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Abstract

The singlet oxygen quantum yield of photodynamic agents was measured at 546 nm, 630 nm, and on the far-red absorption peak. The
technique employed is available in most laboratories, in which the photosensitization of lysozyme is used as an internal actinometer.
Measurements in a pH 7.4 phosphate buffer plus 1% Triton X-100 (PB/X100) are scaled to 0.52 for methylene tlue in the phosphate buffer.
The average quantum yields are: hematoporphyrin IX (0.73), protoporphyrin IX (0.56) zinc protoporphyrin IX (0.91), mesotetra-(4-
sulfonato—phenyl) porphine (0.61), Photofrin® (0.89), benzoporphyrin derivative monoacid ring-A (0.84), chlorin €6 in PB (0.64), pheo-
phorbide a (0.69), and aluminum phthalocyanine tetrasulfonate (0.38). Protection factors were measured for added azide ion,
1,4-diazabicyclo[2.2.2]-octane, and superoxide dismutase. Spectral evidence is presented for chlorin e6 interactions with PB/TX100 and for

binding to lysozyme.
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1. Introduction

The energy efficiency of a Type II photosensitized process
(photodynamic action) is limited by the singlet oxygen quan-
tum yield (,). Many different techniques have been
employed for measurements of @,, including the ‘‘mon-
omol’’luminescence of singlet oxygen ('A;) at 1270 nm,
photothermal methods, EPR measurements of nitroxide rad-
icals, oxygen uptake for a sensitized photo—-oxidation, and
quantum yields of the photochemical products. To be used in
aqueous solution, hydrophobic sensitizers require solubiliz-
ing media that may affect the reactivity of 1A, withanexternal
probe. Measurements on self-aggregating sensitizers may
depend on the concentration and wavelength owing to dif-
ferent @, and extinction coefficients of the monomer and
higher aggregates. The object of this study was to measure
@, for some photodynamic agents and photodynamic ther-
apy (PDT) sensitizers at visible wavelengths. The photosen-
sitized inactivation of hen lysozyme (LYS) was used as the
probe for 'A,. Previous measurements on Photofrin® (PF)
and hypericin (HY) [1-3] show that this technique is sen-
sitive and reproducik!e, requiring only a light source, 2 wave-
length selection evice, and a spectrophotometer. The
enzyme inactivation quantum yields are scaled to @5 of meth-
ylene blue (MB) in pH 7.4 phosphate buffer (PB) and com-

* Corresponding author.

pared with the available literature. The involvement of 'A,
and superoxide (05 ) were tested by adding azide, 1,4 —dia-
zabicyclo[2.2.2]-octane (DABCO), and superoxide dis-
mutase (SOD).

2. Materials and methods
2.1. Chemicals

Hematoporphyrin IX (HF), methylene blue chloride
(MB), protoporphyrin IX (PPIX), chicken egg white lyso-
zyme, lyophilized Micrococcus luteus, bovine erythrocyte
superoxide dismutase, sodium azide, 1,4-diazabicy-
clo[2.2.2]octane, Triton X-100, sodium laurel sulfate
(SDS), and hexadecyltrimethylammorium  bromide
(CTAB) were obtained from Sigma Chemical Company;
zinc protoporphyrin IX (ZnPP), chlorin ¢6 (Chl-e6), pheo-
phorbide a (pheo-a), aluminum phthalocyanine tetrasulfon-
ate (AIPcS,), and mesotetra-(4-sulfonato-pheny!)porphine
(TPPS) were obtained from Porphyrin Products, Inc.
(Logan, UT); Photofrin® (PF) and benzoporphyrin deriva-
tive monoacid ring-A (BPD-MA) were obtained from QLT
Phototherapeutics Inc. (Vancouver, BC). The chemicals
were used as received. Optical absorption spectra were meas-
ured with a Perkin-Elmer Lambda S spectrophotometer. Flu-
orescence spectra were measured with a Farrand manual

1011-1344/97/$17.00 Copyright © 1997 Elsevier Science S.A. All rights reserved

PIIS1011-1344(96)07349-6



132 J.M. Fernandez et al. / Journal of Photochemistry and Photobiology B: Biology 37 (1997) 131-140

spectrofluorimeter. The MB concentration in PB was based
on the 665 nm extinction coefficient of 78 000 M~ -1
[4]. The other sensitizer concentrations were calculated by
stoichiometry. An Ophir Model D6X Laser Power/Energy
meter was used to measure the incident irradiance.

2.2, Assay of lysozyme activity

LYS activity was assayed by the lysis rate of lyophilized
M. luteus. The light-scattering optical density of the substrate
(OD,.) was measured at 700 nm after 100-fold dilution in a
pH 6.24, 10 mM phosphate buffer. The sensitizer absorption
was negligible under the assay conditions. The prior work
shows that a semilogarithmic plot of OD,, vs the assay time
(1') has a constant initial slope followed by leveling at long
t' [1-3]. The enzymic activity rate constant () was calcu-
lated by non-linear least-squares fitting to the semi-empirical
rate equation.

