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Abstract: Phycoerythrin (PE) and phycocyanin (PC) are florescent pigments. They

have the colorant role in the industry. In this study, production of PE and PC from
Porphyridium cruentum were investigated at the various conditions such as differ-
ent concentrations of municipal wastewater, wavelengths and salicylic acid using
Response Surface Methodology-Central Composite Design (RSM-CCD), regression
analysis and rstool models. The maximum RSM predicted PE concentration was
29.5 mg/g biomass at 50 % of wastewater, 510 nm of wavelength and 10 pM of
salicylic acid. On the other hand, maximum RSM predicted PC concentration was
6.9 mg/g biomass at 50% of wastewater, 680 nm and 40 uM of salicylic acid. Ac-
cording to the ANOVA results, the square effects of the three variables (X1, X2 and
X3) were found to be significant for the phycocyanin concentration, while the
wastewater and salicylic acid variables (X1 and X3) were found to be important in
the Phycoerythrin concentration. In addition to this, the highest PE and PC concen-
trations were 27.648 and 5.7104 mg/g biomass, respectively, for 50 % of waste-
water, 512.5 nm and 47.0833 pM of salicylic acid according to rstool model. In con-
clusion, the variables such as wastewater, wavelength and salicylic acid can be
used for the highest PE and PC concentration by means of RSM-CCD and rstool
models and these variables may contribute to the industrial production of the two

pigments

Sentetik Atiksuda Porphyridium cruentum CCALA 415'den Fikoeritrin ve Fikosiyanin
Uretiminin Arttirilmasi: Mikroalglere Teorik Metotlarin Uygulanmasi
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Ozet: Fikoeritrin (FE) ve fikosiyanin (FS) floresan pigmentlerdir. Bu pigmentler
sanayide boyar madde olarak kullanilirlar. Bu ¢alismada, evsel atiksuyu, dalga
boyu ve salisilik asidin ¢esitli konsantrasyonlarinda biyiitiilen Porphyridium
cruentum’dan iretildi. FE ve FS konsantrasyonu Cevap Yiizey Metodu-Merkezi
Tiimlesik Tasarimi (CYM-MTT), regresyon analizi ve rstool modeller aracilig: ile
incelendi. Cevap Yiizey Metodu ile tahmin edilen maksimum FE konsantrasyonu, %
50 atiksu, 510 nm dalga boyunda ve 10 uM salisilik asit konsantrasyonunda 29,5
mg/g biyokiitle idi. Diger taraftan, Cevap Yilizey Metodu ile tahmin edilen
maksimum FS konsantrasyonu, % 50 atiksu, 680 nm dalga boyunda ve 40 uM
salisilik asit konsantrasyonunda 6,9 mg/g biyokiitle idi. ANOVA sonuglarina gore,
fikosiyanin konsatrasyonu icin li¢ degiskenin kare etkileri 6nemli bulunurken,
fikoeritrinin konsantrasyonunda atik su ve salisilik asit degiskenleri 6nemli
bulunmustur. Buna ek olarak, rstool araciligi ile FE ve FS konsantrasyonlar1 % 50
atiksu, 512,5 nm dalga boyunda ve 47,0833 puM salisilik asit konsantrasyonunda
sirasl ile 27,648 ve 5,7104 mg/g biyokiitle idi. Sonug olarak, atiksu, dalga boyu ve
salisilik asit gibi degiskenler Cevap Yiizey Metodu-Merkezi Tiimlesik Tasarim
(CYM-MTT) ve rstool modeller ile en yliksek FE ve FS konsantrasyonu igin
kullanilabilir. Bu degiskenler, iki pigmentin sanayide iiretimine katkida
bulunabilir.
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1. Introduction

Microalgae are photosynthetic microorganisms and
have some advantages compared to other organisms.
They have higher lipid, carbohydrate and protein
content than plants in the extreme environmental
conditions. Microalgae can produce bioactive
compounds such as flavonoid, flavones and flavonols.
Porphyridium cruentum is a eukaryotic unicellular red
microalgae belonging to the Rhodophyta phylum.
They don’t have cell wall and often can be cultivated
into artificial seawaters such as f/2 and ASW [1, 2]. In
addition, they have various concentrations of
carotenoid, chlorophyll and other pigments. These
molecules can be used in a wide range of food,
cosmetics and medical industry [3].

Phycobiliproteins are located in phycobilisomes.
Phycobiliproteins are light harvesting pigments in red
algae. They absorb light and energy migrates to the
photosystems. They increase absorption while they
are subjected to metabolic factors as high pH and ionic
strength [4]. Phycobiliproteins have the bilins giving a
fluorescent property. This maintains chromophore
property to phycobiliproteins. They can be classified
into two categories: phycoerythrin (PE) and
phycocyanin (PC) [5].

