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Abstract

C-phycocyanin is a high market value compound derived from cyanobacterium Spirulina platensis and has a wide range
of applications in pharmaceutical and food industries as a useful biochemically active compound. In this study, essentially
an aqueous two-phase system (ATPS) is presented for purification of C-phycocyanin. The phase behavior of ATPSs that
include Pluronic copolymers and salts was evaluated systematically. After that, the effects of different parameters such as
salt type, copolymer structure, pH of solution, tie line length (TLL), system’s temperature, and volume ratio for purifica-
tion of C-phycocyanin were investigated. The results revealed that Pluronic 10R5/potassium phosphate buffer system is the
most appropriate system for promoting the C-phycocyanin separation from other contaminants. Besides, the purity index
of C-phycocyanin was enhanced by up to 3.92 at TLL of 46.31%, pH =6, volume ratio of 0.34, and temperature of 35 °C
without any loss of stability. At these conditions, the obtained C-phycocyanin recovery was 90%. After that, the purity fac-
tor reached to 5.9 by applying the ultrafiltration method. In addition, the results of circular dichroism (CD) spectroscopy
proved that the C-phycocyanin structure remained intact during the purification step. Finally, 78% of 10R5 copolymer was

recovered by increasing the temperature above 57 °C (micelle formation (which can be used in new ATPS.
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Introduction

Spirulina as a filamentous cyanobacterium is one of the ear-
liest known life forms that date back billions of years. Spir-
ulina belongs to a group of photosynthetic bacteria called
cyanobacteria or green—blue algae (Huisman et al., 2018).
These algae have always attracted the interest of research
community due to their high nutritional value and their appli-
cations as antioxidant, antimicrobial, bioactive substances’
production, protein enrichment, and optimal color changing
of various foods in the food industry (Bhat & Madyastha,
2001; Patel et al., 2018). One of the components attached
to cyanobacterial membranes is phycobiliprotein, which is

<1 Gholamreza Pazuki
ghpazuki@aut.ac.ir

Department of Chemical Engineering, Amirkabir University
of Technology (Tehran Polytechnic), Tehran, Iran

Mechanical Engineering Department, KU Leuven,
3000 Louvain, Belgium

@ Springer

found in water-soluble form. Phycobiliproteins possess a
consistent 40 to 60% of the total soluble protein in these
cells (Khan et al., 2005; Kulshreshtha et al., 2008). They
are composed of a valuable protein called C-phycocyanin
which plays an important role in photo-systems (Begum
et al., 2016). One of the functions of phycobiliproteins is
their efficient energy transfer capability due to their unique
macromolecular geometric structure. C-phycocyanin is a
natural blue pigment that belongs to the phycobiliprotein
family with Spirulina platensis being the main source of
this protein. Due to the harmful effects of synthetic food
colorants, natural pigments are significantly demanded by
customers (Nowruzi et al., 2022). In addition to its wide
application in the food and cosmetics industries as a natural
nutrient and natural dye, C-phycocyanin is also implemented
in the prevention of cancer and kidney diseases, and control
of cardiovascular disease and diabetes, as well as strengthen-
ing the immune system and anti-tumor agents (Liao et al.,
2016; Saini & Sanyal, 2015).

Many approaches have been proposed to purify C-
phycocyanin, including membrane separation (de Amarante
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et al., 2020) and ion exchange chromatography (Chen et al.,
2019). However, other techniques such as precipitation,
microwave, and ultrasound-assisted isolation (Taragjini et al.,
2022) have also been applied for this application. Some of
these methods are costly and time-consuming due to their
high required number of steps (Chandler, 2021). However,
despite the relatively high purity obtained through most of
these methods, the yield of C-phycocyanin is low. Lauceri
et al. applied the ultrasound-assisted cell lysis process to
obtain blue phycocyanin from biomass of Spirulina platensis
(Lauceri et al., 2023). It represented an efficient process for
production of this protein, but C-phycocyanin obtained had
a moderate purity index (within 2.5 and 3.5) and low yield
(28%). In another report, it has been shown that microwave
and ultrasound technologies are often applied in the extrac-
tion process and do not have a noticeable ability in purifica-
tion (Prandi et al., 2022). Therefore, it is necessary to apply
an efficient and cost-effective method by scaling-up biosepa-
ration while maintaining the high purification performance
and high product yield. In recent years, aqueous two-phase
systems (ATPSs) have emerged as an alternative method in
isolation of biomolecules due to their simplicity, environ-
mental compatibility, easier scale-up, and small processing
time. It is noteworthy that ATPS reduces the subsequent
downstream processing volume in complete phycocyanin
separation and purification (Mittal et al., 2019; Phong et al.,
2018). ATPS is a liquid-liquid extraction method that does
not use organic solvents. A high percentage of this system is
water and consists of two heterogeneous phases with partially
immiscible components. As a result, it can be more useful
for separation of proteins. The aqueous mixtures split into
two phases above certain concentrations of components. The
basis of extraction in these systems is the uneven distribution
of biomolecules between two phases due to the difference
in physicochemical properties of the phases (Darani et al.,
2021). The effective parameters on phase behavior and par-
titioning of the biomolecules in the ATPS are the interaction
between the phase components and biomolecule, phase form-
ing properties, temperature, pH, and so on.

