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Abstract

Indocyanine green sodium iodide (ICG-Nal) in dimethylsulfoxide (DMSQ), methanol, water, and human plasma is excited with a
chopped powerful diode laser at 812.5 nm (time resolutiopn)0Small transmission changes observed are analysed in terms of triplet
formation, photo-isomerisation, photo-degradation, and thermal heating. Quantum yields of P-isomer formatiptrighet flormation
as well as P-isomer and Friplet lifetimes are determined. For nitrogen-bubbled ICG-Nal in DMSO a quantum yield of triplet formation of
¢7 ~5x 10~° and a triplet-state lifetime afr ~ 700ps are determined. For ICG-Nal in methanol a quantum yield of P-isomer formation
of pp~2.4x 10~* and a P-isomer lifetime db ~ 430u.s are obtained. ©1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

The organic dye indocyanine green (ICG) [1] is an in-
frared laser dye (product name IR 125) [2]. The sodium
iodide salt of indocyanine green (ICG-Nal) is used in medi-
cal diagnosis [1,3,4]. It is a potential dye for photodynamic
therapy applications [5-8]. Its structural formula is shown I

in Fig. 1. SO,Na SO,Na
The absorption spectroscopic ([9,10] and references
therein) and the fluorescence spectroscopic [10-12] be- Fig. 1. Structural formula of ICG-Nal.

haviour of ICG-Nal has been studied in detail. The dye ag-

?ﬁg?ﬁgﬁ;{;igﬁg In aqueous solution was investigated oxygen formation [8] (photodynamic reactions of type l),

but it may also be due to free radical formation from excited
the triplet state by laser excitation is of great interest for singlet or triplet states [24,25] (photodyngmlc reaqtlons of
type 1) and due to electron transfer reactions starting from

the application of the dye in photodynamic therapy [5—8] . ) ) .
because triplet-state molecules could convert ground—stateexCIted singlet or triplet states [24,25] (photodynamic reac-

triplet-oxygen to excited singlet-state oxygen with high cell tlcr)ns )(()f ty;:e dl Ifl).rSICr:n g[INqula}:tl\J/rr;iwelds ?f tti”ﬂlet :grmainotrr:
killing potential [20—23]. The observation of photo-induced are expected for 1 a arious solutions since (j) the
damage of cells after incubation with indocyanine green fluorescence lifetimes are short (small fluorescence quan-

might be due to triplet formation and subsequent singlet tum yields [10._12’17]’. fast nonradlatN(_a relaxgtlon by in-
ternal conversion) leaving only a short time for intersystem

crossing, (ii) the molecules have no spin-orbit-interaction
* Corresponding author. Tel.: +49-941-943-2107; fax: +49-041-943-2754 €Nhancing loop structure [26], and (iii) they include no
E-mail addressalfons.penzkofer@physik.uni-regensburg.de heavy atoms which would strengthen the spin-orbit coupling
(A. Penzkofer) necessary for intersystem crossing [27].

