
light-harvesting, PBPs are found to involve in several 
life sustaining phenomena including photoprotection in 
cyanobacteria. The unique spectral features (like strong 
absorbance and fluorescence), proteineous nature and, 
some imperative properties like hepato-protective, anti-
oxidants, anti-inflammatory and anti-aging activity of 
PBPs enable their use in food, cosmetics, pharmaceutical 
and biomedical industries. PBPs have been also noted 
to show beneficial effect in therapeutics of some 
disease like Alzheimer and cancer. Such large range of 
applications increases the demand of PBPs in commodity 
market. Therefore, the large-scale and coast effective 
production of PBPs is the real need of time. To fulfil 
this need, many researchers have been working to find 
the potential producer of PBPs for the production and 
purification of PBPs. Results of these efforts have caused 
the inventions of some novel techniques like mixotrophic 
and heterotrophic strategies for production and aqueous 
two phase separation for purification purpose. Overall, 
the present review summarises the recent findings and 
identifies gaps in the field of production, purification and 
applications of this biological and economically important 
proteins.

Key words: Phycobiliproteins; Nutraceutical; Fluorescence; 
Pharmaceutical; Cyanobacteria
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Core tip: The present review compiles the overall 
research that has been done so far in the field of produ
ction, purification and application of phycobiliptoteins 
(PBPs). The comparative accounts for different methods 
for PBPs production, purification have been discussed. 
The potential applications of PBPs in various industries 
including food, cosmetics and pharmaceutical have 
been debated rationally. Remaining questions and rese
arch gaps in respected field have been highlighted as 
conclusion. 
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Abstract
An obligatory sunlight requirement for photosynthesis 
has exposed cyanobacteria to different quantity and 
quality of light. Cyanobacteria can exhibit efficient 
photosynthesis over broad region (450 to 650 nm) 
of solar spectrum with the help of brilliantly coloured 
pigment proteins called phycobiliproteins (PBPs). Besides 
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INTRODUCTION
Cyanobacteria are considered as an earliest group 
of a prokaryotic organism, performing an oxygenic 
photosynthesis and thus accepted as an ultimate source 
of atmospheric oxygen[1]. They are widely distributed 
over aquatic and terrestrial environments including 
extreme habitats such as hot springs, deserts and 
polar region[2]. Exposure to various environmental 
stresses like ultraviolet radiation[3], high temperature, 
high/low light irradiation and many others have forced 
cyanobacteria towards gradual evolution to maintain 
the cell viability[4,5]. Especially, an obligate sunlight 
requirement for photosynthesis have exposed cyano
bacteria to the wide range of solar radiation; which 
in turn, positively pressurized them to synthesize a 
number of photon absorbing pigment molecules[69]. 
Cyanobacteria exhibit efficient photosynthesis over the 
wavelength range 450 to 655 nm by absorbing light 
energy through a family of brilliantly colored pigment 
proteins called phycobiliproteins (PBPs)[10]. They stacks 
together in sequential fashion to form a giant mound  
phycobilisome (PBS), which is stabilized and tied up by 
colourless linker proteins (LPs) on the outer surface of 
photosynthetic lamellae[11]. 

PBS
Principally, PBS is built up of various functional PBPs plus 
a few LPs in a manner to efficiently absorb and funnel 
photoenergy toward photosystems (Figure 1). PBPs, 
representing almost 80% of PBS mass[12], are pigment 
proteins consists of protein scaffold with covalently 
attached chromophore (a linear tetrapyrrole chain) 
(Figure 2)[13]. De Marsac and CohenBazire[12] (1977) 
first time demonstrated the presence of 15%-20% LPs 
in PBS on SDSPAGE and was suggested to have role 
in assembly and stabilization of PBS. Moreover, they 
were also found to have assisting role in optimization 
of absorbance characteristics and energy transfer of 
the PBPs to favor a unidirectional energy flow from the 
peripheral PBPs towards the reaction centres via PBS 
core[14]. Besides lightharvesting action, PBS also plays 
an important role in photoprotection mechanisms under 
highirradiances[15]. Moreover, PBS may also be utilized 
as nutrient source under nitrogen and phosphorus 
starvation conditions[16]. 

PHYCOBILIPROTEINS
PBP is the family of brilliantly colored watersoluble 

pigment proteins. PBPs are classified based on their 
spectral characteristics. Phycoerythrin (PE, λA max = 
540570 nm; λF max = 575590 nm), phycocyanin (PC, 
λA max= 610620 nm; λF max: 645653 nm) and allophy
cocyanin (APC, λA max = 650655 nm; λF max = 657660 
nm) are the majorly found PBPs (Figure 3)[1719]. The 
bright color, nontoxic protein nature and antioxidant 
virtues of PBPs open up the doorway for their potential 
application in various industries. To fulfil the increased 
demand of PBPs in the market, many scientists have 
been trying to improve the production and purification of 
PBPs.

PRODUCTION OF PBPs 
Photoautotrophic production
Generally, PBPs are produced photoautotrophically by 
two ways: By growing the red algae and cyanobacteria 
at large scale in open manmaid ponds or in closed 
bioreactor under the natural sunlight. Spirulina platensis 
is majorly used host for the PBPs production because 
it can grow in open ponds without being outcompeted 
by contaminating organisms and even in alkaline 
conditions (pH 10.5)[20,21]. Approximately, > 3000 tons 
of S. plentesis cell mass are produced worldwide predo
minantly at tropical and subtropical locations around the 
Pacific Ocean[22,23]. In open pond, the poor availability 
of light below the surface level is the major problem 
that hampers the cell mass production. Enclosed photo
bioreactor (Figure 4) is used as the better option for 
PBPs production at large scale, which facilitates the equal 
light provision, CO2 distribution, temperature control 
over the outdoor culturing. 

Mixotrophic production
Provision of any carbon source enhances the cell mass 
concentrations as compared to photoautotrophic cul
tures[24,25]. Vonshak et al[24] (2000) have been observed 
that the maximal photosynthetic rate and the light 
saturation value of mixotrophically growing culture are 
higher than that in autotrophic condition. Feeding of glu
cose to S. plentesis was found to increase the biomass 
production up to 10 g/L[26]. The enhanced tolerance 
against high light stress was noticed in mixotrophic 
condition as compared to autotrophic condition[24]. 
Mixotrophic production is carried out in the presence of 
some carbon source along with the sunlight in specially 
designed bioreactors, which helps the photoautotrophs 
to compete against other contaminating microbes. 
S. plentesis was shown increased PC production in 
indoor mixotrophic conditions than that in outdoor 
photoautotrophic cultures[26,27].

