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~,bstract 

Absorption spectra, fluorescence quantum distributions, fluorescence quantum yields and degrees of fluorescence polarization vs. dye 
:oncentration were determined for indocyanine green in methanol, water and aqueous albumin solution. The monomer fluorescence quantum 
yield is limited to a few per cent by internal conversion. In water, dimerization starts at low concentrations (approximately 3 × 10 -s tool 
dm -3) and lowers the fluorescence quantum yield. The strong affinity of the dye to albumin shifts the onset of dimerization to higher 
,-oncentrations. In methanol, dimerization is weak and closely spaced pair formation dominates at high concentrations. Dye adsorption to 
albumin and dye aggregation in the solvents were analysed experimentally and theoretically. 
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1. Introduction 

The anionic dye indocyanine green (cardio-green, ICG) 
[ I I is widely applied in medical diagnosis [2,3] for cardiac 
output measurement [2,4-6], blood volume determination 
[7 ], liver function studies [ 8,9 ], pharmacokinetic analysis 
[10-14], choriodal angiography [ 15-17], object localiza- 
tion in tissue [ 18 ] and fluorescence probing of enzymes and 
proteins [ 19,20]. It is applied in tissue welding with near-IR 
light [21,22], in photosclerosis of venous varicosities [23] 
and photodynamic therapy studies [24]. 

The absorption behaviour of ICG has been studied in aque- 
ous solution [2,25-32], saline solution [32,33], human 
blood plasma [2,28-30,33] and human serum albumin 
[28,29]. A temporal dye degradation in water [25-33], 
aqueous NaC1 [32,33], plasma [28-30,33] and albumin 
1128,29] has been observed, which aggravates the accurate 
determination of absorption cross-sections. The dye stability 
in water decreases with decreasing dye concentration 
[ 29,33 ]. Absorption cross-section changes at elevated con- 
centrations have been observed and attributed to dye aggre- 
gation [28-31,33]. At high dye concentrations 
(C=  1.3× 10 - 3  mol dm -3 [33] and C= 1.6× 10 -3 mol 
dm- 3 [26] ) of ICG in aqueous solution [26,33] and blood 
plasma [26], a new J-band-like absorption band [34,35] 
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forms within 10 days [26,33]. This indicates the slow for- 
mation of large ordered aggregates [26,33 ]. 

The fluorescence quantum yield of ICG changes when the 
dye is adsorbed to macromolecules such as proteins and 
enzymes [ 19,20,36]. Therefore it is applied as a fluorescent 
diagnostic probe in medical and biological applications 
[ 19,20,36]. Fluorescence quenching is observed in the pres- 
ence of water- soluble nitro compounds [37] and hydrogen 
peroxide [36]. Some fluorescence quantum yield studies 
have been reported in Ref. [38]. 

In this study, the concentration-dependent absorption and 
emission behaviour of indocyanine green sodium iodide 
(ICG-NaI) in water, 50 g 1- t aqueous human serum albumin 
solution and methanol was investigated. Concentration- 
dependent absorption cross-section spectra, fluorescence 
quantum distributions, fluorescence quantum yields and 
degrees of fluorescence polarization were determined. The 
formation of dimers in water, the adsorption of ICG-NaI 
molecules to albumin and the closely spaced pair interaction 
in methanol were investigated. 

2. Experimental details 

The dye ICG-NaI was purchased from Pulsion, Medizin- 
technik, Munich [39]. The commercial name of the dye is 
ICG-Pulsion. Its structural formula is included in Fig. 12 (b) 
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(see later). The dye was used without further purification. 
The absorption spectrum gives no indication of dye impurity. 
However, the fluorescence spectrum of ICG-NaI in water 
excited at 632.8 nm shows a short-wavelength impurity flu- 
orescence peak at 690 nm, probably due to a dicarbocyanine 
analogue to the tricarbocyanine dye ICG-NaI. The fluores- 
cence signal of the impurity is approximately 10% of the 
fluorescence signal of the dye ICG-NaI. The impurity content 
is calculated to be less than 1%, assuming a fluorescence 
quantum yield more than a factor of ten higher for the 
impurity. 

Human serum albumin [40] was purchased from Sigma 
(Fraction V powder, 96%-99% albumin). Its average molar 
mass is 69 000 g mol-  I. The particle mass is m = 1. l X 10-19 
g. The particles have a prolate rotational ellipsoidal shape of 
a =  3.8 nm (short axis length) and b=  15 nm (long axis 
length). The specific surface [41 ] is estimated to be S -- 7tab~ 
m-- 1500 m 2 g-1. Albumin was dissolved in pH 7.4 buffer 
solution (Hydrion dry from Aldrich, dissolved in bidistilled 
water). The albumin concentration was fixed to 50 g dm -3. 
For the aqueous solution studies, bidistilled water was used, 
and for the methanolic solution studies, analytical grade 
methanol was used without further purification. 

The absorption measurements were carried out with a 
Beckmann ACTA M IV spectrophotometer. The sample cell 
thickness was adjusted to the optical density of the dye. Cell 
thicknesses down to 5 /zm were used for the highest dye 
concentrations investigated (3 x 10 -2 mol dm-3).  

