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ABSTRACT 
 

C-phycocyanin from Spirulina platensis was purified in aqueous two-phase systems (ATPS) of polyethylene glycol 
(PEG)/potassium phosphate, varying the molar mass of the PEG. Results using a full factorial design showed that 
an increase in the concentration of salt and decrease in the concentration of PEG caused an increment in the 
purification factor for all the ATPS studied. Optimization of the conditions of the purification was studied using a 
central composite rotatable design for each molar mass of PEG.  The ATPS composed of 7% (w/w) PEG 1500 or 
4% (w/w) PEG 8000 (g/gmol) and 23 or 22.5% (w/w) of phosphate resulted a purification factor of 1.6-fold for C-
phycocyanin, with total and 57% recovery, respectively. Process conditions were optimized for the purification 
factor for the system with PEG 1500. The ATPS with 4% (w/w) PEG 4000 or 4% (w/w) PEG 6000 and 21% (w/w) 
phosphate resulted purification factors of 2.1 and 2.2-fold, recovering 100% and 73.5%, respectively of C-
phycocyanin in the top phase. 
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INTRODUCTION 
 
C-phycocyanin is an accessory photosynthetic 
pigment of the phycobiliprotein family, which also 
includes the alophycocyanins (blue) and 
phycoerythrins (red) (Vonshak 1997; Chaiklahan 
et al. 2011). It is the biggest component of the 
phycobiliprotein family, representing about 20% 
on dry weight of the cell protein and is used as a 
natural dye in food and cosmetics (Cohen 1986; 
Yoshida et al. 1996). It shows therapeutic 
properties such as anti-inflammatory and 
hepatoprotective effects, as well as anti-oxidant 
capacity (Romay et al. 1998). Several methods 
have been used for the purification of C-
phycocyanin, especially that from Spirulina, such 

as ammonium sulfate precipitation, membrane 
processes and different chromatographic methods 
(Minkova et al. 2003; Silveira et al. 2007; 
Chaiklahan et al. 2011; Bermejo and Ramos 
2012). C-phycocyanin with a purity of 0.7 is 
considered as food grade, 3.9 as reactive grade and 
above 3.9 as analytical grade (Herrera et al. 1989; 
Rito-Palomares et al. 2001).  
The purification processes are generally long and 
complex and time and solvent consuming; 
efficiency and low toxicity have limited the 
application of some methods (Wu et al. 2014). In 
the past, traditional protein purification methods 
have been used, including ion exchange gel 
filtration chromatography, affinity chromatography, 
membrane separation, ammonium sulfate 
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precipitation, salting out and electrophoresis, but 
they are expensive and not suitable for mass 
production. Furthermore, due to the poor stability, 
proteins in the conditions of acids, alkali or 
heating are easily denatured (Gutowski et al. 2003; 
Freire et al. 2012; Shahriari et al. 2013; Zeng and 
Wang 2013). Hence, the aqueous two-phase 
system (ATPS), a simple and economic system, 
has been studied.  This system is a better 
alternative for many biomolecules in bioseparation 
processes, especially in the early downstream 
stages, and consists of the mixture of two 
polymers or of one polymer with a salt in a 
determined concentration, which assures the 
formation of two phases at equilibrium (Albertson 
1986; Marcos et al. 1999). The high water content 
of an aqueous two-phase system (ATPS) provides 
a neutral and non-toxic environment favorable to 
biological activities. The short processing time, 
desirable separation efficiency, low pollution load, 
low cost and possibility of recycling and reuse of 
its components make the ATPS a very competitive 
technique compared to other methods (Wu et al. 
2014). 
The partition of an enzyme or protein in this kind 
of system is influenced by several factors such as 
the molecular mass of the polymer, salt or polymer 
concentration, system pH and temperature, size 
and the hydrophilic or hydrophobic nature of the 
bio-molecule (Sebastiao et al. 1996; Silva et al. 
2002; Saravanan et al. 2008). Due to their 
complexity, ATPS purification studies are mostly 
empirical, and thus, the best conditions are 
generally obtained by the systematic variation of 
factors such as the molecular mass of the polymer, 
salt concentration and pH. The use of an 
experimental design can propose the variations to 
use. 

The use of the experimental design technique 
seeks to reduce the number of tests without 
harming the quality of the information and 
allows for the simultaneous study of several 
variables. The technique provides the  
determination of the reliability of the results, 
research steps in an iterative process of 
adding new tests, and selection of the 
variables that influence the process with just 
a few trials but still drawing conclusions from 
quality results. The factorial design is a useful 
analytical strategy and its main application is in 
the screening of relevant variables in a given 
system. After the screening process of the most 
significant variables, experiments are carried out 

that allow for refinement and a better 
understanding of the system under the study 
(Montgomery 1991; Barros Neto et al. 1995). 
The present work aimed to study and optimize the 
purification of the C-phycocyanin extracted from 
Spirulina platensis using aqueous two-phase 
systems of polyethylene glycol/potassium 
phosphate, aiming for purity above 0.7. The 
influence of molecular mass was evaluated using 
PEG 1500, 4000, 6000 and 8000 (g/gmol), and 
also of the percentages of salt and polymer with 
respect to the purification factor and protein 
recovery in each system, using an experimental 
design and response surface methodology. 
 