Heterotrophic production
Cyanobacteria and red algae living in extreme habitat 
acclimatized themselves to utilize the carbon source from 
their surrounding rather than being photoautotrophic. 
To produce the PBPs from this extremophiles, the 

Sonani RR et al . Purification, production and applications of PBPs

101 February 26, 2016|Volume 7|Issue 1|WJBC|www.wjgnet.com



heterotrophic strategies are being employed. G. 
sulphuraria, generally inhabiting in hot and acidic niche, 
is widely used as host for the heterotrophic production 
of PC[28]. The acidic pH and high temperature of culture 
decreases the risk of contamination and thus, permits 
the heterotrophic culture to be an axenic even for long 
time. The properties of heterotrophic PC resemble those 
of photoautotrophic origin.

Recombinant production
Although being very difficult, recombinant production 
is only alternative for the heterotrophic synthesis of 
PBPs. The coexpression of the numerous gene (for 
apoprotein synthesis, chromophore synthesis and 
chromophore attachment) is required for the production 
of recombinant PBPs. Recently, Overkamp et al[29] (2014) 
have demonstrated the recombinant PBPs production 
using the eukaryotic PBP lyses. Cherdkiatikul et al[30] 
(2014) cloned and overexpressed the S. plentesis 
allophycocyanin and phycocyanin apoproteins in E. coli 
BL21 through pETDuet1 vector. Several other reports 

have also demonstrated the recombinant production 
of PBPs apoproteins (alpha and betasubunits)[31,32], 
however, the recombinant production of holoproteins is 
poorly reported[33,34]. 

PURIFICATION OF PBPs
Due to owing diverse applications in various fields, it 
becomes essential to develop an easy and costeffective 
method for PBPs purification from cyanobacteria to meet 
its increasing demand. Researchers have made many 
efforts to purify PBPs with maximum purity and yield. 
Bermejo Román et al[35] (2002) described a fast twostep 
chromatographic method for the purification of PE from 
Porphyridium cruentum, i.e., expendedbed adsorption 
chromatography using streamline DEAE followed by 
conventional ionexchange chromatography (DEAE
cellulose). The same authors also demonstrated the 
baseline separation of α, β and γsubunits of PE by a 
reversephase HPLC gradient semipreparative method. 
Rossano et al[36] (2003) extracted and purified RPE 
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Phycoerythrin

Phycocyanin

Allophycocyanin

Thylakoid
membrane

Photo- 
system

Figure 1  Schematic diagram of phycobilisome situated on the thylakoid membrane.

PE hexamer PC hexamer APC trimer

A B C

Figure 2  The phycobiliptotein is mainly made up of hexameric and trimeric disks of phycobiliptoteins. Schematic diagram and ribbon model of the structure 
of A: Phycoerythrin-hexamer; B: Phycocyanin-hexamer; C: Allophycocyanin-trimer. The apoprotein and chromophores are shown by ribbon and ball-stick model, 
respectively. PBPs: Phycobiliptoteins; PE: Phycoerythrin; PC: Phycocyanin; APC: Allophycocyanin.
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gel filtration and ion-exchange chromatography resulting 
in PE with high purity ratio (> 5). Soni et al[39,40] (2006, 
2008) purified and characterized PC by using ammonium 
sulphate precipitation coupled with ionexchange and 
hydrophobic interaction chromatography, respectively. 
Zhang et al[41] (1999) purified PC and APC using ion
exchange chromatography, however they used pH 
gradient to elute proteins rather than slat gradient. Patil 
and Raghavarao[42] (2007) separated PC and APC using 
aqueous two phase separation techniques. Recently, 

from Mediterranean red algae Corallina elongata, using 
hydroxyapatite column. Isailovic et al[37] (2004) isolated 
and characterized RPE subunits and its enzymatic 
digests. Their results showed efficient absorption and 
fluorescence of the R-PE subunits and digested peptides, 
originating from the incorporation of PEB and PUB 
chromophore groups in them. Tripathi et al[38] (2007) 
extracted and purified an unusual PE from a terrestrial 
and desiccationtolerant cyanobacterium Lyngbya 
arboricola. PE was purified using acetone precipitation, 
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Figure 3  UV-visible absorbance (solid line) and fluorescence emission (dotted line) spectra, and appearance (inset) of A: Phycoerythrin, B: Phycocyanin 
and C: Allophycocyanin.
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Sonani et al[43] (2014a) and Rastogi et al[44] (2015c, 
2015d) have developed a protocol, which facilitates 
the purification of all three major PBPs from marine 
isolate Lyngbya sp.. A09DM by Triton X100 mediated 
ammonium sulphate precipitation. A novel microwave 
assisted extraction and prepurification of PBPs from 
thick exopolysaccharide cell wall containing Porphyridium 
purpureum was demonstrated[45]. CuellarBermudez 
et al[46] (2015) nicely reviewed various strategies and 
their successes in purification of PBP from algae. Several 
protocols employed so far for the purification of PBPs 
have been depicted in Table 1.

APPLICATIONS OF PBPS
Due to inherent bright color, nontoxic protein nature, 
easy availability and potential free radical scavenging 

capacity, the pigment PBPs are being employed in food, 
cosmetics, pharmaceutical industries and in several 
other biomedical researches (Figure 5).

