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Introduction

Abstract

In present study, the combinable approach of freezing and thaw-
ing and aqueous two-phase partitioning system was designed for
simple, rapid and cost friendly extraction and purification of Spiruli-
na plantesis phycocyanin. From cell extract, C-PC was purified 1.38-
fold 51.35% recovery by ammonium sulphate fractionation then
PEG3000/KH,PO,/K HPO, system at pH 7. Contrary to expectations,
increasing neutral salt concentrations resulted in decreased C-PC
recovery, deviating from the typical enhancement of biomolecular
partitioning performance in aqueous two-phase systems. The C-PC
showed remarkable in vitro antioxidant and radical-scavenging
activity. 200 pg/mL C-PC, performed a maximum absorbance by
phosphomolybdenum and ferric ion reducing assay, 0.55 and 0.45,
respectively. H,0, scavenging activity was defined as 93.67%. No-
tably, modified C-PC (m-C-PC) exhibited improved photostability
under yellow light exposure compared to unmodified C-PC, show-
casing a 1.064-fold enhancement after 540 minutes. However, m-
C-PC showed increased susceptibility to white light, UV-A and UV-B
irradiation, suggesting a failure to enhance stability under these
conditions.

Phycocyanin Spirulina platensis, which is the microalgae, in-
cludes proteins, vitamins-minerals, and contains many essential
amino acids and fatty acids, can be used as a useful component
to produce quite nutritious foods. Gamma-Linolenic Acid (GLA),
which is a metabolite of Linolenic Acid (LA) and one of the in-
termediates in the conversion of LA to Arachidonic Acid (AA),
is an imperative polyunsaturated fatty acid with economic con-
cern, and S. platensis is a crucial reservoir of GLA. The microbial
production of polyunsaturated fatty acids is considered an eco-
nomical alternative to producing them with high-cost methods
[21,14] Spirulina is a low-priced source of blue pigment. Due
to its rich metabolites, the culture of Spirulina is engaging in
several commercial aims, as well as a nutritional additive for
humans, and provides active metabolites in the pharmaceuti-
cal, food, and cosmetic industry [1,28,47]. Phycobiliproteins are
associated with photosynthetic pigments localized in the cell
as phycobilisomes, which are affiliated to the thylakoid mem-
brane of chloroplast [4]. Cyanobacterial phycobiliproteins, that
are widely used in medicines, foods, cosmetics can be divided
into three critical classes; Phycoerythrin (PE —bright pink, red),
Phycocyanin (PC —dark blue), and allophycocyanin (AP —brighter
blue) [15]. Phycocyanin is a phycobiliprotein and is the main pig-
ment produced by the Spirulina platensis [48]. A blue water-sol-
uble pigment, phycocyanin, which has an important antioxidant
and free radical properties; it is also carried out as a natural col-

oring in food such as ice cream, jellies, chewing gum, and also
dye in cosmetics and medicine due to they are not toxic and
not carcinogenic [28,41]. In medicinal applications, particularly
fluorescent analysis, pigment purity is of the most importance,
[43]. C-PC purity is defined as the commercial ability, which is
defined by the ratio between its peak absorbance at 620 nm
and the absorbance of proteins at 280 nm. When this ratio is
> 0.7, it is reflected in food grade purity [11]. Pure and stable
C-PC is essential to commercially apply ability. Although all the
benefits, there are still restrictions for C-PC implementation es-
pecially because of the extraction methods, that consequence
in low purity extracts, and low stability of the pigment under
storage and during food processing. Different cell disruption
techniques were reported for Spirulina as freezing and thaw-
ing cycles, pulsed electric field, bead milling, and mixing, ul-
trasound (bath) and homogenization [16,18,33]. Freezing and
thawing method is commonly carried out at laboratory scale
to cells for C-PC extraction from Spirulina. The main profits of
freezing and thawing method are the comparatively high purity
of the extracts and its effortlessly [45].

Due to the industrial and commercial important of the C-PC,
researchers have improved a number of procedures for the
purification previously. But these procedures have been repre-
sented by expensive, lots of steps and low recovery. Moreover,
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the scaling-up of these processes was troublesome and high
cost. Using of Aqueous Two-Phase System (ATPS) to separate
the C-PC has been an engaging option to reduce the disfavor
conditions [23,35].

