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Abstract. The lateral mobility and lipid-water parti- 
tion of the pesticide lindane was studied by fluo- 
rescence quenching of N-isopropylcarbazole (NIPC) 
and L,c~-palmitoyl-/% (N-carbazolyl) undecanoylphos- 
phatidylcholine (PCUPC) in liposomes of dimyristoyl- 
phosphatidylcholine at 50 °C. In isotropic solvents the 
quenching reaction was highly inefficient. A scheme 
for dynamic quenching, in which the monomolecular 
quenching rate constant is small, was valid. In lipid 
bilayers the same scheme was applied to describe the 
quenching results but the rate constant of the back- 
reaction of the excited complex to quencher and ex- 
cited probe was of comparable magnitude to the 
monomolecular quenching rate constant. This phe- 
nomenon results in biexponential decays of the fluo- 
rescent probe in the presence of quencher. All the rate 
constants of the scheme could be determined. Stern- 
Volmer plots at different membrane concentrations 
were obtained from fluorescence intensity and decay 
time measurements. From these plots the true bimo- 
lecular quenching rate constant, kq, and the rate con- 
stant for lateral diffusion, kd, were determined: 
kq [NIPC] : 3.2 ___ 0.5 x 108 M -  1 s- 1, kq [PCUPC] = 1.9 _ 
0.4 x 108 M -1 s-l,ketNwq=6.6-t-0.8 x 108 M -1 s -1. 
The smaller value of kq compared to ka for the quench- 
ing reaction of NIPC with lindane indicates that this 
quenching reaction is not diffusion controlled. The lat- 
eral diffusion coefficient D of lindane was found to be 
1.7 _+ 0.2 x 10-6 cm2/s in dimyristoylphosphatidyl- 
choline vesicles at 50 °C. The partition coefficient of 
lindane in these lipid bilayers is very high (> 2000). 
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Introduction 
The study of the dynamic properties of natural and 
artificial membranes continues to be an active field of 
investigation. Interactions of small, biologically impor- 
tant molecules such as anaesthetics, pesticides, ste- 
roids, heavy metal ions, etc. with biomembranes, and 
their diffusion in these membranes can be studied 
quantitatively by the fluorescence quenching tech- 
nique (Lakowicz 1983). Indeed, many of these mole- 
cules serve as quenchers of suitable fluorescent probes 
solubilized in the membrane. 

Several pesticides, e.g. lindane, Gardona, have 
been used to quench the fluorescence of a series of 
carbazole derivatives (Lakowicz et al. 1977; Lakowicz 
and Hogen 1980; Omann and Lakowicz 1982; Omann 
and Glaser 1984). For the diffusion coefficient D of 
lindane in dimyristoylphosphatidylcholine (DMPC) 
at 37°C a value of 5.7 x 10 7 cm2/s was obtained 
(Lakowicz et al. 1977). Values for the diffusion coeffi- 
cients of lindane in several lipid bilayers ranging from 
0.2 to 2 x 10 .6 cm2/s were reported by Lakowicz and 
Hogen (1980). Omann and Glaser (1984) reported a D 
value for lindane of 1.3 x 10 -6 cmZ/s in plasma mem- 
brane phospholipids of mouse LM cells at 37 °C. Parti- 
tion coefficients of lindane reported by these authors 
were always very high. The partition coefficient, how- 
ever, decreases with increasing length of the aliphatic 
chain of the lipids (Antunes-Madeira and Madeira 
1985). 

The present paper describes a fluorescence quench- 
ing study of N-isopropylcarbazole (NIPC) and L,c~- 
palmitoyl-/?- (N- carbazolyl)undecanoylphosphatidyl- 
choline (PCUPC) with the hydrophobic quencher 
lindane. Time-resolved and steady-state fluorescence 
quenching experiments were carried out to elucidate 
the quenching mechanism. The diffusion in DMPC 
membranes and the lipid-water partition of the 
quencher are studied. These results are in good agree- 
ment with earlier experiments with the probe methyl 
11-(N-carbazolyl)undecanoate (Daems et al. 1988). 
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Experimental 