The fluorescence measurements were carried out with a 
self-assembled fluorometer [ 42]. The front-face fluorescence 
collection technique was applied. This technique minimizes 
fluorescence reabsorption effects and allows fluorescence 
studies at high dye concentrations to be carried out. A linearly 
polarized 5 mW cw diode laser at 678 nm was used as exci- 
tation source. A silicon diode array system (Tracor DARRS) 
recorded the fluorescence spectra. The spectral sensitivity of 
the detection system was calibrated with a halogen tungsten 
lamp (Osram type HLX64625 ) of known colour temperature 
(3450 K at 12 V voltage) [ 43]. Absolute fluorescence quan- 
tum distributions (E(A)) and fluorescence quantum yields 
(q~F=SemE()t)dh) were obtained using the reference 
dye 1,1',3,3,3',3'-hexamethylindotricarbocyanine iodide 
(HITCI) [44] in methanol, which has a fluorescence quan- 
tum yield of q~ = 0.12 [45 ]. The fluorescence quantum dis- 
tributions and fluorescence quantum yields were determined 
under magic angle polarization arrangement [42,46] (verti- 
cally polarized excitation light in the fluorescence path, polar- 
izer at an angle of 54.7 ° to the polarization of the excitation 
light) to avoid electric dipole reorientation effects. The 
degree of fluorescence polarization [ 47 ] (P = (SII - S ± ) / (S 
H + S± ) ) was determined by measuring the fluorescence sig- 
nal (S~) polarized parallel to the excitation light and the 
fluorescence signal (S ± ) polarized perpendicular to the exci- 
tation light. The PF data were normalized to PF(HITCI/meth- 
anol) = 0.16 (see below), since an accurate determination of 
the absolute S u and S l  values was difficult. 

3. Results 

In Figs. 1-3, the absorption cross-section spectra for vari- 
ous dye concentrations in water (Fig. 1 ), methanol (Fig. 2) 
and aqueous albumin (Fig. 3) are shown. The full curves 
represent the lowest dye concentrations. The absorption 
peaks are at AM = 780 nm (water), AM = 782 nm (methanol) 
and AM = 800 nm (albumin solution). With increasing dye 
concentration, the spectra change because of dye-dye 
interactions. 

In aqueous solution (Fig. 1 (a)) ,  up to a concentration of 
C = 10 - 4  mol dm -3, the spectra indicate dimer formation 
[ 48-50]. The absorption spectra above C ~ 10- 4 mol dm - 3 
indicate higher oligomer formation with increasing 
concentration. 

In methanol (Fig. 2(a) ), the absorption spectrum is deter- 
mined by monomers up to high concentrations ( C ~< 2 X 10- 3 
mol dm - 3). The dye-solvent affinity seems to prevent dimer 
formation. At concentrations above C _> 5 X 10- 3 mol dm-  3, 
the absorption spectra are modified by dye--dye interactions 
in statistically formed closely spaced pairs [49,50]. The aver- 
age dye--dye distance is only d =  7.7 nm at C=  5 x 10 -3 mol 
dm -3 ( d =  (0.74CNA) - 1/3; 0.74 is the fill factor of hexag- 
onal-close-packed spheres). 

In albumin solution (Fig. 3), the monomer absorption 
remains practically unchanged up to a concentration of 
C-- I0 -s  mol dm -3. The dye molecules are preferentially 
adsorbed to albumin. For curve 3, the dye number density is 
nearly the same as the albumin number density. The albumin 
concentration is CA=7.3X 10 -4 mol dm -3. At high dye 
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Fig, 1. (a) Concentration-dependent absorption cross-section spectra ~r of 
ICG-NaI in distilled water. Dye concentrations (tool dm-3):  1, 1 × 10-7; 
2, 1.13X 10-4; 3, 1.42X 10-5; 4, 8.5X 10-5; 5,2.5X 10-3; 6, 1.1X 10 -2 . 
(b) Extracted monomer (full curve) and dimer (broken curve) absorption 
cross-section spectra of ICG-Nal in water (see text). 
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]Pig. 3. Concentration- dependent absorption cross-section spectra of IEG- 
NaI in 50 g dm -3 aqueous albumin solution. Dye concentrations (mol 
4m-3):  1, 6 . 7x10 -6 ;  2, 8 .4X10-5;  3, 8 .4X10-4;  4, 2 x 1 0 - 3 ;  5, 
~.4 ;< 10-3; 6, 1.7 x 10 -2. Curve 1 represents the absorption cross-section 
spectrum of single ICG-NaI molecules adsorbed to albumin macro- 
molecules. 

concentrations (C>. 2 X 10 -3 mol dm-3), the spectra indi- 
cate the presence of higher oligomers. 

The fluorescence quantum distributions (E(A) ) at various 
dye concentrations are displayed in Figs. 4--6 for ICG-NaI in 
water (Fig. 4), methanol (Fig. 5) and aqueous albumin (Fig. 
6). In all cases, the fluorescence quantum distribution areas 
decrease with increasing concentration (dimer formation in 
water, closely spaced pair formation in methanol, multiple 
molecule adsorption on albumin). 