OD,.=0D,[1+bexp(—pt")] (1)

where b is constant for irradiated and unirradiated solutions.
2.3. Irradiations

Measurements were made in 10 mM, pH 7.4 phosphate
buffer plus 1% Triton X-100 (PB/TX100) unless otherwise
indicated. The light source was a 200 W high-pressure Hg-
Xe arc (Oriel model 6291) filtered by a Corning C.S. No. 0-
52 glass filter ( > 360 nm) and 2 cm of water. A Bausch &
Lomb *‘high intensity’" grating monochromator was used for
wavelength selection with 5 mm entrance and exit slits
(30 nm dispersion). The measurements at 546 nm were per-
formed with a narrow-band interference filter (9 nm full-
width at half-height). The 5 ml samples were contained in a
cylindrical glass cuvette (diameter, 2 cm; length, 2.cm)
located in a temperature-controlled holder at 25.0 °C with
stirring by a small magnetic bar and slow bubbling with
oxygen. The incident beam diameter was 6 mm at the front
face of the irradiation cuvette. Activity assays were per-
formed at 5 min intervals for 35 min. The LYS concentration
in all runs was either 15 or 30 WM. Semi-logarithmic plots of
B vs the irradiation time (7) had a constant initial slope,
followed in some cases by leveling attributed to sensitizer
photobleaching. A similar functional form as Eq. (1) was
used to calculate the initial photoactivation rate constant (I')

B(1) =By[1+C;exp(—1I1)] (2)

where B, is the dark activity constant and C, is a constant.
The procedure is equivalent to extrapolating the semiloga-
rithmic plot to zero time. The values of I"(min ") foragiven
sensitizer vary with wavelength owing to changes in the inci-
dent power and sensitizer absorption.

2.4. Calculation of quantum yields

The photosensitized inactivation of an aqueous enzyme via
a Type I, ' A, mechanism obeys the following dose-response
relation

- loge(L/Lu) = (chabs/Lo (3)

where @, is the enzyme inactivation quantum yield, L, (M)
is the total enzyme concentration, L (M) is the active enzyme
concentration, and E,, is the absorbed light dose in moles of
photons or “einsteins” per liter [5]. The derivation of Eq. (3)
assumes that the total rate of 'A, reactions with the enzyme
is not affected by inactivation. Differentiation of Eq. (3) with
respect to E,,, confirms @, is the initial photoinactivation
quantum yield. The calculation of @, from the experimental
values of I'is based on

I(min~")V(cm®)L,(pM)

= L W) A (am)

(4)

where I' is first-order photoinactivation rate constant in
Eq. (2), Vis the constant irradiated volume (5.0 ml), P, is
the incident power at the irradiation wavelength A, and f,, is
the fractional absorption by the sensitizer. Values of P, were
calculated at each A from parallel measurements on MB, as
described below. The following expression was used to cal-
culate £,

fas=(1=R)[1-10797") (5)

where OD' is the optical density per cm of the sensitizer as
measured in the spectrophotometer at the irradiation wave-
length, d is the optical path of the irradiation cuvette, and R
is the specular reflection coefficient at the air-glass-water
interface of the irradiation cuvette, which was taken as 0.03
for visible light. $, was calculated from @, with the steady-
state kinetics relation

@y =D [(1/73) +KL,) /KL, (6)

where k is the total bimolecular rate constant for ' A  reactions
wit: LYS, &' is the corresponding bimolecular rate constant
for inactivation, and 7, is the solvent-induced decay lifetime
of 'A . Literature values of the rate constants calculated from
photosensitization of LYS by acridine orange are
k=44X10°M~'s~ ! and k'=29X10°"M~'s~! [6]; Ty
was taken as 3.9 ps in PB [7]. The dependence of &, on the
numerical values of k, k' and 7, was minimized or eliminated
by scaling the measurements to a standard photosensitizer.
For measurements at the same P, and A, Egs. (4)0 and (6)
lead to

[l/TA +kL0]

kLl 7
Py B3 411/75 +kLX]

e (Fats/ fans) (I T) (7
where * refers to the standard. Thus for a given &% , &,
does not depend on *' for ary L, and is independent of k7,
when the sensitizer and standard are measured at the same
L,. Otherwise, there is a small dependence of the calculated
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@, on k7a, e.g., a two-fold change in k7, leads to a 1%-2%
change in the calculated @, when the sensitizer is mecasured
at L,=30 pnM and the standard is measured at L} =15 pM.