Despite the widespread usage of C-PC, its poor durability
constrains its utility. According to reports, solid phycocyanin
from Spirulina platensis degrades easily when the substance ex-
perienced degradation upon exposure to light [10] More than
50% of the sample exhibits degradation after being exposed for
a month. It can occur due to phycocyanin simply dissociates to
monomers at low levels. The photostability properties of phyco-
cyanin can be enhanced through the use of a crosslinking agent.
This results in a more stable and durable phycocyanin pigment
that can withstand exposure to light. Additionally, the use of
this technique allows for the preservation of the pigment's na-
tive structure and biological activity. Overall, these advance-
ments showcase the potential of phycocyanin and its practical
applications in various industries.

Crosslinking is the process of forming three-dimensional
structure networks by connecting polymer chains (Azeredo and
Waldron, (2016). It aims to enhance the capacity and usability
of the material. Several natural crosslinks, including disulphide
bridges, can be utilized for proteins. Formaldehyde and glutar-
aldehyde are likely the most frequently used crosslinkers due to
their low cost and accessibility.

In this research, formaldehyde (HCHO) was selected as the
crosslinker due to its ease of use, varied reaction specificity and
remarkable adaptability [27].

The aim of this study is also to investigate the possibility of
improving the photostability properties of phycocyanin using
the crosslinking technique. Phycocyanin loses its strong absorp-
tion [49] and high fluorescent quantum efficiency [50] at con-
centrations below 10-5M.

In the current investigation, the optimization of phycocyanin
extraction from Spirulina was achieved through the implemen-
tation of the freezing and thawing method. Subsequently, the
partitioning of the extracted phycocyanin was conducted using
an aqueous two-phase system. The influences of inorganic salt
concentration, pH, and temperature on the partitioning of the
pigment were systematically analyzed. The primary objective of
this study was to establish an efficient extraction and purifica-
tion methodology for phycocyanin sourced from Spirulina. Ad-
ditionally, the research aimed to assess the antioxidant activity
and photostability of the purified C-PD, with a specific focus on
its potential applications in industrial settings.

Material and Methods
Chemicals

All chemicals used were purchased from Sigma-Aldrich
(Auckland, New Zealand), unless specifically stated other-
wise. Dried S. platensis was obtained from local producer in
Canakkale/Turkey region.

Extraction Methods

Phycocyanin was acquired from the Spirulina by using the
following procedures:

i)JHomogenization in a mortar and pestle: Dried biomass was
homogenized in a mortar. ii) Freezing and thawing: Cells were
subjected to freezing and thawing for 1, 2, 3, and 24 hours.

In the second case (2 hours), the freezing and thawing proce-
dure was repeated twice, with 24 hours intervals. iii) Ultrasonic
treatment: Spirulina cells were homogenized with the sonicator
(QSonica, Q500) which was equipped with a standard needle
titanium probe (1/2 inch), and was kept immersed about 5
mm into the samples. Sonication experiments were done at 20
kHz.15 mL volumes of samples were placed in a 25 mL erlen-
meyer flask at room temperature. In all cases, the duty of the
cycle was 20 s, with the generator acting for 10 s intervals with
10 s of rest. After extraction, the samples were centrifuged and
the supernatant was used for further analysis.

Partitioning of Phycocyanin in Aqueous Two-Phase System
(ATPS)

ATPS was carried out in 25-mL centrifuge tubes by adding
the predetermined quantities of stock solutions of PEG and salt
and the total weight was made up to 5 g with crude extract
and buffer (KH,PO,/K,HPO,; (1:1.82; g:g), pH 7). To analyze the
effect of different salts on phycocyanin partitioning, ammoni-
um chloride, sodium chloride, and sodium sulfate were deter-
mined by the constant total level of PEG and salt in the system
as the 15%. The system parameters were chosen according to
previous reports [13,30]. Salt, PEG, buffer, and deionized water
were first mixed for the averting of phycocyanin precipitation,
then the addition of 1 mL crude extract to the phase system
was carried out. The mixture was softly shaken for 60 min at
room temperature and separated by centrifugation for 5 min at
2500 g. The upper phase was properly isolated from the lower
phase by using a Pasteur pipette then dialyzed. The volumes of
the separated phases were measured. Each of the phases was
analyzed for analytical analysis. The partition experiments were
conducted in duplicates.