Porphyridium cruentum has fluorescent pigments such
as PE and PC [6]. PE has a red color and photosynthetic
pigment. It is water soluble pigment and has non-
stable structure in food industry. High amounts of light
affect it adversely. Light leads to its unstable
formation. However, PE has been used for antioxidant,
anti-inflammatory, anti-cancer and food studies due to
its intense red color [7]. Similarly, PC has an intense
blue color and it is a natural blue dye for food and
cosmetics industry [8]. It has been used for
photodynamic therapy as photosensitizer in tumor
therapy. Also, it has anti-inflammatory and cancer
effect for medicine treatment.

Purification of PE and PC is a difficult process. Yields
of them generally can be reduced by means of complex
purification methods such as chromatographic
techniques. Membrane technology is a useful
technique for their purifications. Yield especially has
been increased by hydrophilic PVDF membranes [9].
Phycocyanin can be affected by high heat and light.
They can lose blue color at above 45 °C. This situation
causes the formation of unstable structure and PC can
decay fast with temperature [10]. In addition,
antioxidant properties of PE and PC are important for
metabolism studies. Reactive oxygen species affects
metabolism and they lead to the formation of free
radicals. Phytochemicals such as PE and PC can
neutralize the effects of free radicals and diminish
oxidative stress levels in the metabolism. PE and PC
are known as non-enzymatic antioxidant due to their
effectiveness in oxidative stress [11].

Wastewater treatment is a significant issue for reuse
of water and to provide healthy water. Also,
examination of the problems related with wastewater
treatment facilities and wetlands contributes to the
solution of the problems. [12]. Microalgae generally
grow in special media and wastewater. Microalgae in
wastewater can be used for different goals. For
instance, these wastewaters can include micro-
pollutants such as erythromycin, galaxolide, ibuprofen
and estrone. These micro-pollutants can be removed
by microalgae [13]. In addition, wastewaters have
organic and inorganic molecules such as urea, glucose,
C, N, P and S. These molecules maintain nutrients for
microalgae and microalgae grow. In return, micro-
pollutants are removed from wastewaters [13, 14].

Various pigments with high value products can be
produced in wastewater by microalgae. One of them,
carotenoids, can be produced in urban wastewater
effectively [15]. Microalgae can metabolize inorganic
or organic molecules and convert energy from sun to
chemical or from nutrients into ATP. Autotrophic
microalgae use inorganic carbon such as carbon
dioxide in the availability of light and form biomass.
Unlike, heterotrophic microalgae use organic carbon
such as acetate and glucose for biomass production
[16]. These compounds can be found in wastewater in
excess and provide the growth of microalgae.
Microalgae can be cultivated in open pond and photo-
bioreactors. Open ponds are cheaper than photo-
bioreactors but they are significantly more susceptible
to culture contamination [17]. Open ponds provide
high amounts of biomass. They use sunlight for
cultivation but light effectively cannot reach the
depths of ponds. On the other hand, photo-bioreactors
can be operated at the desired light intensity and
wavelength. Optimum conditions can be determined
by controlling the whole system. But, their limitation
is that they work on a laboratory scale [17, 18].

Microalgae generally are cultivated in flat or tubular
photo-bioreactors. Flat photo-bioreactors can be
adjusted for modular design and have high amounts of
light penetration. They have lower dissolved oxygen
levels. One of the main drawbacks of flat photo-
bioreactors is the difficulty of temperature control. In
this system, algal biofilm formation can be observed
but this problem can be overcome by mixing the
system. Tubular photo-bioreactors can be used for
outdoor systems and have higher biomass
productivity. But, productivity can change according
to algal strains. This system is cheaper than flat
system. However, tubular photo-bioreactors have
higher dissolved oxygen levels. They form
inconvenient pH and carbon dioxide gradient. Fouling
is higher in reactors.

Photo-inhibition can often be observed [18]. Light
intensity is important for the growth of algal cells. It
has effects on photosynthesis system, intermediary
metabolism of microalgae and components of culture.
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Photosynthesis can be enhanced by the presence of
suitable light sources such as LED or fluorescent light
and lamp and light intensities [19]. This effect can be
positive or negative [20, 21]. Each microalgae species
contains different pigments and they can be maximally
absorbed at various wavelengths. This situation forms
different biomass concentration, metabolic content
and pigment concentrations [22].

Response surface methodology (RSM) is the technique
that independent factors and their interactions can be
estimated for the minimization of experimental
errors. RSM generally is used with central composite
design (CCD). This method depends on experimental
data and regression analysis. It provides time saving
for experimental studies [23]. The rstool maintains an
interface tool for searching one-dimensional contours
of multidimensional response surface models.
Nowadays, biofuel production, wastewater treatment,
biomass production and harvesting method for
microalgae have been studied at various conditions by
RSM-CCD and rstool [24-26]. The objective of this
study was to investigate phycoerythrin and
phycocyanin contents using RSM-CCD, regression
analysis and rstool in Porphyridium cruentum CCALA
415 grown in the various conditions such as different
concentrations of municipal wastewater and salicylic
acid and wavelengths and these variables will
contribute to PE and PC concentrations for industry.