 
MATERIALS AND METHODS 
  
Culture conditions of Spirulina platensis 
The cyanobacterium S. platensis LEB 52 culture 
was grown in outdoor 450 L capacity photo-
bioreactors using Zarrouk’s synthetic medium 
(Zarrouk, 1966), diluted to 20%, with an initial 
biomass concentration of 0.30 (g/dm3) (Costa et 
al. 2000). Samples were taken every 24 h to 
determine the biomass concentration via optical 
density measurements at 670 nm in a 
spectrophotometer (FEMTO spectrophotometer 
700 Plus) according to Costa et al. (2002). At the 
end of cultivation, the biomass was recovered by 
filtration, pressing and extrusion, and then dried at 
50°C for 6 h, frozen at -18°C, ground in a ball mill 
and sieved (the perforations on the sieve being 150 
mesh).   
 
C-phycocyanin extraction 
C-phycocyanin was extracted using the conditions 
established by Silveira et al. (2007). After 
extraction, the suspension was centrifuged and 
vacuum filtered and the supernatant collected.  
 
Polyethylene glycol (PEG) molar mass 
Four molar masses of polyethylene glycol: 1500, 
4000, 6000 (Labsynth LTDA, Diadema, SP, 
Brazil) and 8000 (g/gmol) (Sigma Chemicals, St 
Louis, MO, USA) were used in the PEG/potassium 
phosphate systems for the purification of C-
phycocyanin. 
 
Preparation of the aqueous two-phase systems 
The phase systems were prepared in graduated 
centrifuge tubes by weighing the 1500, 4000, 6000 
and 8000 PEGs and a stock solution of 30% (w/w) 
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potassium phosphate. The phosphate stock 
solution consisted of a mixture of appropriate 
amounts of KH2PO4 and K2HPO4 (Labsynth) in 
order to obtain pH 6.0. The quantities of bottom 
and top phases were calculated from the phase 
composition obtained using the corresponding 
phase diagram.  A 4 g mass of a clarified crude 
extract of C-phycocyanin was added to the system 
and made up to 20 g by the addition of water. The 
systems were vortex-mixed (Phoenix AP 56) and 
centrifuged (Presvac DCS 16 RV) at 3400 rpm for 
20 min to speed up the phase separation.  
After reaching equilibrium, the top and bottom 
phases were separated and their volumes 
measured. The absorption of part of each phase 
was read in a spectrophotometer (Cary 100 Conc 
UV Visible Spectrophotometer and Quimis Q 108 
D) at 280, 615, 620 and 652 nm. The reference 
systems for each trial were prepared without the 
addition of the crude C-phycocyanin extract, and 
after separation the absorption of the phases were 
read at 280 nm. 
 

Experimental designs  
The effects of the percentages of polyethylene 
glycol and potassium phosphate on the purification 
factor and C-phycocyanin recovery were evaluated 
using four full 22 factorial designs with three 
repetitions at the central point, one full factorial 
design for each PEG molar mass: 1500, 4000, 
6000 and 8000 (g/gmol).  
The study range for the optimization or 
maximization of the conditions of the purification 
process of C-phycocyanin using ATPS was 
established from the effects of the percentages of 
the different PEG molecular masses: 1500, 4000, 
6000 and 8000 (g/gmol) and of the potassium 
phosphate on the purification factor and protein 
recovery. Four 22 central composite rotatable 
designs (CCRD) with four axial points and three 
repetitions at the central point were used. Tables 1 
and 2 present the coded levels used in the four full 
factorial designs and in the four CCRD for each of 
the ATPS studied. The analyses were carried out 
in triplicate and the same C-phycocyanin crude 
extract was used in all the experiments. 

 
Table 1 - Values for the coded levels used in the four full factorial designs. 

Coded level 
PEG 1500 PEG 4000 PEG 6000 PEG 8000 

PEG 
(%w/w) 

SALT 
(%w/w) 

PEG 
(%w/w) 

SALT 
(%w/w) 

PEG 
(%w/w) 

SALT 
(%w/w) 

PEG 
(%w/w) 

SALT 
(%w/w) 

-1 5 18 5 15 6 14 7 22 
0 10 21 10 20 10 18 10 24 
+1 15 24 15 25 14 22 13 26 
         

 
Table 2 - Values for the coded levels used in the four CCRD. 