Chemicals 

L,~-dimyristoylphosphatidylcholine (DMPC, Sigma) 
was used as received. Thin layer chromatography on 
silica gel (solvent CHC13:CH3OH:H20 65:25:4; I2 
and phosphate staining) showed a single spot. Under 
the excitation conditions used in this work no fluores- 
cent impurities could be detected in the unlabeled 
vesicle solutions. N-isopropylcarbazole (NIPC) was 
synthesized and purified as described elsewhere 
(Vanendriessche et al. 1984). Its purity was checked by 
thin layer chromatography on silica gel (solvent n- 
hexane:tetrahydrofuran 95:5). Its fluorescence life- 
time in degassed isooctane at 22 °C was found to be 
15.0 4- 0.1 ns. L,c~-palmitoyl-/?-(N-carbazolyl) undecan- 
oylphosphatidylcholine (PCUPC, Fig. 1) was synthe- 
sized from L,c~-palmitoyl-fl-lysophosphatidylcholine 
(Sigma) and 11-(N-carbazolyl)undecanoic acid anhy- 
dride according to the method of Gupta et al. 0977). 
l l-(N-carbazolyl)undecanoic acid anhydride was 
synthesized following the method of Selinger and 
Lapidot (1966). Crude PCUPC was purified by 
thin layer chromatography on silica gel (solvent 
CHC13:CH3OH:NH 3 62:25:4). The phospholipid 
was visualized using the Dittmer spray (Dittmer and 
Lester 1964). The product was further purified by high 
performance liquid chromatography on a C18 reverse 
phase column type "Ultrapac Column TSK ODS- 
120T', 5gm 4.6-250mm with CHaOH:CH3CN: 
tetrahydrofuran:H20 (25:25:32:18) as eluent (Mc- 
Cracken and Holt 1985). The fluorescence decay of 
PCUPC was found to be monoexponential with a 
lifetime of 13.7 _+ 0.3 ns in degassed methanol at 20 °C. 
1H NMR in CDC13:0.95 (CH3-C13H26);  1-1.96 
(--C13H26-- and - C 9 H t 8 - ) , - 2 . 3 5  ( R t - C ~ H z - C  
= 0  and R z - C H 2 - C = 0 ) ,  3.4fi [-N+(CI~3)3], 
3.9, 4.4 5 ( C H 2 - C I ~ - C H 2 ) ,  4.2 5 ( O - ( C H 2 ) 2 - N ) ,  
5.25 ( C H z - ( ~ H - C H z ) ,  7.2-8.05 (carbazole part). 
Lindane (1,2, 3, 4, 5, 6-hexachlorocyclohexane, y iso- 
mer; Aldrich, 97%) was purified by repeated re- 
crystallization from methanol. KC1 (Aldrich, Gold 
Label) was used as received. Chloroform (Fluka spec- 
troscopic grade), methanol, 1-butanol, isooctane 
(Merck, fluorometric grade) and distilled-deionized 
water were used as solvents. 
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Fig. I. Chemical structure of PCUPC 