Colorant in foods
PBPs are widely used as a natural protein dye in various 
food and cosmetic industry. PC isolated from S. platensis 
is widely used as a natural pigment in food such as 
chewing gum, dairy products and jellies[47]. Although, 
having lower comparative stability in the presence of 
heat and light, PC is considered more versatile due to its 
health-beneficial effects than that of gardenia and indigo 
in jelly gum and coated soft candies[48]. PBPs are also 
used in many other food products such as fermented 
milk products, ice creams, soft drinks, desserts, sweet 
cake decoration, milk shakes, maintaining the color for 
at least 1 mo at room temperature. Experiments of 
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PBPs Ref. Species Purification procedure Purity Yield (%)

PC Boussiba et al[70] S. platensis Ammonum sulphate precipitation; Hydroxyapatite 
chromatography; Ion exchange chromatography

4.15 -

APC Reuter et al[71] Rhodella violace Gradient centrifugation; Hydroxylapatite chromatography; 
Preparative “native” PAGE

- -

PC Abalde et al[72] Synechochoccus sp. Hydrophobic interaction chromatography; Ion exchange 
chromatography

4.85 -

PC Zhang et al[41] S. platensis Ammonum sulphate fractionation; Ion exchange 
chromatography; Gel filtration chromatography

5.06 -

PE Galland-Irmouli et al[73] Palmaria palmate Preparative “native” PAGE 3.2 -
PC Rito-Palomares et al[74] S. maxima Two-phase aqueous extraction; Ultrafiltration; Ammonum 

sulphate precipitation
3.8 29.5

PC Minkova et al[75] S. fusiformis Rivanol treatment; Ammonum sulphate precipitation; Gel 
filtration chromatography; Ammonum sulphate precipitation

4.3 45.7

PC Soni et al[39] O. quadripunctulata Ammonum sulphate precipitation; Gel filtration 
chromatography; Anion exchange chromatography

3.31 44.2

PC Benedetti et al[76] A. flos-aquae Ammonum sulphate precipitation; Hydroxyapatite (electrostatic 
interaction) chromatography

4.78 -

PC Patil et al[77] S. platensis Chitosan adsorption; Two-phase aqueous extraction 5.1 66.0
PC Patil et al[77] S. platensis Chitosan adsorption; Two-phase aqueous extraction; Ion 

exchange chromatography
6.69 -

PC Niu et al[78] S. platensis Expanded bed adsorption chromatography; Ion exchange 
chromatography

3.64 8.7

PC Patil et al[42] S. platensis Repeated two-phase aqueous extraction; Ultrafiltration 4.05 85.0
PC Soni et al[40] P. fragile Ammonum sulphate fractionation; Hydrophobic interaction 

chromatography
4.52 62.0

PC and 
APC

Yan et al[79] S. platensis Ammonum sulphate precipitation; Ion-exchange 
chromatography

5.59 and 
5.19

67.04 and 
80.0

PE Sun et al[80] Heterosiphonia japonica Ammonum sulphate precipitation; Gel filtration 
chromatography; Ion exchange chromatography

4.89 -

APC Parmar et al[81] Geitlerinema sp. A28DM “Ethodin” precipitation; Gel filtration chromatography 3.2 66.0
PE Niu et al[82] Porphyra yezoensis Expanded bed absorption; Ion-exchange chromatography > 4 -
APC Su et al[83] S. platensis Ammonum sulphate precipitation; Hydroxyapatite 

chromatography; Ion-exchange chromatography
5 43.0

PE Parmar et al[84] Phormidium sp. A27DM,
Lyngbya sp. A09DM, 

Halomicronema sp. A32DM

Ammonum sulphate precipitation; Gel filtration chromatography > 3.5 > 60.0

PE Mishra et al[85] Pseudanabaena sp. Ammonum sulphate precipitation; Gel filtration 
chromatography; Ion exchange chromatography

6.86 47.0

PC Johnson et al[86] Nostoc sp. Ion exchange chromatography; Two-phase aqueous extraction 3.55 -
PE, PC 
and APC

Sonani et al[43] Lyngbya sp. A09DM Triton X-100 mediated ammonium sulphate precipitation; Ion 
exchange chromatography; Gel filtration chromatography

6.75, 
5.53 and

5.43

76.16, 60.23 
and 71.91

PE Johnson et al[86] Nostoc sp. Ion exchange chromatography; Two-phase aqueous extraction - -

Table 1  List of various procedures employed for phycobiliptoteins purification from cyanobacteria and red algae

PBPs: Phycobiliproteins; PC: Phycoerythrin; APC: Allophycocyanin; PE: Phycoerythrin; PAGE: Polyacrylamide gel electrophoresis.
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Jespersen et al[48] (2005) regarding the stability PC as 
colorants, stated that the shade of blue color produced 
from the red microalga Phorphyridium aerugineum does 
not change with pH (between 5 to 9 pH), temperature 
(up to 60 ℃) and in the presence of light. However, it 
is susceptible towards high temperature (> 60 ℃) and 
within the highly acidic and alkaline pHs. In addition 
to its colouring properties, PE possesses a yellow 
fluorescence. Transparent lollipops made from sugar 
solution, dry sugardrop candies for cake decoration 
(that fluoresce under UV light), and soft drinks and 
fluorescence alcoholic beverages were prepared and 
tested as a results of enormous efforts to exploit this 
spectral characteristic[49].

Pharmaceutical and neutraceutical
PBPs isolated from various cyanobacterial species have 
been reported to show a variety of pharmacological 
and health beneficial effects including antioxidant, 
anticancerous, neuroprotective, antiinflammatory, 
hepatoprotective and hypocholesterolemic. A number of 
physiological abnormalities have been averted in various 
experimental animals by PBPs administration[5054]. When 
PC was evaluated as an antioxidant in vitro, it was found 

to scavenge alkoxyl, hydroxyl and peroxyl radicals, and 
inhibits microsomal lipid peroxidation induced by Fe+2 – 
ascorbic acid or the free radicals initiators 2, 2′-Azobis 
(2amidinopropane) dihydrochloride (AAPH)[5558]. PC 
reduces the levels of tumor necrosis factor in the blood 
serum of micetreated with endotoxin and it showed 
neuroprotective effects in the rat cerebellar granule 
cell cultures[59]. PC has been reported to inhibit the cell 
proliferation of human leukemia K562 cells in a dose
and timedependent manner[57]. APC, at nontoxic 
concentration to the host cells (0.045 ± 0.012 μmol/L), 
was found to inhibit enterovirus 71 induced cytopathic 
effects, viral plaque formation, and apoptosis[60]. Bei 
et al[61] (2002) found the role of PE in improving the 
selectivity of photodynamic therapy treatment of mouse 
tumor cells S180 and human liver carcinoma cells SMC 
7721. Sonani et al[43,62] (2014a, 2014b) has recently 
reported the antioxidant based antiaging activity and 
antiAlzheimeric potential of PE (isolated from Lyngbya 
sp. A09DM) in wild type and transgenic Caenorhabditis 
elegans (C. elegans) (Figure 6). Singh et al[63] (2014) 
have recently given the putative therapy of Alzheimer’s 
disease (AD) by in silico molecular docking between the 
structures of PC and βsecretase (molecule assumed to 
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be possible drug target for AD) (Figure 6C). However, 
the exact mode of actions of PBPs in various diseases 
is still unclear and further research is needed to eluci
date the action point of PBPs in various metabolism 
pathways. 