An investigation of the accumulation of ICG-Nal in

1010-6030/99/$ — see front matter ©1999 Elsevier Science S.A. All rights reserved.
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Previously some quantum yields of triplet formatigr,, coordinate level scheme in order to extract relevant photo-
of indocyanine green in DMSO, methanol, water, and ague- dynamic parameters.
ous albumin were tried to be measured with a technique of
picosecond laser double-pulse fluorescence excitation [12].
The ratio of fluorescence signals caused by the second and. Experimental
the first excitation pulse was analysed. This ratio depends
critically on the ratio of the beam diameters of the second Indocyanine green sodium iodide (ICG-Nal) was pur-
and first excitation pulse at high excitation intensities where -hased from Pulsion Medizintechnik, Munich [39], and was
excitation saturation occurs (fluorescence signal is propor-sed without further purification. The solvents dimethyl-
tional to square of beam diameter ratio). The critical depen- gy|foxide (DMSO) and methanol were of analytical grade.
dence ofpt on the beam diameter ratio reduces the accuracy water was bidistilled. The human plasma was prepared in
of ¢T-determination. In repeating the fluorescence measure-ype Department of Clinical Chemistry of the University of
ments using another procedure of data analysis, where theRegensburg. The plasma was stored-80°C in a refrig-
fluorescence signals of the probe pulses with and without ga10r hefore usage. Air-saturated angtuibbled solutions
pump pulse excitation were compared, we were not able yere investigated.
to determine a measurable yield of triplet formation (data  The absorption cross-section spectra of the dye solutions
analysis gavept =0+ 0.04). Further studies of intersystem  are shown in Fig. 2. The spectra of ICG-Nal in methanol
crossing and triplet spe_ctroscopy of indocyanine green haveyng HO are taken from a previous publication [10] while
not been found in the literature. the spectra of ICG-Nal in DMSO and human plasma are
Photo-isomerisation studies [28-30] on ICG-Nal sOlu- determined here by transmission measurements using a
tions have not been reported previously to the best of our gpectrophotometer (Beckman type ACTA M IV). The ab-
knowledge. We call the stable ground-state conformations sorption cross-sectionssa (unit cn?), of the molecules
N-isomers and the metastable conformations formed by gre related to the molar decadic extinction coefficienss,
photoexcitation P-isomers. A conformational change of (unit dm® mol~2 cm~2) by 4= 02 Na/[1000 In (10)], where
the ground-state isomers (N-isomers) by photoexcitation n, =6.0221367% 10-22mol-? is the Avogadro constant
to the S§-state and relaxation to metastablg-s$ate iso- [28].
mers (P-isomers) generally shows up in optical absorption” The apsorption spectrum of ICG-Nal in water in-
changes within the metastable P-isomer lifetime [31,32].  gicates a dominant dimer formation at the applied
Photostability studies of ICG-Nal have been carried out concentration ¢~ 8 x 105 moldm3) [10]. The wave-

previously [9,33-36]. The photo-degradation and thermal lengths, Amax, Of maximum monomeric &S absorp-
degradation of ICG-Nal in various solvents was studied on @ tjon depend slightly on the solventsiax(H20) = 776 nm
long time scale (minutes to days) in [36]. Spectral absorption (refractive  index n~1.33), Amadmethanol)=783nm
changes were observed and degradation mechanisms WeTfh ~ 1.36), Amax(DMSO) = 793 nm (1~ 1.48), Amax(human

discussed there. _ plasma) =805 nmn(~1.35). A red shift is expected with
In this paper, air-saturated anc4kubbled solutions of

ICG-Nal in DMSO, methanol, distilled water, and human
plasma are investigated. The presence of oxygen may in-
fluence the $-T; and the T-S intersystem crossing.
N2-bubbling removes the dissolved oxygen out of the solu-
tion [37,38]. ICG-Nal in DMSO has the largest fluorescence
guantum yield (longest;Sstate lifetime) and therefore the
longest time available for triplet formation (intersystem
crossing). DMSO is the solvent used in laser applications of
ICG [2]. The investigation of ICG-Nal in water and human
plasma is carried out to clarify the contribution of the triplet
state formation to the photodynamic action of ICG-Nal in
cancer treatment. The samples are excited with an exter-
nally chopped powerful cw diode laser at 812.5nm in the
long-wavelength region near they-S5 absorption max-
imum of ICG-Nal. The temporal transmission behaviour 1077l A
is analysed at the excitation wavelength on a microsecond
to millisecond time scale. Small transmission changes are
resolved which are identified to be due to thermal heating,
photo-degradation, P-isomer accumulation, and triplet-staterig. 2. Apsorption cross-section spectra of ICG-Nal in DMSO, methanol
accumulation. The experimental transmission changes arefrom [10]), water (from [10]), and human plasma. The excitation wave-
simulated numerically using an appropriate configuration length of the diode laser is indicated. The curves belong to N-isomers.
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3. Results

The transmission results are shown in Figs. 4—7 over a
time period of 2.4ms. In all cases, the average excitation
intensity isl_ =390 W cn12. The display begins after chop-
Fig. 3. Experimental setup. Laser: Diode laser (model B015-805FCTS per blade opening at tinte= 205 (chopper opening time is
from Opto Power Corporation, Tucson, AZ). Fl, single fibre cable (core ‘op = dn/(@mrcHven) A 16us; da =0.06 cm,rey =6cm,
diameter 0.6 mm, numerical aperture NA=0.37, i.e. full divergence angle vVcH =100 s1). The oscilloscope stores a data point every
of emitting light is 43.4). L1, aspheric condenser lens (focal length 0.4us. In the figures every 10 data points are averaged and
fi=40mm, diameterd1:50mm). L2-L4, bic_onvex lensesf£ 50 mm, presented as single points.
d=40mm). S, sample (flowing dye cell, thickness 1mm). A, aperture * |, £ 4 the temporal laser transmission through ICG-Nal
(diameterda =0.6 mm). PD, silicon photodetector. . . . .