Sample preparation 

Small unilamellar vesicles (SUV) (Huang 1969; Baren- 
holz et al. 1977) of DMPC were prepared in 50 mM 
KC1 solution as reported earlier (Van den Zegel et al. 
1984). The phospholipid concentration determined 
colorimetrically (Stewart 1980) was 6mg per ml 
aqueous vesicle solution. This stock solution was di- 
luted to obtain the desired lipid concentration. The 
necessary amounts of fluorescent probe NIPC and 
quencher lindane were added to this vesicle solution 
by injection of microliter quantities from a concen- 
trated solution of NIPC or lindane in methanol. Mix- 
ing was complete within ca. 1 min. The total concen- 
tration of methanol in the vesicle solution did not 
exceed 0.5 mole %. This amount did not alter the fluo- 
rescence decay times or spectra of NIPC, indicating 
that the added methanol did not cause the quencher or 
fluorophore to move in or out of the membrane or 
change the quenching rate. Therefore, the quencher- 
membrane interactions were not altered upon addi- 
tion of small aliquots of methanol. The probe:lipid 
molar ratio varied between 1:125 and 1:1,000. Alter- 
natively, labeled vesicles were prepared by cosonica- 
tion of DMPC with NIPC. Both methods gave identi- 
cal fluorescence quenching results, indicating that this 
fluorophore was homogeneously distributed in the 
vesicles when the method of probe injection from a 
concentrated stock solution was used. For PCUPC 
the injection method resulted in inhomogeneous vesi- 
cle preparations as indicated by deviations from 
monoexponentiality of the fluorescence decay of 
PCUPC in DMPC vesicles in the absence of quencher. 
After sonication of these prepared vesicles for several 
hours in a bath type sonicator, the deviations from 
monoexponentiality became smaller but single expo- 
nential decays were never obtained. The incorporation 
of the fluorescently labeled lipid PCUPC into DMPC 
vesicles was therefore done by the cosonication meth- 
od. Homogeneously labeled vesicles were obtained by 
this preparation procedure, as was evident from the 
single exponential fluorescence decays of PCUPC in 
the absence of quencher. During preparation, all vesi- 
cle samples were kept above the phase transition tem- 
perature and they were measured immediately after 
their preparation. The vesicle samples were not de- 
aerated, as this did not have a measurable effect on the 
fluorescence measurements. The fluorescence quench- 
ing experiments performed in organic solvents were 
done with solutions that were deaerated by repeated 
freeze-pump-thaw cycles. A quantitative analysis of 
fluorescence quenching data in membranes is only 
possible when the lipid volume fraction is known. Un- 
fortunately, this quantity introduces uncertainties 
since its value can only be estimated. The volume of 
the lipid phase of small unilamellar vesicles taken up 
by I g of DMPC was calculated as follows: using a 
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value of 2,800 (Huang 1969) for the average number of 
lipid molecules per small unilamellar vesicle, a radius 
of 12.5 _ 2.5 nm and a thickness of 2 nm in the middle 
of the bilayer for the region of the membrane where the 
probe is situated, a specific volume of 0.882 cm3/g was 
obtained. This value is somewhat smaller than that 
estimated by Sikaris et al. (1981) (0.984) and Lakowicz 
et al. (1977) (1.000). A vesicle suspension of 1 mg lipid/ 
cm 3 solution corresponds to a lipid volume fraction 
~ZL = 0.882 X 10 -3 and to a 5.268 x 10 -7 molar solu- 
tion of vesicles. 

Fluorescence  measuremen t s  

All fluorescence measurements of PCUPC labeled 
vesicles were carried out at 50 _+ 0.2 °C. NIPC labeled 
vesicles were studied as a function of temperature. 4 ml 
of vesicle solution contained in 1 cm x 1 cm quartz 
cuvettes were used in all experiments. Fluorescence 
spectra and quantum yields were obtained at the ex- 
citation wavelength of 320 nm with a Spex Fluorolog 
212/Datamate. Fluorescence decays were collected 
using a Spectra-Physics mode-locked, cavity-dump- 
ed, synchronously pumped, frequency-doubled R6G 
(290 nm excitation) or DCM (340 nm excitation) dye 
laser as excitation source with single photon timing 
detection (O'Connor and Phillips 1984). The details of 
the laser system, the associated optical and electronic 
components, the possibilities and limitations of the 
time-correlated single photon counting technique are 
described elsewhere (Van den Zegel et al. 1986; Boens 
et al. 1987, 1988). We used the reference convolution 
method (Zuker et al. 1985; Boens et al. 1988) to correct 
for the wavelength dependence of the shape of the 
instrument response function. In this correction proce- 
dure, the decay parameters of the function f~(t) are 
obtained from the measured fluorescence decays of 
sample, ds (t), and reference, dr (t), obtained under iden- 
tical instrumental conditions: 

t 

ds(t) = ~ dr(s) f~( t  -- s) ds. (1) 
0 

If the fluorescence 6-response function of the reference 
is monoexponential and the sample is multiexponen- 
tial, then J~ (t) is given by 

k 

J~(t) = ~ ~j [6(t) + (1/zr -- 1/zj) exp(--t/'cj)], (2) 
j = l  

where ~(t) denotes the Dirac fi-function, aj the pre- 
exponential of the jth decay component, zj the jth de- 
cay time, zr the reference lifetime, and k the number of 
exponential terms in the analysis. 

