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Being a naturally produced colorant with fluorescent properties, C-phycoerythrin (CPE)
has important food industry applications. However, optimization of extraction and
its stability under storage is an aspect which needs further attention. In this study,
optimization of CPE extraction from Lyngbya sp. CCNM 2053 was undertaken using
response surface methodology (RSM). Preliminary screening suggested a phosphate
buffered system with freeze thaw for cell disruption as the most suitable method. 22.40
+ 1.31mg g~' CPE and 52.76 + 0.07mg g~ total proteins were extracted using
phosphate buffer while freeze thaw method yielded 19.87 + 0.43mg g~' CPE and
58.92 + 3.49mg g~ total proteins. RSM was used to optimize phosphate buffer pH
(56.5-8), molarity (0.1-1 M) and number of freeze thaw cycles (2—7). Interaction between
buffer molarity and number of freeze thaw cycles was most significant for modeling
the responses. Extraction of CPE was highest with pH 8 and low molarity buffers. The
predicted values from the equations agreed well with the experimental values, proving
the robustness of the model. The stability of the extract was also evaluated at different
temperatures, light exposure times and pH values. Results indicated that light exposure
should be kept to a minimum while the stability was affected by extreme temperatures
and pH. CPE was comparatively stable in a pH and temperature range of 3-8 and
4-40°C respectively.

Keywords: cyanobacteria, extraction optimization, food color, phycoerythrin, stability

INTRODUCTION

C-phycoerythrin (CPE) is a water soluble, light harvesting accessory pigment found in some strains
of cyanobacteria and is responsible for absorption of wavelengths inaccessible to chlorophyll. In
addition to its role as a light harvesting protein, it is widely studied for its applications as a natural
food colorant, anti-oxidant and anti-hyperglycemic agent, fluorescent tag, and small ion sensor
(Sekar and Chandramohan, 2007; Ghosh et al., 2016, 2018, 2020; Ghosh and Mishra, 2020).

Due to its many practical applications, the extraction and purification procedures are generally
multi-step and elaborate, to ensure quality and purity (Mishra et al., 2011; Ghosh et al., 2015).
Although phycoerythrin, with its bright fluorescence, is widely regarded as a potential food
colorant, most of the sources are limited to red seaweeds (Dufossé et al., 2005; Sekar and
Chandramohan, 2007). A part of the reason is the lack of cyanobacterial sources; however, the
other part is the problem of cyanotoxins produced by many members of the cyanobacteria family
(van Apeldoorn et al., 2007; Blaha et al., 2009). Purification and stability of CPE is, thus, an area
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FIGURE 2 | Screening of different cell disruption methods for CPE and total protein extraction. Significance of each extracted analyte denoted by its initials followed
by significance number. A different number denotes statistical significance (o < 0.05, n = 3). TP, Total proteins.

of other proteins from the cells. The probable reason is the
absence of salts which can lead to osmolysis. On the other
hand, tris chloride has the second highest amount of total
proteins with the lowest CPE, thus making it ineffective for
our purposes.

Alternate buffers like tris chloride have also been reported
in literature for the extraction of phycobiliproteins. Soni et al.
(2010) have utilized tris chloride for the extraction of CPE for
crystallization studies. Mubarak Ali (2013) has reported yields of
85.84 £ 0.63mg g~ ! CPE and 45.51 £+ 1.21mg g~ ! CPC using
tris chloride. Good’s buffers are another series of buffering salts
that have been designed specifically for biological systems (Good
etal., 1966). We used PIPES as a buffer system through which we
have achieved a good extraction ratio for CPE. Although these
buffers were developed as an alternate to phosphate or acetate
buffers for routine biological work, little work has been reported
on phycobiliproteins till date.

Another important observation was that the CPE purities
in the crude extract were the highest when phosphate buffer
was used as an extractant, which is an advantage during their
downstream purification and processing. The CPE content was
42.46% of the total protein content. The next best buffer in this
criterion was PIPES with CPE content of 30.28% of the total
protein. The non-selective extraction of all soluble proteins in tris
chloride and DW affected the purity of CPE to a great extent.
A higher yield led us to choose phosphate buffer for further
optimization studies.