Analytical Measurements

Analytical measurements of C-PC were done using UV-vis
spectrophotometer (Bio-Rad SmartSpec 3000 UV/Vis Spectro-
photometer. Wavelength range: UV and Visible ranges 200—800
nm. Wavelength accuracy: 2 nm). The C-PC concentration in
mg.mL?* was calculated according to Equation 1 (Bennett and
Bogorad, 1973), by using the optical densities at 652 and 620
nm. The ratio of A620 to A280 gives the purity of C-PC, wherein
A620 is the maximum absorbance of C-PC and A280 is the ab-
sorbance of total proteins.

(0D 42— 0.4740D ;520
5.34

C—PC = (1)

Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Molecular weight of purified invertase was determined by
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) according to the method of Laemmli on a Mini
Protean Il gel electrophoresis unit (Bio-Rad Laboratories, Rich-
mond, CA). Electrophoresis was studied at a constant current of
100V, 400 mA, for about 2 hr.

Antioxidant Activity of Pigment

The antioxidant activity of phycocyanin was studied as below
methods: phosphomolybdenum assay, ferric ions reducing as-
say, DPPH scavenging assay and H,0, scavenging assay.

Phosphomolybdenum Assay

Phosphomolybdenum method is one of the total antioxidant
activity assays of the phycocyanin [38]. Different concentrations
(200 pg/mL, 100 pg/mL, 50 pug/mL, 25 ug/mL and 5 pg/mL) of 1
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mL C-PC of were mixed with 1 mL of reagent solution (0.6 M sul-
phuric acid, 28 mM sodium phosphate and 4 mM ammonium
molybdate). The reaction mixture was incubated at 95°C for 90
min. After cooling to room temperature, the absorbance was
measured at 695 nm against blank.

Ferric lons Reducing Assay

Reduction of ferric ion by phycocyanin was carried out ac-
cording to the report of Oyaizu (1986) with minor modifica-
tions. Various concentrations C-PC (200 pg/mL, 100 pg/mL, 50
pg/mL, 25 pg/mL and 5 pg/mL) were combined with 0.75 mL
0.1 M (KH,PO,/K,HPO,, pH 7) buffer and 0.75 mL of 1% potas-
sium ferrocyanide [K,Fe(CN),]. The solution was incubated at 50
°C for 20 min. 0.75 mL of trichloroacetic acid (10%) was added
to the reaction mixture, and was centrifuged at 3000 rpm for 10
min. The top layer of the mixture was combined with 2.5 mL of
distilled water and 0.1 mL of 0.1% FeCl.. Then were incubated
at room temperature for 20 min and the absorbance was mea-
sured at 700 nm.

Hydrogen Peroxide free Radical Scavenging Assay

Hydrogen peroxide radical scavenging assay was carried
out to measure the scavenging activity of free radicals by C-PC
(Roche et al., 1989). 1 mL of different concentrations of 1 mL
C-PC (200 pg/mL, 100 ug/mL, 50 pg/mL, 25 pg/mL and 5 pg/
mL) was quickly combined with 2 mL of hydrogen peroxide solu-
tion (50mM hydrogen peroxide in KH,PO,/K,HPO, buffer, pH 7).
After 10 min of incubation at 372C; absorbance was measured
at 230 nm. Non included H,0, solution was used as blank. Scav-
enging performance of pigment as percentage was calculated
using the formula 2. A  and A, refers to absorbance of control
and absorbance of test sample, respectively.

Percentag e o f scavenging =
i1

Lipid Peroxidation Products

The level of lipid peroxidation of C-PC was carried out in the
way with Malondialdehyde (MDA) ingredient according to the
method of Turan and Tripathy (2013) with some modifications.
MDA was detected using the Thiobarbituric Acid (TBA) reaction.
0.5 mL C-PC was added to 0.5 mL of TBA reagent (containing
15% w/v, trichloroacetic acid; 0.375% w/v, TBA in 0.25 M HCI).
The mixture was heated to 95°C for 15 min then cooled fastly
in ice bath and centrifuged at 2000 g for 20 min. Absorbances
were read (Bio rad Smartspec 3000) at 532 and 600 nm. The
amount of MDA current was calculated from the extinction
coefficient of 156 mM2cm™ and predicted using the following
equation: [(A532-A600) / 156] x 10%x dilution ratio.

Modification of C-PC Using Formaldehyde and Evaluation of
Photostability of Modified C-PC (m-C-PC)

The modification of phycocyanin was conducted by employ-
ing formaldehyde, as outlined in literature with certain modi-
fications [27,34]. The addition of 10 mL of 37% formaldehyde
supplement to 50 mL purified C-PC was performed using a mag-
netic stirrer for 24 hours at +4°C. Following this, the solution
underwent dialysis overnight. The resulting modified phycocya-
nin solution was then transferred to a dark bottle and stored at
+4°C for later process.