in DMSO is presented. The noisy dotted curve in part (a)

belongs to a nitrogen-bubbled solution. Dissolved oxygen
rising solvent refractive index because of (i) dispersion force is replaced by nitrogen due to nitrogen bubbling. The noisy
interaction (London forces) present in all solutions, (ii) dotted curve in part (b) belongs to an air-saturated solu-
interaction of the ICG-Nal dipole with the induced dipole tion. A nonlinear rise in transmission is observed. Within
moment of the solvents (solute Stark effect), (iii) ICG-Nal the displayed time range the transmission rises by less than
dipole — solvent dipole interaction, and (iv) interaction of 6% for both N-bubbled and air-saturated solution. Below,
solvent dipoles with induced solute dipoles (solvent Stark this rise of transmission is attributed to thermal heating,
effect) [40,41]. The solute-dipole — solvent-dipole inter- photo-degradation and triplet formation.
action seems to be dominant since ICG-Nal is an ionic In Fig. 5 the temporal laser transmission through
molecule and the applied solvents are polar. The large air-saturated ICG-Nal in methanol is shown. Initially the
red shift of ICG-Nal in human plasma indicates a strong transmission decreases and then changes over to a slight
interaction between ICG-Nal and the plasma proteins. rise. The initial decrease of transmission is attributed to
There occurs a strong binding (adsorption) of ICG-Nal to P-isomer formation with a larger P-isomer absorption
az-lipoproteins in the plasma [42]. cross-section than N-isomer absorption cross-section at the

The experimental arrangement for the photo-isomerisationexcitation wavelength. The rise of transmission at longer
triplet formation, and photodegradation dynamics studies is times is attributed to thermal heating, photo-degradation
shown in Fig. 3. A cw diode laser is used for excitation.
The laser operates at a wavelengthapf=812.5nm. The
output power is variable from 0 to 10 W. The laser output is
coupled to an optical fiber waveguide consisting of a single
fiber of 0.6 mm core diameter and a numerical aperture of

0.116

NA=0.37. The fiber output is imaged to the chopper blade, 0114
CH, with the lenses L1 and L2, and is further imaged to

the sample with the lenses L3 and L4. The chopper ro- 0.112
tates with a speed of 100 rps (rotations per second) and the —

laser beam is chopped with a frequency of 200 Hz (chop- S o011
per wheel with two apertures). The solutions are circulated 2 0104 , ‘ ‘ .
through a flowing dye cell. An aperture afy =0.6 mm F=a
diameter restricts the transmitted light to the central excita- § 0.102}
tion region. The transmitted light is detected with a silicon =
photodiode (Centronix type BPX65) and is displayed on a 0.1
digital storage oscilloscope (LeCroy type 9462). For data

recording the dye flow is stopped, the cw laser is switched 0.098 4

on and after a time period of 11 ms (thermal stabilisation of
0.096¢ 1

the laser) a signal trace is recorded over a period of 10 ms. . . . .
Then the cw laser is switched off. The transmitted signals 500 1000 1500 2000
through the dye solutions and the solvents were recorded Exposure Time t (1s)

similarly and the transmission through the samples is cal-
culated by dividing the solution signals through the solvent Fig. 4. Temporal transmission of laser light through-bubbled (a)
signals. The laser powe?, , is measured with a power me- and air-saturated (b) ICG-Nal in DMSO. Noisy dotted curves are mea-

. _ . . sured. Smooth curves are calculated using parameters listed in Table 1.
ter (Ophir type 30A-SH). For this purpose the photodiode Dashed curves consider thermal heating. Dashed — triple-dotted curves