An iterative reweighted reconvolution program 
based on the algorithm of Marquardt (1963) was used 
to estimate the unknown parameters c~ and zj. Several 
compounds with known fluorescence lifetime z, were 

used as reference. After a model function was fitted to 
the experimental fluorescence decay data, a careful in- 
spection of the differences between observed and fitted 
decay data was made. The details of this residual anal- 
ysis have been reported elsewhere (Boens et al. 1984; 
Van den Zegel et al. 1986). Briefly, the graphical meth- 
ods included residual plots, the autocorrelation func- 
tion and the normal probability plot. The numerical 
methods used to judge the acceptability of the fit were 
the reduced Z 2 value and its standard normal deviate 
Zx2,  the ordinary runs test statistic Z, and the Durbin- 
Watson test statistic d. The tests for assessing the nor- 
mality of the distribution of the error terms included 
the determination of percentage (%) of the weighted 
residuals within the [ -2 ,  2] interval, and the calcula- 
tion of the mean (p) and standard deviation (a) of the 
weighted residuals. 

Theory 

Fluorescence  quenching 

If the fluorescence quenching of probe P* by a dynam- 
ic quencher Q in an isotropic solvent occurs via a 
non-fluorescent intermediate excited state complex 
(PQ)*,  Scheme I describes the photophysical pro- 
cesses. 

ka k~ 
p* + Q ~ (pQ)* ~ p + Q Scheme I 

l k m k e 

P 

kd and k-d denote the rate constants of complex for- 
mation and dissociation, ki represents the monomolec- 
ular rate constant of deactivation of the complex, km is 
the sum of the rate constants for monomolecular deac- 
tivation of the excited singlet state of the probe, and 
the superscript* denotes the excited state. The bimo- 
lecular quenching constant kq is defined as 

kq = kd ki / (k_ d + ki) (3) 

If ki >> k-d, Eq. (3) simplifies to kq = kd and the rate of 
quenching is limited by the diffusion step. When 
ki ~ k _  d, Eq. (3) becomes 

kq = kd k~/k_ d = fl kd . (4) 

The bimolecular quenching rate constant is then 
smaller than the diffusion rate constant. 

In an isotropic solvent, the dynamic fluorescence 
quenching can be described by the Stern-¥olmer equa- 
tion: 
Io / I  = 1 + kqro [Q]. (5) 

In Eq. (5), Io and I denote the fluorescence intensities 
of the probe in the absence and presence of quencher, 
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kq is the bimolecular rate constant of quenching 
(Eq. (3)), [Q] is the analytical quencher concentration 
in the solvent and ~o is the probe's lifetime in the ab- 
sence of quencher (To = k#, 1). 

If the probe P is completely solubilized in the lipid 
bilayer and the quencher Q partitions between the 
lipid (L) and aqueous (A) phases, and when an inter- 
mediate excited state non-fluorescent complex (PQ)~ is 
formed between fluorophore and quencher in the 
membrane, the fluorescence quenching can be de- 
scribed by Scheme II 

ka ki 
QA ~- QL + PL ~_~ (PQ)L ~ P + Q Scheme II 

PL 

where all the rate constants are associated with the 
lipid phase. According to this scheme, the Stern- 
Volmer equation is given by Eq. (6) 

Io/I = 1 + kq z o [Q]L = 1 + kq pp To [Q]T (6) 

where [Q]L is the quencher concentration in the lipid 
phase, kq is the bimolecular quenching rate constant in 
the membrane, ~o is the unquenched lifetime of the 
probe in the lipid phase, [Q]T is the total quencher 
concentration. The apparent bimolecular quenching 
rate constant is given by Eq. (7) (Lakowicz et al. 1977): 

1 [~q lp] 1 
k~ pp = eL kq-K + kq-K v' (7) 

where Kp = [Q]L/[Q]A = nO,L VA/nQ,A VL is the lipid- 
water partition coefficient. Note that [Q]L and [Q]A 
refer to quencher concentrations with respect to the 
volumes of each phase VL and VA. nQ,L and no, A are the 
number of moles of quenchers in lipid and aqueous 
phases, respectively, e L = VL/Vr is the lipid volume 
fraction. By measuring the apparent bimolecular 
quenching rate constant k~ pp at various lipid volume 
fractions eL, kq and the partition coefficient Kp can be 
obtained from Eq. (7). k~ pp was calculated as the slope 
of the Stern-Volmer plot (Eq. (6)) divided by the un- 
quenched lifetime of the probe. Under non-stationary 
light excitation conditions, the following equations are 
derived from the complex formation Scheme I (Birks 
1970): 

f,,(t) = el exp(--)[1 t) + e2 exp(--22 t) (8) 

with 

el/e2 = (X - 22)/()[ 1 - X) (9) 