2. Material and Method

2.1. Cultivation of Porphyridium cruentum CCALA
415

Porphyridium cruentum CCALA 415 was obtained from
Culture Collection of Autotrophic Organisms (CCALA)
in Czechia. Porphyridium cruentum was grown in ASW
medium [27] and municipal wastewater was prepared
according to Zouboulis [28, 29]. BOD, COD, TOC, PO43
and NH4* values were 980 mg/L, 1943 mg/L, 729
mg/L, 61 mg/L and 189 mg/L, respectively. Municipal
wastewater was enriched with artificial seawater like
ASW medium to maintain same ionic strength in the
medium. Then, different concentrations of wastewater
(25, 50, 75 and 100 %) were combined with ASW
medium. ASW medium solely was used as control.
Samples were grown at 22 °C, 75 pymolm-2 st and 16:8
(L:D). Firstly, the samples were incubated in 125 mL
of working volume in 250 mL of flask. Then,
microalgae samples were transferred from flask into
flat photobioreactor (FPBR) (1L) and the details
related with FPBR were given at previous study [30].

2.2. Growth rate and harvesting of Porphyridium
cruentum CCALA 415

Porphyridium cruentum CCALA 415 was counted by
using a hemocytometer at stationary phase. Then,
Porphyridium cruentum CCALA 415 was harvested by
centrifugation at 6500 rpm for 10 min. The pellet

samples were washed with distilled water and dried.
The samples were stored at -20 °C for further studies.

2.3. Extraction and analysis of phycoerythrin and
phycocyanin

Phycobiliproteins were extracted according to
Coward with a few modifications [31]. 1mg of dried
microalgae samples were mixed with 2 mL of
phosphate buffer (0.1 M) at pH 6.6. Then, samples
were left at -20 °C for 8 h. After this period, samples
were homogenized and vortexed for 6 min. Microalgae
were refrozen and extracted for 4 times. Finally,
samples were centrifuged at 11200 rcf for 4 min.
Supernatant samples were taken and measured at
455,564, 592, 618 and 645nm for phycoerythrin (PE)
and phycocyanin (PC) concentrations according to
Beer [32].

PE (mg/mL) = [(ODse4 — ODs92) — (OD4ss — ODso2) x 0.2]
x0.12

PC (mg/mL) = [(ODe1s - ODs4s) — (ODs92 — ODess) x
0.51] x 0.15

2.4. Application of response surface methodology
(RSM)

The central composite design (CCD) was used to
design experimental matrix for RSM. CCD is a practical
method to carry out the concentrations of
phycobiliproteins (PE and PC) under various medium
conditions and their interactions with each other. In
current study, wastewater (X1), wavelength (X2) and
salicylic acid (X3) were defined as -1 (low), 0 (central
point), and +1 (high). The concentrations of
phycobiliproteins were calculated according to
second-order polynomial equation. This equation was
given below.

n n
n
Y = ﬁ°+z:8iXi+ZBiiXi2+zz_ _ 1ﬁinin
; ; i<j=
i=1 i=1

The reactants used in this study were given in Table 1.

Table 1. The reactants used and levels for the determination
of the concentrations of phycobiliproteins (PE and PC)
Reactants -2 -1 0 1 2
X1: Wastewater
concentration (v/v %) 25 >0 75 100
X2: Wavelength (nm) 400 440 510 580 680
X3: Salicylic Acid (uM) 10 20 40 80 160

2.5. Analysis of variance

ANOVA was applied for applicability of response
surface methodology. When P value is less than 0.05,
the accuracy of model was significant. Degrees of
freedom (DF), sum of squares (SS), mean square (MS),
F and P values (probability) and t-values were
evaluated for the validation of the model.
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2.6. The application of interactive response
surface modeling

In this study, rstool in MATLAB was used.
rstool maintains an interface tool for searching one-
dimensional contours of multidimensional response
surface models and it is used to fit calibration data.
rstool draws a 95% synchronous confidence line for
the adjusted response surface.

3. Results and Discussion

3.1. The importance of reactants on phycoerythrin
(PE) concentrations by means of response surface
methodology

In this study, the effects of wastewater concentration
(v/v %) (X1), wavelength (nm) (X2) and salicylic Acid
(uM) (X3) on phycoerythrin (PE) concentrations were
carried  out. Maximum  concentrations  of
phycobiliproteins were calculated by response surface
methodology. Two second order polynomial
equations were written to calibrate PE concentrations
under various parameters. This equation was given
below.