?5 replaced by the power meter. The ex‘_:iFation POWET PaSS-jnclude thermal heating and photo-degradation. Solid curves include ther-
ing the 0.6 mm aperture wdg =1.1W giving an average  mal heating, photo-degradation, and triplet formation. Laser intensity,
excitation intensity off,. = P_ 4/(w d3) =390 W cnt?2. IL=390Wecnt2.
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Fig. 5. Temporal transmission of laser light through air-saturated
ICG-Nal in methanol. Noisy dotted curve is measured. Smooth curves
are calculated using parameters listed in Table 1. Dashed curve con-
siders thermal heating. Dashed — triple-dotted curve includes ther-
mal heating and photo-degradation. Solid curve includes thermal
heating, photo-degradation, and triplet formation. Dash-dotted curve
comprises thermal heating, photo-degradation, triplet formation, and
photo-isomerisation. Laser intensity, =390 W cnt2,
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Fig. 6. Temporal transmission of laser light through-bubbled ICG-Nal

in distilled water. Noisy dotted curve, measured. Smooth curves are
calculated using parameters listed in Table 1. Dashed curve, inclusion
of thermal heating. Dashed — triple-dotted curve, inclusion of thermal

heating and photo-degradation. Solid curve, inclusion of thermal heating,
photo-degradation, and triplet formation. Laser intensity; 390 W cn2.

and triplet formation. Within our experimental accuracy no
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Fig. 7. Temporal transmission of laser light through-ibubbled (a), and
air-saturated (b) ICG-Nal in human plasma. Legend of Fig. 5 applies.

our experimental accuracy,Mubbled and air-saturated so-
lutions behave the same.

The transmission through ICG-Nal in human plasma
versus time is shown in Fig. 7. Part (a) belongs to a
N2-bubbled solution and part (b) to an air-saturated solu-
tion. The transmission rises by a few percent within the
displayed time range. Below, the rise in transmission will
be attributed to photo-degradation, triplet-formation and
P-isomer formation.

4. Theory

An energy level scheme for P-isomer, triplet, and
photo-degradation product accumulation is displayed in
Fig. 8. The laser excites molecules from the N-isomer
ground-state & (level 1) to the N-isomer first excited
singlet state § (level 2). The absorption cross-section
iS on,L. From there a fraction ofp (quantum yield of
photo-isomerisation) transfers to a metastable P-isomer
(level 4), another fraction opt (quantum yield of triplet
formation) crosses to the triplet statg (Tfevel 3), and a frac-
tion of ¢p (quantum yield of photo-degradation) degrades
(level 6). The rest of the excited N-isomers relaxes back
to the N-isomer ground-state (relaxation with fluorescence

difference was observed in the transmission behaviour of time constanttg). No population accumulation in level 2

N2-bubbled (curve not shown) and air-saturated solutions.
The transmission behaviour of nitrogen-bubbled ICG-Nal
in water is displayed in Fig. 6. The transmission rises by less
than 1% within the shown time range. Below, this rise in
transmission will be attributed to photo-degradation. Within

takes place. The photo-isomerisation transfer from level 2 to
level 4 may occur partly or dominantly via the first excited
singlet state of the P-isomer{(f — S1,p — So.p) [31,32].

But the P-isomer §Sstate lifetime is short (picosecond
to nanosecond time range, see values of Table 1) and
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Physical parameters and results for ICG-Nal in various solvents at room temperature. Sample¢ledgtim. Excitation wavelengtih =812.5 nm.
Excitation intensityl, =390 W cn2