2~,2 = 0.5 {X + Y-T- [(X - y)2 + 4 ka k-a [Q]L]~} (10) 

X = kin+ ka[Q]L (11) 

Y= kl + k_ a- (12) 

fm (t) is the d-response function of the probe's fluores- 
cence, el and e2 are pre-exponential factors, 1/21 and 
1/)[2 are decay times, X and Yare the sum of the decay 
rate constants of the monomer and complex excited 
state, respectively. The rate constants kd [Q]L, k-a and 
ki can be determined from the decay parameters 
cq/,2, )[1, )[2 and To. The Stern-Volmer equation for the 
lifetime of the locally excited singlet state is given by 

voX = 1 + kdz o [Q]L = 1 + k~PPz o [Q]T. (13) 

The apparent diffusion rate c o n s t a n t  k~ pp can be writ- 
ten in a similar form as k~ pp (see Eq. (7)). 

1 = [1  1 1 1 +  (14) 
k~"" eL ~. k~k k.K-~" 

By measuring the apparent bimolecular diffusion rate 
constant k3 pp at various lipid volume fractions eL, ka 
and the partition coefficient Kp can be obtained from 
Eq. (14). k~ pp was calculated as the slope of the Stern- 
Volmer plot (Eq. (13)) divided by the unquenched life- 
time of the probe. 

Partition and binding 

The data analysis method used to distinguish between 
partition and/or binding is an extension of that pro- 
posed by Encinas and Lissi (1982) (Blatt et al. 1984; 
Blatt and Sawyer 1985). A basic assumption is that the 
quenching efficiency at a particular quencher concen- 
tration will only be dependent on the average number 
of quenchers per vesicle, (Q),  irrespective of the 
quenching mechanism. The distribution of quenchers 
over the lipid and aqueous phases may be described by 
Scheme III. 

Q A + V ~ QL Scheme II1 

where v denotes vesicle. An equilibrium distribution 
constant Keq can be defined (Almgren et al. 1979) 

[QL] 
Koq = [QA] Iv]' (15) 

where [QL], [QA] and [v] refer to the concentration 
defined with respect to the total volume VT. The aver- 
age number of quenchers per vesicle, (Q>, is given by 

[QL] <Q) - (16) 
Iv] 

Since the total quencher concentration [QT] is 

[Q ]T = [QA] + [ QL] , (17) 

equation (17) can be rearranged to 

<Q> 
[Q]T = ~ + <Q> [v]. (18) 



A plot of [Q]T VS Iv] allows the determination of Keq 
and ((2). For fluorescence quenching data, the proce- 
dure involves obtaining Stern-Volmer plots at several 
lipid (vesicle) concentrations. Plots of [Q]r against Iv] 
can be derived at any level of Io/I, each different level 
resulting in one pair of K~q and <Q>. When partition 
and binding processes occur simultaneously, <Q> is 
given by (Blatt et al. 1984) 

<Q ) = { V L K,  + p Kb/(1 q- K b [QA])} [QA] 
= K~q [QA] (19) 

where Kb is the binding constant, p is the number of 
equivalent binding sites, and V L is the molar volume of 
the lipid structure. Secondary plots of K~q vs <Q> are 
Scatchard (1949) plots. Partition occurs when Keq is 
independent of <Q> (horizontal Scatchard plot), and 
Keq is directly related to Kp by 

Kv = Keq/VL = [Q]L/[Q]A (20) 

A linear dependence with a negative slope indicates 
binding, while a decreasing dependence of Keq with 
increasing (Q> asymptotically approaching a con- 
stant value of VL Kp indicates both partition and bind- 
ing (Blatt et al. 1984). 

R e s u l t s  

Fluorescence quenching of N I P C  by lindane 
in isotropic solvents 

The fluorescence quenching of NIPC by lindane in 
methanol, isooctane and toluene was studied at 20 ° 
and 50 °C. Upon addition of quencher, the fluores- 
cence spectra of NIPC decreased in intensity but no 
additional fluorescence band could be detected. Linear 
Stern-Volmer plots were obtained from the intensity 
measurements (Fig. 2), and from their slopes the bimo- 
lecular quenching rate constants kq were calculated 
(Table 1). The constants are much smaller than the rate 
constants for diffusion, ke, in methanol, toluene and 
isooctane calculated from the Debye equation at tem- 
perature T and viscosity t/ 

8 R T  
kd 3,000 q" (21) 

The results indicate that in those solvents lindane is an 
inefficient quencher for NIPC, meaning that ks ~ k-e.  
The monomolecular quenching (k~) is the rate limiting 
step in the quenching reaction. From kq and ka, the 
ratio kjk_a can be calculated: for toluene at 50°C 
ki ~ k_~/30, for toluene at 20 °C ki ~ k d42, for meth- 
anol at 2 0 ° C k ~ k _ d / 1 6  and for isooctane at 20°C 
k i ,~ k_d/17. 

