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Phycobiliproteins (PBPs) are a type of promising sen-
sitizers for photodynamic therapy (PDT). Upon irradi-
ation (A>500nm) of an oxygen-saturated aqueous
solution of phycobiliproteins, particularly, C-phyco-
cyanin (C-PC), allophycocyanin (APC) or R-phyco-
erythrin (R-PE), the formation of singlet oxygen (*O,)
was detected by using imidazole in the presence of
p-nitrosodimethylaniline (RNO). The bleaching of
RNO caused by the presence of imidazole in our sys-
tem showed typical concentration dependence with a
maximum at about 8mM imidazole, which is in agree-
ment with the formation of 1O,. In addition, the gener-
ation of 10, was verified further in the presence of
D,O and specific singlet oxygen quencher -
1,4-diazabicyclo [2,2,2] octane (DABCO) and sodium
azide (NaNj3). Our experimental results indicated that
APC possesses high ability to generate reactive oxy-
gen species and the relative quantum yields of photo-
generation of 'O, by PBPs are as follows: APC > C-PC
> R-PE.
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Abbreviations: PBPs, Phycobiliproteins; PDT, Photodynamic
Therapy; C-PC, C-phycocyanin; APC, allophycocyanin;
R-PE, R-phycoerythrin; RNO, p-nitrosodimethylaniline;
DABCQ, 1,4-diazabicyclo [2, 2, 2] octane; PEC, phycoerythro-
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1. INTRODUCTION

Since the Federal Food and Drug Administration
of the USA gave its approval to photodynamic
therapy (PDT) as an alternative form of therapy
against cancer in 1995, PDT has increasingly
been used as a routine clinical application. It
possesses combined advantages of the radiother-
apy and the chemotherapy as well as low sys-
temic toxicity. Recently, this approach has also
been used in the purification of blood-made
products[1‘3] and photo-induced inactivation of
virus!?, The primary photo-induced processes
leading to cell damage were suggested as two
principal pathways: Upon light absorption, a
photosensitizer molecule is excited and then
changed into the triplet state, which transfers
energy to a molecular oxygen (30,) to form a sin-
glet oxygen (10,) (Type 1I mechanism)®l. Alter-
native mechanism involves generation of radical
species and are generally grouped as the type I
mechanism!®!.

* Corresponding author (Present communication address: Institute of Photographic Chemistry, The Chinese Academy of Sci-
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Phycobiliproteins (PBPs), including phyco-
erythrin (PE), phycoerythrocyanin (PEC), phyco-
cyanin (PC) and allophycocyanin (APC), are a
type of pigment-protein complexes playing the
role of light-harvesting antenna in photosynthe-
sis of cyanobacteria, red alga and cryptomonads.
Recently, Morcos et al. and Zheng et al. demon-
strated that C-phycocyanin (C-PC) exerted much
stronger photodynamic action on tumor cells
compared with hematoporphyrin derivatives
(HpD) and might be used as a new type of pho-
todynamic therapeutic agents!” 10,

Now, more and more results support the
hypothesis of 10, ~ mediated impairment of the
cellular biochemistry. However, detection of 102
in aqueous solutions is not easy to achieve since
10, has a rather short lifetime in aqueous and
some other solutions. For this reason, its forma-
tion is often inferred from quenching experi-
ments, such as bleaching of Trp!'!], reaction with
a sterically hindered aminel?, destruction of
RNO in the presence of imidazole derivativel'3!
and disappearance of ADPAY,

In previous work!"®, we used ESR with
spin-trapping techniques to detect hydroxyl rad-
ical (OH) generated by irradiation of C-PC from
Spirulina platensis and suggested that 'O, was
involved in formation of “OH.

In the present paper, a simple but sensitive
spectrophotometric method was applied to neu-
tral aqueous solution of PBPs for detecting the
singlet oxygen in aqueous solution by using imi-
dazole in the presence of p-nitrosodimethyl-
aniline (RNO)[13]. In this work, the formation of
rather short-lived 'O, was detected by the char-
acteristic dependence of the RNO bleaching
(reaction 4) on the concentration of imidazole.

S+hv =S =738 (1)
358 +°%0y = S+10, (2)
105 + A — [AOs] = AO, (3)

[AO3] + RNO — —RNO + Products ~ (4)

15 and 35 are the first excited singlet and low-
est triplet state of sensitizer (S) respectively;
[AO,] is an intermediate singlet-oxygen adduct
which decomposes or rearranges into a final
oxygenation product AO,, but which can also be
intercepted by a suitable scavenger. - RNO rep-
resents bleached RNO as followed at 440nm. The
degree of bleaching of the yellow RNO dye is
directly proportional to the overall production of
singlet oxygen generated in the photodynamic
reaction.