Coded level 
PEG 1500 PEG 4000 PEG 6000 PEG 8000 

PEG 
(%w/w) 

SALT 
(%w/w) 

PEG 
(%w/w) 

SALT 
(%w/w) 

PEG 
(%w/w) 

SALT 
(%w/w) 

PEG 
(%w/w) 

SALT 
(%w/w) 

-1.41 2.8 20.2 2.4 20.2 2.8 18.6 2.8 21.9 
-1 4 21 4 21 4 19 4 22.5 
0 7 23 8 23 7 20 7 24 
+1 10 25 12 25 10 21 10 25.5 

+1.41 11.2 25.8 13.6 25.8 11.2 21.4 11.2 26.1 
 
 
 
Analytical procedures  
C-phycocyanin concentration (PC): The C-
phycocyanin concentration was defined as shown 
in Equation 1, according to Bennett and Bogorad 
(1973): 
 

34.5
]474.0[ 652615 ODOD

PC
×−=                         (1) 

 

Where: PC is the C-phycocyanin concentration 
(mg/cm3), OD615 is the optical density of the 
sample at 615 nm and OD652 is the optical density 
of the sample at 652 nm. 
C-phycocyanin purity (EP): The C-phycocyanin 
purity was calculated spectrophotometrically using 
Equation 2 (Abalde et al. 1998). 

280

620

OD

OD
EP =                                                                            (2) 
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Where: OD620 is the optical density of the sample 
at 620 nm and OD280 is the optical density of the 
sample at 280 nm. This relationship is indicative 
of the purity of the C-phycocyanin extract with 
respect to most forms of contaminating proteins. 
The absorbance at 620 nm indicates the maximum 
absorption of C-phycocyanin, while that at 280 nm 
is due to the total concentration of proteins in the 
solution.                                  
Purification factor (PF): The purification factor 
was calculated using Equation 3. 

c

p

EP

EP
PF =                                                          (3) 

 

Where EPp is the purity of the extract after the 
purification process and EPc is the purity of the 
crude extract. 
Recovery (RC): The recovery (%) of the extraction 
was calculated using Equation 4. 
 

100*
][

][

_ inextcrude

phasephase

VPC

VPC
RC

×
×

=                           (4) 

 

Where PCphase is the concentration of C-
phycocyanin in the phase considered (mg/cm3), 
PCcrude_ext is the concentration of C-phycocyanin in 
the crude extract (mg/cm3), Vphase is the volume of 
the phase considered (cm3) and Vin is the initial 
volume of extract added (cm3). 
 

C-phycocyanin partition coefficient (Kpart): The 
partition coefficient for C-phycocyanin was 
calculated using Equation 5 (Albertson 1986).            

bot

top
part PC

PC
K =                                                    (5) 

 

Where: PCtop and PCbot are, respectively, the C-
phycocyanin concentrations in the top and bottom 
phases (mg/cm3). 
Volume ratio (Vr): The volume ratio was given by 
the ratio between the volumes in the top and 
bottom phases (Bermejo et al. 2002):        

bot

top

V

V
Vr =                                                            (6) 

 

Where Vtop is the volume of C-phycocyanin in the 
top phase (cm3) and Vbot the volume of C-
phycocyanin in the bottom phase (cm3), after the 
purification process. 
 
 

Statistical Analysis 
The statistical analyses of the estimated effects of 
each variable and the optimization or 
maximization of the conditions of the purification 
process were carried out considering a 95% level 
of confidence (p<0.05). The responses surfaces 
and contour diagrams were drawn according to 
Box et al. (1978). 
 