Fluorescence probe
High molar extinction coefficient of PBPs is attribut
able to trimeric and hexameric packing as well as 
higher number of chromophore attached to them in 
comparison with monomers[64,65]. Due to their unique 
fluorescent properties, PBPs get applications in flow 
cytometry, fluorescent immunoassays and fluorescence 
microscopy for diagnostics and biomedical research[66]. 
Moreover, they can be used as protein markers for 

electrophoretic techniques[67]. Synthesis of conjugates 
of PBPs with molecules having biological specificity, like 
immunoglobulins, protein A, biotin and avidin, were 
reported and showed that PBP conjugates are excellent 
reagents for two color fluorescence analysis of single 
cells using fluorescence activated cell sorter[66,68]. A 
series of lowmolecular weight PBPs (derived from 
Cryptomonad) are evaluated for their utility for flow
cytometry labelling[69]. 

CONCLUSION
During last two decade, the field of PBPs research 
has made the significant progress. New purification 
methodology allows obtaining the ultrapure PBPs at 
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Figure 6  Phycoerythrin-feeding increases mean survival percentage of Caenorhabditis elegans. A: Phycoerythrin-feeding increases the mean life span of wild 
type N2 C. elegans in dose-dependent manner[43]; B: Phycoerythrin-feeding increases mean survival percentage of C. elegans in under normal and oxidative (paraquat) 
stressed conditions[43]; C: PE-treatment moderates the heat-induced Alzheimer associated paralysis in the muscles of CL4176 C. elegans[63]; D: Representative images 
of CL4176 animal grown at 16 ℃, at 25 ℃ and at 25 ℃ with phycoerythrin. Phycoerythrin effectively moderates the Alzheimer associated phenotype in CL4176 C. 
elegans[63]. PE: Phycoerythrin; C. elegans: Caenorhabditis elegans.
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large scale. Some new applications of PBPs in pharm
aceuticals and nutraceuticals create more demand of 
PBPs in the commoditymarkets. To meet such increasing 
demand of PBPs, it is very necessary to develop the new 
strategies for mixotrophic and heterotrophic production. 
A protein engineering or recombinant strategy also 
seems to be promising options to enhance the spectral 
properties and stability PBPs. Furthermore, more 
extensive research in the field of PBPs-application is still 
needed to elucidate the complete mode of action of PBPs 
during its antioxidants, antiproliferative, antiaging and 
neuroprotective effects using various model organisms. 

ACKNOWLEDGMENTS
Ravi R Sonani gratefully acknowledges the Department 
of Science and Technology, New Delhi, India for financial 
help in the form of the INSPIRE (IF120712) fellowship. 
Rajesh P Rastogi is thankful to the University Grant 
Commission, New Delhi, India for Dr. Kothari DS Post
doctoral Research Grant. Authors gratefully acknowledge 
Dr. Kaushal Kotadia, Department of English, Nalini, 
Arvind and Patel TV Arts College, Vallabh Vidyanagar 
for his great help in improving the English language and 
providing the language certificate for this manuscript.

REFERENCES
1 Mulkidjanian AY, Shinkarev VP, Verkhovsky MI, Kaurov BS. 

A study of the kinetic properties of the stable semiquinone of the 
reaction-center secondary acceptor in chromatophores of non-sulfur 
purple bacteria. Biochim Biophys Acta (BBA)-Bioener 1986; 849: 
150-161 [DOI: 10.1016/0005-2728(86)90106-4]

2 Whitton BA, Potts M. In: The Ecology of Cyanobacteria, Eds. 
Whitton BA, Potts M. Dordrecht: Kluwer, 2012: 1-13 [DOI: 
10.1007/0-306-46855-7]

3 Rastogi PR, Madamwar D. UV-induced oxidative stress in 
cyanobacteria: How life is able to survive? Biochem Anal Biochem 
2015; 4: 173 [DOI: 10.4172/2161-1009.1000173]

4 Mulkidjanian AY, Koonin EV, Makarova KS, Mekhedov SL, 
Sorokin A, Wolf YI, Dufresne A, Partensky F, Burd H, Kaznadzey 
D, Haselkorn R, Galperin MY. The cyanobacterial genome core and 
the origin of photosynthesis. Proc Natl Acad Sci USA 2006; 103: 
13126-13131 [PMID: 16924101 DOI: 10.1073/pnas.0605709103]

5 Singh NK, Parmar A, Sonani RR, Madamwar D. Isolation, 
identification and characterization of novel thermotolerant 
Oscillatoria sp. N9DM: Change in pigmentation profile in response 
to temperature. Process Biochem 2012; 47: 2472-2479 [DOI: 
10.1016/j.procbio.2012.10.009]

6 Rastogi RP, Sonani RR, Madamwar D. The high-energy radiation 
protectant extracellular sheath pigment scytonemin and its reduced 
counterpart in the cyanobacterium Scytonema sp. R77DM. 
Bioresour Technol 2014; 171: 396-400 [PMID: 25226055 DOI: 
10.1016/j.biortech.2014.08.106]

7 Rastogi RP, Madamwar D, Incharoensakdi A. Sun-screening 
bioactive compounds mycosporine-like amino acids in naturally 
occurring cyanobacterial biofilms: role in photoprotection. J Appl 
Microbiol 2015; 119: 753-762 [PMID: 26099286 DOI: 10.1111/
jam.12879]

8 Rastogi RP, Sonani RR, Madamwar D. Cyanobacterial Sunscreen 
Scytonemin: Role in Photoprotection and Biomedical Research. 
Appl Biochem Biotechnol 2015; 176: 1551-1563 [PMID: 26013282 
DOI: 10.1007/s12010-015-1676-1]

9 Anwer K, Sonani R, Madamwar D, Singh P, Khan F, Bisetty K, 

Ahmad F, Hassan MI. Role of N-terminal residues on folding 
and stability of C-phycoerythrin: simulation and urea-induced 
denaturation studies. J Biomol Struct Dyn 2015; 33: 121-133 [PMID: 
24279700 DOI: 10.1080/07391102.2013.855144]