Effect of Cell Disruption Method on Total
Protein and CPE

Cell disruption is an essential parameter for extraction of
metabolites. There are different methods that have been followed
for maximizing cellular disruption leading to a higher product
yield. We have chosen 3 different methods—ultrasonication,
freeze thaw, and grinding—to compare their effects on CPE
recovery from intact cells. Phosphate buffer (0.1M, pH 7)
was used for all the methods. The maximum recoveries as
well as the highest purity of CPE were obtained through
the freeze thaw method. The total protein recovery was also
the highest in this method (Figure 2). The CPE content was
19.87 + 043mg g~! while the protein content was 58.92
+ 349mg g~'. On a weight basis, 33.72% of the total
protein content was CPE. The corresponding purity ratio
was 1.92.

We were able to achieve yield of 6.16 4+ 0.79mg g~! CPE
using a 25kHz sonicator (Figure 2). 33.17% (w/w) of the total
protein content was CPE with a purity ratio of 0.58. The purity
ratio was very low compared to the freeze thaw method, which
points out denaturation during the process. Manual crushing of
the wet biomass in an appropriate buffer was carried out using a
pestle-mortar. We were able to extract 1.33 & 0.05mg g~ ! CPE
(Figure 2). On a weight basis, 33.76% of the total protein content
was CPE. The total protein yield was 3.94 + 0.10mg g~! while
the purity ratio of CPE was 0.34. The low purity ratios underline
the non-selective extraction of soluble proteins from the cells.
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TABLE 1 | Experimental design and responses for optimizing CPE and total
protein extraction.

Run  Factor 1 Factor 2 Factor 3 Response 1 Response 2

A:pH B:Molarity  C:FT cycle CPE Total protein

(mgg™) (mgg™)

1 6.8 0.55 2 1.38 +£ 0.30 9.20 £ 0.33
2 6.8 0.55 5 482 +0.04 16.37 + 1.15
3 5.5 0.1 7 1149 £ 0.10 56.59 + 0.95
4 6.8 0.55 5 3.48 +£0.02 13.16 +0.65
5 6.8 0.55 5 5.01 £0.06 14.11 £0.28
6 5.5 1 2 0.42 + 0.04 3.69 £ 0.51
7 6.8 0.55 7 7.52 £0.08 22.14 £ 0.69
8 5.5 1 7 8.71 £0.05 17.26 + 1.51
9 6.8 1 5 0.51 £ 0.10 8.16 + 0.35
10 8 0.1 7 22,99 + 0.52  46.29 + 0.93
11 5.5 0.1 2 1011 £0.19  17.14 £ 0.57
12 6.8 0.1 5 1154 £0.02 31.04 £ 2.52
13 1 2 0.23 + 0.03 3.24 +£0.38
14 1 7 0.33 £+ 0.06 9.03 £ 0.70
15 8 0.1 2 8.63 +£ 0.06 18.67 + 0.29
16 5.5 0.55 5 13.08 + 1.98  29.65 + 0.21
17 6.8 0.55 5 8.77 £0.07 23.79 +0.83
18 6.8 0.55 5 5.75+0.09 17.26 + 0.22
19 6.8 0.55 5 343 +0.08 12.46 + 0.51
20 8 0.55 5 264 +£0.06 12.41 +0.21

Comparing all the three methods, higher purities and high yields
led us to choose the freeze thaw method of cell disruption for
further optimization.

Optimization of CPE and Total Protein
Yields Using Response Surface
Methodology

The actual experimental runs as designed by the software
and the corresponding responses have been presented in
Table 1 while ANOVA and significance of the models have
been presented in Table S2 (ESI). The coded levels were
selected on the basis of the screening experiments. Based on
the preliminary findings, freeze thaw method in potassium
phosphate buffer (0.1 M, pH 7) had yielded the maximum CPE
content as well as the highest purities. Optimization of the
pH (A), molar strength of the buffering system (B) and the
number of freeze thaw cycles (C) was carried out to accurately
predict the behavior of the system. The predicted responses
reasonably agreed with the experimental values, emphasizing the
reasonable accuracy while using a quadratic model. The positive
terms in each equation denote a synergistic and the negative
terms denote an antagonistic effect of the variables on the
respective responses.