The fluorescence decays of NIPC were single expo- 
nential with lifetimes ro of 14.5 + 0.1, 15.0 + 0.1, and 
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Fig. 2. Stern-Volmer plots of fluorescence spectra of NIPC 
quenched by lindane in toluene at 20°C(<>), in toluene at 
50°C(v), and in methanol at 20°C(o) 

Table 1. Quenching of NIPC by lindane: bimolecular quench- 
ing rate constants obtained from the Stern-Volmer plots of fluo- 
rescence intensities (k~,I) and decay times (kq. ~). Diffusion rate 
constants k d are calculated from Eq. (21) 

Solvent T [°C] kq z (Ms)- 1 kq ~ (Ms)- 1 k a (Ms)- 1 
Ix 10 81 [x 10-81 [x 10 -1°1 

Toluene 20 5.2 _+ 0.5 6.1 + 0.6 1.7 
Toluene 50 8.1 + 0.8 9.0 _+ 0.9 2.4 
Methanol 20 6.8 _+ 0.7 9.0 _+ 1.0 1.1 
Isooctane 20 7.6 +_ 0.8 12.0 _+ 2.0 1.3 

13.0 _+ 0.1 ns in respectively methanol, isooctane and 
toluene at 20°C. The fluorescence decays remained 
mono-exponential upon addition of quencher. If 
kd [Q], k d > kin, ks ('high temperature region') there is 
a dynamic equilibrium (Ke = ke/k-d) between the ex- 
cited state complex and the dissociated pair of probe 
and quencher (Birks 1970). As a result the excited 
probe and the complex will deactivate mono-ex- 
ponentially with the same decay rate constant 2, given 
by 

2 - km+ ki Ke [Q] (22) 
1 + Ke[Q] 

If k i < k-e, Eqs. (5) and (22) give: 

1/Z I o 
- 1 + K e [Q] (23)  

r o I 

If K e [Q] < 1, then Eq. (23) simplifies to 

Zo _ l o  (24) 
1/2 I 

Since kq values obtained from fluorescence intensities, 
kq, i ,  and decay times, kq, ~, are within experimental 
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Fig. 3. a Stern-Volmer plots of fluorescence spectra of NIPC in the presence of lindane in DMPC vesicles of different lipid volume 
fractions c~ L at 50 °C. b Stern-Volmer plots r o X for the quenching of NIPC with lindane in SUV of DMPC at 50 °C at different 
%( x 10a): 3.9 (©), 3.2 (v), 2.6 (e), 2.1 (<>), 1.3 (#), and 0.65 (~7) 

error equal (Table 1), this indicates that K e [Q] ~ 1. A 
value of K e can be estimated from kd = 4 rc NRaB DAB 
(Smoluchowski1917) and k_d=3DAB/R]B (Eigen 
1960) 

Ke = (4/3) rc NR3B (25) 

where Dan = Da + Dn is the diffusion coefficient of the 
relative transport of B toward A, and N is the Avoga- 
dro number divided by 1,000. Assuming a value of 7/~ 
for the encounter distance RAn of the excited state 
complex, a value of Ke = 0.86 M -  1 was calculated. In 
our experiments, quencher concentrations up to 0.1 M 
were used resulting in a maximum value of Ke [Q] of 
0.086. This means that the maximum Zo 2 value is 
about  10% lower than its corresponding Io/I value, a 
difference within experimental error. 

Quenching of NIPC and PCUPC by lindane in DMPC 

The fluorescence decays of NIPC  in the absence of 
quencher were single exponential with a lifetime 
Zo = 14.4 + 0.5 ns in SUV of D M P C  at 50 °C. Since the 
lifetime of NI P C  in water is 10 ns and this value was 
never obtained from the fluorescence decays of N IP C  
in D M P C  vesicles, this is an indication that the probe 
is completely solubilized in the hydrophobic region of 
the membrane. The lifetime of P C U P C  in D M P C  vesi- 
cles at 50°C is 13.5 +0.5  ns. 