Y1 = 19.768 + 0.17172X: + 0.037373X2 +
0.00029953Xs + 2.8571x10-5X1X2 ~2.0526x10-
XiXs - 1.0525x10XoXs-1.6456x103 X2 - (1)
5.3357x10-5X2-2.4576x10-4X2

Also, CCD of RSM for the maximum PE concentration
was given in Table 2.

Experimental and RSM predicted PE concentrations
were compared. The maximum experimental PE

concentration was 30.3 mg/g biomass at 50 % of
wastewater, 510 nm of wavelength and 10 pM of
salicylic acid. Similarly, RSM predicted PE
concentration was 29.5 mg/g biomass. Conversely,
while the lowest PE concentration was 22.8 mg/g
biomass at 0 % of wastewater, 510 nm of wavelength
and 40 pM of salicylic acid for the experimental
results, PE concentration was 23.1 mg/g biomass at 50
% of wastewater, 680 nm of wavelength and 40 pM of
salicylic acid for RSM predicted PE concentration. 3D
RSP and 2D contour plots related with wastewater
concentration (v/v %) (X1) and wavelength (nm) (X2)
were given in Figure 1. These figures explain how X1
and Xz affect PE concentrations. While Xi
concentration was increasing from -2 degree to zero
level, PE concentration had higher value than the
others. While Xz value increased from -2 to -1 level, PE
concentration had higher value. On the other hand,
from -1 to zero level, PE concentration decreased.

The interaction between Xi and X3 was shown in
Figure 2. Irregular shape of plot proves important
interactions between X1 and X3. From 0 to 2 levels,
when Xi: and X3 valued raised, PE concentration
drastically decreased. Similarly, the interaction
between Xz and X3 was given in Figure 3. Between Xz
and Xs, interaction partially was shown. When Xz and
X3 increased from -1 to 2, PE concentration
significantly decreased. We summarize the results of
PE concentrations that PE concentration decreased at
the high concentrations of the variables. Probably,
stress factors adversely affected PE concentration
under these variables. In addition, while PE
concentration increased in the short wavelengths such
as purple and blue, it decreased in the long
wavelengths such as yellow and red.

Table 2. CCD of RSM for the maximum phycoerythrin concentration

Run No Wastewater concentration =~ Wavelength  Salicylic Acid Experimental RSM
) (X1) (v/v %) (X2) (nm) (X3) (M) (PE) mg/g Predicted (PE) mg/g
1 25 440 20 29.4 28.5
2 25 440 80 27.6 26.9
3 25 580 20 25.3 26.0
4, 25 580 80 23.3 23.5
5. 75 440 20 29.6 29.3
6 75 440 80 27.4 271
7 75 580 20 25.6 26.9
8 75 580 80 23.4 23.8
9. 0 510 40 22.8 23.2
10. 100 510 40 25.1 24.6
11. 50 400 40 27.8 29.5
12. 50 680 40 239 23.1
13. 50 510 10 30.3 29.5
14. 50 510 160 26.2 26.3
15. 50 510 40 281 28.0
16. 50 510 40 279 28.0
17. 50 510 40 28.2 28.0
18. 50 510 40 27.9 28.0
19. 50 510 40 28.0 28.0
20. 50 510 40 28.1 28.0
21. 50 510 40 28.2 28.0
22, 50 510 40 28.1 28.0
23. 50 510 40 28.0 28.0
24. 50 510 40 28.1 28.0
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Figure 1. 3D RSM and 2D CPs for interaction effect of (A-B) wastewater concentration (v/v %) (X1) and wavelength (nm) (X2)
for PE concentration.
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Figure 2. 3D RSM and 2D CPs for interaction effect of (A-B) wastewater concentration (v/v %) (X1) and salicylic acid (uM) (X3)
for PE concentration.
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Figure 3. 3D RSM and 2D CPs for interaction effect of (A-B) wavelength (nm) (X2) and salicylic Acid (uM) (X3) for PE
concentration.

In the literature, there are many studies related with isolated in India under various color lights. These
PE extraction under different conditions. Mishra et al. bacterial cyanobacteria showed different behaviors in
carried out PE concentration from Pseudanabaena sp. white, blue and green light. The maximum PE
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concentration was 39.2 mg/mL and 32.2 mg/mL for
green and blue light. These results are compatible with
our ones. Also, they researched the biomass
concentrations. The maximum biomass concentration
was 0.94 g/L in the blue light [33]. PE extraction from
Palmaria palmate was investigated with response
surface methodology. In this study, enzymatic
digestion procedure was modelled. The extraction
yield had 62 times higher with enzymatic procedure
than non-enzymatic one. Also, the PE purification with
enzyme increased 16 times compared to non-
enzymatic procedure [34]. Pereira et al. examined
maceration, ultrasound-assisted, high pressure-
assisted, and freeze-thaw extraction using RSM. The
maximum PE yield was found as 3.6 mg PE/g biomass
for 10 min of treatment time, 0.1 M buffer
concentration and biomass: buffer ratio (1:50) [35].