The fluorescence quantum yields qbF vs. concentration for 
the three solutions are displayed in Fig. 7. The monomer 
fluorescence quantum yields at low concentration are 
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Fig. 4. Fluorescence quantum distribution E(A) of ICG-NaI in water at 
various dye concentrations (tool dm-~):  1, 8.4X 10-7; 2, 8.4X 10-6; 3, 
8 .4x 10-5; 4, 8.4 x 10-4; 5, 1.93 X 10 -2. 
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Fig. 5. Fluorescence quantum distribution of ICG-NaI in methanol at various 
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Fig. 6. Fluorescence quantum distribution of ICG-Nal in 50 g dm- ~ aqueous 
albumin solution. Dye concentrations (mol dm-3): 1, 1.7× 10-5; 2, 
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Fig. 7. Fluorescence quantum yield t~  vs. concentration C for ICG-NaI in 
water (a), methanol (b) and 50 g dm -3 aqueous albumin solution (c). 
Open circles are experimental data; curves were calculated according to Eqs. 
(23)-(25). 
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Fig. 8. Dependence of fluorescence polarization PF on dye concentration for 
ICG-NaI in water (a), methanol (b) and 50 g dm -3 aqueous albumin 
solution (c). Open circles are experimental data. Broken curves are the 
calculated degrees of fluorescence polarization of monomers (PF.~) and 
singly adsorbed molecules (PF.1A) (Eq. (32)). 

and "r F is the fluorescence lifetime). At high concentrations, 
the fluorescence quantum yields become very low, indicating 
enhanced non-radiative decay of  excited aggregates. 

The degree of  fluorescence polarization PF VS. dye concen- 
tration C is plotted in Fig. 8 for the three solvents water, 
methanol and aqueous albumin. At low concentration, the 
degree of  fluorescence polarization is determined by molec- 
ular reorientation within the fluorescence lifetime. At high 
concentration, the fluorescence polarization is reduced by 
energy transfer within aggregates and between excited and 
non-excited monomers which randomizes the transition 
dipole moment orientation. 

4.  D i s c u s s i o n  

The concentration-dependent absorption and emission 
changes are discussed below in terms of  dimer formation, 
closely spaced pair formation and dye adsorption to albumin. 

4.1. Aggregat ion analysis  

q~(water) = 0.027 + 0.005, q~(albumin) = 0.040 + 0.005 
and q~(methanol) = 0.043 + 0.005. The low monomer fluo- 
rescence quantum yields indicate dominant non-radiative 
S 1 ~ S o  relaxation (internal conversion). Intersystem 
crossing studies indicate a negligibly small rate of  triplet 
formation (quantum yield of  triplet formation 
(hr=kisc~'F<0.01 [51];  /q.sc is the intersystem crossing rate 

With increasing dye concentration, aggregation effects 
must be considered. Three systems (ICG-NaI in water, ICG- 
NaI in methanol and ICG-NaI in aqueous albumin) have been 
studied which have different aggregation behaviour. In water, 
ICG-NaI forms physically bound ground state dimers and 
oligomers. In methanol, the ICG-NaI affinity to methanol is 
high, reducing the probability of  dimer formation. Only at 
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high dye concentrations does the dye--dye separation become 
s mall and (statistical) closely spaced pairs and larger aggre- 
gates are formed. In aqueous albumin solution, there is a 
strong affinity of ICG-NaI to albumin, leading to dye mole- 
c ule adsorption on albumin. 

The physically bound ground state dimer (called dimer) 
f)rmation in water is described by the process 

kMD 
M + M  ( > D (1) 

kDM 

where M is a monomer and D is a dimer, kMo and koM are 
I!le rate constants. The rate of dimer formation is given by 

! [D---! =kMD[M] 2-kDM[M] (2) 
dt 

where [D] is the dimer concentration and [M] is the mon- 
,,mer concentration. Under equilibrium conditions d [ D ] /  
,:it = 0 and the dimer concentration is given by 

D] = kMD 
kDM [M]2=KD[D]Z (3) 

where KD is the dimerization constant. In terms of mole frac- 
I ions, xD = 2 [ D ] / ( 2 [ D ]  + [M] ) = 2[D]/CandxM = 1 --XD, 
where XD is the mole fraction of molecules as dimers and x M 
~s the mole fraction of molecules as monomers; Eq. (3) may 
be solved to 

; D = I +  4C"---~ - 1+  - 1  (4) 

I'he dependence of XD on the concentration C for various 
:limerization constants KD is illustrated in Fig. 9 (a). The mole 
i'action of molecules as dimers increases slowly with con- 
:entration. To increase XD from 0.1 tO 0.9, the dye concentra- 
ion must be increased by a factor of 730. The dimerization 
:onstant KD for the dye-water interaction is determined 
:~elow (see Fig. 12(a))  by analysis of the concentration- 
:tependent absorption spectra of ICG-NaI in water. 

For ICG-NaI in methanol, dye aggregation is dominated 
3y closely spaced pair formation. The tendency for dimer 
iormation is weak. The dye absorption and emission are mod- 
ified when dye molecules are statistically close together 
within an interaction volume of VI [49,50]. The mole fraction 
)f  molecules Xs in statistically formed binary molecular cen- 
ires of interaction volume VI at a concentration C is given by 
4 9 ]  

rs = 1 - exp( - VINAC) (5) 

where NA is the Avogadro constant. The dependence ofxs on 
the concentration C for various interaction volumes VI is 
illustrated in Fig. 9(b) .  xs(C) is much steeper than xD(C). 
r o  increase x s from 0.1 to 0.9, the concentration must be 
increased by a factor of 22. For ICG-NaI in methanol, Vx is 
determined by analysis of the absorption cross-section spectra 
(Fig. 12(b), see below). 
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V t = 10 a nm3; 5, VI = 105 nm 3. 