 
RESULTS AND DISCUSSION 
 

Full factorial design (22 trial plus + three 
central points) 
Table 3 shows the design matrix for the systems 
with PEG 1500, 4000, 6000 and 8000 and 
potassium phosphate, with the coded values and 
the responses for the purification factor and 
protein recovery. Table 4 shows the volume ratios 
(Vr) and partition coefficients (Kpart) for the same 
seven trials. The tie line length (TLL) concept is 
frequently used in ATPS processes. TLL 
represents the straight lines connecting the points 
in the diagram that represent the composition of 
the two phases in equilibrium (Silva and Loh 
2006). However, the use of an experimental 
design provides other compositions that do not 
use the TLL concept, expanding the area of two-
phase compositions to be explored. 
The PEG 1500/potassium phosphate system, 
composed of 5% (w/w) of polymer and 24% (w/w) 
of salt gave a purification factor of 1.6-fold with 
78% of protein recovery, representing a level of 
purity above 0.7 as desired. Benavides and Rito-
Palomares (2004) obtained a similar result in the 
purification of the phycoerythrin from 
Porphyridium cruentum using an ATPS composed 
of PEG 1450/potassium phosphate with 17.6% 
(w/w) of polymer and 10.9% (w/w) of salt. This 
result was obtained for the lowest Vr amongst the 
systems, of 0.4, indicating the tendency for better 
target-protein purification with a low volume of 
the top phase, rich in PEG.  
The ATPS formed with PEG 6000 reached 
purification factors between 1.3 and 1.7-fold for 
the phycocyanin in the top phase, with recoveries 
between 60.3 and 85.4%; the best results was 
obtained for the lowest Vr values of 0.5 and 0.6. 
The system composed of 6% (w/w) PEG and 22% 
(w/w) salt showed a purity of 0.74, while the 
central point also reached an extract purity greater 
than 0.7, similar to the ATPS composed of PEG 
1500; the best purification factor was obtained 
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with the lowest Vr values, around 0.6. It should be 
pointed out that for the ATPS composed of PEG 
with molar masses of 1500, 4000 and 8000, there 
was a correlation between the value for Kpart and 
the percentage of salt in the systems. For the 

designs studied, the lowest values for Kpart 
appeared in the trials with the lowest salt level, 
i.e., with the lowest amount of potassium 
phosphate in the system, where the C-phycocyanin 
tended to migrate to the bottom phase. 

 
 
Table 3 - Matrix of the full factorial design (22 trial + 3 central points) for the coded values of the systems with 
polyethylene glycol 1500, 4000, 6000 and 8000 plus potassium phosphate, with the results obtained for purification 
factor (PF) and recovery (RC) of C-phycocyanin, in the top phase of the trials. 

Assay PEG 
(%w/w) 

Salt 
(%w/w) 

PEG 1500 PEG 4000 PEG 6000 PEG 8000 
PF RC (%) PF RC (%) PF RC (%) PF RC (%) 

1 -1 -1 1.0 78.2 1.2 100 1.4 60.3 1.0 59.2 
2 +1 -1 1.0 97.1 1.2 100 1.5 84.2 0.9 53.7 
3 -1 +1 1.6 77.9 1.5 94.8 1.7 69.7 1.5 49.0 
4 +1 +1 1.0 90.5 1.2 84.9 1.3 85.4 1.0 46.8 
5* 0 0 1.0 100 1.4 78.2 1.7 75.4 1.3 62.2 
6* 0 0 1.0 100 1.4 73.0 1.7 78.0 1.3 57.2 
7* 0 0 1.0 100 1.4 71.0 1.7 76.7 1.3 55.9 

* central point. 
 
 
 

Table 4 - Matrix of the CCDR (22 trial + 4 axial points + 3 central points) for the coded values of the systems with 
polyethylene glycol 1500, 4000, 6000 and 8000 plus potassium phosphate, with the results obtained for volume ratio 
(Vr) and partition coefficient (Kpart). 

Assay PEG 
(%w/w) 

Salt 
(%w/w) 

PEG 1500 PEG 4000 PEG 6000 PEG 8000 
Vr Kpart Vr Kpart Vr Kpart Vr Kpart 

1 -1 -1 1.4 3.03 1.4 47.6 0.6 > 100 0.8 24.6 
2 +1 -1 1.6 > 100 1.5 ∝ 1.4 ∝ 0.9 ∝ 
3 -1 +1 0.4 > 100 0.6 98.5 0.5 ∝ 0.5 18.5 
4 +1 +1 1.1 > 100 1.2 > 100 0.7 ∝ 0.6 ∝ 
5* 0 0 1.0 ∝ 0.7 > 100 0.5 ∝ 0.7 > 100 
6* 0 0 1.1 ∝ 0.6 > 100 0.6 ∝ 0.7 47.7 
7* 0 0 1.0 ∝ 0.6 > 100 0.6 ∝ 0.7 > 100 

*: central point; >100: value over 100; ∝: value tending to infinity. 
 
 
 
 

In the analysis of the effects (see Table 5), it was 
observed that with 95% confidence, the change in 
salt percentage from level -1 to level +1 had a 
positive effect on the C-phycocyanin purification 
factor in the four systems studied; i.e., an increase 
in the percentage of potassium phosphate caused 
an increase in the protein purification factor. The 
change in polymer percentage from level -1 to 
level +1 had a negative effect on the C-
phycocyanin purification factor for all the ATPS, 
an increase in the percentage of PEG causing a 
decrease in this response.  
A decrease in the volume of the top phase, for 
which the C-phycocyanin showed affinity, resulted 
in an increase in its concentration, and the possible 
exclusion of part of its contaminants to the bottom 
phase, causing a possible increase in the purity and 
in the protein purification factor. Thus, an increase 
in the concentration of salt in the ATPS and  
 