The present scaling is based on the absolute measurement
of @, =0.52 for aqueous MB [ 8]. The measurements at each
irradiation wavelength were paralleled by measurements of
@, for MB in PB. Substituting the experimental &, for MB
and @, =0.52 in Egs. (4) and (6) gives the effective P, for
measurements at that wavelength. With this procedure P,, is
a scaling factor. The calculated P, should be comparable to
the incident power as measured with a conventional radi-
ometer, although the two values may not be the same owing
to the spectral bandwidth of the light source and beam devi-
ations from ideal collimation. Some comparisons are: 546 nm
interference filter: (38 mW, 34 mW); monochromator:
630 nm (34 mW, 34 mW), 644 nm (26 mW, 26 mW),
660 nm (24 mW, 21 mW), 668 nm (16 mW, 14 mW),
where the first value is P, calculated from the MB actinometer
and the second value was measured with the Ophir power
meter.

2.5. Effects of additives

The effects of additives on @, were evaluated by the pro-
tection factor (p)

p=(Bp—Bn)/(Bd—Bu) (8)

where B, B, and B, are the enzymic activity constants for
irradiations with the additive, irradiations without the addi-
tive, and in the dark, respectively [ 1-3]. p ranges from 0 for
no protection to 1 for complete protection. The value of p
depends on the activity loss induced by the light and the type
and concentration of the protective agent, e.g., p=0.5 for an
irradiation that halves the dark activity in the absence of the
additive and reduces the activity 25% in the presence of the
additive.

3. Results
3.1. Photosensitization of lysozyme

Table 1 summarizes the photoinactivation results. The
measurements at 546 nm were made with the interference
filter and measurements at other wavelengths were made with
the monochromator. The good agreement indicates that the
larger bandwidth of the monochromator was not a significant
source of error. The sensitizer and MB were measured at the
same L, except as noted by an asterisk. The values of &, are
not different for this group. The prior hypericin measurement
was made with 30 ug ml~ ' SOD to suppress the contribution
of O5 [2]. Except for PF at 630 nm, @, and &, are inde-
pendent of wavelength within the experimental variations.
The high @, for PF at 630 nm was found also in the prior
work and attributed to a photosensitizing photoproduct [1]
(see Discussion).

Chl-6 had a very low @, in PB/TX100. Increasing the
TX100 concentration to 3% did not lead to significant values
of I'. The absorption and fluorescence shifts in PB and PB/
TX100 are indicative of a dark interaction between Chl-e6
and TX100 (Table 2). Similar fluorescence results were
reported in a recent study on Chl—e6 and N-aspartyl chlorin-
€6 (NPe6) [9]. There is ample evidence that serum albumin
and many other proteins strongly bind Chi-e6 | 10]. Binding
of Chl—6 to LYS in PB and PB/TX100 is indicated by the
specitral shifts in Table 2. The negligible photosensitization
of LYS by Chl-e6 in PB/TX100 may be a consequence of
this interaction. Weak photosensitization was found in 3%
SDS and 6% SDS and @, was approximately the same in PB
and 3% CTAB (Table 1). The solvent effects indicate that
specific reactions of Chl-e6 with the detergent micelles are
involved.

BPD-MA is aggregated in PBS-methanol mixtures con-
taining less than 30% methanol [ 11]. The effects of the BPD-
MA concentration and the medium on &, are summarized in
Table 3. At 1.1 pM BPD-MA, @, increases from 0.64 in PB
to 0.86 in PB/3%TX100; at 16 uM BPD-MA, @, increases
from 0.17 in PB to 0.35 in PB/3%TX100. The average
@, =0.78 for 6 uM BPD-MA in PB/TX100 (Table 1) falls
between these values. The results in Table 3 can be explained
by the monomer-dimer equilibrium for BPD-MA (see Dis-
cussion). The values of @, in PB/1%TX100 and PB/
3%TX100 for 1.1 uM BPD-MA are statistically the same.
The mean 0.84 +0.03 is takea as the best value.