In aqueous albumin solution, the dye molecules are present 
as monomers in water (concentration [M] =XMC), dimers 
in water (concentration [ D] = xoC/2), monomers adsorbed 
to albumin (concentration [1A] =x~AC), tWO molecules 
adsorbed to albumin (concentration [ 2A] = (X2A/2) C) and 
so on (concentration of n-mer [nA] = (X,A/n)C). The dis- 
tribution is governed by the processes 

kMD 
M + M  .~ ) D (6a) 

kDM 

kMIA 

M + A  ( > 1A (6b) 
k2AM 

kM2A 

M + I A  ~ ' 2A (6c) 
klAM 

kMnA 

M + ( n - 1 ) A  ( > nA (6d) 

The steady state rate equation system reads 

d[M] 
= __ k M D [ M ]  2 + k D M [ D ]  __ k M1 A[M ] [ A ]  

dt 

n n 

-- ) - ~ k M i A [ M ] [ ( i - - 1 ) A ]  + )-~kiAM[ i A ]  = 0  
i = 2  i = 1  

(7a) 
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d[D]  
d"-'~ =kMI)[M]2--kDM[D] = 0  (7b) 

d [A]  
d---T- - kM1A[M] [A] +k1AM[1A] (7C) 

d[1A]  

dt 
= kMIA[M ] [A] - klAM[ 1A] 

- -  kM2A[M ] [ 1A] + k2A M [ 2A] = 0 (7d) 

d[ iA] 
dt = kMiA[M] [ ( i - -  1)A] --kiAM[iA] 

--kM(i+I)A[M ] [iA] +kd+l)A[(i+ 1)A] = 0  (7e) 

d[nA]  
dt = kM,A[M] [ ( n - -  1)A] --knAM[nA ] = 0  (7f) 

with 

n n 

[ M ] + 2 [ D ] +  ~ i [ i A ] = ( X M + X D +  Y'XiA)C=C (8) 
i = 1  i = 1  

[A] + [iA] = X A C A + C ~  X~__& ----CA (9) 
i 

i = 1  i = 1  

where C is the total dye concentration and CA is the total 
albumin concentration. 

A simple analysis of  Eqs. ( 7 a ) - ( 7 f )  leads to 

[D] = KD[M] 2 (10) 

[1A] =K~A[M] [A] (11) 

[ i A]=K ~ A[M][ ( i - 1 )A]  for i = 2  to n (12) 

where 

giA = kMiA/kiA M for i = 2 to n 

The solution of  Eqs. ( 8 ) - ( 1 2 )  gives the equilibrium concen- 
trations [M],  [D] ,  [A] ,  [1A] ..... [hA] as a function of the 
equilibrium constants Ko, K~A ..... K~A and the total concen- 
trations C and CA. 

The influence of dye adsorption to albumin on the dimer 
formation in water is illustrated in Figs. 10 and 11. The mole 
fraction of dimers vs. concentration is displayed in Fig. 10 
for a fixed dimerization constant of  KD=4 .58X 105 dm 3 
m o l -  1 and varying dye adsorption constants. For curve 1, no 
dye adsorption takes place ( K I A = 0 ) .  Curves 2-6  are cal- 
culated for increasing dye adsorption constants of  
K~A = K2A ---- K3A. In Fig. 11, the mole fractions of  dye mole- 
cules as dimers (XD) and of adsorbed dye molecules are 
presented. In Fig. 11 (a) ,  single molecule adsorption is con- 
sidered for three different adsorption constants KIA. In Fig. 
11 (b) ,  single molecule and double molecule adsorption are 
described for KlA = K2A = KD. The curves in Fig. 11 (c) pres- 
ent the mole fractions up to triple molecule adsorption for 
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Fig. 11. Theoretical dependence of mole fraction x on dye concentration C 
in the case of  dimerization and dye adsorption to particles. KD = 4.58 X 105 
dm 3 mol -  l (a) Mole fractions XD and xt ̂ . Only single dye molecule adsorp- 
tion is considered, i.e. K2^= 0. 1, KIA=O.1KD; 2, K1^=KD; 3, KM ffi 10KI> 
(b) Mole fractions xv, XIA and X2A. Single molecule and double molecule 
adsorption is considered. Kl^ = K2^ = KD. (c)  Mole fractions XD, Xl^, X2  ̂
and x3^. Single, double and triple molecule adsorption is considered. 
KtA= K2A= K3A= KD. 
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/ q ^  = K2A = K3A = KI> The number density of  albumin mol- 
ecules determines the adsorption capability. The dye adsorp- 
tion is limited to C = CA for KEg = 0, C = 2CA for K3A = 0 and 
C =  (n - 1 ) CA for K,A = 0 since then all adsorption sites are 
filled. For larger dye concentrations ( C >  nCA in the case of  
up to n molecule adsorption) a sudden increase in dimer 
formation in water occurs. 

Some information on dye adsorption and dye dimerization 
in aqueous albumin will be drawn from an analysis of the 
concentration-dependent absorption spectra of ICG-NaI in 
aqueous albumin. 