decrease in the concentration of PEG could be 
equally related to a gain in purity of the C-
phycocyanin and of its purification factor. 
According to Nagaraja and Iyyaswami (2013), the 
influence of salt on the partitioning is caused by 
the non-uniform distribution of the salt ions in the 
upper and lower phases and by the difference in 
the electric potential, which improves the 
movement of the protein to the other phase 
through electrostatic repulsion/attraction. The 
hydrophobic interaction between the protein and 
phase rich in PEG increases due to the hydratation 
effect of the salt molecule surrounding the protein 
and lead to the aggregation of proteins in the top 
phase. Klomklao et al. (2005) also reported that in 
general, negatively charged proteins preferred the 
upper phase in PEG–salt systems, while positively 
charged proteins normally partition selectively to 
the bottom phase. 
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Table 5 - Main effects of the variables of polymer 
percentage and salt percentage and the interaction 
between them, on the purification factors and recoveries 
of C-phycocyanin in the ATPSs containing 
polyethylene glycol 1500, 4000, 6000 and 
8000/potassium phosphate. 

 1500 4000 6000 8000 

Purification 
factor 

 PEG  -0.6* -0.2* -0.2* -0.3* 
SALT  0.6* 0.2* 0.1* 0.2* 

PEGxSALT -0.6* -0.2* -0.3* -0.2* 

Recovery 
 PEG  4.7 -5.0 19.8* -3.9 

 SALT  7.6 -10.1 5.3* -8.5 
PEGxSALT -14.2 -5.0 -4.1* 1.6 

*p<0.05 (significant at a 95% confidence level). 
 
 
For the recovery of C-phycocyanin in the system 
containing PEG 6000, where the effects of the 
percentages of PEG and salt and of their 
interaction were statistically significant at 95% 
confidence, an increase in the percentage of PEG 
from level -1 to level +1 resulted a positive effect, 
contrary to that detected for the purification factor. 
This showed that the higher the purity of the 

desired target-protein, the lower the recovery, 
because there was a greater tendency to lose the 
protein together with the contaminants as the 
purification process intensified. The increases in 
the concentration of PEG and potassium phosphate 
from level -1 to level +1 still had a positive effect 
on the recovery of C-phycocyanin for the ATPS 
composed of PEG of with a molar mass of 6000. 
 
Optimization using a CCRD (22 trial + four 
axial points + three central points) 
The optimization step is very important to obtain 
the best results for purity. Since C-phycocyanin is 
a product with a high aggregated value, 
optimization minimizes significant losses during 
recovery. Table 6 presents the CCRD matrix for 
the 1500, 4000, 6000 and 8000 PEG plus 
potassium phosphate systems, with the coded 
values and experimental responses for the 
purification factor and for C-phycocyanin 
recovery. The volume ratios and partition 
coefficients are shown in Table 7.  

 
Table 6 - Matrix of the CCRD for the coded values of the systems of polyethylene glycol 1500, 4000, 6000 and 
8000/potassium phosphate, with the results obtained for the C-phycocyanin purification factor (PF) and recovery 
(RC) in the top phase of the trials. 

Assay PEG  
(%w/w) 

Salt 
(%w/w) 

PEG 1500 PEG 4000 PEG 6000 PEG 8000 
PF RC (%) PF RC (%) PF RC (%) PF RC (%) 

1 -1 -1 1.3 95.2 2.1 100 1.2 82.8 1.6 57.1 
2 +1 -1 1.1 97.8 1.1 77.8 1.2 73.0 1.0 74.5 
3 -1 +1 1.1 100 1.3 100 2.2 73.5 1.4 86.8 
4 +1 +1 1.1 86.6 1.1 79.1 1.1 51.2 1.1 75.9 
5 -1.41 0 1.3 97.8 1.2 90 1.4 94.8 1.3 83.8 
6 +1.41 0 1.1 91.9 1.0 84.1 1.0 93.4 1.0 76.2 
7 0 -1.41 1.3 86.0 1.0 82.3 1.2 79.5 1.1 71.0 
8 0 +1.41 1.5 86.7 1.3 67.1 1.3 68.5 1.1 72.1 
9* 0 0 1.5 100 1.0 70.7 1.2 88.5 1.2 78.6 
10* 0 0 1.6 100 1.0 77.7 1.3 80.2 1.2 73.1 
11* 0 0 1.6 97.8 1.1 71.0 1.2 90.0 1.2 67.5 

*central point. 
 
 
Table 7 - Matrix of the CCRD for the coded values of the systems of polyethylene glycol 1500, 4000, 6000 and 
8000/potassium phosphate, with the results obtained for volume ratio (Vr) and partition coefficient (Kpart). 