Common types of aqueous two-phase systems such as pol-
ymer—polymer, polymer-salt, and ionic liquid-salt systems
have previously been applied for separation of a wide range
of biomolecules (Ferreira et al., 2018; Nandini & Rastogi,
2011; Pei et al., 2012; Wang et al., 2022). Nascimento and
coworkers (2020) have investigated the ATPS based on
polymer (PEG)-salt to purify the C-phycocyanin with a low
purity index of 1.88 and extraction efficiency of 80%. In this
way, polymer-based systems showed poor performance in
protein separation due to high viscosity and less hydropho-
bicity difference between the two formed phases. Another
disadvantage was that the used polymers (PEG and PPG)
were not recoverable, so the cost of separation increased.
Moreover, in some articles, in order to achieve high purity

index of the biomolecules, multiple steps of PEG/salt ATPS
extraction were needed, which led to high polymer consump-
tion. Thus, the large-scale purification process may not be
economical for these systems. For example, the purification
of C-phycocyanin (Patil & Raghavarao, 2007) and lipase
(Nandini & Rastogi, 2011) was carried out using multiple
steps of PEG/salt ATPS extraction to achieve high purity.
However, a study on the purification of C-phycocyanin
using imidazolium ionic liquid—based ATPS has been
reported by Chang et al. (2018). The extraction efficiency
and the partition coefficient of C-phycocyanin were 99%
and 36.6, respectively, at pH ="7. Despite the high extrac-
tion efficiency, these imidazolium ionic liquids are toxic
and expensive and have negative effects on the environ-
ment. Therefore, in this study, PEG-PPG block copolymers
as environmentally friendly are utilized to overcome these
impediments. These Pluronic copolymers are biocompat-
ible, relatively cheap, and excellent co-solvents with low
volatility and are used in various applications in medicine as
pharmaceutical ingredients and drug delivery carriers (Pitto-
Barry & Barry, 2014). One of the basic features of these
copolymers is the ability to adjust their hydrophobicity,
which is due to the presence of hydrophilic and hydrophobic
regions and depends on weight ratio of %, structure, and
molecular weight of copolymer (Ahsaie et al., 2021; Bakshi
et al., 2004). Haraguchi et al. (2004) studied the effect of
copolymer hydrophobicity on phase equilibrium behavior of
insulin in an ATPS based on block copolymer. They found
that copolymer’s hydrophobicity would magnify the biphasic
region and had higher efficacy on partitioning of insulin.
Therefore, applying the block copolymers as phase forming
agents of an ATPS causes excess partitioning and enhances
extraction efficiency (de Oliveira et al., 2007; Shiran et al.,
2020). Vicente et al. (2019) indicated that an ATPS based
on block copolymer was the most effective downstream
process to isolate different proteins. Moreover, Pluronic
copolymers present self-association to micellar formation
at the cloud point temperature of ATPS, i.e., the temperature
at which the separation of the two phases (copolymer-rich
phase and water phase) occurs (Hou & Cao, 2014). Thus, the
temperature-induced phase separation has great potential for
the recovery of Pluronic copolymers. Hence, it is clear that
the reuse of the copolymers in new ATPS can significantly
reduce the cost of purification.

The main purpose of this work is to establish the ATPS
based on Pluronic copolymers for the extraction and puri-
fication of C-phycocyanin from Spirulina platensis which
has been investigated for the first time. Therefore, the par-
tition coefficient, recovery, and purity of this protein were
determined. Two different Pluronic copolymers (normal and
reverse) were selected to study the effect of copolymer’s
structure on ATPS for C-phycocyanin purification. The
phase behaviors of six different salts and a buffer with these
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copolymers were studied to develop more efficient partition-
ing of C-phycocyanin. The effects of different parameters such
as, pH value, tie line length, phase volume ratio, temperature,
and salt type on purification of C-phycocyanin were studied.
Finally, isolation of phase components was investigated.

Materials and Methods
Materials

Pluronic L35 copolymer of M,,=1900 g mol~! and Pluronic
10RS of M,,=2000 g mol~! were purchased from Sigma-
Aldrich (99 wt% of purity). Number of ethylene glycol (EG)
monomers and propylene glycol (PG) monomers, molecu-
lar weight (MW), percentage of EG monomer, cloud point
temperature (7,), density, and viscosity of copolymers are
presented in Table 1. Ammonium sulfate, sodium sulfate,
magnesium sulfate, sodium citrate, potassium citrate, potas-
sium phosphate, and potassium carbonate were analytical
grade with 99% purity and supplied from Merck. Fresh bio-
mass of Spirulina platensis was obtained from Ariyangostar
(Iran). Samples were prepared in double distilled water with
conductivity of 0.08 ﬁ

Methods
Solid-Liquid Extraction (SLE)

One of the factors influencing a successful extraction of
C-phycocyanin from Spirulina platensis biomass is the acqui-
sition of molecules placed behind cell walls (connected via
disulfide bridge to polysaccharides) (Favas, 2021). An extrac-
tion agent was applied to break the cells. The solvent used in
this extraction was sodium phosphate buffer aqueous solution
at 20 mM. In accordance with the method applied by Sintra
et al. (2021), fresh biomass and sodium phosphate buffer were
mixed with a solid-liquid ratio of 0.1 (1 g of fresh biomass
is added to 10 mL of buffer). Then, the mixture was placed
in a thermo-mixer set at 25 °C and operated at 1500 rpm
for 45 min. The mixture was not exposed to light during all
stages of extraction. At the end, the samples were centrifuged
at 12,000 rpm for 10 min to remove the cell debris and collect
the crude extract containing mostly the C-phycocyanin. This
solution was kept at 4 °C for subsequent experiments.