2. Absorption analysis 

The concentration-dependent absorption behaviour of 
ICG-NaI in water up to a concentration of C =  10 -4 mol 
cm-- 3 (Fig. 1 (a ) )  is determined by physically bound ground 
state dimer formation. The absorption spectrum is composed 
(,f monomer (O'M) and dimer (Orb) contributions according 

,:r(,LC) =XM(C)  OrM(;t) +Xt,(C) OrD(;t) 

= [ 1 --XD(C) ] CrM(A) +XD(C)OrD(A) (13) 

with XD given by Eq. (4) .  At low concentration ( C <  10 -7  

:lnol d m - 3 ) ,  the mole fraction of  molecules as dimers XD 
'becomes small and or(A) approaches O'M()t). At the two 
isosbestic points ( A = 7 3 8  nm and A=828  nm), there is 
, rM (A) = CrD (A) = or (A) independent of  concentration. At 
.~M = 780 rim, where orM(A) has its maximum value, or(A) 
~:hanges strongly with concentration. The concentration 
dependence of  o'(AM) is used to determine KD, XD(AM) and 
CM(AM) by a non-linear regression fit to the experimental 
data [52].  The result is shown in Fig. 12(a). The fitting 
3arameters are KD=4.58X105 dm 3 mol - I ,  OrD(h-M)-- 

I..88 X 10 -16 cm 2 and OrM()tM) =8 .7  X 10 -16 cm 2. 
The monomer and dimer absorption cross-section spectra 

~re derived from two absorption cross-section spectra, 
~r(A,C1) and or(A,C2), by solving Eq. (13) to orM(A) and 
:rD(A). The result is 

xD( C2)or( X,C~) -- XD( C1)o'( A,C2) 
~YM(A) = (14) 

xD( C2) --Xo(Cl) 

[ 1 - XD(C~) ] cr(A,C2) - [ 1 - XD(C2) ] or (;t,C~) 
# D ( A )  = 

xD(C2) - xD(C1) 

(15)  

The monomer and dimer absorption cross-section spectra are 
shown in Fig. 1 (b).  The absorption cross-section spectra at 
C~ = 10-  7 mol d m -  3 and C2 = 8.5 X 10-  s mol d m -  3 of  Fig. 
1 (a) are used in the calculations. 

The concentration-dependent absorption behaviour of  
ICG-NaI in methanol (Fig. 2(a)  ) is dominated by statistical 
closely spaced pair formation up to about C - 5  X 10 -2 mol 
dm-3  (see below). The absorption spectrum is composed of  
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Fig. 12. (a) Absorption cross-section O.(AM)=o-(780 rim) of ICG-NaI in 
water vs. concentration. Open circles from Fig. 1. Curve is a non-linear 
regression fit [52] of Eqs. (4) and (13) to the experimental data (physically 
bound ground state dimer fit). The fitting parameters are KD=4.58X 105 
dm 3 mo1-1, O.D(780 nm)=l.88X10 -t6 cm 2 and o-M(780 nm)= 
8.7 × 10-16 cm 2 (R 2 =0.9875 [53] ). (b) Absorption cross-section o-(AM) 
= o'(782 rim) of ICG-Nal in methanol vs. concentration. Open circles from 
Fig. 2. Curve is a non-linear regression fit [52] of Eqs. (5) and (16) to the 
experimental data (closely spaced pair fit). The fitting parameters are 
VI ffi 154 nm 3 and #s(782 nm) = 5.53 × 10- ~6 cm 2 (R 2 = 0.8662 153] ). 
Structural formula of ICG-NaI is included. 

monomer (OrM) and closely spaced pair (ors) contributions 
according to 

or(X,C) =XM(C)OrM(A) + x s ( C ) o r s ( a )  

= [ 1 - xs(C) ] O'M(A) + x s ( C )  ors(A) (16) 

with Xs given by Eq. (5).  Up to C =  5 × 10 - 4  mol dm -3, no 
concentration-dependent spectral changes are observed. The 
full curve in Fig. 2 (a) ( C = 8.4 X 10-6 mol dm-3 )  represents 
well the monomer absorption cross-section spectrum. Above 
C =  10 -3 mol dm -3, the absorption at the peak monomer 
wavelength AM = 782 nm decreases because of  closely spaced 
pair formation. Two isosbestic points are observed at A -- 745 
nm and A = 813 nm. Or(AM) vs. concentration is displayed in 
Fig. 12(b). The full curve in Fig. 12(b) is a closely spaced 
pair non-linear regression fit (Eqs. (16) and (5 ) )  to the 
experimental data (open circles). The fitting parameters are 
Vx = 154 nm 3 (diameter of  interaction sphere dx = 6.6 nm), 
ors(782 n m ) = 5 . 5 3 X 1 0  -~6 cm 2 and ORM(782 r im)=  
8.7 x 10-  16 cm 2. 

The closely spaced pair absorption cross-section spectrum 
is derived from OrM(A)=o ' (A,C=8 .4X 10 -6  mol dm -3) 
and or(A,C= 3.3 x 10 -2 mol dm -3)  by solving Eq. (16) to 
ors(A). The resulting closely spaced pair absorption cross- 
section spectrum and the monomer absorption cross-section 
spectrum are displayed in Fig. 2(b) .  
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The absorption behaviour of ICG-NaI in aqueous albumin 
solution is modified by dye adsorption to albumin. The meas- 
ured absorption cross-section spectra are given by 

n 

o'()t,C) =XMO'M()t) +XDtrO()t) + ~XiAGiA()t) (17) 
i = 1  

where tr~A(A) is the absorption cross-section spectrum of a 
molecule when i molecules are adsorbed to an albumin 
molecule. 

At low dye concentrations (C_< 10 -5 mol dm-3), the 
absorption spectra are independent of concentration. The 
numerical simulations (Eqs, (7)-(12) and Figs. 10 and I 1 ) 
indicate that the dye molecules are predominantly adsorbed 
to albumin at low dye concentration (X~A close to unity). 
Curve 1 in Fig. 3 ( C = 6 . 7 ×  10 -6 mol dm -3) represents 
O'IA()t ) reasonably well. The absorption peak of O ' I A ( / ~  ) is 
red shifted by approximately 20 nm compared with the mon- 
omer spectrum GM()t) in water. The (polar) dye-albumin 
interaction is responsible for the shift of the absorption spec- 
trum [54,55]. 