2. EXPERIMENTAL

2.1 Chemicals

C-phycocyanin (C-PC) and allophycocyanin
(APC) was isolated from laboratory cultures of
the blue alga Spirulina platensis, according to
Wang et al. and Xia et al 16,17]. R-phycoerythrin
(R-PE) was isolated from the red alga Polysipho-
nia urceolata[lsl, which was collected at the sea-
coast of Qing Dao, China. The purity of the
proteins was examined by absorption spectra
(Amax/Asgy > 4.5) (Fig.1). The powders of
lyophilized proteins were stored at —20°C.
p-nitrosodimethylaniline (RNO) and 1,4-diazabi-
cyclo [2,22] octane (DABCO) were Aldrich
products. Sodium azide (NaNj3), heavy water
(D,0), NaH,PO,4 and Na,HPO, (analytic grade
reagent) were commercially available. Imidazole
(analytic grade reagent) was used after recrystal-
lization from triply distilled water, until it did
not show any impurity absorption above 300nm.

2.2 Experimental Conditions

All samples were freshly prepared with triply
distilled water and buffered with 50mM phos-
phate buffer saline (pH7.0). The solutions were
aerated with high-purity oxygen by bubbling for
20min prior to irradiation with a medium-pres-
sure sodium  lamp (450W) on a
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FIGURE 1 Absorption spectra of C-PC, APC and R-PE dissolved in phosphate buffer saline (pH=7.0). The maximal absorption
peaks of C-PC (1), APC (2) and R-PE (3) are located at 618, 650 and 566nm, respectively

“merry-go-round” apparatus. The wavelength
less than 500nm was cut off by a long-pass filter,
and the apparatus was immersed in running
water in a thermostat at 20°C.

The detection of singlet oxygen was per-
formed by the method developed by Kraljic and
El Mohsnil!®). The maximum absorption of pro-
tein solution was adjusted to 1.0 before the
experiments. The phycobiliprotein solution in
the presence of imidazole (10mM) and RNO
(45uM) in a 50mM phosphate buffer saline
(pH=7.0) was exposed to light. Bleaching of
RNO was monitored spectrophotometrically at
440nm, the absorption maximum of RNO. The
formation of singlet oxygen was also verified by
reaction with 1O, quencher such as DABCO and

NaNj; and the effect of D,O. UV-visible absorp-
tion spectra were recorded by means of Shi-
madzu UV-160A spectrophotometer.

3. RESULTS AND DISCUSSION

3.1 The influence of imidazole concentration
on the bleaching of RNO

The bleaching of RNO caused by the presence of
imidazole in our aqueous system (Fig. 2) showed
typical concentration dependence with a maxi-
mum at around 8mM imidazole, the shape of the
curves was identical to that published by Kraljic
and EI Mohsnil'®!, which implied the formation
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FIGURE 2 The influence of imidazole concentration on the bleaching of RNO as a test of singlet oxygen in the system: C-PC —
RNO - imidazole. AO.D. represents the difference in optical density at 440nm (an absorption maximum of RNO) between irra-
diated and non-irradiated samples. A of irradiation > 500nm; irradiation time = 10min; pH=7.0; Concentration of RNO = 45y M

of '0,. The decreased bleaching of RNO at
higher imidazole concentrations may be
explained by the competition between RNO and
imidazole itself for the reactive intermediate
[AO,]. On the other hand, the reaction probabil-
ity of the sensitizers in their triplet state with
imidazole in singlet state must be very low
because of the symmetrical rulel1920] especially
in oxygen saturated conditions, since the reac-
tion %S + O, (producing *0,) occurs with a very
high rate, of the order of 10° M1~ Follow-
ing experiments can further confirm our
assumption that the interception of 'O, takes
place in our aqueous system.

3.2 The effect of 'O, quenchers and D,O on the
yield of 10,

To confirm the production of 10,, experiments
were carried out in the presence of specific o,
quenchers (DABCO and NaNj3). By taking C-PC
as the example, the rate of bleaching of RNO,
studied in the presence of equimolar amount of
imidazole and DABCO (10mM), was given in
Fig. 3. The ratio of the slopes of RNO bleaching
in the presence and absence of DABCO from
Fig. 3 was derived to be nearly half, because imi-
dazole and DABCO quench 'O, with similar rate
constants [k (imidazole / 10,) =2.0x10” M~ 1s7!, k
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(DABCO / *0,) =1.5x10” M~'s71]122], The replace
of DABCO by NaNj (0.1 mM) produced similar
amount of the inhibition (Fig.3), because k
(NaN3 / 102) was estimated as 2.2x10°
M_]S-sz], while some different values of the
rate constants for azide quenching were also
reported in literatures, such as, 2.0x108
M-1g-1[23a] However, inhibitation of RNO oxi-
dation by NaNj did indicate that 10, was gener-
ated. On the other hand, it was ever reported
that the rate constant for sFontaneous decay of
10, in H,0 was 2.4x10% 1241, Therefore, at the
moment, some conclusions can be drawn from