Phase Diagrams and Tie Lines

The cloud point titration procedure was applied to obtain the
binodal curve for ATPS based on copolymer-salt at 25 °C
(Baghbanbashi et al., 2022). In order to indicate the pH
effect on the binodal curve, the phase diagrams of ATPS
containing potassium buffer at different pH values (6.5, 7.2,
8.0) were developed. This method consisted of two basic
parts to determine the binodal curve. First, a copolymer
solution with a known mass fraction was provided gravi-
metrically (as a stock solution) and then, a salt solution of
known mass fraction was added to the base solution drop-
wise until a cloudy mixture was detected. The composition
of this solution was calculated. In the second part, distilled
water was added to the base solution to return its opaque
color to that of a clear monophasic system and this method-
ology was repeated. Note that each point of binodal curve
was determined by weight quantification. The experimental
binodal curves were fitted by the following three-parameter
equation (Eq. (1)) proposed by Merchuk et al. (1998):

[copolymer| = A x exp[(B x [salt]’”) — (C x [salt]’)] (1)

A, B, and C are adjustable parameters determined by least
squares regression of experimental data. The compositions
of top and bottom phases and tie lines were determined
by the lever-arm rule and using gravimetric method (Eqs.
(2)—-(5)) (Merchuk et al., 1998):

[copolymer]Top =AX exp[(B X [salt]%fp) - <C X [salt]%op)}

@)

[copolymer] Bot = A X exp[(B X [salt]%st) - (C X [salt]ém)]
3)

1 -

[copolymer]Top = [copo Zmer]F _1-ea [copolymer] Bot

“
1 -
[salt]gy, = [Saat]‘” - =y, )

The subtitles F, Top, and Bot indicate the feed, top, and bot-
tom phases, respectively. Parameter « indicates the mass ratio
of top phase to feed. Tie line length (TLL) and its slope (STL)
are defined by Eqs. (6) and (7) (Jamshidi & Pazuki, 2018):

Table 1 Molecular weight (M,,), percentage of PEG (PEG%), cloud point temperature (7,,), number of PEG and PPG monomers, density, and viscosity

Pluronic My, PEG % TCp °C) (-EG,-) (-PG,-) Density (g/cm3) Viscosity (cP)
L35 1900 50 73 11 16 1.06 375
10R5 2000 50 69 22 8 1.058 480
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TLL = 4/ ([salt]y,, — [salt] ])2 + ([co ol mer] - [co ol mer] ])2 (6) Ktotal Protein
- S Top = L9 Bot poly Top POty Bot SFlotal protein — K— (14)
C—Phycocyanin
[copolymer| . — [copolymer], %
L= op ot ) SF _ chlorophyll (15)
— hlorophyll — 22
[Salt]Top [Salt]Bot crororty KC—Phycocyanin
ege . _ . A
Partitioning of C-Phycocyanin Purity index = A620 (16)
280

The ATPSs consisting of copolymer, salt, and water were
prepared gravimetrically (the characteristics of scale made in
Japan are + 10~ g, AND, model HR200). One gram of crude
extract containing C-phycocyanin was added to 9 g of each
mixture point (10 wt%). In order to complete the phase sepa-
ration and achieve thermodynamic equilibrium, the mixture
was stirred vigorously, centrifuged (at 2700 rpm for 15 min)
and incubated for 24 h at 25 °C. Note that an ATPS without
crude extract was used as a blank solution to eliminate the
component interference. After that, the copolymer-rich (top
phase) and salt-rich (bottom phase) phases were carefully
separated and the mass and the volume of each phase were
measured. C-phycocyanin and total protein in each phase were
determined by a UV-Vis spectrophotometer (double beam
spectrometer, Shimadzu, model UV-200S Japan) at 615 nm,
652 nm, and 280 nm, respectively. The concentration of
C-phycocyanin (CPC) was determined according to the fol-
lowing equation (Moraes et al., 2010):

[OD]4,5 — 0.474[0D],s,
534

mg
CPC(—) = ®)
ml
where ODg;s, and ODy, 5 represent the absorbance at 652 nm
and 615 nm, respectively.

Then, partition coefficient (K), recovery of top and bot-
tom phases (R), selectivity factor (SF), and purity index of
C-phycocyanin were determined by applying Eqs. (9)—(16)
(Rito-Palomares & Benavides, 2017):

[CPC] TP

= [CPC]Bottom (9)

P

[total protein] P

Kiotal protein = (10)
S PIEN Ttotal protein]BOtom

[chlorophyll]™P
Kchlorophyll = [CthI‘OphyH] Bottom (1 1)
Ry = ——" 12
TP ™ KoV +1 (12)
1
RBottom = (13)

KpVg+ 1

Statistical Analysis

It should be noted that three replicates were carried out for
each experiment. The presented results were the average of
obtained partition coefficient, purity index, selectivity fac-
tor, and recovery with the respective standard deviations.
Significant differences between the results were treated by
applying Statistical Product and Service Solutions (SPSS)
19.0 software. The p values less than 0.05 were considered
statistically significant. The resulting errors were indicated
in the relevant figures using error bars that represented the
standard deviation of the experiments.

Circular Dichroic Spectra

To study the structure of C-phycocyanin after purifica-
tion, the spectroscopy of circular dichroism (CD) was used.
First, the sample containing the appropriate concentration of
C-phycocyanin was selected according to the optimal feed
(bottom phase) criteria and then, this solution was passed
through Amicon ultrafiltration. The solution was then cen-
trifuged at 4000 rpm for 30 min. The CD spectrum was
recorded on a Jasco J-810 spectropolarimeter. Amicon ultra
device employs the Ultracel regenerated cellulose ultrafiltra-
tion membrane with a wide range of molecular weight cut-
offs to concentrate or purify proteins. The membranes are
designed to provide high recovery performance and reliable
results for various biological solutions.