Porphyridium marinum was carried out at the various
concentrations of NaNOs3, Kz2HPO4 and trace elements.
Box-Behnken model had the highest PE concentration
(40 mg/g) at 3.4 g/L of NaNOs, lack of KzHPO4 and 70
pumol photons/m?2/s of light intensity [36]. Mittal and
Raghavarao focused on the extraction of PE by
Gelidium pusillum. Enzymatic hydrolysis process was
found as the best alternative method. In this method,
cellulase provided 26% of an increase in biomass rate
[37].

In another study, pulsed electric field treatments were
applied for maximum PE concentration on
Porphyridium  cruentum. The maximum PE
concentration was 32 mg/g at 10 kV/cm for 150 us
after 24 h of incubation [38].

Munier studied on the instability of PE. Grateloupia
turuturu and Porphyridium cruentum was exposed to
various time durations. At the end of 48 h, PE
concentration decreased by nearly 30% [39].

Zhao et al. researched the purification of PE from
Gracilaria tenuistipitata by means of agar extraction
method. Yield was 30.3 pg/g R-PE. This value was
equal to much more than 4 of purification ratio [40].

In addition, PE can be used for various goals. Afreen
and Fatma investigated that PE isolation and
purification from Michrochaete can be achieved. They
also studied antioxidant, antibacterial, antifungal and
anticancer potential of PE. PE had higher antioxidant
activity (0.023 mg/mL) with ABTS than other methods
such as DPPH (0.043 mg/mL) and SOR (0.553
mg/mL). Moreover, PE displayed anticancer activity
against HepG2 cells (105 ug/mL) [41].

3.2. ANOVA results for estimated coefficients and
quadratic model of phycoerythrin concentration

We analyzed ANOVA values such as degrees of
freedom (DF), sum of squares (SS), mean square (MS),
F and P values (probability) for PE concentration. F-
value was 16.2561 and P-value was < 0.0001. These
results indicate that all system terms are important for
PE concentration. All ANOVA results were given in
Table 3.

ANOVA results for estimated coefficients of the
quadratic model of PE concentration were calculated.
tand p values for intercept were 1.9807 and 0.067619,
respectively. t and p values were 1.9925 and

Table 3. ANOVA for quadratic model of phycoerythrin concentration

Phycoerythrin Concentration (mg/g biomass )

Source Dfa SSb MSe F-value P-value Significance
Model 9.0000 90.2684 10.0298 16.2561 <0.0001 Significant
Residual 14.0000 8.6378 0.6170
Total 23.0000 98.9063

aDegree of freedom for each term
bSum of Square for the regression model
cMean Squared error for each term
Table 4. ANOVA for estimated coefficients of the quadratic model of phycoerythrin concentration
Phycoerythrin concentration (mg/g biomass)
Source Coefficient StdErra tvalueb P valuec Significance
(Intercept) 19.768 9.9804 1.9807 0.067619
X1 0.17172 0.086187 1.9925 0.066192
X2 0.037373 0.032914 1.1355 0.27525
X3 0.00029953 0.070748 0.0042338 0.99668
X1X2 2.8571x10-5 1.5869x10-4 0.18004 0.8597
X1X3 -2.0526x10-4 3.6041x104 -0.56953 0.57802
X2X3 -1.0525x10-4 1.2928x10-+ -0.81412 0.4292
X1X1 -1.6456x10-3 2.3524x104 -6.9954 0.0000062941 Very significant
X2X2 -5.3357x10-5 2.8935x10-5 -1.844 0.086442
X3X3 -2.4576x10-4 1.0636x10-4 2.3106 0.036604 Significant

Results is significant when P < 0.05 R2= 0.91, R? (adj) = 0.86, MSE= 0.62

aStandard error of the coefficients
b t-statistic for each coefficient to test the null hypothesis
cp-value for the t-statistic of the hypothesis test
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0.066192; 1.1355 and 0.27525; and 0.0042338 and
0.99668 for wastewater, wavelength and salicylic acid,
respectively. According to these results, every
reactant alone does not have a significant effect for
higher PE concentration. In addition, according to
ANOVA results, the interactions among reactants
showed similar results and they don’t have
interactions. However, squared effects of wastewater
and salicylic acid were very significant for PE
concentration. This result demonstrated that
wastewater and salicylic acid affect highly PE
concentration. ANOVA for estimated coefficients of the
quadratic model of PE concentration were given in
Table 4.