To assess the resistance of C-PC to light, a photostability
measurement was conducted using various light sources. C-PC
was exposed to cool white-light fluorescent illumination from a
set of Philips white LED lights (18 W), yellow light from a set of

yellow LED lights S Lighting (14 W), UV A (8 W) lamps, and UV
B Neon lighting tools. The irradiation conditions were adapted
from a previous study with certain modifications [27,36]. The
photostability analysis included continuous exposure of C-PC to
light for 540 minutes (9 hours). Measurements were taken at,
30, 60, 90, 120, 180, 240, 300, 360, 420, 480, 540 minutes of
exposure using a UV—vis spectrophotometer, with absorbance
readings recorded at 620 nm. The experimental design aimed to
explore alterations in the photostability of C-PC under diverse
light conditions during the 9 hours exposure period. Specific
time points for measurement were selected to provide a thor-
ough understanding of how the samples reacted to extended
light exposure. The UV-vis spectrophotometer was utilized to
quantify changes in absorbance at designated wavelengths,
yielding valuable insights into the photostability of C-PC under
the experimental conditions.

Results

Extraction of C-PC from Spirulina plantesis and Selection of
ATPS system

We evaluated three different methods for extracting C-phy-
cocyanin from dried cultures: mechanical cell disintegration us-
ing a mortar and pestle, sonication, and freezing—thawing. The
results, as presented in Table 1, indicate that freezing—thawing
was the most effective method for C-PC extraction when com-
pared to the other methods.

Purity and phycocyanin concentration (mg/mL) values of C-
phycocyanin from S. platensis cells using various treatments. 1)
homogenization by mortar and pestle; 2) Sonication; 3) Freezing
and thawing for 1h; 4) Freezing and thawing for 2 h; 5) Freezing
and thawing for 3 h; 6) Freezing and thawing for 24 h.

After the extraction of C-PC through freezing and thawing,
the culture medium underwent centrifugation (10,000 g, 10
min, 4°C) to eliminate S. platensis cells. The dissolved proteins
in the resulting supernatant were precipitated using solid am-
monium sulfate with two steps: first, at 25% saturation, and
then at 65% saturation. Following the 25% saturation step, the
medium was subjected to centrifugation at 10,000 g for 10 min
at 4°C, and the supernatant was collected. The precipitate was
collected after centrifugation at 12,000 g for 10 min at 4°C dur-
ing the second precipitation step and subsequently dissolved in
a50 mM KHZPO4/K2HPO4 buffer at pH 7.

Table 1: Extraction of C-PC from S. platensis (1 g S. platensis/10 mL
buffer).

Treatment Purity [PC], (mg/mL)
1 0.33+.013 0.85+0.11
2 0.37+.017 1.13+0.09
3 0.39+.022 1.37+0.13
4 0.44 +.011 1.98+0.12
5 0.41+.013 1.76 £ 0.17
6 0.41 +.015 1.55+0.11

Table 2: The effect of PEG molecular weight in ATPS on the partition-
ing of C-PC at 25°C, each tube containing C-PC extract (purity: 1.07;
[PC], (mg):27.78), PEG15% (w/w) and (KH,PO,/K,HPO,)15% (w/w) in a
total weight 5 g.

PEG 0D620 0D652 | OD280  [PC], (mg) | Purity | Recovery, (%)
1000 0.111 0.037 0.095 9.10 1.17 32.76
2000 0.125 0.035 0.104 10.15 1.20 36.54
3000 0.17 0.046 0.13 13.32 1.33 51.35
4000 0.139 0.039 0.104 10.82 1.34 31.23
6000 0.096 0.018 0.072 8.20 1.33 40.12
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The separation of biomolecules can be an expensive and
time-consuming process. As an alternative method to tradi-
tional bioseparation techniques, Aqueous Two-Phase Systems
(ATPS) have gained popularity due to their cost-effectiveness,
simplicity, and efficiency at a larger scale.