Results and Discussion
Determination of Phase Diagrams and Tie Lines

In this research, ATPSs based on thermo-separating triblock
copolymers have been used in order to create an adjustable
and efficient process. For this purpose, the effects of differ-
ent organic/inorganic salts as well as copolymer’s structure
impact on biphasic region were investigated. All binodal
curves of ATPSs composed of Pluronic L35 and Pluronic
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10RS copolymers with six salts and a buffer at pH=6.5, 7.2,
and 8.0 are shown in Figs. 1, 2, 3, 4, and 5. These diagrams
were obtained at a temperature of 25 °C and atmospheric
pressure. The experimental binodal data and the constant
Merchuk parameters (A, B, and C) are reported in Tables S1
through S19 (Supplementary Information). The tendency
and ability of different salts on formation of two phases
were investigated. Salting-out ability affects the extent of the
biphasic region. Higher salting-out strength leads to larger
two-phase region. As depicted in Figs. 1 and 2, the salts’ abil-
ity in promoting two-phase formation at 8 wt% of salt fol-
lows the order Na,SO, > K,HPO,/KH,PO, (pH=7.2) >
(NH,),S0,>K,CO; > Na;CHs O, > K;CcH;0, > MgSO,
for both ATPSs based on Pluronic L35 and 10RS5. A simi-
lar trend has been reported for these salts in several papers
(Silvério et al., 2013; Wang et al., 2010).

Generally, the salting-out effect of ions follows the
Hofmeister series and the free energy of ion hydration
(AGyyq)- Increasing the valence of the ions (more nega-
tive AGyy4) leads to an increase in their salting-out effect.
The reported AGy,4 values of the magnesium, ammonium,
and sodium cations in literatures are — 1850—1 - 285—
and — 365—1 respectively (Pimentel et al., 2017; Wang et al
2016). It was expected that magnesium sulfate would show
more salting-out effect than sodium sulfate and ammonium
sulfate salts (including similar SOi_ anion), but the results
illustrate an inverse trend (Ahsaie & Pazuki, 2021; Da Silva
et al., 2006; Khayati & Alizadeh, 2013; Zhao et al., 2011).
The multi-valence cations (Mg2+) show more interactions
with ethylene oxide monomer in Pluronic L35/10R5, which
lead to a salting-in phenomenon (Shiran et al., 2020; Zhao
et al., 2011). Figure 3 shows the effect of the structure of
Pluronic 10R5 and Pluronic L35 copolymers on the binodal
curves in the presence of potassium phosphate buffer and
sodium sulfate salt. As can be seen, the larger biphasic
area of Pluronic 10RS indicates its capability to form two
phases when compared to L35 copolymer. This could be
due to structural differences between the two copolymers.
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Fig. 1 Binodal curves obtained for the ATPSs based on Pluronic 10R5
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The results also reveal that the reverse copolymer (Pluronic
10R5) has higher hydrophobicity than normal copolymer
(Pluronic L35). Similar results were also reported by Ahsaie
and Pazuki (2021). They explained that normal copolymer
is more hydrophilic due to the two PEG units in its structure
compared to the two PPG units of the reverse copolymer,
resulting in a lower ability to form two phases. The variation
between the compositions of both phases is described by
TLL and it is commonly applied to fit trends in the partition
of the biomolecule between two phases. The concentrations
(wt%) of each component in the top and bottom phases and
both TLLs and STLs are reported in Tables S20 and S21. In
the following, the phase behaviors of ATPSs composed of
potassium phosphate buffer in ATPS based on Pluronic L35
and Pluronic 10R5 at different pH values are presented in
Figs. 4 and 5. Since the stability of C-phycocyanin depends
on the pH value and it is more stable at pH values between
5 and 8, the salting-out effect was evaluated based on this
pH range (Patil & Raghavarao, 2007). Note that pH can be
altered by changing the ratios of K,HPO, and KH,PO, in
potassium phosphate buffer (Peng et al., 1994). Generally,
the results demonstrated that as the conditions change from
acidic to alkaline, the binodal shifts to lower concentrations
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Fig.3 Effect of copolymer structure on binodal curves
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Fig.4 Binodal curves obtained 50
for the ATPS based on Pluronic
10RS5 + potassium phosphate
buffer at pH=6.5, 7.2, and 8
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of copolymer and salt and the two-phase region becomes
larger which is mainly explained by the strength of salting-
out of salt and the ion capacity in that pH. In other words,
ions with higher valence (HPOi_ > H,PO, ) have more salt-
ing-out capability to form the two-phase system and a wider
two-phase region is obtained at higher pH.

Partitioning and Purification of C-Phycocyanin

Effect of Salt Type and Copolymer Structure

After binodal curves and tie lines were specified for each
system, the effects of salt type and structure of copolymer on

the bioseparation of C-phycocyanin from contaminants were
studied. The mixture points of 8 wt% of salt and 20 wt% of

Buffer (wt%)

copolymers were considered to represent the type of ATPS.
After that, crude extract (including mainly C-phycocyanin,
chlorophylls, and other proteins) was added to copolymer/
salt-based ATPSs to purify C-phycocyanin as a target pro-
tein. Note that the initial purity index of C-phycocyanin in
crude extract was 0.53. The obtained partition coefficient
results for C-phycocyanin, chlorophyll and total proteins,
purity index of C-phycocyanin at bottom phase, and selec-
tivity factor are presented in Table 2 (p <0.05). It can be
seen that the partition coefficient of C-phycocyanin is less
than 1, indicating high tendency of C-phycocyanin to the
salt-rich phase in all studied systems. C-phycocyanin is a
hydrophilic molecule, which justifies the highest affinity of
this protein to the most hydrophilic (salt-rich phase) phase.
Among the studied salts that include magnesium sulfate,