Solvent DMSO Methanol Water Human plasma Comments
N2-bubbled Air-saturated Air-saturated  N2-bubbled N2-bubbled Air-saturated
To 0.1108 0.097 0.1423 0.5282 0.0462 0.04914
on.L (cmP) 5.3x 10716 4.1x 10716 1.1x 10716 8.2x 10716 Fig. 2
opL (cm?) ~ 5.3x 10716 ~ 7.8x 10716 ~4.8x 10716 Fig. 2
7F (pS) 58@ 190° 20° 235+ 20°
o (genrd) 1.1014 0.7914 1.0 ~1.0
Cr Jgikh 1.96¢¢ 2.53¢ 4.1818 ~4.18
y (K™Y 8.6x 1074f 1.2x 10734 2.07x10°4d ~2.07x 1074
n (Pash 1.996x 103 0.5506x 103F  1.0019x 10-3¢
K Wm k-1 0.143 0.20¢! 0.600 ~0.6
ki (M? 571 6.58x 1078 9.99x 1078  1.45x 1077 ~1.45% 107 Eq. (17)
Tth () 3.8 25 1.7 ~1.7 Eq. (18)
b 7x10°8 1x10°° 4x10°5¢ 2x10°8 [45]
o1 5x10°° 7x10°° 2.3x10°° 1.7x10°® 2x10°8 2.8x10°°  this work
7 (1S) 700 700 ~700 ~700 ~700 ~700 this work
Teft.T (NS) 35 49 16.1 1.2 14 19.6 this work
lsatt (Wem2)  1.32x 10 9.4x 10° 3.7x 10 1.9x 10° 2.1x 10 1.5x 10* Eq. (10)
ks, (571 8.6x 10* 1.2x 10° 1.2x 10° 8.6x 10* 8.6x 10* 1.2x 10° this work
op 2.35x 10°4 1x10°° 1x10°° this work
p (WS) 430 >10000 >10000 this work
Teff,p (NS) 100 >100 >100 this work
Isatp (Wcm—2) 5.9x 103 <3x 10° <3x10° Eq. (11)
aRef. [12].
b Ref. [10].
¢ This work.
d Ref. [53].
e Ref. [54].
f Ref. [55], temperature 2&.
9 Ref. [56].
Mn: Viscosity.
' Beam diameter =1 mm.
5— ] S, cross-sectiowp . The excited $p-state (level 5) relaxes
| B Y back to the gp-state (level 4) on a picosecond to nanosec-
: / } \\¢T\ ond time scale. No population accumulation in level 5 takes
- : // { 3AR—— T, place. A possible photo-isomerisation transfer from level 5
P e 00 | )/ : to level 2 (S.p — Sy.n transfer) is neglected. All relaxation
“l 7 ol | / §¢ out of the P-isomer system is included in the P-isomer life-
: // v, :‘F / (70 time tp. Triplet—triplet absorption (absorption cross-section
oy | /TT oT,L) at the laser frequency, is neglected compared to
L/ | J/ g on.L (on.L, near the N-isomer &S, absorption maxi-
4———LLP ~ Loy g mum, is very large and thereforer | /on L is expected to
So Tal¥y 6—[')— be small). The photodegraded molecules are expected not
N

Fig. 8. Level system for description of photo-degradation, photo-
isomerisation, and triplet formation.

therefore no appreciable P-isomer&ate level population

to absorb at the laser frequengy.

The thermal heating due to laser light absorption slightly
reduces the dye number density because of temperature rise
(-0 1./0z=Cppadb/at;0isthe temperatur&p the heat
capacity, andp is the density) and thermal volume expan-
sion of the solventsV = Vy 36, V. = Ngt, 9 No =

builds up on the microsecond to millisecond time-scale con- —Ngy 3 60; V is the volume Ny the total dye number den-
sidered here. The molecules in the triplet system (level 3) sity, andy is the thermal volume expansion coefficient). A
relax back to the N-isomer ground-state with the triplet-state thermal expansion of the glass cells is neglected compared
lifetime r7, and the P-isomer molecules relax back to the to the thermal expansion of the solutions.

N-isomer ground-state with the P-isomer lifetimg. The

P-isomer molecules absorb laser light with an absorption ential

Considering the level scheme of Fig. 8, the differ-
equation system for laser absorption, thermal
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expansion, triplet formation, and

photo-degradation reads [36]:

photo-isomerisation,

d No o 1
= Noy———, 1
ar Y% b e @)
dN3 onL 1L N3
fr— 2 N —_— —
at’ hv 1¢T T
ON,L ¢T N3
= ¢IL(NO—N3—N4—N6)—_
hv T
ON,L &7
= ———1 (No — N4 — Ng)
hv|_
N:
N3 <1+ ON,L T TT 1|_>
T hv
I N3 I
= (NO—N4—N6)——(1+ ) (2
IsatT T T IsatT
ONs  onLIL Ny
- = Nigp— —
at hv P
ON,L ¢pP Ny
=———I.(No— N3 — Nga— Ne) — —
hv P
ON,L ¢pP
= I (No
/’lUL
N,
N3 Ny Na <1+0N¢_<ﬁPfP,L)
P hv
I Ny I
= (No—N3—N6)——(1+ ) 3
Isatp TP P Isatp
0Ne onLIL
0 _ NN
ar hv 19D
ON,L$D
= I (No — N3 — N4 — Npg), (4)
th
a1