PEG and salts were examined to determine the optimal par-
titioning of phycocyanin into one of the two phases. To investi-
gate the influence of PEG molecular weight on C-PC partitioning,
various ATPS with PEG1000, PEG2000, PEG3000, PEG4000, and
PEG6000 were designed. All experiments were conducted at pH
7.0 using KH,PO,/K,HPO, as the phase-forming salt. The results
are presented in Table 2. In all experiments, two phases were
observed, with C-PC predominantly present in the top phase.
Therefore, only data from the top phase were considered in this
study to analyze the partitioning behavior of Spirulina platensis
C-PC in aqueous two-phase systems.

C-PC partitioning at different concentrations of KH,PO,/K,H-
PO, from 10 to 20% (w/w) in ATPS planned by using 15%(w/w)
PEG3000, PEG4000 and PEG6000 at pH 7.0 was carried out. The
effect of salt concentration on enzyme partition is presented in
Figure 1, Figure 2 & Figure 3.

Although significant changes in purity and recovery were not
observed within the concentration range of 13%, 14%, 15%, and
16%, as indicated in Figure 1, the highest C-PC recovery and pu-

C—purity ~ —fll—recovery
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Figure 1: Effect of KH,PO,/K,HPO, (w/w) concentration on parti-
tioning of Spirulina plantesis C-PC in PEG3000 at pH 7.0 in the top
phase.
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Figure 2: Effect of KH,PO,/K,HPO, (w/w) concentration on parti-
tioning of Spirulina plantesis C-PC in PEG4000 at pH 7.0 in the top
phase.
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Figure 3: Effect of KH,PO,/K,HPO, (w/w) concentration on parti-
tioning of Spirulina plantesis C-PC in PEG6000 at pH 7.0 in the top
phase.

rity were consistently achieved at a constant 15% PEG3000 con-
centration and 14% salt concentration, measuring 51.35% and
1.38, respectively. This suggests that C-PC partitioning in the
PEG4OOO/KH2P04/K2HPO4 system is fundamentally influenced
by polymer molecular weight and salt concentration, as de-
picted in Figure 2. In the PEG4000 system, purity and recovery
were found to increase up to a 15% salt concentration (purity
and recovery of C-PC at 1.36 and 31.60%, respectively), beyond
which these values decreased.

To explore the impact of phase-forming salt concentration
on C-PC partitioning, experiments were conducted in different
phase systems with salt concentrations ranging from 10% to
20% (w/w), while maintaining a constant 15% (w/w) PEG6000
concentration. The results, as shown in Figure 3, reveal that
C-PC recovery and purity were highest at a 15% (w/w) KH,PO,/
K,HPO, concentration in the top phase, reaching 40.12% and
1.37, respectively.

As in the salt concentration polymer concentration also af-
fects the phase separation and partition of biomolecules in
ATPS (Albertson, 1986). Accordingly, C-PC partition at various
PEG3000 concentrations (10-20%, w/ w) using 10% (w/w) KH-
,PO,/K,HPO, salt at pH 7.0 was carried out. The results showed
that the partitioning of protein was clearly affected by the PEG
concentration (Figure 4). With the use of 15% (w/w) PEG3000,
the highest purify (1.38) and recovery (51.30%) values were re-
ceived. Above this concentration, both decreased nearly to 40%
and 54%, respectively.

Effect of pH and Temperature on ATPS

In the partitioning of proteins within aqueous two-phase

C—purity —l—recovery

2.00 50

1.50 rE
- 30 ¢
E 1.00 - :
~ F 20 2

0.50 - L 10&

0.00 0

10 12 14 15 16 18 20

PEG 3000 concentration (%, w/w)
Figure 4: Effect of PEG3000 concentration on the partitioning of
Spirulina plantesis C-PC in PEG/ KH,PO,/K HPO, system at the
constant potassium salt concentration (15%) and at pH 7.0 in the
top phase.
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Figure 5: pH (A) and temperature (B) effect on partitioning of
Spirulina plantesis C-PC.
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Figure 6: A: Increasing Sodium sulfate concentrations effect on
purity and recovery of Spirulina plantesis C-PC. B: Increasing am-
monium chloride concentrations effect on purity and recovery of
Spirulina plantesis C-PC. C: Increasing Sodium chloride concentra-
tions effect on purity and recovery of Spirulina plantesis C-PC.
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Figure 7: SDS-PAGE analysis of C-PC.
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Figure 9: Photostability analysis of C-PC and m-C-PC from Spirulina
platensis with formaldehyde under increasing exposure time to
yellow and white light.
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Figure 10: Photostability analysis of C-PC and m-C-PC from Spiru-
lina platensis with formaldehyde under increasing exposure time
to UV-A and UV-B.

systems, pH emerges as another significant parameter. Con-
sequently, the partitioning behavior of C-PC was investigated
across a range of pH values spanning from 5.0 to 12.0 in a mix-
ture containing 14% (w/w) PEG3000 and 15% (w/w) KH,PO,/
K,HPO,. As depicted in Figure 5 (A), the highest partitioning ef-
ficiency was observed at pH 7.0. However, as the pH was in-
creased from 7.0 to 12.0, both the purity and recovery values
decreased. Conversely, below pH 7.0, the partitioning perfor-
mance of C-PC also exhibited a decline.