10 Glazer AN, Clark JH. Phycobilisomes: macromolecular structure 
and energy flow dynamics. Biophys J 1986; 49: 115-116 [PMID: 
19431610 DOI: 10.1016/S0006-3495(86)83616-5]

11 MacColl R. Cyanobacterial phycobilisomes J Struct Biol 1998; 
124: 311-334 [PMID: 10049814 DOI: 10.1006/jsbi.1998.4062]

12 de Marsac NT, Cohen-bazire G. Molecular composition of 
cyanobacterial phycobilisomes. Proc Natl Acad Sci USA 1977; 74: 
1635-1639 [PMID: 404640]

13 Marx A, Adir N. Allophycocyanin and phycocyanin crystal structures 
reveal facets of phycobilisome assembly. Biochim Biophys Acta 
2013; 1827: 311-318 [PMID: 23201474 DOI: 10.1016/j.bbabio.20 
12.11.006]

14 Apt KE, Collier JL, Grossman AR. Evolution of the phycobili-
proteins. J Mol Biol 1995; 248: 79-96 [PMID: 7731046 DOI: 
10.1006/jmbi.1995.0203]

15 Kirilovsky D, Kerfeld CA. The Orange Carotenoid Protein: a blue-
green light photoactive protein. Photochem Photobiol Sci 2013; 12: 
1135-1143 [PMID: 23396391 DOI: 10.1039/c3pp25406b]

16 Adir N, Zer H, Shochat S, Ohad I. Photoinhibition - a historical 
perspective. Photosynth Res 2003; 76: 343-370 [PMID: 16228592 
DOI: 10.1023/A: 1024969518145]

17 Sonani RR, Gupta GD, Madamwar D, Kumar V. Crystal Structure 
of Allophycocyanin from Marine Cyanobacterium Phormidium sp. 
A09DM. PLoS One 2015; 10: e0124580 [PMID: 25923120 DOI: 
10.1371/journal.pone.0124580]

18 Sonani RR, Rastogi RP, Joshi M, Madamwar D. A stable and 
functional single peptide phycoerythrin (15.45 kDa) from Lyngbya 
sp. A09DM. Int J Biol Macromol 2015; 74: 29-35 [PMID: 25485942 
DOI: 10.1016/j.ijbiomac.2014.11.030]

19 Singh NK, Sonani RR, Rastogi RP, Madamwar D. The phycobili-
somes: an early requisite for efficient photosynthesis in cyanobacteria. 
EXCLI J 2015; 14: 268-289 [DOI: 10.17179/excli2014-723]

20 Richmond A, Grobbelaar JU. Factors affecting the output rate of 
Spirulina platensis with reference to mass cultivation. Biomass 
1986; 10: 253-264 [DOI: 10.1016/0144-4565(86)90002-8]

21 Richmond A, Lichtenberger E, Stahl B, Vonshak A. Quantitative 
assessment of the major limitations on productivity of Spirulina 
platensis in open raceways. J Appl Phycol 1990; 2: 195–206 [DOI: 
10.1007/BF02179776]

22 Pulz O. Photobioreactors: production systems for phototrophic 
microorganisms. Appl Microbiol Biotechnol 2001; 57: 287-293 
[PMID: 11759675 DOI: 10.1007/s002530100702]

23 Spolaore P, Joannis-Cassan C, Duran E, Isambert A. Commercial 
applications of microalgae. J Biosci Bioeng 2006; 101: 87-96 
[PMID: 16569602 DOI: 10.1263/jbb.101.87]

24 Vonshak A, Cheung SM, Chen F. Mixotrophic growth modifies 
the response of Spirulina (Arthrospira) platensis (Cyanobacteria) 
cells to light. J Phycol 2000; 36: 675-679 [DOI: 10.1046/
j.1529-8817.2000.99198.x]

25 Chojnacka K, Noworyta A. Evaluation of Spirulina sp. Growth in 
photoautotrophic, heterotrophic and mixotrophic cultures. Enzyme 
Microb Technol 2004; 34: 461-465 [DOI: 10.1016/j.enzmictec.2003.1 
2.002]

26 Chen F, Zhang Y. High cell density mixotrophic culture of 
Spirulina platensis on glucose for phycocyanin production using a 
fed-batch system. Enzyme Microb Technol 1997; 20: 221–224 [DOI: 
10.1016/S0141-0229(96)00116-0]

27 Marquez FJ, Sasaki K, Kakizono T, Nishio N, Nagai S. Growth 
characterization of Spirulina platensis in mixotrophic and hetero-
trophic conditions. J Ferment Bioeng 1993; 76: 408–410 [DOI: 
10.1016/0922-338X(93)90034-6]

28 Gross W, Schnarrenberger C. Heterotrophic growth of two strains 
of the acido-thermophilic red alga Galdieria sulphuraria. Plant Cell 
Physiol 1995; 36: 633–638

29 Overkamp KE, Gasper R, Kock K, Herrmann C, Hofmann E, 
Frankenberg-Dinkel N. Insights into the biosynthesis and assembly 

107 February 26, 2016|Volume 7|Issue 1|WJBC|www.wjgnet.com

Sonani RR et al . Purification, production and applications of PBPs



of cryptophycean phycobiliproteins. J Biol Chem 2014; 289: 
26691-26707 [PMID: 25096577 DOI: 10.1074/jbc.M114.591131]

30 Cherdkiatikul T, Suwanwong Y. Production of the α and β 
Subunits of Spirulina Allophycocyanin and C-Phycocyanin in 
Escherichia coli: A Comparative Study of Their Antioxidant 
Activities. J Biomol Screen 2014; 19: 959-965 [PMID: 24464435 
DOI: 10.1177/1087057113520565]

31 Wang H, Liu Y, Gao X, Carter CL, Liu ZR. The recombinant beta 
subunit of C-phycocyanin inhibits cell proliferation and induces 
apoptosis. Cancer Lett 2007; 247: 150-158 [PMID: 16740358 DOI: 
10.1016/j.canlet.2006.04.002]

32 Ge B, Tang Z, Zhao F, Ren Y, Yang Y, Qin S. Scale-up of 
fermentation and purification of recombinant allophycocyanin 
over-expressed in Escherichia coli. Process Biochem 2005; 40: 
3190-3195 [DOI: 10.1016/j.procbio.2005.02.023]