Up to C = 10- 3 mol dm- 3, no spectral shoulder is observed 
at the wavelength position )t D = 695 nm of dominant dimer 
absorption. This indicates that dimer formation (in water 
surroundings) is weak up to C-- 10 - 3  mol dm -3. Therefore 
the dye adsorption affinity coefficient KIA is thought to be 
comparable with or larger than the dimerization equilibrium 
constant KD (KIA ~KD, see Fig. 10). The spectral changes 
in the concentration range 10-5-2× 10 -3 mol dm -3 are 
thought to be due to multiple dye adsorption to albumin (Figs. 
11 (b) and 11(c)). The high concentration spectra at 
C = 8.4 × 10 -3  tool dm -3 (curve 5) and C= 1.7 x 10 - 2  mol 
dm- 3 (curve 6) resemble the high oligomer spectra observed 
in water and are thought to be of the same origin. 

4. 3. Fluorescence analysis 

The fluorescence quantum distributions E()t) and fluores- 
cence quantum yields q~ of ICG-NaI in water, methanol and 
aqueous albumin are presented in Figs. 4-7. From these data, 
the radiative lifetimes z ~  are obtained using the Stfickler- 
Berg formula [47,56] 

~ E()t) d)t f ~rA()t) 

= 8~rco Jo A n - ~  dA (18) 

e m  

where Co is the speed of light in vacuum, n()t) is the refractive 
index of the solution at wavelength )t and o'A()t) is the 
absorption cross-section distribution of the dye. The integrals 
extend over the $1 "-*So fluorescence band (era) and the 
So~S1 absorption band (abs). ~'~aa is found to be nearly 
independent of concentration. For the monomers, the values 
obtained are ~',~d(ICG-NaI in water) = 4.1 + 0.2 ns, 7~ad (ICG- 
NaI in methanol) = 4.5 + 0.2 ns and ~'r~d(ICG-NaI in aqueous 
albumin) = 5.2 + 0.3 ns. 
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Fig. 13. Dependence of the fluorescence lifetimes 7F (open circles and linear 
interpolated full curves) on dye concentration for ICG-NaI in water (a), 
methanol (b) and 50 g dm -3 aqueous albumin solution (c). Calculated 
reorientation times of monomers ¢o¢.M (a, b ) and singly adsorbed molecules 
%~,tA (C) are included (Eq. (33) and Eq. (20)), broken curves). 

The fluorescence lifetimes ~'F are derived from the relation 

zF = ~ ' ,ad (19) 

In Fig. 13, eF is plotted vs. the dye concentration. 
Dimers, oligomers, closely spaced pairs and multiple mol- 

ecules adsorbed to small particles act as quenching centres of 
fluorescence. The fluorescence efficiency of the quenching 
centres is generally weak [49,50]. The monomer fluores- 
cence is reduced in the presence of quenching centres due to 
energy transfer between excited and non-excited molecules 
towards quenching centres [49]. 

The electric dipole (F6rster-type) energy transfer rate 
between excited and non-excited monomer molecules is 
given by 

( ÷ J  1 ( ÷ S  
k E v =  kF(0)  = "rF(0) ( 2 0 )  

where ~'v(0) = 1/kF(0) is the fluorescence lifetime at low 
dye concentration and Co is the critical transfer dye concen- 
tration. At C= Co, the energy transfer rate is kEr---- 1/TF(0). 
CO is related to the critical distance of energy transfer (F6rster 
distance) Ro by Co = (0.74NARo 3) - 1, and the F6rster radius 
is obtained by the relation [49,57,58] 

3 fE(A)O.abs()t)A4n_4(A)dA (21) R°6= 6 4 ~  
em 

The Ro and Co data of ICG-NaI monomers in water, methanol 
and aqueous albumin are calculated from the monomer flu- 
orescence quantum distributions EM(A) and monomer 
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absorption cross-section spectra O'M(A). The data obtained 
m'e Ro = 3.5 nm and Co --- 5.4 × 10- 2 mol dm - 3 for ICG-NaI 
in water, Ro = 4.9 nm and Co = 1.9 × 10- 2 mol dm- 3 for ICG- 
NaI in methanol and Ro=4.8 nm and C o = 2 ×  10 -2 mol 
dra-3 for ICG-NaI in aqueous albumin. 

The energy transfer rate kEQ of excited monomers to 
qaenching centres is given by [49,50] 

1 [C ' t  2 

 77; t-d-J (22) 
n X v here xQ stands for XD, XS or £~= 2 ~A. 