3.3. The effects of reactants on phycocyanin (PC)
concentrations by using response surface
methodology

The effects of wastewater concentration (v/v %) (X1),
wavelength (nm) (X2) and salicylic Acid (uM) (X3) on
phycocyanin (PC) concentrations were examined. The
maximum concentrations of PC were calculated by
response surface methodology. Two second order
polynomial equations were written to estimate PC
concentrations under various parameters. This
equation was given below.

Y2 = -1.1573 + 0.032062X: + 0.017459X; —
0.0074868Xs - 1.4286x105X:Xz + 2.1053x10-
SXiXs -1.4085x10X,X3-2.5723x104 x2 - (%)
8.1803x10-6X2-5.306x10-5X2

In this study, experimental and RSM predicted PC
concentrations were determined. The maximum
experimental PC concentration was 6.9 mg/g biomass

for 50% of wastewater, 680 nm and 40 uM of salicylic
acid. Similarly, the maximum RSM predicted PC
concentration was 6.9 mg/g biomass. The minimum
experimental and RSM predicted PC concentration
was 4.7 mg/g biomass for 25% of wastewater, 440 nm
and 80 pM of salicylic acid. CCD of RSM for the
maximum PC concentration was given in Table 5. 3D
RSP and 2D contour plots related with wastewater
concentration (v/v %) (X1) and wavelength (nm) (X2)
were given in Figure 4.

These figures explain how Xi and Xz affect PC
concentrations. This 3D RSP figure had spherical
shape. From -2 to 0 levels, wastewater and PC
concentrations increased. On the other hand, from 0 to
+2 levels, while wastewater increased, PC
concentration decreased. From -2 to +2 levels,
wavelength and PC concentrations increased. 3D RSP
and 2D contour plots related with wastewater
concentration (v/v %) (X1) and salicylic acid (uM)
(X3) were given in Figure 5. This figure had a uniform
shape. This result showed that PC and wastewater
concentrations increased from -2 to 0 levels. But, PC
concentration decreased while salicylic acid
concentration increased from -2 to 0 levels. Unlike,
from 0 to +2, PC concentration decreased while
wastewater and salicylic acid concentrations
increased. Interaction between wavelength and
salicylicacid according to their 3D RSP and 2D contour
plots was given in Figure 6.

Similarly, this figure had a uniform shape. From -2 to
+2, while wavelength and PC concentrations
remarkably increased. Unlike, when salicylic acid
concentration increased, PC concentration drastically
decreased. Probably, stress factors adversely affected

Table 5. CCD of RSM for the maximum phycocyanin concentration

Run No Wastewater concentration Wavelength Salicylic Acid Experimental RSM
) (X1) (v/v %) (X2) (nm) (X3) (1M) (PC) mg/g Predicted (PC) mg/g

1. 25 440 20 5.2 5.2
2 25 440 80 4.7 4.7
3 25 580 20 6.3 6.4
4 25 580 80 5.8 5.8
5. 75 440 20 5.1 5.2
6. 75 440 80 4.8 4.8
7 75 580 20 6.2 6.3
8. 75 580 80 5.7 5.8
9. 0 510 40 5.1 5.1
10. 100 510 40 5.2 5.1
11. 50 400 40 4.8 4.8
12. 50 680 40 6.9 6.9
13. 50 510 10 6.2 6.1
14. 50 510 160 5.4 5.4
15. 50 510 40 5.8 5.8
16. 50 510 40 5.7 5.8
17. 50 510 40 5.8 5.8
18. 50 510 40 5.7 5.8
19. 50 510 40 5.8 5.8
20. 50 510 40 5.8 5.8
21. 50 510 40 5.8 5.8
22. 50 510 40 5.7 5.8
23. 50 510 40 5.7 5.8
24, 50 510 40 5.8 5.8
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Figure 4. 3D RSM and 2D CPs for interaction effect of (A-B) wastewater concentration (v/v %) (X1) and wavelength (nm) (X2)
for PC concentration.
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Figure 5. 3D RSM and 2D CPs for interaction effect of (A-B) wastewater concentration (v/v %) (X1) and salicylic acid (uM) (X3)
for PC concentration.
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Figure 6. 3D RSM and 2D CPs for interaction effect of (A-B) Wavelength (nm) (X2) and Salicylic Acid (uM) (X3) for PC
concentration.

PC concentration under these variables. In addition, the short wavelengths such as purple and blue. These
while PC concentration increased in the long results were consistent with literature results. Parys
wavelengths such as yellow and red, it decreased in et al. studied photosynthesis and pigment
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concentrations in Cyanidioschyzon merolae under the
lights with various colors. Chlorophyll a (5.26 nmol
10-8 cells) and B-carotene (1.34 nmol 10-8 cells) had
maximum concentrations in red light. However,
chlorophyll a (3.47 nmol 10-8 cells) and B-carotene
(0.75 nmol 10-8 cells) had minimum concentrations in
white light.