Extraction of CPE
The extraction of CPE was modeled using the following
quadratic equation:

CPE (mgg™') = 68.6803 — 22.00429 *A + 4.98545 % B
+ 5.63342 % C — 1.59657 * A * B — 0.24782
* Ax C— 2.56489 x B x C 4 1.70387 * A,
+ 3.76373 xB; — 0.11592 % C, (5)

The three-dimensional plot has been shown in Figure 3 while
the ANOVA has been presented in Table S2 (ESI). The adjusted
R? value (0.8975) agrees with the predicted R? (0.8794) while
the model equation explains 89.75% of the variations in CPE
content. The adequate precision ratio value of 28.16 is able to
ignore the noise generated effectively. We observed higher CPE
contents when buffers of low molarity were used for extraction.
We were interested in the relationship between pH and buffer
molarity on CPE extraction, whether any conditions could give
us higher yields. We observed that low molarity buffers with
the pH 8 resulted in more CPE. It is quite understandable if
the extraction efficiency increases with the number of times
a batch of biomass is frozen and thawed repeatedly; however,
the low salt concentration in the buffers tended to increase
the “salting in” effect. The maximum CPE was observed with
0.1 M, pH 8 buffer and 7 freeze thaw cycles (22.99 £ 0.52mg
g’l) (Table 1). It was interesting to note that, individually, pH
was more influential (p-value 0.0019) compared to when it was
analyzed as part of an interaction with other factors (Table S2,
ESI). It signifies the role that it plays in the stability of CPE in
the crude extract. On the other hand, freeze thaw cycles and
molarity, taken together, had more significance in CPE extraction
(p-value < 0.0001), which supports our argument of “salting
in” in low molarity buffers with more freeze thaw cycles per
biomass batch.

Extraction of Total Proteins
The total protein content was modeled using the following
quadratic equation:

Total protein (mgg™') = 109.76057 — 33.40631 A
16.29643 % B + 13.92529
C0.016665 * A * B — 0.78453 % A
C — 5.02168 % B % C + 2.52969

Ay +11.20019 x B, — 0.22433

x Gy (6)

*

*

*

The ANOVA values have been presented in Table S2 (ESI) while
the three-dimensional graph has been shown in Figure 4. The
adjusted R? (0.93) agreed with the predicted R%-value (0.9211)
while the signal—to—noise ratio was 36.88, sufficient for the
model to ignore the noise generated. The model was capable
of explaining 93% of the variation in total protein content.
The highest protein yields have been found with 0.1 M buffer
and 7 freeze thaw cycles (56.59 & 0.95mg g~!, Table 1) that
again supports the “salting in” hypothesis as proposed with
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B: Molarity (M)
01 55 A pH

FIGURE 3 | Three-dimensional plot of interaction between pH and buffer molarity for CPE extraction.

Total protein (mg g-)

270 B: Moarity (M)

FIGURE 4 | Three-dimensional plot of interaction between freeze thaw cycles and buffer molarity for total protein extraction.

the extraction of CPE. Soni et al. (2008) have reported total  able to achieve protein yields as high as 56.59 £ 0.95mg g~*
protein values of 4.3mg g~' from Phormidium fragile using  when the cell mass was freeze thawed in 0.1 M phosphate
the freeze thaw extraction method. In comparison, we were  buffer 7 times. Compared to CPE, pH and molarity together
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had a lesser role to play here (p-value 0.9890), presumably
because we were interested in all the proteins instead of a
specific one. However, the combination of buffer molarity
and number of freeze thaw cycles again had a significant
role to play in the extraction process (p-value < 0.0001)
(Table S2, ESI).

Verification of Optimized Models for

Extraction of CPE and Total Proteins

The optimized equations were used to predict the
CPE and total protein content using 0.1M phosphate
buffer (pH value 6.8) and 5 cycles of freeze thaw for
validation of the model. The values have been presented
in TableS3 (ESI). The observed values agreed with
the predicted values for all responses, which signify
the robustness of the model and the relevance of
prediction equations.
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FIGURE 5 | (A) Effect of different pH on crude CPE extract. (B) Trace
absorbance intensities at 564 nm for CPE extract at different pH.