The fluorescence quantum yield 4~(C) is composed of 
monomer ( 4~ (C )  ) and quenching centre (~bQ(C)) contri- 
~: utions according to 

,;~(C) = ¢~(C)  + ~bQ(C) (23) 

Neglecting energy backtransfer from quenching centres to 
monomers and assuming only one species of quenching cen- 
t "e, the monomer contribution tbM(C) and quenching centre 
{: ontribution ~bQ (C) are given by [ 59 ] 

~ ,  o (24) 
, :~ (c )  =X'M 1 +xog(C/Co) 2 

:~nd 

,~Q(C) = ~[~QM+Q. Q 

Xog( C/Co) 2 
=X'M 1 +xog(C/Co) 2 ¢O'°+X'QeQ'° (25) 

with 

. . . .  XMO'M(At, e) 
' M -  XMO.M(Apu) .~XQO.Q(Apu) 

(26) 

," = XqO'Q ()tPU) (27)  
"Q XMOrM (Apu) "4- XQO" OrQ (/~pu ) 

tpe is the excitation light wavelength (Ape = 678 nm in our 
~xperiments). q ~ . o = q ~ ( C = 0 )  is the pure fluorescence 
:luantum yield of monomers in the absence of quenching 
:entres. ~bQ, o is the pure fluorescence quantum yield of the 
quenching centres. ~Q,M is the quenching centre fluorescence 
quantum yield contribution from pump-light-excited mono- 
mers and tho,Q is the quenching centre fluorescence quantum 
yield contribution from pump-light-excited quenching cen- 
kres. g is the ratio of the monomer ~ quenching centre energy 
u-ansfer probability to the monomer ~ monomer energy 
~ransfer probability. In our calculations, we assume g = 1. 

The fluorescence quantum distribution E(A,C) is com- 
posed of monomer (EM(A,C)) and quenching centre 
(EQ(A,C)) contributions according to 

E(A,c) = EM(X,C) + Eo(a,C) (28) 

The monomer fluorescence quantum distribution contribu- 
tion is given by 

4 ~ ( c )  
EM(a,C) = ~ EM, o(a) 

~ , o  

xk 
1 +xog(C/Co) 2 EM.o(A) (29) 

where EM,O(A) = E(A,C = 0) is the monomer fluorescence 
quantum distribution in the absence of quenching centres. 
The quenching centre contribution EQ(A,C) is obtained from 
Eqs. (28), (29) and (25) to be 

4 ~ ( c )  
EQ(A,C) =E(A,C) ~bM.-------~ EM.O(A) (30a) 

= Cq(C) EQ, o(a) 
t~Q, 0 

x°g(C/C°)2 +x'o)Eo, o(A ) (30b) 
= ~  1 +xog(C/Co) 2 

where EQ,o(A) is the quenching centre fluorescence quantum 
distribution. 

The system ICG-NaI in water is characterized by the pres- 
ence of monomers, dimers and oligomers. The broken curve 
in Fig. 7 (a) shows the expected monomer fluorescence (Eq. 
(24)) .  The fitting parameters are ~bM.o=0.027, Ko = 
4.58× 105 dm 3 mol -~ (see Fig. 12(a)) and Co=5.4 × 10 -2 
mol dm- 3 (Eq. (21 ) ). Up to C = Co, the monomer fluores- 
cence contribution q~ is determined by the mole fraction of 
monomers XM = 1 --Xo (Fig. 12(a)).  The fit to the experi- 
mental data is good up to C= 10 -4 mol dm -3. At higher 
concentrations, the total fluorescence quantum yield t]~ is 
less than the calculated monomer fluorescence quantum yield 
and the fluorescence behaviour cannot be described by a 
simple monomer--dimer equilibrium. The formation of larger 
aggregates reduces the monomer concentration below the 
monomer-dimer equilibrium and causes a decrease in the 
fluorescence quantum yield. 

The monomer fluorescence quantum distribution EM,O(A) 
is shown by the dotted curve in Fig. 4. It is obtained from the 
fluorescence quantum distribution E(A,C= 8.4X 10 -7 mol 
dm -3) by the relation EM,O(A)=E(A,C=8.4 × 10 -7 mol 
dm-3)thM,O/th(C= 8 .4x 10 -7 tool dm -3) (at this concen- 
tration E(A,C) = EM(A,C ) and tl, F(C ) = ibM(C) ---- 0.5~M,0). 

The solution ICG-NaI in methanol is well characterized by 
the presence of monomers and closely spaced pairs up to 
C = 5 X  10 -2 mol dm -3. The full curve in Fig. 7(b) shows 
the fit of Eq. (23) to the experimental data. The fitting par- 
ameters are tbM.O=0.043, VI=154 nm 3 (Fig. 12(b)),  
Co=1.9×10 -2 mol dm -3 (Eq. (21)) and ~bo,o = 
~bs,o = 9 × 10- 4. In Fig. 7 (b), the broken curve shows q~ (C) 
and the broken-dotted curve shows ths(C). Up to 
C = 2.5 × 10- 2 mol dm- 3, the monomer fluorescence domi- 
nates. For the experimental point at C=4 .8 X 1 0  -2 mol 
dm-3, the closely spaced pair fluorescence dominates. At 
C=9.5 × 10 -2 mol dm -3, the fluorescence is reduced by 
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larger aggregates. It should be noted that, at this concentra- 
tion, on average, 12 molecules are within the interaction vol- 
ume of VI = 154 nm 3. In Fig. 5, curve 1 represents the 
monomer fluorescence quantum distribution (EM.o(A)), 
curve 4 represents the closely spaced pair fluorescence quan- 
tum distribution (Es,o(A)) and curve 5 is caused by larger 
closely spaced aggregates. 