Assay PEG 
(%w/w) 

Salt 
(%w/w) 

PEG 1500 PEG 4000 PEG 6000 PEG 8000 
Vr Kpart Vr Kpart Vr Kpart Vr Kpart 

1 -1 -1 0.6 > 100 0.5 > 100 0.6 73.6 0.4 9.1 
2 +1 -1 1.0 > 100 1.0 49.3 0.8 > 100 0.8 > 100 
3 -1 +1 0.6 > 100 0.6 > 100 0.7 27.9 0.7 > 100 
4 +1 +1 0.7 > 100 0.7 ∝ 0.4 > 100 0.7 > 100 
5 -1.41 0 0.5 ∝ 0.5 > 100 0.6 32.2 0.6 78.6 
6 +1.41 0 0.9 ∝ 0.9 ∝ 1.0 ∝ 0.7 ∝ 
7 0 -1.41 0.7 77.3 0.7 > 100 0.7 > 100 0.6 > 100 
8 0 +1.41 0.5 > 100 0.5 > 100 0.6 > 100 0.5 > 100 
9* 0 0 0.7 ∝ 0.7 > 100 0.7 > 100 0.7 > 100 
10* 0 0 0.6 > 100 0.6 ∝ 0.7 > 100 0.6 > 100 
11* 0 0 0.6 ∝ 0.6 > 100 0.7 > 100 0.6 > 100 

*: central point; >100: value over 100; ∝: value tending to infinity. 
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Results showed that in the trials with PEG 1500, 
the highest purification factors of 1.6 and 1.5-fold 
with the best protein recoveries, corresponded to 
the central points, composed of 7% (w/w) PEG 
and 23% (w/w) potassium phosphate. Thus, the 
optimization of the conditions of the purification 
process was achieved because the region of 
maximum purification factor coincided with the 
extreme point of curvature of surface response (see 
Fig. 1A). The coded quadratic models were 
evaluated in order to determine the correlation 
between the PEG and salt percentages and the 
purification factor and recovery of C-phycocyanin. 
Equations 7 and 8 showed the coded responses for 
purification factor (PF) and C-phycocyanin 
recovery (RC), respectively, with correlation 
coefficients of 0.88 and 0.90. PEG1500 and SALT 
represented the concentration of polyethylene 
glycol 1500 g/gmol (%, w/w) and salt (%, w/w) 
for the range studied. The variance analyses (see 
Tables 8 and 9), where the F tests showed values 
3.2 and 3.4-fold higher, respectively, than the  
 

listed F-values, statistically validated the models 
and allowed for the construction of the response 
surfaces and contour diagrams presented in Figure 
1. 
 

PF = 1.57 – 0.22*[PEG1500]
2 – 0.12*[SALT]2      (7) 

RC (%) = 98.23 – 2.38*[PEG1500] – 5.09*[SALT]2 
– 4.02*[PEG1500]*[SALT]                                 (8) 

 

According to the models obtained, the purification 
factor for C-phycocyanin could be predicted as a 
function of the percentages of PEG 1500 and 
potassium phosphate making up the ATPS, while 
the protein recovery was defined by the interaction 
between both the variables. In the PEG 
1500/potassium phosphate system, Figure 1A 
indicated a range of PEG concentration between 
4.6 (w/w) and 9.3% (w/w) and range of salt 
between 21 (w/w) and 25% (w/w) as the optimal 
region for the purification of C-phycocyanin, 
reaching a purification factor of 1.5-fold. In this 
region, the recovery of C-phycocyanin was around 
95 to 100% (Fig. 1B). 
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Figure 1 - Contour diagram for the C-phycocyanin purification factor (a) and recovery (b) in the 
polyethylene glycol 1500/potassium phosphate system with experimental points. 

 
 
 
Table 8 - ANOVA for the C-phycocyanin purification factors in the polyethylene glycol/potassium phosphate 
systems with PEG molecular masses of 1500, 6000 and 8000. 

Source of 
variation 

Sum of squares Degrees of freedom Mean square F-ratio* 
1500 6000 8000 1500 6000 8000 1500 6000 8000 1500 6000 8000 

Regression 0.30 0.63 0.20 2 2 1 0.15 0.32 0.20 14.46 8.69 17.66 
Residual 0.08 0.29 0.10 8 8 9 0.01 0.04 0.01  

Error 0.08 0.29 0.10 8 8 9   
Total 0.38 0.93 0.30 10 10 10   

Correlation coefficient for PEG 1500: R = 0.88, F0.95,2,8 = 4.46  
Correlation coefficient for PEG 6000: R = 0.83, F0.95,2,8 = 4.46 
Correlation coefficient for PEG 8000: R = 0.81, F0.95,1,9 = 5.12 
* F-ratio (regression/residual) 
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Table 9 - ANOVA for the recovery of C-phycocyanin in polyethylene glycol/potassium phosphate potassium, for 
the molecular masses of PEG 1500, 4000 and 8000. 