3.2. Effect of additives

The protection factors are summarized in Table 4. The
average values of p for 4 min irradiations at 630 nm are
0.40+0.13 for 10 mM azide and 0.41+0.09 for 2 mM
DABCO, excluding PF and Chl-e6. Some variations in the
individual values are expected owing to the dependence of p
on the effect of the light. Significant protection by azide and
DABCO indicate the involvement of 'A, for all scnsitizers
except Chl-e6 in PB. The low values of p with added SOD
may not rule out a small yield of O; if 'A; accounts for most
of the inactivation (see Discussion). According to steady-
state competition kinetics, a plot of 1/@, vs the acceptor
concentration should be linear with the slope:intercept ratio
equal to: k,/ [KL,+1/75 15 k and k,, are the total bimolecular
rate constants for 'A ¢ reactions with LYS and the acceptor,
respectively. The effect of the azide concentration on &, was
measured at 630 nm for ZnPP in PB/TX100 and for MB in
PB (Fig.1). The MB measurements lead to k=
(9+5) X 10° M~ 's ™" in PB. This result is comparable to
the literature values of k, for azide quenching of 'A, in water
or buffer: 8 X 10° [6], 5x 10% [12], 1.5X 107 [13],6X i0®
[14], and (2-3) X 10% { 15]. The generation of O; by MB
is ruled out by the results in Ref. 2. The measurement for
ZaPP in PB/TX100 gives k,=(1.0+£0.3) X 1M~ 's™h
A small contribution from O; cannot be excluded. The
straight lines in Fig. 1 provide additional evidence that azide
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Table 1
Summary of @, and P, measurements
Sens, * A [LYS]® 10°X &P, © @,
(nm) (pM)
9.1 uM MB/PB 630 15 0.860 +0.044 (8) (0.52)
9.1 uM MB/TX100 630 15 0.78 £0.04 (4) 0.49+0.03
546 15 0.82+0.08 (3) 0.491+0.04
0.49+0.02
17 uM HP/TX 100 630 15 1.21£0.07 (3) 0.7410.04
546 15 1.13 £0.08 (3) 0.69 +0.08
500 15 1.23+0.06 (2) 0.75+0.03
0.73+£0.03
10 pM PPIX/TX100 646 15 0.99 +0.06 (3) 0.60+0.05
630 15 0.89+0.05 (3) 0.54+0.04
546 15 0.89+0.04 (3) 0.54+0.03
0.56 +£0.03
i2 pM ZnPP/TX100 630 15 1.36 +£0.13 (3) 0.82+0.08
546 15 1.28+£0.09 (3) 091+0.12
426 15 1.64 +£0.18 (3) 0.99+0.11
0.91+0.09
8 uM TPPS/TX100 644 30 2.01+0.02 (3) 0.62+0.01
630 30 = 1.87+0.02 (3) 0.58 +0.01
546 30 1.81 X021 (3) 0.56 +0.08
424 30 * 22240.05 (3) 0.69 +0.02
0.61 £0.06
9 uM PF/TX100¢ 630 30 = 450+0.06 (2) >1®
546 30 2.96+0.30 (3) 0.91+0.12
514 30 2.83+0.02(2) 0.87 +0.01
0.89+0.03
12 uM Chl-e6/PB 660 30 244 +0.16 (4) 0.75 +0.05
630 30 = 2.03+0.12 (3) 0.62+0.04
546 30 1.82+0.04 (2) 0.56+0.01
0.64+0.10
12 M Chl-e6/1%TX100 660 30 0.15+0.01 (4) 0.05+0.01
630 30 0.12£0.01 (3) 0.04 £ 0.01
12 pM Chl-e6/3%TX 100 660 30 0.1+0.1(2) 0.00
12 pM Chl-e6/3%SDS 660 30 0.42+0.09 (2) 0.13+0.03
12 uM Chl-e6/3%CTAB 660 30 1.9340.01 (2) 0.59+0.01
6 uM BPD-MA/TX100 692 30 2.55+0.22 (4) 0.79+0.09
630 30 « 2.53+0.22 (8) 0.77+0.08
546 30 1.34+0.14 (2) 0.76 £0.10
0.78 £0.02
12 pM Pheo-a 668 15 1.17+£0.05 (3) 0.71 +0.04
630 15 1.174+0.04 (3) 0.71+0.04
546 15 1.09+0.05 (3) 0.66 +0.04
0.69+0.03
8 pM AIPcS,/TX100 673 30 141+0.12 (4) 04310.04
630 30 + 1.28 +0.11 (4) 0.39+0.03
546 30 1.06+0.02 (2) 0.33+0.01
0.38 +0.05
7 pMHY/TX100 ' 590 30 1.64+0.22 (16) 0.49 +0.06

* *TX100’ refers t5 i 1M, pH 7.4 phosphate buffer plus 1% Triton X-100 unless indicated otherwise.

® The scaling iR :uns were performed at the same L, as the sensitizer except for runs indicated * at 15 rMLYS.
© Number of runs in parenthesis.

¢ Based on nominal 600 D molecular weight.
¢ See text,

! Pooled data for hypericin and sodium hypericin with 30 pg mi ' SOD; from Ref. 2.

reacted with 'A in the external medium. The 100-fold lower 10 mM azide and 2 mM DABCO suggests that the reaction
rate compared to PB explains why relatively high azide con- of 'A, with DABCO in PB/TX 100 was faster than with azide.
centrations are required to achieve significant protection. Lit- Increasing the acceptor concentrations to 100 mM azide and
erature values of k, for DABCO in polar organic solvents are 20 mM DABCO had no protective sffect for Chl-6 in PB.
the order of 1X 107 [16]. The comparable protection by However, the inability of the acceptors to protect LYS does
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Table 2
Effects of TX100 and LYS on Chl-e6 absorption and fluorescence spectra