= —0oN,L(No — N3 — Na — Ne) IL —op,L NalL

Z/

= —onN,L(No — N3 — Ng) I — (opL —oN,L) Na 1L,

(5)
with the initial conditions
—In Tq
N1t =0.2) = No(t' =0,2) = ——, (6)
o.N?t
N3’ =0,7) = Na(t' =0,7) = Ng(t' =0, 7)), (7
and
b I fort >0
IL(I’Z_O)_{O fort’ <0 ®)
The transmissionT, through the sample at tintds
I (¢, ¢
T(t) = L(I ) )
L

N1 is the number density of dye molecules in the N-isomer
ground-state N; is equal to number density of molecules

H. Gratz et al./Journal of Photochemistry and Photobiology A: Chemistry 128 (1999) 101-109

in N-isomer singlet system sindg, ~ 0); N3 the number
density of dye molecules in the triplet-state (friplet sys-
tem); N the dye molecule number density in the P-isomer
ground-state N4 is equal to number density of molecules
in P-isomer system sincl; ~ 0); and Ng is the number
density of degraded moleculel.is the Planck constant.
To is the initial small-signhal transmission at the laser
frequency,v.. ¢ is the sample length. The transforma-
tion t'=tzn'cp and Z=z is used in Egs. (1)-(5) where

is the time,z the distance along the propagation direc-
tion, n the refractive index, andp is the light velocity in
vacuum.

In Egs. (2) and (3) two saturation intensities of
ground-state absorption depletion due to triplet population
(IsatT) and P-isomer populatios;p) are introduced. They
are given by

h VL
Isgt1 = —, 10
sl ON,L @T TT (19)
and
hv
IsatP = - (11)
ON,L ¢P TP

Under steady-state conditions, in the case of high initial
transmission,To, the number densities am3=Ng/2 at
IL =lsatt When ¢p=0, andNs=No/2 at I =Isap When
¢7=0[43].
The rate of intersystem-crossinig,T,, is given by
o1

ks, = P

(12)

wheretf is the §-state fluorescence lifetime.

5. Data extraction

Relevant spectroscopic parameters of the ICG-Nal so-
lutions and thermodynamic parameters of the solvents are
listed in Table 1. The P-isomer absorption cross-sections,
op,L, are obtained by assuming the same shapes as for the
N-isomer absorption cross-sections with a long-wavelength
shift of 40 nm (assumption of equal absorption cross-section
integrals). They are listed in Table 1. The P-isomer
absorption cross-section spectra are not accessible to a
direct measurement since the quantum efficiency of photo-
isomerisationgp, is very small (see below). The assump-
tions follow the experimental findings for N-and P-isomers
of DODCI (3,3-diethyloxadicarbocyanine iodide) [31,32],
where a measurement of the N-isomer and P-isomer ab-
sorption cross-section spectra was achieved [44]. The 40 nm
wavelength red shift for the P-isomers of ICG-Nal allows a
conclusive interpretation of the experimental transmission
results of Figs. 4-7.