Furthermore, we examined the partitioning of Spirulina pla-
tensis C-PC within an aqueous two-phase system at two distinct
temperatures: 4 and 30 °C (Figure 5(B)). In this study, we closely
monitored the temperature's impact on the purity and recovery
of C-PC partitioning.

Effect of Neutral Salts on ATPS

Figure 6 illustrates the impact of increasing concentrations
of sodium sulfate (A), ammonium chloride (B), and sodium
chloride (C) as neutral salts on Spirulina platensis C-PC. In our
study, it was observed that the purity of C-PC in the top phase
remained nearly constant at 1.37, while the recovery decreased
by approximately 45%, 30%, and 42%, respectively, with an in-
crease in salt concentration.

The molecular weight of C-phycocyanin was reported to be
approximately 17 kDa for the B subunit and 16 kDa for the a
subunit [20,44]. In this study, polyacrylamide gel electropho-
resis (SDS-PAGE) was conducted to separate and visualize the
protein bands. The resulting bands were stained and visualized
using a silver stain method, which allowed for the identification
of two distinct bands, corresponding to the a and  subunits.

Antioxidant Activity of C-PC

The antioxidant activities exhibited a concentration-depen-
dent increase, with a maximum absorbance of 0.55 observed
at a concentration of 200 pg/mL and a minimum absorbance of
0.36 at 5 pg/mL (Figure 8). Figure 8 also illustrates the optical
density of the reaction medium at 700 nm, which is directly re-
lated to the reducing power of C-PC. The increase in OD at 700
nm, indicating the formation of a Fe+2 complex, suggests that
C-PC possesses significant reducing capabilities.

Hydrogen peroxide is produced in vivo by the superoxide dis-
mutase enzyme and exhibits strong oxidizing potential towards
cell membranes and biomolecules. In our study, we evaluated
the ability of partitioned C-PC to scavenge hydrogen peroxide
radicals, as depicted in Figure 8. The maximum scavenging ac-
tivity of 93.67% for C-PC was observed at a concentration of
200 pg/mL, while a minimum scavenging activity of 58.13% was
recorded at the lowest C-PC concentration.

Photostability of C-PC

The evaluation of photostability under various light expo-
sures, including yellow light, white light, UV-A light, and UV-B
light, was conducted on both C-PC and m-C-PC, aiming to un-
derstand their resilience in different spectral regions repre-
sentative of sunlight. Figure 9 illustrates the impact of yellow
light on the photostability of C-PC and m-C-PC. Notably, C-PC
exhibits a time-dependent reduction in absorbance, while m-
C-PC maintains relatively constant absorbance. The residual
absorbance percentages for m-C-PC over the 30-540 minutes
yellow light exposure range from 94.83% to 91.6%, showcasing
its enhanced stability compared to C-PC. This suggests that the
modification with formaldehyde contributes to the improved
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resistance of m-C-PC against yellow light. The residual absor-
bance values for m-C-PC, ranging from 85% to 65% during 30-
540 minutes of white light exposure, demonstrate its suscep-
tibility to this type of irradiation. In comparison, C-PC exhibits
a residual absorbance of 75% after 540 minutes. This implies
that m-C-PC, despite its enhanced stability against yellow light,
shows a notable decrease in photostability under white light,
unlike the native C-PC.

Figure 10 provides insights into the effects of UV-A and UV-B
light on both C-PC and m-C-PC. Both variants exhibit a decrease
in absorbance under UV-A light, with m-C-PC showing a com-
parable reduction to C-PC. However, under UV-B light, m-C-PC
experiences a more significant decrease in absorbance (from
87.90% to 39.54%) compared to C-PC (from 96.7% to 80%). This
suggests that m-C-PC is more susceptible to UV-B light, indicat-
ing a potential limitation in its stability under this specific ir-
radiation.