Source of 
variation 

Sum of squares Degrees of freedom Mean square F-ratio* 
1500 4000 8000 1500 4000 8000 1500 4000 8000 1500 4000 8000 

Regression 268.51 747.35 0.20 3 2 1 89.50 373.68 0.20 10.56 6.20 17.66 
Residual 59.33 482.46 0.10 7 8 9 8.48 60.31 0.01  

Error 59.33 482.46 0.10 7 8 9   
Total 327.84 1229.81 0.30 10 10 10   

Correlation coefficient for PEG 1500: R = 0.90, F0.90,3,7 = 3.07  
Correlation coefficient for PEG 4000: R = 0.78, F0.90,2,8 = 3.11 
* F-ratio (regression/residual) 
 
 
For the PEG 4000/potassium phosphate system, 
the best purification factor was obtained with 4% 
(w/w) of PEG and 21% (w/w) of salt, reaching 
2.1-fold (purity of 1.12) with a Vr of up to 0.6 and 
total recovery of the target-protein (Tables 6 and 
7). In this case, maximization provided a 40% 
increase in the purification factor as compared to 
the result obtained in the previous experimental 
design, of 1.5-fold. This was referred as 
maximization because the best C-phycocyanin 
purification factor or recovery was not achieved in 
the central conditions of the proposed design. 
The statistical analysis of the results for the C-
phycocyanin purification factor (data not shown) 
only allowed to obtain the effects of the PEG and 
potassium phosphate percentages on this response, 
since a statistically significant model could not be 
obtained. At 95% confidence, the percentages of 
PEG 4000 and salt presented a negative effect on 
the C-phycocyanin purification factor. For both the 
variables, the change from level -1 to level +1 
resulted a decrease in the C-phycocyanin 
purification factor. However, the interaction 
between the variables positively influenced the 
response. The coded model for the recovery of C-
phycocyanin (RC) in the ATPS with PEG 4000, 
with a correlation coefficient of 0.78, was 
validated using the F test, where the calculated F 
was 2-fold higher than that shown in the Table 9, 
as shown in Equation 9. PEG4000 represented the 
concentration of polyethylene glycol 4000 g/gmol 
(%, w/w) for the range studied. 
 

RC (%) = 75.81 – 6.43*[PEG4000] + 
8.26*[PEG4000]2                                                  (9) 

 

According to the model obtained, in the PEG 
4000/potassium phosphate system, the recovery of 
C-phycocyanin could be predicted from the 
quadratic model exclusively from the percentage 
of polymer involved, with no influence of the salt 
percentage on the response. The model made it 

possible to construct the response surface and 
respective contour diagram (data not shown), 
which made it clear that for a determined 
percentage of PEG, the recovery of C-phycocyanin 
remained the same for the entire range of 
potassium phosphate percentage studied.  
For the PEG 6000/potassium phosphate system, 
the best C-phycocyanin purification factor of 2.2-
fold (purity of 1.24) was obtained with a 
composition of 4% of polymer and 21% (w/w) of 
the salt. Thus, a maximization of experimental 
conditions was achieved and this purification 
factor was 30% higher than the maximum value 
obtained before, of 1.7-fold with 73.5% of 
recovery (Tables 7 and 8). Thus, once again it was 
observed that the purification process was better in 
the systems with low polyethylene glycol and high 
potassium phosphate concentrations. These results 
were better than those achieved by Liu et al. 
(2012), who obtained purification factors between 
1.44 and 1.64-fold and recoveries of around 60% 
for the C-phycocyanin from S. platensis using a 
single extraction in an aqueous two-phase system, 
which was also composed PEG 6000 and 
potassium phosphate (pH 7.0) with 34% (w/w) 
TLL. The values were also higher than those found 
by Silva et al. (2009), of 1.7-fold with purity 
between 0.57 and 0.89, using a precipitation 
technique as the early downstream stage. This was 
due to the use of an experimental design, which 
permitted the optimization of the conditions of the 
purification process or maximization of the 
purification factor. A simple and efficient 
purification procedure can significantly reduce the 
overall costs and affect process viability.  
Equation 10 presents the coded model for the C-
phycocyanin purification factor (PF) with a 
correlation coefficient of 0.83. PEG6000 and SALT 
represented the concentration of polyethylene 
glycol  6000 g/gmol (%, w/w) and salt (%, w/w) 
for the range studied. This was validated by the 
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variance analysis by way of the F test, where the 
calculated F-value was 1.9-fold higher than the 
listed F-value (Table 8).  