33 Tooley AJ, Cai YA, Glazer AN. Biosynthesis of a fluorescent 
cyanobacterial C-phycocyanin holo-alpha subunit in a heterologous 
host. Proc Natl Acad Sci USA 2001; 98: 10560-10565 [PMID: 
11553806 DOI: 10.1073/pnas.181340998]

34 Guan X, Qin S, Su Z, Zhao F, Ge B, Li F, Tang X. Combinational 
biosynthesis of a fluorescent cyanobacterial holo-alpha-phycocyanin 
in Escherichia coli by using one expression vector. Appl Biochem 
Biotechnol 2007; 142: 52-59 [PMID: 18025568 DOI: 10.1007/
s12010-007-8000-7]

35 Bermejo Román R, Alvárez-Pez JM, Acién Fernández FG, Molina 
Grima E. Recovery of pure B-phycoerythrin from the microalga 
Porphyridium cruentum. J Biotechnol 2002; 93: 73-85 [PMID: 
11690696 DOI: 10.1016/S0168-1656(01)00385-6]

36 Rossano R, Ungaro N, D'Ambrosio A, Liuzzi GM, Riccio P. 
Extracting and purifying R-phycoerythrin from Mediterranean red 
algae Corallina elongata Ellis & amp; Solander. J Biotechnol 2003; 
101: 289-293 [PMID: 12615397 DOI: 10.1016/S0168-1656(03)000
02-6]

37 Isailovic D, Li HW, Yeung ES. Isolation and characterization of 
R-phycoerythrin subunits and enzymatic digests. J Chromatogr A 
2004; 1051: 119-130 [PMID: 15532563 DOI: 10.1016/S0021-9673
(04)01199-9]

38 Tripathi SN, Kapoor S, Shrivastava A. Extraction and purification 
of an unusual phycoerythrin in a terrestrial desiccation tolerant cyano-
bacterium Lyngbya arboricola. J App Phycol 2007; 19: 441-447 
[DOI: 10.1007/s10811-006-9151-6]

39 Soni B, Kalavadia B, Trivedi U, Madamwar D. Extraction, 
purification and characterization of phycocyanin from Oscillatoria 
quadripunctulata - isolated from the rocky shores of Bet-Dwarka, 
Gujarat, India. Process Biochem 2006; 41: 2017-2023 [DOI: 
10.1016/j.procbio.2006.04.018]

40 Soni B, Trivedi U, Madamwar D. A novel method of single step 
hydrophobic interaction chromatography for the purification of 
phycocyanin from Phormidium fragile and its characterization for 
antioxidant property. Bioresour Technol 2008; 99: 188-194 [PMID: 
17234404 DOI: 10.1016/j.biortech.2006.11.010]

41 Zhang YM, Chen F. A simple method for efficient separation and 
purification of c-phycocyanin and allophycocyanin from Spirulina 
platensis. Bitechnol Tech 1999; 13: 601-603 [DOI: 10.1023/
A:1008914405302]

42 Patil G, Raghavarao KSM. Aqueous two phase extraction for 
purification of C-phycocyanin. Biochem Eng J 2007; 34: 156-164 
[DOI: 10.1016/j.bej.2006.11.026]

43 Sonani RR, Singh NK, Kumar J, Thakar D, Madamwar D. 
Concurrent purification and antioxidant activity of phycobiliproteins 
from Lyngbya sp. A09DM: An antioxidant and anti-aging potential 
of phycoerythrin in Caenorhabditis elegans. Process Biochem 
2014; 49: 1757-1766 [DOI: 10.1016/j.procbio.2014.06.022]

44 Rastogi RP, Sonani RR, Madamwar D. Effects of PAR and UV 
Radiation on the Structural and Functional Integrity of Phycocyanin, 
Phycoerythrin and Allophycocyanin Isolated from the Marine 
Cyanobacterium Lyngbya sp. A09DM. Photochem Photobiol 2015; 
91: 837-844 [PMID: 25763657 DOI: 10.1111/php.12449]

45 Juin C, Chérouvrier JR, Thiéry V, Gagez AL, Bérard JB, Joguet 
N, Kaas R, Cadoret JP, Picot L. Microwave-assisted extraction of 

phycobiliproteins from Porphyridium purpureum. Appl Biochem 
Biotechnol 2015; 175: 1-15 [PMID: 25231233 DOI: 10.1007/
s12010-014-1250-2]

46 Cuellar-Bermudez SP, Aguilar-Hernandez I, Cardenas-Chavez DL, 
Ornelas-Soto N, Romero-Ogawa MA, Parra-Saldivar R. Extraction 
and purification of high-value metabolites from microalgae: essential 
lipids, astaxanthin and phycobiliproteins. Microb Biotechnol 2015; 8: 
190-209 [PMID: 25223877 DOI: 10.1111/1751-7915.12167]

47 Santiago-Santos MC, Ponce-Noyola T, Olvera-Ramı́rez R, Ortega-
Lópeza J, Cañizares-Villanueva RO. Extraction and purification 
of phycocyanin from Calothrix sp.. Process Biochem 2004; 39: 
2047-2052 [DOI: 10.1016/j.procbio.2003.10.007]

48 Jespersen L, Strømdahl LD, Olsen K, Skibsted LH. Heat and light 
stability of three natural blue colorants for use in confectionery 
and beverages. Eur Food Res Technol 2005; 220: 261-266 [DOI: 
10.1007/s00217-004-1062-7]

49 Dufossé L, Galaup P, Yaron A, Arad SM, Blanc P, Murthy KNC, 
Ravishankar GA. Microorganisms and microalgae as sources of 
pigments for food use: a scientific oddity or an industrial reality? 
Trends Food Sci Technol 2005; 16: 389-406 [DOI: 10.1016/j.
tifs.2005.02.006]

50 Romay C, Armesto J, Remirez D, González R, Ledon N, García 
I. Antioxidant and anti-inflammatory properties of C-phycocyanin 
from blue-green algae. Inflamm Res 1998; 47: 36-41 [PMID: 
9495584 DOI: 10.1007/s000110050256]