Medium ? Absorption peak ® Fluorescence peak ©
PB 651.540.1 667
PB+3 pMLYS 6524 +0.1 658
PB+10 pMLYS 656.2+0.0 654
PB +30 pMLYS 656.410.1 654
PB+100 uMLYS 656.4+0.0 654
TX100 661.1+0.1 674
TX100+3 pMLYS 662.0+0.2 670
TX100+ 10 pMLYS 662.3+0.0 668
TX100+30 phMLYS 662.3+0.1 668
TX100+ 100 phMLYS 662.4+0.1 665

212 uM Chl-e6 in 10 mM, pH 7.4 PB or PB/TX100.
* Average of four measurements.
¢ Average of three measurements; excited at 570 nm; uncorrected.

not rule out the generation of 'A,. Oxygen uptake experi-
ments led to high values of @, for Chl-6 and other chlorins
inPB [17].

4. Discussion

The present methodology is based on :he assumption that
the rate of LYS photoinactivation is proportion=i to the rate
of 'A, generation by the sensitizer. The reac:ivity of LYS
towards 'A is shown by prior work with mary sensitizers,
including acridine orange [6], MB [18,19], eosin Y [5], 8-
methoxypsoralen [20], proflavine [19], acriflavine [19],
and HY [3]. Possible interfering factors are aggregation of
the sensitizer and sensitizer binding to LYS. The sensitizers
investigated in this work have a wide range of absorption
properties. Aqueous MB absorbs at 665 nm. The typical free-
base porphyrin absorption consists of the intense Soret band
(B band) near 400 mn and four weak bands of decreasing
intensity from 450-700 nm (Q bands). Metalloporphyrins
have two Q bands of approximately equal intensity, €.g., near
540 and 580 nm for ZnPP. The dominant chlorin absorptions
are the Soret band near 400 nm and a strong band in the
region of 600-700 nm. Metal-free phthalocyanines have vis-
ible bands of increasing intensity from 500-700 nm. The far-
red absorption band dominates in AlPcS,. The dominant
visible absorption of HY is an intense narrow band near

590 nm. In the present work, the constant @, at different
wavelengths and the generally good agreement with other
measurements (Table 5) support the validity ot the LYS
actinometer methodology.

4.1. Singlet oxygen quantum yields

The experimental data required for measurements of @,
are the photoinactivation rate constants I for the sensitizer
and MB at the same wavelength and OD’. The exact sensitizer
concentrations and extinction coefficients are not required.
The average values of @, in Table 1 are compared with the
available literature in Table 5.

4.1.1. Methylene blue

Measurements of @, for MB in water, micelles. and alco-
hols are close to 0.52 used as the standard for MB in PB. The
prior results were scaled to different standards, except Ref. 8
which was based on radiometry. The average of the prior
work, 0.4940.07 agrees with the present measurement in
PB/TX100 of 0.49+0.02 [2,8,21-23]. The values of @,
are consistent with a recent determination of the MB triplet
yield (Pr) in methanol which led to 0.50+0.02 [24]. The
good agreement between P, calculated with @, =0.52 for
MB in PB and measurements with the power meter provitles
independent support for the present actinometry.

4.]1.2. Porphyrins

Three measurements for HP in methanol based on different
methods average to @, =0.65 +0.12. The dependence on the
HP concentration in PB reported in prior work at 546 nm,
based on the photo-oxidation of N,N.-dimethyl-4-nitrosoan-
iline (RNO), led to decreasing @, from 0.45 at 3 pM 100.36
at 150 pM [23]. The concentration effect is explained by
new results on the equilibrium between the monomer and
dimer, each of which has a different @, and extinction coef-
ficient [26]. The calculations indicate that the experimental
&, at 546 nm should decrease from 0.43-0.32 from 3-
150 uM. The present P, =0.73 £0.03 in PB/TX100 agrees
with 0.74 calculated for the HP monomer in pH 7.4 PB and
0.76 in methanol [26]. Several lower values of @, for aque-
ous HP are reported in other work [23,27].

The present @, =0.56+0.03 for PPIX in PB/TX100
agrees with @, =0.57 for protoporphyrin dimethylester in

Table 3
Effect of concentration and medium on photosensitization of LYS by BPD-MA *
BPD-MA Conc. 1.1 pM 16 pM
Medium Absorption peak D, Absorption peak @D,
(nm) (nm)
PB 692 0.64 +0.04 (3) 694 0.17£0.01 (2)
PB/1%TX100 689 0.82+0.07 (3) 689 0.3240.01 (3)
PB/3%TX100 687 0.86+0.04 (3) 687 0.351+0.03 (3)

3 Irradiated at 546 nm; number of runs in parenthesis.
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Table 4 ‘
Effect of additives on photosensitization of LYS in PB/TX100

Additive: Protection factor *

Sens.® SOD (30 mgmi ") Azide (10 mM) DABCO
(2 mM)

MB (9.1 pM) 0.00 024 0.31

HP (17 pM) 0.01 032 0.35

PPIX (10 pM) 0.03 055 048

ZnPP (12 pM) 0.02 0.39 0.38

TPPS (8 pM) 0.03 0.34 0.52

PF (9 pM) 0.03 0.19 0.38

Chl-e6 (6 pM) © 0.00 0.00¢ 0.00¢

BPD-MA (6 pM) 0.04 0.56 0.51

Pheo-a (12 pM) 0.03 0.56 042

AlPcS, (8 pM) 0.02 0.39 0.31

2 Ranges from O for no protection to 1 for complete protection.
® Measured at 630 nm in PB/TX 100 unless indicated.

¢ Measured in PB.

