography, which can be performed before or after this method, with
similar results (entries 18 and 19). Other purification techniques involve filtration, including
nanofiltration in particular, to separate molecules of different molecular weights [42, 43, 85].
Some authors have also used activated charcoal or chitosan to absorb impurities [56, 85, 98]. In
another, similar micoralga (Spirulina fusiformis), an aqueous ethacridine lactate (Rivanol) solution
has been used for purification [6]. In association with salting out and gel chromatography, a very

high protein purity (4.3) was obtained.

All these purification techniques can be used alone or as successive steps, and combinations are
generally used, to increase purity. However, such approaches are likely to result in a decrease in

recovery yield, albeit one less marked than that observed with ATPE and salting out. In a recent
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study [43], an activated charcoal column gave a recovery yield of 89%, which was decreased to
51.9% by one-step gel filtration, and to 48.2% by IEC chromatography. The combination of these
two methods resulted in the recovery of only 22 to 25% of C-PC (entries 16-19). Even high-grade
C-PC obtained with a high recovery value by ATPE, such as that with a final purity of 5.21 and a
recovery value exceeding 97% obtained in one study (table 12, entry 7), cannot be readily
exploited if it is not packaged in an environment ensuring an appropriate shelf life for its field of

application.

C-PC stability

Like most natural dyes and pigments, C-PC is stable only in very specific conditions. Most studies
of the stability of C-PC have investigated the influence of temperature and pH on the persistence
of the dye [33, 34, 39, 40, 52, 99-104]. Depending on the type of buffer salt and its concentration,
differences in stability may be observed at any given pH and temperature, but there is a
homogeneous tendency (Table 14). Below 25°C, the dye remains stable for at least five days if
stored at a pH between 5 and 6. However, this stability gradually decreases with increases in
temperature from 25°C to 45°C, resulting in a half-life (t,) of less than one day, with severe
decreases at higher temperatures [40, 100, 102]. At neutral pH, the dye seems to be slightly less
stable [33, 103, 104] than at pH 6, and at pH>8, the dye is unstable. Below pH 5, the dye is rapidly
degraded, with color completely disappearing within one day at pH 3, even at low temperature
[104]. The chromophore of C-PC is phycocyanobilin, a linear tetrapyrrole covalently bound to
phycobiliproteins via a cysteine residue with a thioether linkage [105]. It contains two carboxylic
acids, with pKa values of 2.4 and 9.6 according to molecular modeling. Hence, at pH values
between 5 and 7, the highest stability observed corresponds to a monoanion form in which the

hydrogen atom binds to the two carboxylate groups [106].
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In terms of light stability, the exposure of C-PC to intense illumination (3.28 x10° lux) for a period
of 24 h leads to about 70% degradation of the pigment at pH 5 and 80% degradation at pH 7
[107]. At pH 7, C-PC exposed to white fluorescent light from a 20 W lamp is gradually degraded
over a period of two months, with a loss of ~10% at 4°C, ~30% at 25°C and ~50% at 40°C [108].
Attempts have been made to increase the stability of the dye through the use of different
preservatives. No effect of egg or whey protein, or of maltodextrin alone or in combination with
xanthan gum, gum arabic or carrageenan was observed [103]. Beet pectin slightly improved
thermal stability [109]. Sugars have also been tested. Honey is potentially a good preservative, but
stability appears to be more closely linked to sugar concentration than to sugar type. Hence, with
its high concentration at saturation, fructose would be expected to have a better effect than
sucrose, maltose or glucose, whereas lactose would have no effect [110]. NaCl may have a
positive effect even at 60°C, and may be a better preservative than sucrose and glucose [100, 111].
Sucrose can also stabilize C-PC at low temperature, as can calcium chloride, whereas citric acid at
a low concentration (4 mg/mL) can keep C-PC stable, even at 35°C for 45 days [112]. Another
study showed calcium chloride and ascorbic acid to be less effective preservatives than sucrose
and citric acid, whereas benzoic acid stabilized the dye very effectively. Sodium azide and sodium
citrate can also improve stability at 4°C and 25°C [98]. Another possible method of stabilization is
the incorporation of C-PC into a matrix that protects it from oxidation. For example, C-PC is well-
stabilized when solubilized in micelles [113, 114], in chitosan or alginate/chitosan microcapsules

[115, 116], or in polyethylene oxide nanofibers [117].