On the other hand, while blue light had the highest PC
concentration (1.25 nmol 10-8 cells), white light had
the lowest PC concentration (0.72 nmol 10-8 cells)
[42].

In another study, PC recovery from Anabaena
cylindrica was studied with response surface
methodology. Optimum solid-liquid ratio, extraction
time and temperature were researched and four-fold
recovery was obtained [43].

PC extraction method was optimized from
Phormidium versicolor NCC-466 by RSM. The
maximum PC concentration was 67.45 mg/g at solid-
water ratio 1/2, temperature 32.5 °Cand pH 7.2. These
parameters were used for the prevention of cadmium
hepatoxicity [44]. PC from Spirulina platensis was
produced in mixotrophic condition using RSM. The
maximum PC concentration was maintained at light
(45.5 umole m2s1), urea (114.74 mg L-1) and molasses
(0.196 L1) [45].

PC purification from Arthrospira platensis was
practiced by microwave-assisted technique. This
technique depended on micro-extraction of liquids.
The maximum PC yield was 86 % at six min, 348 K and
functional deep eutectic solvent volume of 650 pL
[46]. Deb et al. studied for PC production from

Anabaena variabilis using RSM. At pH 8.9, MgSO04
(168.8 mg/L) and NaHCOs (64.3 mg/L), PC yield and
content were 54.2 mg/L and 6.3 % dcw, respectively
[47].

Phycobiliprotein concentrations from Porphyridium
purpureum were carried out using RSM. Light,
temperature and nitrogen were selected as interaction
parameters. The maximum phycobiliprotein content
was 2.9 % dw at 30 pmol m-2s -1 of light, 10 °C [48].

In the literature, there are many studies about PC. PCs
have distinguishable properties. The PCs with
allophycocyanin are more stable than isolated ones
[49]. Leptolyngbya sp. was researched for PC
concentrations in extreme conditions such as higher
light and temperature. PC concentration was 72.12
mg/g biomass and biomass concentration 1.09 g/L/d
at 40 °C. This result was 45 % higher than A. platensis.
Also, the maximum biomass productivity was found at
300 pmol-m-2-s-1 [50].

Pulsed electric field was used for the production of PC
from Arthrospira platensis. 1 us pulses at an electric
field strength of 40 kV-cm~! were tested and the
highest PC concentration was obtained [51]. Nostoc
commune TUBTO05 and Oscillatoria okeni TISTR8549
was investigated to obtain higher PC production.

Freezing and thawing methods were applied and these
methods can be used for the extraction of biomass and
PC production [52]. In another study, PC was carried
out the effects of heavy metal cations on PC production
in vitro and in silico. Pb2+ had the most significant
effect on PC. The low concentration (<2x10-6 mol/L)
of it showed a negative effect. Also, the binding cites of

Table 6. ANOVA for quadratic model of phycocyanin concentration

Phycocyanin Concentration (mg/g biomass )

Source Dfa SSb MSc F-value P-value Significance
Model 9.0000 6.0857 0.6762 119.4397 <0.0001 Significant
Residual 14.0000 0.0793 0.0057
Total 23.0000 6.1650

8Degree of freedom for each term
bSum of Square for the regression model
®Mean Squared error for each term
Table 7. ANOVA for estimated coefficients of the quadratic model of phycocyanin concentration
Phycocyanin concentration (mg/ g biomass)
Source Coefficient StdErr2 tvalueb P valuec Significance
(Intercept) -1.1573 0.95603 -1.2106 0.2461
X1 0.032062 0.0082559 3.8835 0.0016548 Significant
X2 0.017459 0.0031529 5.5373 7.3183x10-5 Very significant
X3 -0.0074868 0.006777 -1.1047 0.2879
Xi1X2 -1.4286x10-5 1.5201x10-5 -0.93978 0.36327
Xi1X3 2.1053x10-5 3.4523x10-5 0.60981 0.55176
X2X3 -1.4085x10-5 1.2384x10-5 -1.1374 0.27446
X1X1 -2.5723x10+4 2.2534x10-5 -11.415 1.7709x10-8 Very significant
X2X2 -8.1803x10-6 2.7717x106 -2.9514 0.010517 Significant
X3X3 5.306x10-5 1.0188x10-5 5.2079 0.00013265 Very significant

Results is significant when P < 0.05 R2=0.99, R? (adj) = 0.98, MSE= 0.0057

aStandard error of the coefficients
b t-statistic for each coefficient to test the null hypothesis
cp-value for the t-statistic of the hypothesis test
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Zn%* was located near chromophores in silico studies
[53].

PC can be used for the medical proposes. PC from
Spirulina platensis was purified and its anticancer,
antidiabetic and anti-inflammatory effect were
evaluated. Anticancer effect was 68 % at 500 pg/mL of
PC. It had antidiabetic effect at 250 pg/mL of PC. In
addition, anti-inflammatory effect occurred at 500
pg/mL of PC [54].