Fig.5 Binodal curves obtained 60
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Table 2 Partition coefficients (K), selectivity factor (SF), and purity index of C-phycocyanin at the bottom phase with the respective standard

deviations (o) in copolymer + salt + water ATPSs

Copolymer Salts K+o SF o Purity o, cpc 0
C-phycocyanin Total protein Chlorophyll Total protein/CPC Chlorophyll/CPC

Pluronic L35 MgSO, 0.42+0.03 032+£0.01 0.80+0.03 1.45+0.02 3.64+0.03 1.30+£0.04
K,CO, 0.49+0.02 0.33+£0.02  0.65+£0.01 1.14+0.03 2.24+0.05 0.26£0.01
Na;C¢Hs0, 0.67+0.04 0.75+£0.03  0.82+0.04 1.60+0.03 1.74+0.01 1.12+0.03
K;C¢H;50, 0.49+0.01 0.42+0.01 1.90+0.05 1.45+0.03 6.55+0.01 1.81+0.05
Na,SO, 0.91+0.01 0.75+£0.02 0.99+0.05 0.94+0.01 1.24+0.03 1.45+0.02
K,HPO,/KH,PO, 0.62+0.03 0.88+0.02 220+0.03 2.10+0.02 5.24+0.03 2.21+0.05
(NH,),S0, 0.68+0.05 0.40+0.03 1.09+0.02 0.83+0.04 2.27+0.02 1.10+0.04

Pluronic 10R5 MgSO, 0.48+0.01 041+0.04 1.01+0.04 146+0 3.61+0.03 1.37+0.05
K,CO, 0.64+0.02 0.33+0.05 0.24+0.03 0.75+0.03 0.55+0.02 0.19+0.05
Na;CcH;0, 0.71+0.02 0.77+0.05  0.88+0.05 1.54+0.03 1.76 +£0.04 1.02+0.03
K;C¢H;0, 0.53+0.05 0.39+0.02 1.80+0.04 1.18+0.03 5.45+0.01 2.02+0.06
Na,SO, 0.95+0.03 0.81+0.01 1.51+0.04 0.85+0.01 1.58+0.02 1.66+0.03
K,HPO,/KH,PO, 0.53+0.02 0.86+0.03 2.70+0.01 2.97+0.04 9.31+0.01 2.68+0.02
(NH,),SO, 0.58+0.01 0.38+0.01 0.90+0 1.00+0.05 2.37+0.03 0.94+0.03

sodium sulfate, ammonium sulfate, potassium phosphate,
sodium citrate, potassium citrate, and potassium carbonate,
the highest selectivity and purification is obtained by the
ATPS composed of potassium phosphate buffer, in which
C-phycocyanin is more compatible and stable (stability pH
is between 5 and 8) (Patil & Raghavarao, 2007). The struc-
ture of C-phycocyanin was decomposed in alkaline condi-
tions and as a result, its concentration and its blue color
decreased, which is clearly apparent in biphasic systems that
include sodium citrate and potassium carbonate salts. Fluo-
rescence disappearance was also observed in PEG-sodium
citrate ATPS (Patil & Raghavarao, 2007). It should be men-
tioned that C-phycocyanin precipitated at the interphase
in the sodium, ammonium, and magnesium sulfate-ATPSs
leading to reduced C-phycocyanin’s purity in the bottom
phase. Patil et al. reported that C-phycocyanin precipitated
at interphase in most of PEG-sulfate ATPSs. They have
studied the effect of pH on precipitation of C-phycocyanin,
and reported that precipitation occurred at pH=>5 which
can be related to the changes in water properties (Patil &
Raghavarao, 2007). The pH values of all studied systems
are reported in Table 3. According to the reported results

in Tables 2 and 3 considering the highest purity index of
C-phycocyanin, potassium phosphate buffer was selected
for the further studies. As can be seen in Table 2, the purity
index was at the minimum value (0.19) at extreme basic
values (pH=11.6) for Pluronic 10R5-K,CO; ATPS. Also, in
acidic values (pH =5 or lower), C-phycocyanin precipitated
at the intermediate phase and the purity index decreased.
Lauceril and coworkers reported that the use of CaCl, solu-
tion in ultrasound-assisted extraction can hardly reach the
purity index of C-phycocyanin to 2 (Lauceri et al., 2023),
while this study shows that the purity index of this protein
by potassium phosphate buffer in respect to other solutions
was undoubtedly higher than 2.

In this study, Pluronic L35 and Pluronic 10RS5 were
applied as normal and reverse copolymers, respectively, to
investigate the influence of copolymer structure on C-
phycocyanin purification. The % ratio and molecular
weights of these copolymers are almost the same. The only
difference between these two copolymers is their hydrophilic-
lipophilic balance (HLB) and relative solubility number
(RSN) values, which depend on copolymer’s structure as well

as the molecular weight and % ratio. The higher these

Table 3 pH values and
C-phycocyanin visual

observation in the copolymer/
salt ATPS

Salt in ATPS Average obtained pH Visual observation of C-phycocyanin
Sodium sulfate 5.1+£0.2 Precipitation to intermediate phase
Magnesium sulfate 45+0.2 Precipitation to intermediate phase
Ammonium sulfate 4.8+0.2 Precipitation to intermediate phase
Sodium citrate 8.2+0.2 Lightening of its blue color