51 Riss J, Décordé K, Sutra T, Delage M, Baccou JC, Jouy N, Brune 
JP, Oréal H, Cristol JP, Rouanet JM. Phycobiliprotein C-phycocyanin 
from Spirulina platensis is powerfully responsible for reducing 
oxidative stress and NADPH oxidase expression induced by 
an atherogenic diet in hamsters. J Agric Food Chem 2007; 55: 
7962-7967 [PMID: 17696484 DOI: 10.1021/jf070529g]

52 Rimbau V, Camins A, Romay C, González R, Pallàs M. Protective 
effects of C-phycocyanin against kainic acid-induced neuronal 
damage in rat hippocampus. Neurosci Lett 1999; 276: 75-78 [PMID: 
10624795 DOI: 10.1016/S0304-3940(99)00792-2]

53 Sathyasaikumar KV, Swapna I, Reddy PV, Murthy ChR, Roy KR, 
Dutta Gupta A, Senthilkumaran B, Reddanna P. Co-administration 
of C-Phycocyanin ameliorates thioacetamide-induced hepatic 
encephalopathy in Wistar rats. J Neurol Sci 2007; 252: 67-75 [PMID: 
17169376 DOI: 10.1016/j.jns.2006.10.014]

54 Liu Y, Xu L, Cheng N, Lin L, Zhang C. Inhibitory effect of phycocy-
anin from Spirulina platensis on the growth of human leukemia K562 
cells. J Appl Phycol 2000; 12: 125-130 [DOI: 10.1023/A:100813 
2210772]

55 Bhat VB, Madyastha KM. C-phycocyanin: a potent peroxyl radical 
scavenger in vivo and in vitro. Biochem Biophys Res Commun 
2000; 275: 20-25 [PMID: 10944434 DOI: 10.1006/bbrc.2000.3270]

56 Benedetti S, Benvenuti F, Pagliarani S, Francogli S, Scoglio S, 
Canestrari F. Antioxidant properties of a novel phycocyanin extract 
from the blue-green alga Aphanizomenon flos-aquae. Life Sci 2004; 
75: 2353-2362 [PMID: 15350832 DOI: 10.1016/j.lfs.2004.06.004]

57 Bermejo P, Piñero E, Villar ÁM. Iron-chelating ability and 
antioxidant properties of phycocyanin isolated from a protean 
extract of Spirulinaplatensis. Food Chem 2008; 110: 436-445 
[PMID: 26049237 DOI: 10.1016/j.foodchem.2008.02.021]

58 Sonani RR, Rastogi RP, Madamwar D. Antioxidant potential 
of phycobiliproteins: Role in anti-aging research. Biochem Anal 
Biochem 2015; 4: 172 [DOI: 10.4172/2161-1009.1000172]

59 Romay Ch, González R, Ledón N, Remirez D, Rimbau V. 
C-phycocyanin: a biliprotein with antioxidant, anti-inflammatory 
and neuroprotective effects. Curr Protein Pept Sci 2003; 4: 207-216 
[PMID: 12769719 DOI: 10.2174/1389203033487216]

60 Shih SR, Tsai KN, Li YS, Chueh CC, Chan EC. Inhibition of 
enterovirus 71-induced apoptosis by allophycocyanin isolated from 
a blue-green alga Spirulina platensis. J Med Virol 2003; 70: 119-125 
[PMID: 12629652 DOI: 10.1002/jmv.10363]

61 Bei H, Guang-Ce W, Chen-Kui Z, Zhen-gang L. The experimental 
research of R-phycoerythrin subunits on cancer treatment: a new 
photosensitizer in PDT. Cancer Biother Radiopharm 2002; 17: 
35-42 [PMID: 11915172 DOI: 10.1089/10849780252824055]

108 February 26, 2016|Volume 7|Issue 1|WJBC|www.wjgnet.com

Sonani RR et al . Purification, production and applications of PBPs



62 Sonani RR ,  Singh NK, Awasthi A, Prasad B, Kumar J, 
Madamwar D. Phycoerythrin extends life span and health span 
of Caenorhabditis elegans. Age (Dordr) 2014; 36: 9717 [PMID: 
25304463 DOI: 10.1007/s11357-014-9717-1]

63 Singh NK, Hasan SS, Kumar J, Raj I, Pathan AA, Parmar A, Shakil 
S, Gourinath S, Madamwar D. Crystal structure and interaction of 
phycocyanin with β-secretase: A putative therapy for Alzheimer's 
disease. CNS Neurol Disord Drug Targets 2014; 13: 691-698 [PMID: 
24576002 DOI: 10.2174/1871527313666140228114456]

64 Thoren KL, Connell KB, Robinson TE, Shellhamer DD, 
Tammaro MS, Gindt YM. The free energy of dissociation of 
oligomeric structure in phycocyanin is not linear with denaturant. 
Biochemistry 2006; 45: 12050-12059 [PMID: 17002304 DOI: 
10.1021/bi061140]

65 Kupka M, Scheer H. Unfolding of C-phycocyanin followed by loss 
of non-covalent chromophore-protein interactions 1. Equilibrium 
experiments. Biochim Biophys Acta 2008; 1777: 94-103 [PMID: 
18036334 DOI: 10.1016/j.bbabio.2007.10.009]

66 Glazer AN. Phycobiliproteins a family of valuable, widely used 
fluorophores. J Appl Phycol 1994; 6: 105-112 [DOI: 10.1007/
BF02186064]

67 Aráoz R, Lebert M, Häder DP. Electrophoretic applications of 
phycobiliproteins. Electrophoresis 1998; 19: 215-219 [PMID: 
9548282 DOI: 10.1002/elps.1150190213]

68 Oi VT, Glazer AN, Stryer L. Fluorescent phycobiliprotein conju-
gates for analyses of cells and molecules. J Cell Biol 1982; 93: 
981-986 [PMID: 6749865 DOI: 10.1083/jcb.93.3.981]

69 Telford WG, Moss MW, Morseman JP, Allnutt FC. Cryptomonad 
algal phycobiliproteins as fluorochromes for extracellular and 
intracellular antigen detection by flow cytometry. Cytometry 2001; 
44: 16-23 [PMID: 11309804 DOI: 10.1002/1097-0320(20010501)4
4:1<16::AID-CYTO1077>3.0.CO;2-H]