Stability of the Crude CPE Extract

Stability in Different pH Values

CPE was found to be pre-dominantly stable under slightly acidic
conditions (Figures 5A,B). Under a pH range of 3-8, there
was not any appreciable difference in the color of CPE extract
(data not shown). The spectral differences were also minimal
(Figure 5A). However, after being stored at pH 9 and upwards,
there was a marked difference between the control and the
stored samples with significant decrease in absorbance of the
chromophore while there was almost complete denaturation
under pH 11 and 12. If we look at the trace intensity plot
(Figure 5B), we can see that the region of stability extends from
pH 3-8 while the values at pH 9 and 10 could also be treated
being fairly stable. However, the source organism of this CPE is
not an alkaliphilic, nor does it come from a region of elevated
pH ranges or fluctuations. Hence, its metabolites cannot be safely
considered as stable for prolonged durations under extreme
pH values.
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FIGURE 6 | (A) Effect of different light exposure durations on crude CPE
extract. (B) Trace absorbance intensities at 564 nm for CPE extract for
different light exposure durations (light intensity 120 wmol photons m=2 s=7).

Frontiers in Sustainable Food Systems | www.frontiersin.org

July 2020 | Volume 4 | Article 102


https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles

Ghosh and Mishra

Extraction and Stability of Phycoerythrin

Stability Under Different Light Exposure Durations

Light played a major role in the stability of chromophore and,
consequently, that of CPE. At an exposure of 120 jumol photons
m~2 571, even a time period of 1 h had a detrimental effect on the
stability of the crude extract. However, increasing the exposure

time further did not have very significant effect on the stability
of the chromophore (Figures 6A,B). After 12h of continuous
exposure, CPE began to show signs of denaturation (Figure 6A).
The denaturation profile was noticeable when the control was
compared with the sample exposed to 48 h of light. If we look
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FIGURE 7 | (A) Effect of different temperatures on crude CPE extract. (B) Trace absorbance intensities at 564 nm for CPE extract kept at different temperatures for
2h. (C) Effect of storage at —64°C on crude CPE extract. (D) Effect of storage at 4°C on crude CPE extract. (E) Effect of storage at 10°C on crude CPE extract.
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at the trace intensities (Figure 6B), there is a sharp decrease in
the absorbance profile after an exposure of 1h, while there is
a significant difference between the intensities after 1 and 8h
of exposure. The intensity stabilizes to an extent after 6h of
exposure, after which the color of the tube became visibly faint
compared to the control (data not shown).

Stability of the Crude Extract Under Different
Temperatures

The thermal and storage stability of the CPE extract was
investigated in different temperatures in the dark (Figures 7A,B).
For the 2-h data, the extract was comparatively stable till 30°C;
thereafter, it began to show signs of degradation (Figure 7A). At
100°C, it was almost completely denatured with visible loss of
color and negligible fluorescence (data not shown). If we look
at the trace intensities of CPE during the thermal stability test
(Figure 7B), there was a sharp decrease in the absorbance after
40°C, which suggests the denaturation of the pigment.

To study the effect of storage, the extract was stored in dark
at —64, 4, and 10°C for 1 week and the spectra were collected at
appropriate intervals. Predictably, the extracts at —64°C showed
negligible loss of color (Figure 7C). At 4°C, the chromophore
was stable after a week but the protein backbone of CPE began
to show signs of deterioration (Figure 7D). However, the long
term (1 week) storage at 10°C had the maximum deterioration
on the extract (Figure 7E) wherein both the chromophore and
the protein backbone began to degrade. There was a visible
loss of color along with a smell of rotting, possible due to the
decomposition of sulfur in the amino acids.

DISCUSSION

Choice of Buffer and Cell Disruption

Methods Influence CPE Extraction

The extraction of CPE is a complex model with various factors
playing a role. The downstream processing of the crude extract
and the steps involved in it depends solely on the nature and
amount of contamination. The presence of salts has an effect
on the solubility of proteins (Arakawa and Timasheff, 1982);
small concentrations of salts (<1 M) may actually increase the
solubility of proteins as a result of the “salting in” mechanism
(Timasheff and Arakawa, 1988). In other words, dilute buffers
have better protein extraction abilities. As it is favorable to have as
low levels of contaminating proteins as possible, phosphate buffer
was the choice since it had the maximum CPE : total protein
ratio (w/w).