Discussion

Due to the selection of a suitable extraction method is very
important for the maximum recovery of C-PC, the most sig-
nificant necessity to get phycobiliproteins from crude Spirulina
plantesis extract is optimizing the extraction and purification
steps. According to Table 1, purity and C-PC concentration vary
between 0.33-0.44 and 0.85-1.98 mg mL?, respectively. The
highest purity and concentration of C-PC was reached when us-
ing freezing (- 20°C) and thawing (25 °C) for 2 h. Freezing and
thawing cycles are considered the most used at the lab scale for
disrupting cyanobacteria cells and showing higher C-phycocya-
nin content than the other methods and also allow superiority
in the same way as reproducible, quick, simple, and free from
biomass quantity was reported [16,45].

In agueous two-phase extraction, which is an alternative pu-
rification method, the separation resulting from almost all of
the proteins are predominantly differential partitioning of the
target protein to one phase and the contaminant proteins to
the other phase. The principle of the partitioning of biomole-
cules relates in general to the size, charge, and hydrophobicity
of the protein [12]. The molecular weight of PEG is significant
for ATPS to increase the protein partition into one phase. With
higher molecular weights of PEG, the free volume area for pro-
tein becomes limited. Thus, proteins shift to the salt-rich phase.
But then, low molecular weights of PEG supply more volumetric
area for proteins which causes the partition of proteins to the top
phase and increase partitioning due to low interfacial tension.
[2,3]. There are some reports in the literature that C-PC mostly
participates in the top phase of the ATPS system [9,23,30,40].
In our study, although the purity value was the highest (1.34) in
the PEG4000 system,1.33 was calculated in PEG6000 system at
the top phase. Moreover, most C-PC recovery was observed in
the PEG3000 system. Thus, these three systems were selected
for further experiments. The type and concentration of salt is as
crucial in protein partitioning as the type of PEG. According to
Patil et al. [31], the purity of the C-phycocyanin is interpreted
from the ratio of the absorbances OD620/0D280, where a val-
ue of 0.7 or above is regarded to be of nutritive value, and this
value was reached in the above three assays, in the system of
ATPS prepared of PEG3000, PEG4000, PEG6000, and potassium
phosphate. It has been previously studied that increasing salt
concentrations cause a decrease in the protein value but an in-
crease in the enzyme activity value at the bottom phase mean-
ing that the contaminant protein load in the top phase results
in an improved purification factor [6,25]. In PEG/salt systems,

the partitioning of the proteins relies on the volume exclusion
effect of the polymer in the polymer-rich (top) phase and salt-
ing out effect in the salt-rich (bottom) phase. The researchers
described that [12] with an increased salt concentration in the
salt-rich (bottom) phase, the solubility of biomolecules decreas-
es, which results in increased partitioning of biomolecules to
the top phase and is inferred as a “salting out effect.” In this
study, the solubility limit was detected at 15% potassium phos-
phate; thus, maximum C-PC recovery (51.35%) with a purify
(1.38) was observed at 15% (w%w) potassium phosphate and
PEG3000 system.

Another critical parameter for partitioning of biomolecules
in ATPS is the pH of the system due to it can change the net
charge of protein or any of other charged molecules in the sys-
tem [12]. The pH affects the target protein through electrostatic
interactions and the charges of contaminant proteins, which
may alter the electrical potential governing the partitioning
process [12,19]. The results suggested that the partitioning of
C-PC into the top phase was more efficient when the pH was
adjusted to 7.0.

Temperature effect on the phase content is confused be-
cause of the fact that the electrostatic interactions and the
hydrophobic inter- actions are all affected by the temperature.
Increasing or decreasing effects of temperature on partition
coefficient, and, no temperature effect on partition of biomol-
ecules in ATPS systems were reported [42]. This might be due
to there was change to phase composition in the PEG3000/ KH-
,PO,/K,HPO, (14-15% (w/w)) at pH 7 system when temperature
was changed. Therefore, 30 °C was selected for further studies
(Figure 5B).

While neutral salts can enhance biomolecular partitioning
performance in ATPS [19], our study observed a decrease in re-
covery with increasing neutral salts concentrations, which could
be attributed to the reduced partitioning of C-PC into the top
phase due to higher concentrations of neutral salts [26].