The smooth curves in Figs. 4-7 are calculated by
solving the Egs. (1)—-(9) numerically. The dashed curves
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consider only thermal expansion¢d=¢p=¢T=0). P-isomer to N-isomer re-arrangement is hindered by the
The dashed — triple-dotted curves include thermal ex- high surrounding micro-viscosity.
pansion and photo-degradation. The quantum vyield of
photo-degradationgp, was determined previously [45].
For ICG-Nal in watergp is determined here by fitting to
the experimental transmission rise. In Ref. [45] a larger
photo-degradation yield was found by excitation at 785 nm,
but it was also found in Ref. [45] that the transmission ~ The determined quantum yields of triplet formation
change was larger at 785nm than at 812.5nm. Addition- Of #T~5x10° and 7x10° for Nz-bubbled and
ally, a lower dye concentration was used in Ref. [45] air-saturated ICG-Nal in DMSO are rather low. The
(C~1x 10-5moldm3, dominance of monomers) than rates of intersystem-crossing akg;t, ~ 8.4 x 10* and
here C~8x 10-5moldn3, dominance of dimers). The 1.2x 10°s™'. These rates are of the same order of mag-
solid curves include thermal expansion, photo-degradationnitude as the intersystem crossing rates of xanthene dyes
and triplet formation. The dash-doted curves include ther- [46—48]. For rhodamine 6G in ethanol the parameters are
mal heating, photo-degradation, triplet formation, and ¢T~0.002 [49,50] andks,t, ¥4.5x 10°s™* (tp=4.4ns
photo-isomerisation. [51]). The quantum yield of triplet formation for rhodamine
For ICG-Nal in DMSO the N-isomer and P-isomer ab- 6G in ethanol is higher than for ICG-Nal in DMSO since
sorption cross-sections are practically the same (see Table 1)the fluorescence lifetime of rhodamine 6G is larger than
Therefore, photo-isomerisation has no influence on the trans-that of ICG-Nal.
mission behaviour in Fig. 4. The nonlinear transmission  The Ti-state triplet lifetime,zt, of ICG-Nal in DMSO
rise is attributed to triplet formation. The triplet parameters, fesolved from the transient transmission rise in Figs. 4a,b
¢t and T, are obtained by fitting these parameters to get is Of the order of 70Q.s. The T-S intersystem-crossing
agreement between calculations the experimental transmisJat€, k1,5, ~ r1=1.4x 10%s71 is a factor of 70 slower
sion curves. The fit parameters are listed in Table 1. The than the $-T; intersystem-crossing rates, 1,. The Ti-S
quantum yield of triplet formation is found to be somewhat intersystem-crossing rates are generally small because of
higher in the air-saturated solution than in the-bubbled ~ the large energy separation between theald & energy
solution. Oxygen seems to enhance the s intersystem levels [27]. The determined triplet state lifetime of ICG-Nal

6. Discussion

crossing process [27]. in DMSO is of the same order of magnitude as reported for
The rate of $— T intersystem-crossings,,, and of other molecules [25].

T1 — So intersystem-crossingsr,s, ~ TT_l’ are assumed The P-isomer accumulation ar_1d the triplet-state accumu-

to be independent of the solvent. Using the assumption of lation of molecules are characterised by the saturation inten-

constanks, 1, the quantum yields of triplet formatiogyy = sities of ground-state absorption depletibf;p andlsatT,

ks, T, ¢, of ICG-Nal in methanol, water, and human plasma respectively. Under steady-state conditionszp, 77, the
are obtained from th¢ value of ICG-Nalin DMSO and the ~ ratios of the P-isomer state population number deriSiiz),
individual r¢ values. The data are listed in Table 1, and the and of the triplet state population number dendity(2), to
solid curves in Figs. 5-7 show the expected transmissionsthe total number density of interacting dye moleculds,
through ICG-Nal in methanol, water and human plasma, are given by
respet;twely, mclgdmg thermal heating, photo-degradation, Na(2) 1L (@) Isatp
and triplet formation. Ne —1x1 FA
In Fig. 5 (ICG-Nal in methanol) the difference be- 0 +1L(2)/ Isatp
tween the solid curve and dash-dotted curve is due to . o .
photo-isomerisation. The decrease in transmission is due(Solution of Eq. (3) foNz =Ne =0 anddNa/ot' =0) and
to opL >on,L (Table 1). The fit parametegs andtp are N3()  IL)/IsaT

listed in Table 1. = )
N 1+ 1] 1
In Fig. 6 (ICG-Nal in water) the contribution of triplet 0 + @/ TsatT

formation to the rise in transmission is negligible (differ- (solution of Eq. (2) forNs=Ng=0 and dNa/at' =0). For
ence between solid and dashed — triple-dotted curves). A|cG_Na in methanol we estimate a steady-state P-isomer
photo-isomerisation contribution is t_hOL_Jght to be negligible population ratio ofN4(0)/No ~0.062 at our experimental
because of the short fluorescence lifetime. excitation intensity ofl. =390 W cnt2. For ICG-Nal in

In Fig. 7 (ICG-Nal in human plasma) the dash-dotted i s4trated DMSO we estimate a steady-state triplet pop-
curves simulate the experimental curves including, ther- ulation ratio 0fN3(0)/No ~ 0.04 atl, =390 W cn2.

mal heating, photo-degradation, triplet formation and
photo-isomerisation. The photo-isomerisation parameters
¢p and tp, are listed in Table 1tp=10ms is used in the
fits. A long P-isomer lifetime is expected because ICG-Nal Na(z) w (2)/wsatp
is bound to human plasma proteins [42] and therefore - 1+ w(z)/wsatp’