Potassium citrate 7.2+0.2 Proper condition

Potassium phosphate 6.5+0.2 Proper condition

Potassium carbonate 11.6+0.2 Disappearance of its blue color
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values follow, the greater the hydrophilicity of the copolymer
(Table S22). Wu et al. studied the effect of copolymer struc-
ture on hydrophilic-lipophilic balance (HLB) and relative
solubility number (RSN). They showed that normal Pluronics
have higher HLB and RSN than corresponding reverse copol-
ymers (Wu et al., 2005). They also reported that for small
copolymers with molecular weight less than 30008/ ., the
difference between normal and reverse Pluronics is not sig-
nificant. Therefore, there is a slight difference between Plu-
ronic L35- and Pluronic 10R5-based ATPSs because of their
structures. According to the reported results, the largest

Selectivity ( Kioaiprotein and KChlorphyl

C—Phycocyanin

) and purity were
KC—Phycocyanin

observed in the aqueous two-phase system that include Plu-
ronic 10R5-potassium phosphate buffer. This ATPS can be
used to create an extremely effective purification system in
which C-phycocyanin is concentrated in one phase with the

Fig.6 Effect of pH in A recovery 90%

purity index of 2.68. Similar to our work, the effect of copol-
ymer structure (normal and reverse) on partitioning of other
hydrophilic and hydrophobic proteins (cytochrome c (cyt)
and azocasein (azo)) was investigated by Vicente et al.
(2019). Cytochrome c as a hydrophilic protein was parti-
tioned into the salt-rich phase (95% recovery), while azoca-
sein was completely recovered in the copolymer-rich phase
in the ATPS based on Pluronic 10R5-potassium phosphate
buffer. In this ATPS, the selectivity (S,,/c,) Was 1428. The
high hydrophobic property of Pluronic 10R5 pushed more
cytochrome c to the salt-rich phase (more hydrophilic phase).

Effect of pH

In order to better understand the impact of system pH on
partition coefficient of biomolecules, it is necessary to

of top and bottom phases and B

Q
=
.

A
bottom purity index of C-phy- 80% -
cocyanin for the ATPS based on
Pluronic 10R5-potassium phos- 7
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Table 4 Partition coefficient and purity of C-phycocyanin and con-
taminants with the respective standard deviations () in ATPS based
on Pluronic 10R5-potassium phosphate at different pH

PH K cphycocyanin -~ K total protein £ K chiorophynn £0 Bottom purity
+0 +0
5 0.8+0.01 1.04+0.01 2.81+0.05 0.91+0.04
6 0.25+0.02 0.94+0.01 2.81+0.05 3.14+0.02
6.5 0.53+0.02 0.86+0.03 2.70+0.01 2.68+0.02
7.2 0.78+0.03 0.68+0 2.58+0.02 2.00+0.03
7.6 0.99+0.03 0.49+0.01 1.95+0.02 1.70+0.04
8 1.09+0.02 0.38+0.05 1.89+0.03 1.39+0.05

consider the nature of charged amino acid residues on the
biomolecules surface. The net charge (positive, negative, or
neutral) of the surface-exposed amino acid residues deter-
mines the protein surface properties and, more importantly,
can be altered by changing the pH system.

In this study, the effect of pH as an effective parameter in
protein purification and recovery was investigated and the
results are shown in Fig. 6. Since C-phycocyanin is stable in
pH range 5 to 8, the effect of pH was investigated in this range.
System pH was adjusted by changing the potassium phosphate
ratio (Table S23). The pH value can affect protein partition-
ing by changing the solute charge or the proportion of charged
species. At pH values lower than iso-electric point (PI), the
protein has a positive charge because the amine groups acquire
an extra proton, while pH ~ PI, a net negative charge protein
is created because the proton of carboxyl is released. The iso-
electric point for C-phycocyanin is 5.8 (Narayan & Raghavarao,
2007), so at pH> 5.8, C-phycocyanin is directed to positively
charged copolymer-rich phase due to the electrostatic force.

According to the obtained partition coefficients in
Table 4, it can be concluded that with an increase in pH
(6 to 8), C-phycocyanin shows more tendency towards the
top phase (increasing the k value) while the contaminants
partition in favor of the bottom phase (decreasing the k
value). The purity index and recovery of C-phycocyanin in
the bottom phase decrease by increasing the pH value due
to favorable charge-charge interaction between PEG block
in copolymer and C-phycocyanin (Fig. 6). Several authors
have also observed that negatively and positively charged
biomolecules tend to concentrate in polymer- and salt-rich

phases, respectively (Chew et al., 2019; Chow et al., 2015).
As shown in Fig. 6B, since C-phycocyanin was precipitated
at interphase at pH=15, the bottom purity index was reduced
to a minimum value)0.91(. It should be noted that the highest
recovery and purity index of C-phycocyanin in the bottom
phase were 81% and 3.14 at pH =6, respectively. The values
obtained were statistically significant (p < 0.05). Therefore,
the credibility of the results was acceptable.

Effect of Tie Line Length (TLL)

In this study, the effect of TLL on the purity index of C-
phycocyanin in Pluronic 10R5/potassium phosphate ATPS
was investigated by considering the highest purity index at
pH =6. Partition coefficients of total proteins, chlorophyll,
and C-phycocyanin, volume ratio, purity index, and recovery
of C-phycocyanin in top and bottom phases are reported
in Table 5 and Fig. 7. An increase in TLL from 21.53 to
57.19% w/w (further from critical point) causes an incre-
mental difference of physio-chemical properties (hydro-
phobicity and free volume) between top and bottom phases
leading to migration of C-phycocyanin and other proteins to
the top phase (except from TLL 46.31 to 57.19) (Enriquez-
Ochoa et al., 2020; Rito-Palomares & Hernandez, 1998).
This observation can be justified by the reduction of water
content, hydrophilicity, and free volume in the bottom phase
(Rito-Palomares & Hernandez, 1998). It should be men-
tioned that the purity index in the bottom phase increases
since migration of contaminants to the top phase is higher
than that of C-phycocyanin. Chethana et al. (2015) observed
a similar behavior for the purification of C-phycocyanin in
PEG-potassium phosphate ATPS. In this system, with an
increase in TLL, C-phycocyanin showed a high tendency
to migrate to the top phase along with the contaminants.
Therefore, the increasing amount of contaminants due to
increasing of TLL is supposed to reduce the purity index
of C-phycocyanin in the top phase. However, the maximum
purity of obtained C-phycocyanin was 3.5.