Extended usage of PC revealed the need of large scale
production of PC. PC from Arthrospira platensis was
produced in the outdoor photovoltaic photo
bioreactor. Biomass productivity was 67 % higher

32
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than raceway pond. PC productivity was 16.3 mg/g/d.
and its purity was 1.2.

These results emphasized that this PBR can be used
for large scale PC production from Arthrospira
platensis [55].

3.4. ANOVA results for estimated coefficients and
quadratic model of phycocyanin concentration

ANOVA for quadratic model of PC concentration was
calculated. All model was significant (p value <
0.0001). F value was 119.4397. In addition, degrees of
freedom (DF), sum of squares (SS) and mean square
(MS) for PC concentration were given in Table 6.
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Figure 7. The input models related with full quadratic and interaction models on phycoerythrin concentration.
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Figure 8. The input models related with full quadratic and interaction models on phycocyanin concentration.
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ANOVA for estimated coefficients of the quadratic
model of PC concentration was estimated. Wastewater
concentration was significant. In addition, wavelength
was very important for PC concentration. Interaction
effects for wastewater, wavelength and salicylic acid
can be omitted according to ANOVA. However,
squared effects of wastewater, wavelength and
salicylic acid were very significant. In conclusion,
three parameters remarkably affect PC concentration.
ANOVA for estimated coefficients of the quadratic
model of PC concentration in detail was given in Table
7.

3.5. Interactive response surface modeling for the
determination of maximum phycoerythrin and
phycocyanin concentrations

Interactive response surface modeling is a new
method and it interactively researches one-
dimensional contours by means of multidimensional
regression models. It shows a fitted regression model
for a response.

In literature, there are few articles related with rstool.
Quadratic model was used for the prediction of limit
state function of the passive heat removal system. In
their study, Ebrahimian et al. carried out two
parameters such as air temperature and fouling factor
and determined the effects of independent variables
on heat removal capacity [56]. In another study, rstool
was used to optimize a solar power tower. The
parameters such as a baseline power purchase
agreement, annual generation, cycle ramp, receiver
starts and cycle starts were examined by rstool and
the effects of each parameter on each response were
determined [57].

In this study, we carried out interactive and full
quadratic models to find maximum PE and PC
concentrations. While full quadratic models had
constant, linear, interaction, and squared terms,
interaction maintains constant, linear and interaction
terms. It does not have squared terms. The Root Mean
Squared Error (rmse) value of PE was 0.7855 for full
quadratic models. In addition to this, rmse value of PE
was 1.6597 for interactive model. The maximum PE
concentration was 27.011 mg/g biomass at 50 % of
wastewater, 512.5 nm and 47.0833 uM of salicylic acid
according to interaction model. Similarly, its
maximum concentration was 27.648 mg/g biomass
for 50 % of wastewater, 512.5 nm and 47.0833 puM of
salicylic acid according to full quadratic model. The
effect of squared terms was 0.637 mg/g biomass. This
value approximately was equal to 2.5 %. In conclusion,
the effect of squared terms can be ignored. These
results support the ANOVA results. Interactive
response surface modeling results for PE
concentration were given in Figure 7. Also, we studied
interactive and full quadratic models for PC
concentration. The Root Mean Squared Error values of
PC were 0.0752 and 0.2561 for interactive and full
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quadratic models, respectively. Interactive response
surface modeling results for PE concentration were
given in Figure 8.The maximum concentration of PC
was 5.6248 mg/g biomass at 50 % of wastewater,
512.5 nm and 47.0833 puM of salicylic acid for
interaction model. For full quadratic models, the
highest PC concentration was 5.7104 mg/g biomass
for 50 % of wastewater, 512.5 nm and 47.0833 uM of
salicylic acid. The effect of squared terms was 0.0856
mg/g biomass for PC. This value nearly was equal to
1.5 %. Like PE concentration, squared terms of PC can
be ignored according to Interactive response surface
modeling. However, these results are not in line with
the ANOVA results. In conclusion, interactive response
surface modeling cannot be used for squared terms of
PC under wastewater, wavelength and salicylic acid
parameters.

4. Conclusion

PE and PC are florescent pigments. They have a
colorant role in the industry. While PE gives the red
color, PC maintains the blue color. There are many
sources from which these pigments are obtained. One
of them is Porphyridium cruentum and it can be grown
in various conditions. The wvariables such as
wastewater, wavelength and salicylic acid are
important for the production of these pigments. When
squared terms of wastewater and salicylic acid were
important for PE concentration, linear and squared
terms of wastewater and wavelength were significant
for PC concentration. Response Surface Methodology-
Central Composite Design (RSM-CCD) and rstool can
be used for the production of maximum PE and PC
from Porphyridium cruentum.
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