Table 14. Stability of C-PC with pH and temperature*

<10°C 25°C >40°C >60°C
Very unstable, Very unstable, t12<1
pH 3 t12<1 day day

0% after 1 day 0-72% after 2 days
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Unstable Unstable

pH 4
24% after 5 days 32% after 5 days
Stable
Stable ti2=2-19h
90-92% after 2 days
82-100% after 5 (47-50°C) t12=11 min
pH 5 76-100% after 5
days ti2 =20 min (60°C)
days
99% after 30 days (59°C)
88% after 10 days
Stable
70% after 1 hour  30% after 1
91-100% after 2
Stable (95% with hour
days
93-100% after 5 glucose) (50% with
pH 6 92% after 4 days
days tip=3h—-24h glucose)
84-100% after 5
98% after 30 days (47-50°C), t12=45  t12=3 min
days
min (59°C) (60°C)
84% after 10 days
tiz=2h-10h
Stable Stable (47-50°C)
t1,=1 min
84%-100% after 5 64-92% after 2 days t12=25 min
(80°C)
pH 7 days 67% after 4 days (59°C)
t1,=6 min
91% after 5 days 85-88% after 5 days t12 =3 days
(60°C)
98% after 30 days 79% after 10 days (35°C)
Unstable
Unstable
67% after 2 days
pH 8 58% after 5 days
49% after 4 days
87.5% after 5 days
34-68% after 5 days
pH 9 Unstable 24% after Unstable
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5 days 40% after 5 days

Unstable
Unstable 4% after 5
pH 10 42% after 2 days
days
32% after 5 days

*Note: either half-life ty» of C-PC or amount of C-PC remaining after a fixed time is indicated.

Unfortunately, C-PC stability does not seem to be associated with purity. The possible link
between stability and the presence of contaminating molecules in the C-PC extract has not really
been studied. An understanding of the dependence of C-PC stability on several factors, such as the
presence of carbohydrates or other potential preservatives, a favorable pH, temperature,
illuminating conditions, and so on, could also be used to improve the culture and extraction

procedures for spirulina, to prevent C-PC denaturation during its formation and extraction.

Conclusion

The determination of C-PC concentration in Arthrospira platensis extracts remains challenging
and merits further research, as simple spectrophotometric methods provide only approximate
values, and fail to take into account several parameters, including the influence of co-products and
the substrate used. However, such methods may be sufficient for comparisons of different
extraction methods. Based on the extensive studies of C-PC extraction already published, it seems
to be possible to obtain quantitative amounts of this protein at a high grad through the use of
several methods, either alone or together. Various parameters, including the duration of
incubation, temperature, pH, buffer molarity, source and level of shearing, may affect the
extraction yield. Freeze-thaw methods appear to be an efficient pretreatment, as they weaken cell
membranes, making it possible to achieve high C-PC extraction yields with low-energy

treatments. Innovative methods are gradually being developed (US probes, pulsed electric field) to
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facilitate the rapid release of C-PC, and US treatment with probes is now a widely used, effective
method for shortening extraction time and obtaining high yields. These high yields are often
associated with the release of multiple contaminants, but simple purification methods (salting out,
aqueous two-phase purification) can be used to achieve food-grade quality, whereas more
complex methods, often based on successive steps of preparative chromatography, are required to
achieve higher grades. High yields and purities can make it possible to decrease the amount of
culture required to obtain a given amount of pigment; achieving this goal is important, to decrease
the environmental impact of C-PC extraction [118]. However, the environmental cost of such
technological requirements must be examined in detail at the industrial scale, as the simple
incubation of frozen or freeze-dried spirulina in a suitable buffer may also provide high extraction
yields. This pigment can persist for more than a month at an appropriate temperature, pH and with
appropriate packaging, but further studies may be required to extend its stability further, for its

incorporation into alimentary formulations with a long shelf life.
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