Two main buffer types have been reported for the extraction
of CPE: tris chloride and phosphate buffers. However, there
are wide variations between the ionic strengths utilized for
their preparation (Soni et al., 2010; Mishra et al., 2011; Parmar
et al., 2011; Senthilkumar et al.,, 2013b; Munier et al., 2014;
Sonani et al., 2014; Patel et al., 2018). Both these buffers have
been used for seaweeds as well as cyanobacterial extraction
procedures and have been effective. However, there is a lack of
knowledge about other buffer and/or de-ionized water for the
extraction of CPE. There are very few reports on Goods’ buffers
or de-ionized water as a solvent to extract phycobiliproteins.

Peterson and colleagues have used a 0.03 M 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES)/PIPES combination
buffer for the isolation of phycobiliproteins from heterocysts
or intact cells of Anabaena variabilis (Peterson et al., 1981)
while another study has used water for extracting CPE and CPC
(Mubarak Ali, 2013). The choice of buffer is dictated mostly by
the availability and economics of the chemicals and their ease of
use. While de-ionized water is the simplest extractant available,
it also solubilizes the non-targeted proteins, through osmolysis,
which contaminate the extract. Phosphate salts of sodium and
potassium are one of the most easily available and thus, are widely
used for making the buffers.

Cell disruption system is another area which needs a
comparative study for proper conclusions. Enzymatic hydrolysis,
ultrasonic cavitation, repeated freeze-thaw and manual
crushing are some of the methods utilized for extraction of
phycobiliproteins. Enzymatic hydrolysis is especially useful for
those organisms which have a tough cell covering and/or outer
sheath to protect the cells. For instance, it specifically dissolves
the cell wall components in seaweeds and has been reported in a
few studies (Reis et al., 1998; Santiago-Santos et al., 2004; Dumay
et al., 2013) with reported yields ranging from 0.5 to 150 mg
g~ L. However, purified enzymes are not traditionally required
for cyanobacterial cultures since their cells are devoid of any
specialized protection.

Repeated freezing at sub-zero temperatures followed by
instant thawing is intended to shock and rupture the fragile cell
walls and is considered to be one of the gentler techniques from
the point of view of the proteins, since there is no heat generation
involved. As such, it is one of the most common methods used for
phycobiliprotein extraction (Soni et al., 2010; Mishra et al., 2011;
Parmar et al,, 2011; Ghosh et al., 2016, 2018, 2020; Patel et al.,
2018; Ghosh and Mishra, 2020) with recoveries ranging from ~29
to 102 mg g~ ! of cell dry weight in the crude extract.

Ultrasonication is a cell breakage method which uses
ultrasonic sound waves to achieve acoustic cavitation—the rapid
formation, growth and collapse of air bubbles in a liquid medium.
It is a rapid method for cellular disruption. The rapid formation
and collapse of bubbles can lead to a considerable release of heat
energy, a factor that may contribute to denaturation. Johnson
et al. (2014) have reported total PBP yields ranging from 19 to
42mg g~! dry mass basis using sonication as a cell disruption
method while (Safi et al., 2014) have reported total water-soluble
protein yields between 8.5 &= 0.0 and 67.0 &= 0.9% in 5 different
micro and macroalgae when they utilized sonication as a method
for cell breakage. Sun et al. (2009) have also utilized ultrasonic cell
disruption for R-phycoerythrin extraction from Heterosiphonia
japonica at a power of 350 W for 10 min keeping the temperature
constant at 0°C.

Manual crushing of biomass with or without using an abrasive
is also reported in some studies (Gomez-Lojero et al., 1997;
Munier et al., 2014). Due to generation of heat from the crushing
process, the CPE extracted runs the risk of being denatured even
before it is completely extracted into the buffer. Although 33.76%
of the extracted protein using this method comprised of CPE,
the low recoveries and purity ratio was a major reason for not
selecting this particular method.
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Due to the lower levels of contamination, phosphate buffer
[42.46% (w/w) CPE in total extracted proteins] and freeze-thaw
[33.72% CPE (w/w) in total extracted proteins] method were
chosen for further experiments.

