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Abstract
C-phycocyanins, major biliproteins of blue green algae (cyanobacteria), widely used as colourants in food and cosmetics are
known for their antioxidant as well as therapeutic potential. Recent claims indicating phycobiliproteins exert stronger
photodynamic action on tumor cells than clinically approved hematoporphyrin derivatives motivate us to investigate the
photodynamic action of two newly isolated C-phycocyanins from Phormidium [PHR] and Lyngbya [LY] spp, respectively in
comparison with known C-phycocyanin from Spirulina sp. [SPI]. Photolysis of air saturated solutions of PHR, LYand SPI in
the presence of 2,2,6,6-Tetramethyl piperidinol (TEMPL) generated three line EPR spectrum characteristic of 4-hydroxy-
2,2,6,6-tetramethylpiperidinyloxyl (TEMPOL). The increase in intensity of the EPR spectrum with time of irradiation and
decrease in intensity, in the presence of 1O2 quencher DABCO confirm the formation of 1O2. Photoirradiation in the presence
of spin trap 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) generated EPR signal characteristic of O2

2 adduct. Efficiency of 1O2

generation is of the order LY . PHR . SPI. The yield of reactive oxygen species (ROS) generation is found to be 1O2 . O2
2

indicating type II mechanism to be the prominent pathway for photosensitation by phycocyanins.
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Introduction

Phycobiliproteins are water soluble fluorescent pro-

teins derived from cyanobacteria and eukaryotic algae.
These proteins are composed of a number of subunits,

each having a protein backbone to which linear

tetrapyrrole chromophores are covalently bound [1].
Phycocyanins, the blue coloured phycobiliproteins

have absorption maxima between 610 and 665 nm,
and are of greater importance, because of their various

biological and pharmacological properties. It is

claimed that phycobiliproteins exert stronger photo-
dynamic action on tumor cells than clinically

approved hematoporphyrin derivatives [2]. Therefore,

phycocyanins may be of use as a novel second

generation photosensitizer for photodynamic therapy

(PDT), a minimally invasive therapeutic approach for

the management of a variety of tumors and certain

benign diseases. PDT is based on the combined use of

a light-absorbing compound (photosensitizer), which

accumulates preferentially in cancerous tissue, and

visible light irradiation of a wavelength matching the

absorption spectrum of the photosensitizer [3]. The

excited states of the photosensitizer participate either

in a one-electron oxidation-reduction reaction (type I
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photochemistry), generating oxygen free radical, or

energy transfer to ground state oxygen (type II

photochemistry), generating singlet oxygen. Reactive

oxygen species (ROS) generated by the photosensiti-

zer make irreversible cell damage to the tumor cell

eventually leading to the cell death.

Phycocyanins exhibit several advantages over the

presently used hematoporphyrin derivatives. Some of

which include (1) ready preparation and easy

purification, (2) good absorption in the photo-

therapeutic window (600–900 nm), (3) high molar

exitinction coefficients and (4) minimal side effect and

significant reduction in normal tissue photosensitivity.

Presence of phycobiliproteins is one of the means by

which cyanobacteria can exist in a diversity of

ecological niches such as polar regions, thermal hot

springs and hypersaline ecosystem and consequently

thrive under vastly different environmental stress [4].

Phycocyanins isolated from cyanobacterial species

from various environmental niches like, marine

(Phormidium and Lyngbya spp.), fresh water (Spirulina

sp.) etc have shown differences in certain properties

such as structural stability and antioxidant activity [5].

Early report on photogeneration of 1O2 by phyco-

biliproteins comes from indirect method either by

checking generation of DMPO-OH as follows

1O2 þ DMPO ! ½DMPO 21 O2� !
H3Oþ

DMPO–OH

þ OHz

OHz þ DMPO ! DMPO–OH

or by spectroscopically monitoring photobleaching of

phycobiliproteins by the generated 1O2 [6,7]. Here, we

used a direct and more decisive EPR- method

[TEMPL-assay] to study photodynamic generation

of 1O2 by three phycocyanins. Our work further aims to

investigate whether, changes in properties of phyco-

cyanins, isolated from different sources, are reflected in

their photodynamic action, and to make a comparative

study of the ROS generation efficiency of three

phycocyanins using EPR-spin trapping technique.

Materials and methods

Chemicals

Superoxide dismutase (SOD) was purchased from

Sigma chemical Co. Dimethyl sulphoxide (HPLC

grade) was procured from Qualigens Fine Chemicals,

India. The spin trap 5,5-Dimethyl 21-pyrroline-N-

oxide (DMPO) was obtained from Aldrich and was

purified by activated charcoal [8]. 2,2,6,6-Tetra-

methyl piperidinol (TEMPL) was obtained

from Merck, India. 1,4-diazabicyclo[2,2,2]octane

(DABCO) was purchased from Aldrich Chemicals Co.

Isolation and purification of C-PC

The marine cyanobacterium Phormidium and Lyngbya

spp. were isolated from the rocky surface near the sea

coast of Gujarat (Lat. 218380 N and Long. 698370), the

west coast of India. These organisms were grown in

batch cultures in the standard artificial seawater

medium ASN-III [9] at pH 7.5 and temperature

20 ^ 28C with optimum light intensity of

60mE m22 s21, provided by cool-white fluorescent

tubes with a dark/light cycle of 12:12 h. Fresh water

cyanobacterium Spirulina sp. was grown in batch

cultures in Zarrouk’s medium [10] at pH 10 and

temperature 20 ^ 28C with optimum light intensity of

60mE m22 s21, provided by cool-white fluorescent

tubes with a dark/light cycle of 12:12 h. C-PC from

Spirulina, Phormidium and Lyngbya spp. were extracted

and purified as described earlier [11].