4100 mM azide:; 20 mM DABCO.

3000 -

2000 4+

1/®e

1000 +

0 + g

0 ) 10

2 L " "
v

15 20 25 30

Azide Concentration, mM

Fig. 1. Dependence of LYS inactivation quantum yield (&,) on azide concentration: A 9.1 uM methylene blue in 10 mM, pH 7.4 phosphate buffer (vertical
axis divided by ten); O 12 uM zinc protoporphyrin in 10 mM, pH 7.4 phosphate buffer plus 1% Triton X-100.

benzene [28]. The present @, =0.91 +0.09 for ZnPP in PB/
TX100 s consistent with the very low fluorescence efficiency
in polar (0.03) and non-polar (0.04) solvents and ¢ =0.92
[29]. @, =0.88 was reported for zinc meso-tetra(4-N-meth-
ylpyridyl) porphine in water {30].

The present @, =0.611:0.06 for TPPS in PB/TX100 is
in excellent agreement with the average of literature values
of 0.62+0.01 [27,31,32].

The effect of the medium on @, of the porphyrin mixture
PF is discussed in Ref. 1. The present &, =0.89+0.03 in
PB/TX100 (514,546 nm) agrees with 0.85 +0.11at514 nm
measured with a tunable dye laser [ 1] and 0.87 +0.15 meas-
ured with the RNO method at 546 nm in egg phosphatidyl-
choline liposomes [23]. The apparent yield of 1.38+
0.14 nm measured at 630 nm with the arc lamp-monochro-
mator agrees with the prior measurement of 1.27 +0.19 with
the dye laser [1]. The latter result was attributed to the for-
mation of a photosensitizing photoproduct with its far-red

absorption at 663 nm. This mechanism is supported by exper-
iments in which PF in PB/TX100 was pre-irradiated at
630 nm. A subsequent irradiation at 650 nm led to a ten-fold
increase of 8 compared with samples that were not pre-irra-
diated. The formation of the photoproduct was inhibited by
azide and imidazole indicating that the photolysis reaction is
mediated by 'A,. Chlorin-type photoproducts with similar
far-red absorptions have been identified for PP, HP, and
hematoporphyrin derivative and attributed to oxidation of a
double bond by 'A, [33].

4.1.3. Chlorins

Many chlorins are good photodynamic sensitizers in PB
including mesochlorin, Chl-€6, NPe6 (also abbreviated
as ‘““MACE’"), and di-L-aspartyl chlorin e6 (DACE)
[17,32,34]. Oxygen uptake measurements for Chl-e6 in PB
based on photo-oxidation of furturyl alcohol led to @, =0.66
{17], which is in good agreement with the present0.64 +0.10
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Table 5
Summary of singlet oxygen quantum yields *
Sens. Medium Method A (nm) D, Ref.
MB H,0 DMF oxidation - 0.52°* (8]
methanol 1270 nm emission 430-750 0.58¢ [21}
ethanol DMA photo-oxidation 633 045¢ [221
pH74PB RNO photo-oxidation 546 0.39¢ [23]
PB/TX100 LYS photosens. 630 047° [2]
PB/TX100 LYS photosens. 546, 630 049" this work
HP methanol 1270 nm emission 430-750 053¢ [21]
methanol DPBF photo-oxidation 532 0.65 [25]
methanol O, uptake 535-576 0.76 ¢ [26]
pH7.4PB RNO photo-oxidation 546 (3 uM) 045°¢ [23]
pH74PB O, uptake Soret band 0.36°¢ [27]
SDS/D,O O, uptake 532 027 [25)
CTAB/D,0 O, uptake 532 022 [25]
PB/TX100 LYS photosens. 500, 546, 630 0.73° this work
PPIX PB/TX100 LYS photosens. 546, 630, 646 0.56°¢ this work
ZnPP PB/TX100 LYS photosens. 426, 546, 630 091" this work
TPPS PB O, uptake 424 0.62 [31]
TX100 O, uptake 638 0.63 [32]
pH74PB O, uptake Soret 061° [27]
PB/TX100 LYS photosens. 424, 546, 630, 644 061° this work
PF PB/TX100 LYS photosens. 514 085" [11
EPC liposomes RNO photo-oxidation 546 087¢ [23]
PB/TX100 LYS photosens. 514, 546 0.89F this work
Chl-e6 PB 0, uptake 654 066¢ [17]
PB LYS photosens. 546, 630, 660 064° this work
PB/CTAB LYS photosens. 660 059° this work
BPD-MA benzene 1270 nm emission 335 077" {35]
PB/TX100 LYS photosens. 546, 630, 692 084" this work'
Pheo-a D,0/TX100 + 10% ethanol 1270 nm emission 337 0.70' [36]
PB/TX100 LYS photosens 546, 630, 668 069" this work
ALPcS, pH 7.2 Tris O, uptake 424, 666 0.225¢ [37]
AlPcS, D,0 1270 nm ~mission 355 0.34% [38]
*AlPcS’ pH70PB RNO photo-oxidation 440 0.34¢ [39]
AlPcS, PB/TX100 LYS photosens. 546, 630, 673 038" this work
HY BRIJ35 DPIB photo-oxidation 308 0.72 [40]
PB/TX100/SOD LYS photosens. 514, 575, 580, 585, 590, 600 049°¢ [2]