For ICG-NaI in 50 g dm-3 aqueous albumin solution, the 
fluorescence is dominated by emission from single adsorbed 
molecules up to C = 2 × 10-3 mol dm- 3. The broken curve 
in Fig. 7 shows X,A(C) ~b,A.O, which is practically identical to 
~btA(C) in the presented concentration region of the curve 
(C<< Co = 2 X 10 -2 mol dm-3).  In the region of 2 X 10 - 3  

mol dm-  3 < C_< 8 X 10- 3 mol dm-  3, the fluorescence seems 
to be dominated by double and triple adsorbed dye molecules. 
Above C= 8 X 10 -3 mol dm -3, oligomers in water seem to 
be responsible for the fluorescence. In this region, the fluo- 
rescence quantum yield becomes comparable with the situa- 
tion of the dye in pure water. Curve 1 in Fig. 6 is practically 
identical to the fluorescence quantum distribution EIA.o(A) 
of single adsorbed molecules to albumin (EF(A,C= 
1.7 X 10- 5 mol dm-  3) = E, A,0 (A) ). Curve 6 is thought to be 
the fluorescence quantum distribution of double and triple 
adsorbed dye molecules. Curve 8 is due to oligomers in water. 
The shape of curve 8 is similar to the shape of curve 5 in Fig. 
4, representing the oligomer fluorescence quantum distribu- 
tion in water. 

The stimulated emission cross-section spectra are derived 
from the fluorescence quantum distributions E(A) and the 
radiative lifetime ~',ad (Eq. (18) ) by the relation [60] 

A4 EF(,~) 
t rem(A ) = 87.m2(A)C07.ra d (31) 

f EF( A)EF( A')dA' 
¢I11 

The calculated stimulated emission cross-section spectra of 
the monomers in water (a) and methanol (b) and of the 
singly adsorbed molecules on albumin (c) are displayed in 
Fig. 14. 

The degree of fluorescence polarization PF depends on the 
reorientation time ~'o, of the So-S, transition dipole moment 
due to molecular reorientation (%~.m) and energy transfer 
(kET) according to the relation [48,61,62] 

1 l=(p~ ~X1 + _~, ) (32) 
PF 3 . o 

where PF.o is the fluorescence polarization in the case of 
%, = oo and 7" r is the fluorescence lifetime of the emitting 
species. For the excitation of isotropic dye solutions with 
linearly polarized light, a value of PF,o = 0.5 is obtained if the 
transition dipole moments of absorption and emission are 
parallel to one another [46,48]. The transition dipole reo- 
rientation time is approximately given by [ 62] 
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Fig. 14. Stimulated emission cross-sections for: (a) ICG-NaI monomers in 
water; (b) ICG-NaI monomers in methanol; (c) single ICG-NaI molecules 
adsorbed to albumin in water. 

At low concentrations, rot is equal to the molecular reorien- 
tation time ¢o,.m. 

For the reference dye solution HITCI in methanol, we 
obtain PF=0.16 using %r=200 ps [63] and ~'F---500 ps 
[45]. Using the experimental PF data at low concentration 
(Fig. 8), Eq. (32) gives %r,m(water)=480-t-150 ps, 
%,,m(methanol) = 270 + lOOps and %,,m(albumin) = 3.5 + 2 
ns. For methanol and water, the molecular reorientation time 
is roughly proportional to the dynamic viscosity 7/ 
(r/(water) = 10 - 3  Pa s; r/(methanol) =5 .9X 10 -4 Pa s). 
The adsorption of the dye molecules to albumin increases the 
reorientation time. 

The concentration-dependent total reorientation times of 
m o n o m e r s  ('/'or,M) and singly adsorbed molecules (~'o,,1A) 
can be calculated using Eqs. (33) and (20). The resulting 
curves are included in Fig. 13. The degree of fluorescence 
polarization of monomers and singly adsorbed molecules is 
calculated using Eq. (32) and "r'F=ZF(0). The curves 
obtained are included in Fig. 8. In water, the experimental 
fluorescence polarization decreases with the onset of higher 
oligomer formation (Fig. 7(a)) .  In methanol, the experi- 
mental fluorescence polarization decreases slightly with 
increasing concentration. In the case of dye adsorption to 
albumin, the measured fluorescence polarization decreases 
with the onset of double molecule adsorption. 

5. Conclusions 

The concentration-dependent absorption and emission 
behaviour of ICG-NaI in water, methanol and aqueous 
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albumin solution was studied experimentally and theoreti- 
cally. The aggregation of the dye in the three solvents was 
c ifferent. In water, physically bound ground state dimer for- 
raation occurred at low dye concentrations and strong higher 
oligomer formation started at moderate dye concentrations. 
n methanol, the tendency for bound ground state dimer for- 

~aation was weak. At high dye concentrations, the absorption 
,~nd emission spectra were modified by near-neighbour dye- 
,:tye interactions (closely spaced pairs and closely spaced 
inultiple molecules). In aqueous albumin solutions, dye 
~Ldsorption occurred to the nanometre-sized macromolecular 
~dbumin particles. Dye adsorption dominated over dimeri- 
':ation and oligomer formation as long as the dye number 
,lensity was less than a few times the nanometre particle 
mmber density. 

The adsorption of two or more molecules to a single albu- 
nin particle led to the formation of artificial dye clusters. The 
9resented analysis of the adsorption of ICG on albumin 
!;hould apply quite generally to the adsorption of small- and 
medium- sized molecules to micro- and meso-sized particles 
i41]. 

The observed spectroscopic parameters of ICG-NaI indi- 
cate that the dye should be a promising fast saturable absorber 
[64] (especially ICG-NaI in water because of the short ~'r) 
and a promising picosecond-pulse-pumped laser dye [65] 
( especially ICG-NaI in methanol because of the high stimu- 
lated emission cross-section) in the near-IR spectral region. 
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