Based on the results, the greatest purification of the C-
phycocyanin was obtained at TLL 46.31% w/w, with the
purity of 3.79 in the bottom phase. It was observed that
increasing TLL to 46.31% in the ATPS based on Pluronic

Table 5 Purity index and

. TLL (%) K c_phveoevanin K chior K oein BOttom purity +¢  Volume  Bottom Top recovery
recovery of ~C-Phycqcyanln C-phycocya hlorophyll 7% total prot ratio recovery  +6 (%)
and contaminants with the

) e (VR) +0 (%)

respective standard deviations

(o) in ATPS based on Pluronic 2153 0.19 1.81 0.81 2.38+0.01 0.94 85422  15+09

10RS-potassium phosphate at 2941 022 1.00 0.90 2.73+0.01 078  85+18 15+09

different TLL
36.17 0.33 2.21 1.12 3.32+0.02 0.68 82+3.1 18+1.6
46.31 0.40 2.61 1.36 3.79+0.03 0.57 81+0.7 19+1.7
57.19 0.63 1.20 0.82 1.29+0.02 0.45 78+3.7 22+1.3
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10R5-potassium phosphate increased hydrophobicity of
the top phase more efficaciously, so the migration of C-
phycocyanin to the top phase was less than that of the con-
taminants. As a result, the purity of target product was
increased in the salt-rich phase and also increasing TLL did
not significantly change the recovery.

As shown in Fig. 7, further incremental increase of TLL
from 46.31 to 57.19% causes a decline in the purity index
of C-phycocyanin reaching to a value of 1.29. By increasing
TLL, copolymer and salt concentrations increase in both the
top and bottom phases. Hence, the volume exclusion and
salting-out effects increase, which results in precipitation at
the interface (Suarez Ruiz et al., 2018). It should be men-
tioned that interfacial tension has a strong relation with TLL

100%

(Atefi et al., 2015; Grilo et al., 2016). As reported in several
literatures (Atefi et al., 2015; Chow et al., 2013; Kee et al.,
2022), precipitation is more probable in ATPSs with higher
interfacial tension. Visual observation also emphasizes the
accuracy of this phenomenon. Considering the results of
purity index obtained for C-phycocyanin at different TLLs,
the TLL at 46.31% with pH =6 was selected to study the
effect of temperature. The results obtained were statistically
significant (p <0.05).

Effect of Temperature

The influence of temperature on recovery and purification
of C-phycocyanin in Pluronic 10R5/potassium phosphate

Fig.8 Effect of temperature
on recovery of C-phycocyanin 20% -
in top and bottom phases for
the ATPS based on Pluronic
10RS5-potassium phosphate
buffer as the best system
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Fig.9 Temperature effect on the 4.5
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ATPS at pH=6 and TLL at 46.31% was investigated at five
selected temperatures 5, 15, 25, 35, and 45 °C. The results
of recovery and purity index are depicted in Figs. 8 and
9, respectively. As the temperature increases, the hydro-
phobicity of Pluronic 10R5 increases due to hydrophilicity
reduction of its monomers. This results in diffusion of water
molecules from the top to the bottom phase, making top and
bottom phases more hydrophobic and hydrophilic, respec-
tively. This factor promoted the C-phycocyanin to partition
into the bottom phase. As a result, the bottom recovery of
the target protein was significantly enhanced up to 92% with
the temperature reaching 45 °C (Fig. 8). As can be seen in
Fig. 9, the purity index would be higher in the bottom phase
reaching to 3.92 at 35 °C, while it started a downward trend
again after this temperature. The results obtained were statis-
tically significant (p < 0.05). The reason may be that at high
temperatures, the degradation rate increased dramatically
and conformation of the C-phycocyanin changed and con-
sequently its concentration decreased. Therefore, decreased
purification is a result of low stability of protein at high
temperatures. Chaiklahan et al. (2012) also showed that a
significant rate of degradation of C-phycocyanin occurs at
temperatures higher than 40 °C.

Temperature (°C)

Effect of Volume Ratio

One of the key important factors considered in any puri-
fication step is volume ratio (V) of both phases and high
purity index and recovery could be achieved by changing
this parameter. Volume ratio will change by moving along
the tie line while the compositions of top and bottom phases
are constant. In this case, the pH and TLL values are kept
constant at 6 and 46.31% w/w, respectively. According to the
reported results in Table 6, it can be seen that an increase in
the volume ratio from 0.21 to 1.60 has increased the purity
index of C-phycocyanin while the recovery decreases at
the bottom phase. It can be reasoned that decreased avail-
able volume in the extracting phase (salt-rich phase) causes
more affinity of C-phycocyanin to the top phase, and thus,
an incremental change of C-phycocyanin’s K value leads to
a reduction of bottom phase recovery. In the case of purity,
the trend was different, so that initially, by increasing Vj to
0.73, the purity varied slightly, while with further increase
of V4, the purification of C-phycocyanin increased signifi-
cantly to 4.29. This behavior is due to the fact that large
amounts of contaminant proteins migrate into the top phase
compared to C-phycocyanin, which is more noticeable at