the results. At first, 102 was generated during
photosensitization of phycobiliproteins, sec-
ondly, the rates for the three processes, i.e., imi-
dazole and DABCO quench 'O, as well as
spontaneous decay of 10, were comparable.
Another important evidence for the C-PC pho-
tosensitized formation of 'O, comes from the
D,0 effect on the yield of O,. The lifetime of
10, was about ten times longer in the deuterated
solvent than that in the protonated solvent?),
As shown in Fig. 3, when measurements were
repeated with D,O instead of H,O, the rate of
photobleaching of RNO increased sharply.
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FIGURE 3 Photosensitized RNO bleaching measured at 440nm in the presence of imidazole (10mM) in 50mM phosphate buffer
(pH?7.0) with C-PC (initial Ag;g=1.0) as a function of irradiation time. Line 1, C-PC in oxygen-saturated aqueous solution; line 2,
same as line 1, but in the presence of 10mM DABCO; line 3, same as line 1, but in the presence of 0.1mM NaNj; line 4, same as
line 1, but the solvent using D,0 instead of H,O; line 5, same as line 1, but in the absence of imidazole
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All these experimental results confirmed the
generation of 10, during the photosensitization
process.

Since 0, cannot bleach RNO directly!!319],
the blank in the absence of imidazole can serve
for the detection of some other strongly oxidiz-
ing intermediates capable of destroying the RNO
chromophore, such as OH radical and some
organic free radicals!®®l. In such a case, the
bleaching of RNO would indicate that the sys-
tem produces some reactive intermediate of high
oxidation potential. In the experiments with
aqueous solution of C-PC, there was measurable
bleaching of RNO in the absence of imidazole
(Fig. 3). This positive “blank” indicates that
strongly reactive intermediates in measurable
amount generated under our experimental con-
dition. This species was most likely free
hydroxyl radicals [RNO reacts very rapidly with
the OH radical (reaction 5)]2¢l.

*OH + RNO — —RNO (5)

This was also agreement with our previous
work™® that ‘OH was indeed generated in the
aqueous system. But, the bleaching of RNO is
strongly increased by the presence of imidazole
with a characteristic dependence on their con-
centration (Fig. 2 and Fig. 3). The dependence of
RNO bleaching on the imidazole concentration
contributes to the selectivity of this test for 0.

3.3 The relative yield of 10, generated by C-PC,
APC and R-PE

When APC or R-PE was used instead of C-PC as
a sensitizer, the similar photosensitized forma-
tion of !0, and its involvement in the photob-
leaching of RNO was also observed (Fig.4).
Under our experimental conditions, imidazole
being in large excess (10mM) and variation of
RNO being kept under 10% of its initial concen-
tration, The slope B of the plots of -InA against
the irradiation time, their standard deviation SD
and correlation coefficients R were found by lin-

ear regression. The calculated slopes B are pro-
portional to the relative quantum yield of 'O,
[27.28] Erom Fig. 4, it can be inferred that the rela-
tive quantum yield of 10, generated by phyco-
biliproteins are as follows: APC > C-PC > R-PE.
The marked differences in the sensitizing prop-
erties among C-PC, APC and R-PE may be
explained on the basis of intersystem crossing
efficiencies (®;,.) of these phycobiliproteins.
Since the 'O, is most likely produced via the tri-
plet quenching, a decreased ®;. can also lead to
a lower yield of 10,. No published value of ®;
for APC, C-PC and R-PE is available yet, how-
ever, according to our previous work 29301 the
triplet states of C-PC and APC were detected
while that of R-PE not, which maybe due to its
lower ®@;,.. On the other hand, Stadnichuk!
indicated that the phosphorescence quantum
yield increased by 100 times after R-PE was
denatured, which might imply that quantum
yields of the triplet states would be dependent
on aggregate states of phycobiliproteins. In addi-
tion, the relative phorsphorescence yields of
APC, CPC and R-PE are determined as follows:
APC > C-PC > R-PEP*?], which may be another
evidence to support our experimental results.

4. CONCLUSION

In summary, a simple but sensitive spectropho-
tometric method for the detection of singlet oxy-
gen in aqueous solutions using imidazole in the
presence of p-nitrosodimethylaniline (RNO) has
been successfully applied to neutral aqueous
solution of PBPs. This method has found exten-
sive use especially in monitoring the production
of !0, in biological systems. From our experi-
mental results, the relative quantum yield of 1O,
generated by phycobiliproteins are as follows:
APC > C-PC > R-PE. Of course, further experi-
ments have to be undertaken to get quantitative
results.
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FIGURE 4 Photosensitized RNO bleaching measured at 440nm in the presence of imidazole (10mM) in 50mM phosphate buffer
(pH7.0) with C-PC (line 1), APC (line 2) and R-PE (line 3) as a function of irradiation time. The initial absorbance at maximum
absorption of all samples was all adjusted to 1.0 with triply distilled water
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