Light source

Light source used for irradiation was a 150 W xenon

lamp. A filter combination of 10 cm potassium iodide

solution (1 g in 100 ml) and 1 cm pyridine was used

to cut off light below 300 nm and achieve a spectral

window of 300–700 nm. The irradiation was gener-

ally carried out in an open cuvette, in equilibrium

with the atmosphere. Reaction mixture was kept at a

distance of 12 cm from the light source and

constantly stirred.

Detection of reactive oxygen species by EPR -spin trapping

Detection of singlet oxygen. The photogeneration of

singlet oxygen by phycocyanins was investigated by

EPR- spin trapping [12,13]. The experiment was

carried out in a mixture (1 ml) containing 0.02 M

TEMPL and phycocyanin (2 mg/ml) in DMSO. The

mixture was irradiated and the increase in EPR signal

was followed as a function of time. TEMPOL, a stable

nitroxide free radical, formed as a result of oxidation of

TEMPL by 1O2 (as given below) shows a three-line

EPR-spectrum.

The formation of TEMPOL was not observed in dark.

EPR- spectra were measured using a JEOL JES-

TE100 ESR spectrometer. Samples were injected into

gas-permeable Teflon capillary tube (0.8 mm inside

diameter, 0.5 mm wall thickness), which was folded
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and inserted into a narrow quartz tube and placed in

the EPR cavity for measurements [14,15].

Detection of superoxide anion. Photogeneration of

superoxide anion by phycocyanin was also

investigated by EPR- spin trapping technique

[16,17]. Solution of phycocyanin (2 mg/ml) and

DMPO (100 mM) in DMSO was irradiated in a

quartz cuvette, which was continuously stirred using a

magnetic stirrer during irradiation. Irradiated solution

was drawn into a gas-permeable Teflon capillary tube

and placed in the EPR- cavity. EPR- spectra were

measured at room temperature.

Results and discussion

Generation of singlet oxygen

Singlet oxygen is believed to be the major mediator of

photochemical cell damage for many types of

photosensitizers [18]. Hence, we have investigated

the photogeneration of 1O2 by EPR technique because

EPR is considered the least ambiguous method for

detection of free radicals [19]. EPR- spectra,

characteristic of TEMPOL nitroxide radical, were

observed when aerated solution of phycocyanins

(PHR, SPI and LY) and TEMPL in DMSO were

irradiated at room temperature. The hfcc (AN ¼

15.7 G) was found to be identical with those of

authentic TEMPOL sample. EPR signal intensity of

TEMPOL was found to increase with increase of

irradiation time as shown in Figure 1. Other

compounds also showed similar behaviour. Control

experiments indicated that sensitizer, oxygen and light

were all essential for the production of TEMPOL,

indicating that the formation of nitroxide radical is a

photodynamic process. The rate of formation of

TEMPOL by phycocyanins SPI, PHR and LY are

related to their 1O2 generating efficiency. Comparative

plot of EPR signal intensity against time by various

phycocyanins as shown in Figure 2 shows the order of
1O2 generating efficiency to be LY . PHR . SPI,

although, the difference is not very significant. Further

Figure 1. Plot showing EPR signal intensity for singlet oxygen generation of phycocyanin isolated from Lyngbya sp. vs time of irradiation. The

inset shows the EPR spectra of TEMPOL generated during the photoirradiation of DMSO solution of phycocyanin PHR (2 mg/ml) in the

presence of TEMPL (20 mM) at 300 K. (A) in the dark, (B) 2-min irradiation, (C) 4-min irradiation and (D) 6-min irradiation (E) 8-min

irradiation. Spectrometer setting: microwave power, 2 mW; modulation frequency, 100 kHz; modulation amplitude, 0.5; time constant, 0.1 s;

scan rate, 4 min; scan width, 200 G; receiver gain, 500.
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Figure 2. Plot showing comparison of EPR signal intensity for

singlet oxygen generation by various phycocyanins vs time of

irradiation.
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Figure 3. Quenching of photogenerated singlet oxygen generated

by LY (V) in the presences of 5 mM DABCO (X).
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confirmation of the photo generation of the singlet

oxygen was obtained by the widely used method of
1O2 quenching by DABCO [20]. Figure 3 shows the

reduction of the EPR signal intensity of TEMPOL

in the presence of DABCO, confirming the formation

of 1O2.

Generation of superoxide anion

EPR- spin trapping technique was used for the

detection of superoxide. Lifetime of the spin adduct

DMPO- Oz2
2 is short in protic solvent and the

superoxide adduct decomposes to DMPO-OH [21].

Hence, EPR- spin trapping studies were carried out in

DMSO in which the DMPO- Oz2
2 adduct has a longer

life time. No EPR signal was observed in dark as well

as when DMPO alone was irradiated in DMSO. But

irradiation of phycocyanin (2 mg/ml) with DMPO in

aerated DMSO generated a 12-line EPR spectrum

characteristic of the DMPO- Oz2
2 adduct as shown in

Figure 4. Other compounds also showed similar

behavior. The pathways of singlet oxygen and super-

oxide generation are shown in Scheme 1. Addition of

SOD (50mg/ml) prior to irradiation prevents the

formation adduct. The fact that the EPR signal

intensity of this spin adduct is lower is in accordance

with the possibility of the exited photosensitizer

reacting with the sensitizer itself or with the solvent

which in turn can cause the inhibition of the type I

reaction [22].

In summary, we have demonstrated unambiguously

the photogeneration of singlet oxygen by three

phycocyanins using direct EPR-TEMPL method

and the generation efficiency follows the order

LY . PHR . SPI. Further based on the yield of
1O2 and Oz2

2 determined qualitatively by EPR, we

conclude type II as the prominent mechanism of

photosensitization by phycocyanins.
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