Table 6 Effect of volume ratio
on purification and recovery of

Volume ratio K ¢ jpycocyanin £6 K

otal protein 0 Selectivity factor +o  Bottom purity +o  Bottom

. (total protein/CPC) recovery +c
C-phycocyanin (%)
0.21 0.25+0.01 1.36 £0.02 5.44+0.08 3.17+0.02 95+3.4
0.34 0.32+0.03 1.68+£0.01 5.25+0.02 3.92+0.06 90+4.1
0.73 0.45+0.05 1.72+£0.04 3.82+0.03 3.97+0.07 75+2.1
1.32 0.54+0.01 2.18+£0.04 4.04+0.03 4.15+0.02 58+0.9
1.60 0.62+0.01 2.47+0.02 3.98+0.01 4.29+0.04 50+1.4
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Fig. 10 CD spectra of 1.2
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higher V}, values. This was confirmed by observing that in
Table 6 with V,=1.6, the partition coefficient of the total
protein was about 4 times more than the corresponding value
for C-phycocyanin. Note that the results were found to be
statistically significant (p < 0.05).

CD Spectra Analysis

Circular dichroic (CD) spectroscopy was employed to inves-
tigate any alterations in the configuration of C-phycocyanin.
These spectra provided proper information on the secondary
structure of C-phycocyanin in the far UV region between
190 and 270 nm. The obtained results of CD spectra for the
bottom phase of optimum ATPS and a standard sample of
C-phycocyanin are shown in Fig. 10. The location of the
peaks for samples is one of the important aspects of this
spectrum. According to this figure, the spectrum indicated
the maximum and minimum peaks at 198 nm and 221 nm,
respectively, for both the optimum and standard samples. It
can be concluded that the protein structure of the optimum
sample was in good agreement with the standard sample
and consequently, the secondary structure of C-phycocyanin
had remained unchanged after the purification step. The
obtained secondary structures of a-helix, p-sheet, f-turn,
and random coil for C-phycocyanin in both samples are pre-
sented in Table 7. There are no visible significant changes
in protein structure compared with the standard and opti-
mum samples. Therefore, there has been no indication of C-
phycocyanin’s stability loss. A similar pattern has been
reported in other works (Patil et al., 2006). It was observed
that the secondary structure of the standard sample was com-
pletely consistent with that of the purified C-phycocyanin
using the ATPS method.

Wavelength [nm]

Isolation of Phase Components

First, for phase component isolation, the top and bottom
phases were carefully separated. Considering that the ATPS
top phase is rich in 10RS copolymer, the recovery and reuse
of this copolymer can significantly reduce the cost of separa-
tion of C-phycocyanin. The copolymer-rich phase (top phase)
was recovered by heating the solution above the cloud point
temperature. The molecules of PEG-PPG copolymer are
amphiphilic and undergo self-assembly to create micellar-
like aggregates at a certain temperature. In other words, at
above the lower critical solution temperature (LCST), i.e.,
57 °C, the 10R5 copolymer makes spherical micelles and a
biphasic micellar system including a copolymer phase and a
water phase was formed. Therefore, the increase in tempera-
ture causes a more concentrated Pluronic 10R5-rich phase,
and an enhancement in excluded volume effect. The con-
taminants partition to the water phase and thus lead to the
recycling of copolymer after thermoseparation. The obtained
10R5 copolymer recovery was 78%, and this can be used
to compose a new ATPS. As mentioned, the ATPS bottom
phase mostly contained C-phycocyanin, potassium phosphate
buffer, and other contaminants. Thus, an ultrafiltration step
was applied to decrease the buffer concentration and isolate
the C-phycocyanin from contaminants at the ATPS bottom

Table 7 CD spectrum results for optimum ATPS and standard sample

Secondary structure Optimum ATPS Standard sample
a-Helix 27.8 24.5
fB-Sheet 42.6 379
B-Turn 19.1 24.6
Random coil 12.9 18.2
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Fig. 11 Schematic illustrations of extraction and purification process of C-phycocyanin by Pluronic 10R5-based ATPS and recovery of copolymer

phase. For this, an Amicon Ultra Centrifugal Filter device
was used to upgrade the purification process of target protein
with a 30 kDa cut-off membrane. After that, the final purity
index of C-phycocyanin was achieved to 5.9. It should be
noted that there is no need to completely remove the phos-
phate buffer at the bottom phase because this buffer is used
to stabilize C-phycocyanin as a common media. The diagram
for operating process is shown in Fig. 11.

Conclusion

In this research, the phase behaviors of ATPSs composed
of two triblock copolymers and different salts/buffer were
studied. Their binodal curves and tie lines were obtained
experimentally. According to the results, the potassium
phosphate buffer (pH =6) showed higher potential for
phase separation. However, Pluronic 10R5 was selected for
C-phycocyanin purification due to its higher hydrophobicity
compared to Pluronic L35, which caused the target protein
to migrate unevenly to the salt-rich phase in the presence of
10R5 copolymer. The highest protein purification obtained
for the ATPS based on Pluronic 10R5/potassium phosphate

@ Springer

buffer was 4.29 in the salt-rich phase at pH=6, V,=1.6,
TLL=46.31%, and 35 °C. The isolation of components was
investigated by an ultrafiltration step as well as a tempera-
ture increase step (above LCST) to enhance the purity index
of C-phycocyanin up to 5.9 and 10RS5 copolymer’s recovery
up to 78%. Moreover, the result of CD spectroscopy con-
ducted at the above conditions indicated no change in the
structure of C-phycocyanin.
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