>
* Abbreviations: DMF, 2,5-dimethylfuran; DMA, 9,10-dimethylanthracene; DPIB, 1,3-diphenylisobenzofuran; RB, rose bengal, CTAB, cetyltrimethyl-ammo-
nium bromide; RNO, p-nitrosodimethylaniline.

® Absolute measurement.

¢ Scaled to @, =0.53 for HP in ethanol.
4 Based cn steady-state kinetics.

¢ Scaled to @, =0.75 for aqueous RB.
" Scaled to @, =0.52 for MB in water.
£ Scaled to @, =0.79 for aqueous RB.
" Scaled to P, = 1.0 for fullerene C,.
! Scaled to 0.70 for TPPS.

i Scaled to 0.62 for TPPS.

k Scaled to 0.67 for TPPS.

!'From Table 3.

in PB. The spectral data in Table 2 indicate significant bind-
ing of Chl—e6 to LYS in PB, which apparently does not affect
@, . However, protection by high azide and DABCO were
totally ineffective. These water-soluble agents may not inhibit
the transfer of 'A from tiie dye binding site to the enzyme
inactivation site. The spectral results in Table 2 suggest that
the negligible photosensitization of LYS by Chl—6 in 1%—
3% TX100 involves a specific interaction in uncharged

micelles. The weak sensitization for anionic SDS and strong
sensitization for cationic CTAB indicate that the micellar
charge is an important factor.

The present @, =0.84 4 0.03 for BPD-MA in PB/TX100
is in good agreement with recent values of 0.78 and 0.80 in
benzene and 0.76 in methanol [ 35]. Measurements or. BPD-
MA in aqueous micelles led @;=0.75 in TX100, SDS, and
CTAB [11]. The results in Table 3 are explained by consid-
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ering the monomer-dimer equilibrium. The dimerizationcon-
stant of 9 10° M~ ! was determined for aqueous BPD-MA
[11]. The calculated monomer fraction in PB is 0.33 at
1.1 pM and 0.11 at 16 pM. Comparing with the @, meas-
urements, (Table 3) shows that 'A_ generation was about
four times higher at the lower concentration, which is com-
parable with the calculated ratio for the monomer fractions.
Exact agreement requires only a 3% contribution to 'A, from
the BPD-MA dimer at 546 nm. This case parallels aqueous
HP in which a significant yield of 'A, is generated by a
partially aggregated sensitizer owing to the dominance of the
monomer @, . ‘

The present @, =0.69+0.04 for Pheo-a in PB/TX100
agrees 0.70 in D,0/2% TX100/10% ethanol [36].

4.1.4. Tetrasulfonated aluminum phthalocyanine

Results reported for sulfonated aluminum phthalocyanine
are given in Table 5 [37-39]. The present measurements for
AlPcS, in PB/TX100 give ¢, =0.38:0.05. The available
data indicate that the extent of sulfonation has a small effect
on @,.

4.1.5. Hypericin

Free base hypericin (HY) and the sodium salt (HY-Na)
are insoluble in water. Prior @, measurements were reported
for each starting material in PB/0.5% TX100 for monochro-
matic irradiations with a tunable dye laser at 590 nm. The
equilibrium ionic state of HY after solubilization is unknown.
The pooled average of the measurements led to
@, =0.49 +0.06 for HY with SOD and 0.58 + 0.08 without
SOD [2]). A measurement on HY in BRIJ 35 led to
0.72 £0.03 based on photo-oxidation of 1,3-diphenylisoben-
zofuran [40]. The poor agreement between the two meas-
urements has not been explained.