70 Boussiba S, Richmond AE. Isolation and characterization of 
phycocyanins from the blue-green alga Spirulina platensis. Arch 
Microbiol 1979; 120: 155-159 [DOI: 10.1007/BF00409102]

71 Reuter W, Nickel C, Wehrmeyer W. Isolation of allophycocyanin 
B from Rhodella violacea results in a model of the core from 
hemidiscoidal phycobilisomes of rhodophyceae. FEBS Lett 1990; 
273: 155-158 [PMID: 2226847 DOI: 10.1016/0014-5793(90)81073
-W]

72 Abalde J, Betancourt L, Torres E, Cid A, Barwell C. Purification 
and characterization of phycocyanin from the marine cyanobac-
terium Synechococcus sp. IO9201. Plant Sci 1998; 136: 109-120 
[DOI: 10.1016/S0168-9452(98)00113-7]

73 Galland-Irmouli AV, Pons L, Luçon M, Villaume C, Mrabet NT, 
Guéant JL, Fleurence J. One-step purification of R-phycoerythrin 
from the red macroalga Palmaria palmata using preparative 
polyacrylamide gel electrophoresis. J Chromatogr B Biomed Sci 
Appl 2000; 739: 117-123 [PMID: 10744320 DOI: 10.1016/S0378-4
347(99)00433-8]

74 Rito-Palomares M, Nunez L, Amador D. Practical application of 
aqueous two-phase systems for the development of a prototype 
process for c-phycocyanin recovery from Spirulina maxima. J Chem 

Technol Biotechnol 2001; 76: 1273-1280 [DOI: 10.1002/jctb.507]
75 Minkova KM, Tchernov AA, Tchorbadjieva MI, Fournadjieva ST, 

Antova RE, Busheva MCh. Purification of C-phycocyanin from 
Spirulina (Arthrospira) fusiformis. J Biotechnol 2003; 102: 55-59 
[PMID: 12668314 DOI: 10.1016/S0168-1656(03)00004-X]

76 Benedetti S, Rinalducci S, Benvenuti F, Francogli S, Pagliarani 
S, Giorgi L, Micheloni M, D'Amici GM, Zolla L, Canestrari F. 
Purification and characterization of phycocyanin from the blue-
green alga Aphanizomenon flos-aquae. J Chromatogr B Analyt 
Technol Biomed Life Sci 2006; 833: 12-18 [PMID: 16266834 DOI: 
10.1016/j.jchromb.2005.10.010]

77 Patil G, Chethana S, Sridevi AS, Raghavarao KS. Method to obtain 
C-phycocyanin of high purity. J Chromatogr A 2006; 1127: 76-81 
[PMID: 16782107 DOI: 10.1016/j.chroma.2006.05.073]

78 Niu JF, Wang GC, Lin XZ, Zhou BC. Large-scale recovery of 
C-phycocyanin from Spirulina platensis using expanded bed 
adsorption chromatography. J Chromatogr B Analyt Technol 
Biomed Life Sci 2007; 850: 267-276 [PMID: 17178463 DOI: 
10.1016/j.jchromb.2006.11.043]

79 Yan SG, Zhu LP, Su HN, Zhang XY, Chen XL, Zhou BC, Zhang 
YZ. Single-step chromatography for simultaneous purification of 
C-phycocyanin and allophycocyanin with high purity and recovery 
from Spirulina (Arthrospira) platensis. J Appl Phycol 2011; 23: 1-6 
[DOI: 10.1007/s10811-010-9525-7]

80 Sun L, Wang S, Gong X, Zhao M, Fu X, Wang L. Isolation, 
purification and characteristics of R-phycoerythrin from a marine 
macroalga Heterosiphonia japonica. Protein Expr Purif 2009; 64: 
146-154 [PMID: 18852052 DOI: 10.1016/j.pep.2008.09.013]

81 Parmar A, Singh NK, Madamwar D. Allophycocyanin from a local 
isolate Geitlerinema sp. A28DM (cyanobacteria): A simple and 
efficient purification process. J Phycol 2010; 46: 285-289 [DOI: 
10.1111/j.1529-8817.2009.00798.x]

82 Niu JF, Chen ZF, Wang GC, Zhou BC. Purification of phycoer-
ythrin from Porphyra yezoensis Ueda (Bangiales, Rhodophyta) 
using expanded bed absorption. J Appl Phycol 2010; 22: 25-31 [DOI: 
10.1007/s10811-009-9420-2]

83 Su HN, Xie BB, Chen XL, Wang JX, Zhang XY, Zhou BC, Zhang 
YZ. Efficient separation and purification of allophycocyanin from 
Spirulina (Arthrospira) platensis. J Appl Phycol 2010; 22: 65-70 
[DOI: 10.1007/s10811-009-9427-8]

84 Parmar A, Singh NK, Kaushal A, Sonawala S, Madamwar D. 
Purification, characterization and comparison of phycoerythrins 
from three different marine cyanobacterial cultures. Bioresour 
Technol 2011; 102: 1795-1802 [PMID: 20889334 DOI: 10.1016/
j.biortech.2010.09.025]

85 Mishra SK, Shrivastav A, Mishra S. Preparation of highly purified 
C-phycoerythrin from marine cyanobacterium Pseudanabaena sp. 
Protein Expr Purif 2011; 80: 234-238 [PMID: 21745573 DOI: 
10.1016/j.pep.2011.06.016]

86 Johnson EM, Kumar K, Das D. Physicochemical parameters 
optimization, and purification of phycobiliproteins from the 
isolated Nostoc sp. Bioresour Technol 2014; 166: 541-547 [PMID: 
24951941 DOI: 10.1016/j.biortech.2014.05.097]

P- Reviewer: Bai G, Jia J    
S- Editor: Kong JX    L- Editor: A    E- Editor: Jiao XK  

109 February 26, 2016|Volume 7|Issue 1|WJBC|www.wjgnet.com

Sonani RR et al . Purification, production and applications of PBPs



© 2016 Baishideng Publishing Group Inc. All rights reserved.

Published by Baishideng Publishing Group Inc
8226 Regency Drive, Pleasanton, CA 94588, USA

Telephone: +1-925-223-8242
Fax: +1-925-223-8243

E-mail: bpgoffice@wjgnet.com
Help Desk: http://www.wjgnet.com/esps/helpdesk.aspx

http://www.wjgnet.com


	100
	WJBCv7i1-backcover