Optimization of the Extraction Conditions

Using Statistical Optimization

Statistical optimization of the extraction conditions involved
optimization of three processes: pH (A), buffer molarity (B) and
number of freeze thaw cycles (C). The solid:liquid ratio (SLR)
was kept constant at 0.125ml mg~! and the buffer volume was
adjusted according to the dry weight in each tube. To take
advantage of the salting—in effect, low molarity buffers were
prepared which were able to achieve more extraction compared
to higher molarity ones. The number of cycles also played a
role in the extraction process; however, increasing the number of
cycles would also increase the total protein content. Keeping this
in mind, the trick was to moderate the freeze thaw cycles with low
molarity buffer (pH 8).

The amount of total proteins was also less in pH 8 buffers,
compared to pH 6.8 and 5.5, which makes purification of the
crude extract easier and also avoids unwanted contamination.
Since this process is being optimized for a food ingredient, it
is necessary to reduce unwanted molecules in the extraction
process. The purity ratio (3.84) was also better in pH 8 buffer.
If we could choose one condition, it would be to use pH 8
low molarity buffers for maximal CPE extraction, with minimal
contaminating proteins.

During the verification of the model, the experimental and
theoretical values agreed with each other, which indicates the
model suitability and efficacy.

Stability of CPE Crude Extract

The stability of the crude extract was determined on the basis of
absorbance readings for the CPE samples. The extract was stable
under the experimental conditions, with no unwanted odors and
colors. The color stability of CPE depends on the chromophore,
while the structural stability is significantly dependent on the
protein backbone.

The results from the pH experiments suggest that CPE
extract is stable for short durations, within a pH range of 3-8
range (Figure 5A), which is beneficial for the beverage industry.
Many of the beverages and drinks have an acidic pH, so a
colorant stable under such conditions is highly desirable. The
light exposure duration experiments suggest there is decrease in
the stability of CPE extract after 1 h of exposure, which can be
seen in the absorbance spectra (Figure 6A). The stability of the
extract to temperatures as high as 40°C for 2 h is advantageous
since it protects CPE from short duration fluctuations in
temperature. Above 40°C, there was considerable degradation
in CPE stability (Figure 7B). The storage of CPE extract under
different temperatures showed stability at —64°C (Figure 7C)
which was expected since it reduces the water activity of the
protein to a minimum. Long duration storage at 10°C was
found to be unfeasible since CPE showed signs of degradation
within 24 h of storage with peak broadening and appearance
of a shoulder peak (Figure 7E). The shoulder increased in

prominence with time till it was clearly noticeable after a week.
Sub-zero temperatures are, obviously, ideal for long-term storage;
it is necessary to avoid repeated freezing and thawing of the
samples and not to break the cold chain.

A comparative study performed by a research group has
shown the stability of phycoerythrin from 2 species of seaweeds.
It concluded that phycoerythrin from Porphyridium cruentum
and Grateloupia turuturu was stable up to 40°C, in a pH range of
4-10 and could withstand up to 8 h exposure to a light intensity
of ~34 umol m~2 s~! (Munier et al, 2014). Moreover, the
sensitivity of these pigments is said to increase in dilute solutions.
A study has reported the stability of phycoerythrin from Palmaria
palmata up to 60°C and also within a pH range of 3.5-9.5
(Galland-Irmouli et al., 2000). In comparison, our extract also
gave similar results and could be a strong contender for the food
color market in the near future.

CONCLUSION

This study establishes an optimized protocol for the extraction
of CPE for the food industry and also studies the stability of
the crude pigment under different physiological conditions, such
as pH, temperature and light exposure. Preliminary screening
involving different buffers and extraction method suggested
phosphate buffered system with repeated freeze thaw to be the
ideal approach for a high yield of CPE with lesser contaminants.
Further in the optimization process, 0.1 M phosphate bufter
(pH 8) with 7 freeze thaw cycles was observed to be ideal for
wholesome extraction of CPE. However, the number of freeze
thaw cycles had a significant impact on its extraction due to
the varying extents of cell breakage. More the number of cycles,
more was the amount of total proteins extracted in to the buffer
along with CPE. The crude extract was also studied with regards
to stability whereby it was found that CPE extract is stable up
to 40°C for 2h and could endure prolonged storage at 4°C. It
was also found stable within a pH range of 3-8. Although still
in the preliminary stages, such a colorant would be immensely
beneficial for the food industry.
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