4.2, Generation of superoxide

Electron transfer from the sensitizer triplet state to inolec-
ular oxygen is the usual pathway of O; formation in oxy-
genated aqueous solutions [41]. This process competes with
physical quenching of the triplet state and energy transfer
leading to 'A;. O; formation from aqueous HY-Na was
shown directly by EPR [42,43]. The addition of 30 pg ml '
SOD to HY-Na in PB/0.5%TX100 reduced &, from 1.69 to
1.39, confirming that the LYS prube responds to O; [2].
The low values of the protection factors in the present work
do not rule out small yields of O; in the presence of high
'A,. First consider a hypothetical case where only O; is
generated, with 8,=1.00, B,=0.95, and B8,=0.98, leading
top=0.6. However, if both 'A ¢and O; are generated leading
to B,=0.70 and B,=0.73, then p would be reduced to 0.1.
The only direct measurement of the O; quantum yield for
the present sensitizers we have found is for HP in TX100
which led to 0.07 at 355 nm based on the photo-oxidation of
1,4-benzoquinone [25].

4.3. Photodynamic efficiency

It may be desirable to perform a photodynamic irradiation
at a specific wavelength in order to utilize a light source or
minimize ‘‘inner filtering’’ by an endogenous absorber. The
intrinsic efficiency of a photodynamic process can be quan-
tified by a parameter (a) defined as the 'A generation rate
(M s™!) per unit incident power density (W cm~2) at the
irradiation wavelength A (nm), per unit sensitizer concentra-
tion (M). An expression for « in terms of measurable quan-
tities is
a=1.925X10"5AP, €, 9

where €, (M ™! cm™!) is the sensitizer extinction coefficient.
Table 6 summarizes approximate values of « calculated with
the present data. The most efficient sensitizers in the far-red
region are MB, PPIX, the chlorins, and AlPcS,. HY is effi-
cient at 590 nm. The values of & at 546 and 630 nm are
comparable at the far-red peak for the porphyrins. Light pen-
etration and the effects of competing absorbers must be con-
sidered for practical applications. The optimal irradiation
wavelength involves a compromise between « and the effec-
tive attenuation coefficient () of the medium. Consider
the photodynamic irradiation of whole blood. Some approx-
imate values of 1/ .. estimated from published optical con-
stants [44,45] are 415 nm (0.002 mm), 545 nm (0.02 mm),
585 nm (0.72 mm), 633 nm (0.95 mm), 660 nm (2.7 mm),
800 nm (1.2 mm). Thus, blue and green light would be inef-
fective for any sensitizer, 585 nm and 633 nm would be about
equally effective for thin layers, and wavelengths near
660 nm would be most effective for thick layers. Additional
physiological factors are involved in vivo. In PDT, for exam-
ple, the drug pharmacokinetics, sensitizer binding sites, and
tissue oxygenation are other determinants of the tumor
response. The a parameter may help delineate between the
photophysical and physiological factors responsible for the
observed wavelength effects. In a recent PDT study with
BPD-MA in a mouse model, the tumor-free percentage of
animals at 20 days-post PDT was about the same for
200 J cm ~* at 630 nm compared with 50 J cm ™2 at 690 nm
[46]. The light dose ratio for this endpoint is comparable
with the ratio of the a values in Table 6. However, the same
study reported that the photesensitivity of normal mouse skin
was about the same at 630 and 690 nm for 125 J cm ™2 Phys-
iological factors appear to dominate for this endpoint, pos-
sibly owing to the saturation of the skin damage at the high
light dose.

4.4. Summary and conclusions

The LYS photosensitization technique used for measuring
P, of the photodynamic agents is fast and accurate. Consis-
tent values were obtained for measurements at several differ-
ent wavelengths. The present results are in good agreement
with the published data based on other techniques. The con-
centration and wavelength effects on @, for self-aggregating
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Table 6
Photodynamic efficiency of sensitizers in TX100

Sens. P, ? a(cm?)} H)*

546 nm 630 nm Far-red band
MB 049 30 100 668 nm: 490
HP 0.73 35 30 616 nm: 35
PPIX 0.56 140 110 646 nm: 125
ZnPP 091 60 70 606 nm: 75
TPPS 0.61 35 15 644 nm: 30
PF 0.89 55 30 623 nm: 50
Chl-e6 ¢ 0.64 20 45 662 nm: 220
BPD-MA 0.84¢ 60 80 687 nm: 320
Pheo-a 0.69 50 35 668 nm: 290
AlPcS, 0.38 10 65 673 nm: 760
HY/HY-Na 049 105 - 597 nm: 230

* Average value from Table 1.
*@=193Xx10"%A (nm) @, (M~ 'cm™!).
“In PB.

¢ From Table 3.

HP and BPD-MA in PB are attributed to the monomer-dimer
equilibria. Micellar interactions and binding to LYS for Chl-
€6 led to negligible &, in PB/TX100 and ineffective quench-
ing by azide and DABCO in PB.
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