(13)

(14)

For pulsed experiments witht, < zp, 71, the P-isomer
'and the triplet accumulation are approximately given by [43]

(15)
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and whereK is the thermal conductivityC, the heat capacity,
N and p is the density. Values oK, Cp, p, kth, and ry, are
;‘;Z) =7 WL (2)/wsatT ) (16) listed in Table 1. The thermal diffusion timesn, given in
0 +oL@)/wsart Table 1 are calculated for a beam radius©f 0.5 mm. The
wherew (2) =1L o(2 At is the laser energy density aand values are in the time region of seconds. Therefore, thermal

wsati =lsatit; (i=P, T) is the saturation energy density of diffusion plays no role on a millisecond time-scale.
ground-state absorption depletioh ¢ is peak intensity).

Isatp andlsa; 7 are listed in Table 1. The Egs. (13)—(16) allow

the determination of the triplet and the P-isomer population 7. Conclusions

under experimental excitation conditions.

The efficiencies of P-isomer accumulation and triplet-state  The quantum vyields of triplet formation and of photo-
accumulation are characterised by the dwell times in the isomerisation as well as the triplet-state lifetimes and
P-isomer systemeft p, and in the triplet systemess 7, due P-isomer lifetimes of ICG-Nal in some solvents have been
to singlet state excitation. They are given ty p=¢pprp determined by triplet-state and P-isomer accumulation stud-
and teff, T =¢17T [36]. FOr ICG-Nal in DMSO the effec-  ies. The applied technique of transient transmission mea-
tive dwell time in the triplet system ises 1~ 35-50ns. surement of a chopped cw laser at a wavelength of strong
The triplet dwell time of the ICG-Nal/DMSO solutions is S-S, absorption proved to be quite sensitive. A quantum
a factor of 70 larger than the; State lifetime. Therefore, yield of triplet formation as small agt ~6 x 10> could
photo-reactions are expected to involve mainly the triplet be resolved for ICG-Nal in DMSO, and a quantum yield
state. of P-isomer formation ofp ~ 2.4 x 10~* was resolved for

In Ref. [36] the photo-degradation of ICG-Nal in var- ICG-Nal in methanol.
ious solvents was studied. For ICG-Nal in DMSO the The triplet lifetime, r1, is equal to the time period of
initial photo-degradation (decoloration) yield was found triplet-state accumulation. The sensitivity @fr deter-
to be ¢p,o=7x 107® which is approximately a factor of mination depends on the triplet-state accumulation time
10 smaller than the quantum yield of triplet formation. since longer accumulation times lead to larger transmission
The photo-degradation of ICG-Nal in DMSO may oc- changes at a fixed quantum vyield of triplet formation. The
cur mainly in the triplet system since the triplet dwell same dependencies apply to the P-isomer detection.
time is a factor of 70 larger than the;-State lifetime. In the performed experiments the time resolution of the
For ICG-Nal in BO an initial photo-degradation yield Ti-state and the P-isomer lifetime determination was limited
of ¢po=8x10"% was reported for 785nm excitation to about 2Qus by the finite time of laser beam opening by the
[36], and here for 812.5 nm excitation we find an effective chopper blade. Replacing the chopper by an electro-optical
photo-degradation yield (absorption decrease) @fl >, shutter (Pockels cell) the time resolution could be increased
These photo-degradation yields are larger than the esti-to the nanosecond region.
mated quantum yield of triplet formatiog; ~ 1.7 x 1076, The small quantum yields of triplet formation make indo-
Therefore, the photo-degradation (decoloration) of ICG-Nal cyanine green solutions inefficient for triplet-state induced
in water has to occur mainly in the singlet system. cell damage in photodynamic therapy applications compared

The separation of photo-isomerisation and triplet forma- to dyes with high yields of triplet formation.
tion contributions to the observed transmission changes is
only approximate, since the exact P-isomer absorption spec-
tra are unknown and we only made reasonable assumptionsacknowledgements
The small quantum yields of photo-isomerisation hinder us

to determine the P-isomer absorption cross-section spectra The authors thank W. Holzer for fluorescence measure-

of the ICG-Nal solutions. o ~ ments and helpful discussions. They thank the Deutsche
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