 

PF = 1.31 – 0.21*[PEG6000] – 
0.27*[PEG6000]*[SALT]                                    (10) 
 

From Equation 10, the polymer percentage and its 
interaction with the salt concentration predicted 
the model for the C-phycocyanin purification 
factor in the PEG 6000/potassium phosphate 
ATPS. The surface response and respective 
contour diagram for the C-phycocyanin 
purification factor in this ATPS showed that a 
purification factor of 2-fold could be attained 
when working with low PEG 6000 concentrations 
of between 2.8 (w/w) and 4.9% (w/w) and salt 
percentages from 20.3 to 21.4%. Although it was 
not possible to obtain a statistically significant 
model for the recovery of C-phycocyanin, the 
statistical analysis (data not shown) of the results 
showed that with 90% confidence, the PEG 6000 
and salt concentrations as also their interaction, 
negatively influenced this response, i.e., the 
change from level -1 to level +1 of each entrance 
variable, resulted a decrease in the recovery of C-
phycocyanin.  
For the PEG 8000/potassium phosphate systems, 
the best C-phycocyanin purification factor 
obtained was 1.6-fold with a composition of 4% 
(w/w) of polymer and 22.5% (w/w) of salt, with 
the lowest Vr obtained amongst the trials and the 
lowest percentage of the polymer used. In this 
trial, a very low Kpart value of 9.1 was obtained, 
but since it was above 1, it indicated the migration 
of most of the C-phycocyanin to the system’s 
bottom phase. The low target-protein recovery in 
the top phase of about 57%, in relation to the other 
systems studied, could be justified  by the fact that 
part of the C-phycocyanin might have passed to 
the bottom phase with the decrease in volume ratio 
(Tables 6 and 7). Equation 11 presented the coded 
model for the C-phycocyanin purification factor 
(PF) with a correlation factor of 0.83, validated by 
the variance analysis by way of the F test, where 
the  calculated F-value was 3.4-fold higher than 
the listed F-value (Table 8), allowing for the 
construction of the response surface and contour 
diagram (data not shown). PEG8000 represented the 
concentration of polyethylene glycol 8000 g/gmol 
(%w/w) for the range studied. 
 

PF = 1.21 – 0.16*[PEG8000]                               (11) 
 

Equation 11 showed that model for the purification 
factor could be predicted exclusively from the 
PEG percentage involved in the PEG 
8000/potassium phosphate system, indicating that 
this response tended to be independent of the salt 
percentage present in the ATPS in the range 
studied. From the response surface analysis, it was 
seen that for a fixed PEG percentage, the C-
phycocyanin purification factor did not alter 
throughout the potassium phosphate concentration 
range studied, of from 21.9 (w/w) to 26.1% (w/w), 
i.e., the variable of potassium phosphate 
percentage did not influence the response 
considered. For the recovery of C-phycocyanin, 
the statistical analyses (data not shown) showed 
the effects of the polymer percentages, since it was 
not possible to obtain a statistically significant 
model. With 90% confidence, it was observed that 
the concentrations of PEG 8000 and salt positively 
influenced the C-phycocyanin recovery, i.e., the 
passage from level -1 to level +1 of both entrance 
variables resulted an increment in C-phycocyanin 
recovery. However, their interaction had a 
negative effect on the recovery response.  
 
 
CONCLUSIONS 

The aqueous two-phase systems (ATPS) 
consisting of polyethylene glycol/potassium 
phosphate proved to be a promising purification 
method for the C-phycocyanin extracted from S. 
platensis,resulting for certain compositions, a 
purity higher than 0.7, considered to be of food 
grade. For the four PEG molar masses studied, 
1500, 4000, 6000 and 8000 (g/gmol), the 
purification process and recovery was influenced 
by the concentrations of both polyethylene glycol 
and potassium phosphate. For the ATPS with  
PEG 1500, it was possible to optimize the 
experimental conditions for the purification factor. 
For the systems with the PEG 4000 and 6000 and 
potassium phosphate, in both cases with 4% (w/w) 
of polymer and 21% (w/w) of salt, it was possible 
to obtain the purification factors of 2.1 and 2.2-
fold, recovering 100 and 73.5% of C-phycocyanin 
in the top phase with purities of 1.12 and 1.24, 
respectively. The maximization resulted in 
increments of between 30 and 40% in the 
purification factor of the target protein. Overall, 
the results reported here demonstrated the 
importance of the search for the optimization in 
the purification steps, mainly when applied to 



Antelo, F. S. et al. 

Braz. Arch. Biol. Technol. v.58 n.1: pp. 1-11, Jan/Feb 2015 

10

food, since low costs and high recoveries were 
necessary. ATPSs could be an economic 
alternative using non-toxic reagents for the early 
downstream stage, which could be used for food 
processes. 
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