Antioxidant Activity and Photostability of C-PC

The antioxidant activity of C-PC is related about its amino
acid residues like Glu, Asp, Ala, Leu, Arg, lle, Ser and Gly. Antioxi-
dant activity of C-PC is conducted by both through scavenging
the already produced ROS via redox reaction and by reducing
the oxidized metal ions, which can promote ROS production
[38].

Results of different in vitro antioxidant analysis are reported
in literature [8,37,41]. The total antioxidant activity of the C-PC
was predicted as spectrometrically at OD695 by phosphomo-
lybdenum assay method. The assay is established on the reduc-
tion of molybdenum (VI) to molybdenum (V) by the antioxidant
which causes to change of green phosphate molybdenum (V)
complex at acidic pH [38]. Moreover, the antioxidant activity of
C-PC was also checked by measuring its ability to reduce the
ferric ion (to ferrous ion) [44]. Antioxidant activities of phyco-
cyanin were assessed using various assays, including the phos-
phomolybdenum method, ferric reducing activity, and H,0,
scavenging activity. Our findings indicate that the phycocyanin
pigment isolated from Spirulina platensis could serve as a prom-
ising antioxidant agent and a potential biomolecule to mitigate
oxidative stress-related issues.

Notably, m-C-PC exhibited an improved photostability up to
1.064-fold after 540 minutes of yellow light exposure compared
to C-PC. Further investigations are required to comprehend the
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enhanced stability of m-C-PC at the molecular level under yel-
low light. In contrast to yellow light irradiation, the absorption
spectra of m-C-PC decreased more significantly than those of
unmodified C-PC under white light exposure. This outcome sug-
gests that m-C-PC failed to enhance the stability of PC under
white light exposure, indicating greater susceptibility to white
light irradiation. The results highlight the nuanced photostabil-
ity of C-PC and m-C-PC under different light conditions. While
m-C-PC demonstrates improved stability against yellow light,
its susceptibility to white light and UV-B light raises questions
about the generalizability of its enhanced stability. Further in-
vestigations are warranted to understand the molecular mecha-
nisms behind these observations and to explore potential ap-
plications and limitations of m-C-PC in diverse environmental
conditions. Additionally, the study emphasizes the importance
of considering specific light conditions when assessing the pho-
tostability of modified pigments.

Conclusion

In this study, the focus was on the purification and recovery
of C-PC from Spirulina plantesis using an Aqueous Two-Phase
System (ATPS). The impact of various experimental parameters
on C-PC extraction was systematically analyzed.

The application of this simple and cost-effective technique
resulted in a successful protein purification, achieving a 51.30%
recovery and a 1.38-fold purification from S. plantesis. The
partitioning behavior of C-PC in the PEG3000/KH,PO,/K,HPO,
(14-15% (w/w)) ATPS system at pH 7 revealed that the protein
could be efficiently extracted into the top phase. Key factors
such as PEG molecular weight, salt type, and concentration
were identified as significant influencers on the partitioning
of C-PC. Notably, ATPS emerged as a low-cost, straightforward,
safe, and highly efficient method for protein purification when
compared to conventional techniques. Additionally, the study
aimed to characterize the C-PC partitioned by the PEG3000/
KH,PO,/K,HPO, ATPS. The optimized process holds promise for
encouraging the utilization of C-PC in both pure science and ap-
plied research, facilitating a better understanding of partition-
ing processes in algae.

Antioxidant activities of the phycocyanin were assessed us-
ing various assays, including the phosphomolybdenum method,
ferric reducing activity, and H,O, scavenging activity. The total
antioxidant capacity, determined by the phosphomolybdenum
method, exhibited a maximum absorbance of 0.55 at 200 ug/
mL. Furthermore, the hydrogen peroxide scavenging activity
demonstrated a maximum scavenging activity of 93.67% at a
phycocyanin concentration of 200 ug/mL. In conclusion, the
study not only showcased the efficiency of ATPS in purifying
C-PC but also shed light on the promising antioxidant potential
of the isolated phycocyanin from Spirulina plantesis. The inves-
tigation into the photostability of modified phycocyanin (m-C-
PC) highlighted improvements under yellow light exposure but
revealed susceptibility to white light. Future research endeav-
ors should focus on elucidating the molecular mechanisms be-
hind these observations, thereby paving the way for broader
applications and addressing potential limitations in various en-
vironmental conditions. The tailored consideration of specific
light conditions in assessing photostability remains crucial for
the practical utility of modified pigments in both industrial and
environmental contexts.
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