Fluorescence intensities of NIPC  and P C U P C  in 
D M P C  vesicles at 50°C in the presence of lindane 

were measured at different lipid volume fractions. The 
fluorescence intensity decreased upon addition of 
quencher, but no additional fluorescence of the com- 
plex was observed. Linear Stern-Volmer plots based 
on intensities (Eq. (6)) were obtained at the different 
lipid volume fractions eL (Figs. 3 a and 4). The slopes 
of the Stern-Volmer plots were dependent on the vesi- 
cle concentration: the apparent quenching constants 
calculated from the slopes, k~ pp, decreased with in- 
creasing eL values (Table 2). The quenching results 
could be rationalized by Scheme II. The reciprocal of 
the apparent quenching rate constants was linearly 
dependent upon the lipid volume fraction eL (Fig. 5) as 
predicted by Scheme II and Eq. (7), indicating a true 
partitioning process. From the plot according to 
Eq. (7) (Fig. 5), the quenching rate constant k~ was 
calculated to be 3.2___0.5 x 108 M - i s  -1 for NIPC:  
lindane and 1.9 ___ 0.4 x 108 M -  1 s-  ~ for PCUPC:l in-  
dane (Fig. 5). The value for the partition coefficient 
(and its corresponding error) of lindane was found to 
be 13,000 (300%) from the NIPC:l indane data and 
2,040 (90%) from the PCUPC:l indane  data. 

In the presence of lindane, the fluorescence decays 
of NIPC and P C U P C  in D M P C  vesicles were not 
monoexponential  anymore. Satisfactory fits were only 
obtained when the decay curves were described by a 
biexponential decay function. A careful residual analy- 
sis indicated that two and no more than two exponen- 
tials were needed to adequately describe the decays. 
An example of a biexponential decay analysis is shown 
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Fig. 5. Determination of the quenching rate constant kq (Eq. (7)) 
for NIPC: lindane (e) and PCUPC: lindane (#), and the diffu- 
sion rate constant k a (Eq. (14)) for NIPC: lindane (©) in SUV of 
DMPC at 50°C. The vertical and horizontal lines represent 
errors on k app and eL, respectively 

in Fig.  6. The  two te rms  in the exponen t i a l  decay  func- 
t ion  consis t  of a r a the r  long  decay  t ime 2[-1 wi th  a 
large  c o n t r i b u t i o n  d e p e n d e n t  on  the quencher  concen-  
t r a t ion  and  a shor t  decay  t ime 221 with  a smal l  con-  
t r ibu t ion .  The  c o n t r i b u t i o n  of the shor t  decay  t ime 

Table 2. Apparent bimolecular quenching constants 
(x 10 -1° M -~ s -~) at different lipid fractions e L (x 10 3) for 
NIPC: lindane and PCUPC: lindane, obtained from the Stern- 
Volmer curves of intensity (k] pp) and decay time (k~ pp) measure- 
ments. The rate constants are estimated to be accurate within 
_+ 15% 

e L NIPC NIPC PCUPC 

3.9 7.7 16 - -  
3.2 8 16 5.6 
2.6 12 22 5.1 
2.1 15 24 7.7 
1.3 22 33 11 
0.65 34 70 16 

Table 3. Rate constants and lifetimes of Scheme II calcultated 
for the quencher concentrations [Q]r = 4 x 10 -4 M (part A) and 
[Q]r = 2 x 10 -4 M (part B) at different lipid volume fractions e L 
in DMPC vesicles at 50°C for NIPC:lindane. The errors on 
X-1 are estimated to be approximately 6%. The errors on k_a, 
k i and Y- 1 are ~ 20% 

~L X-I kis-1 k_dS-I y-I 
×10 3 [ns] [ x l 0  -s] [ x l 0  -s] [ns] 

A 3.9 7.3 1.7 1.3 3.4 
3.2 7.1 1.7 1.2 3.6 
2.6 6.2 2.0 1.4 3.0 
2.1 5.5 1.9 1.2 3.2 
1.3 4.7 2.1 1.3 3.0 

B 3.9 9.4 1.4 1.2 3.8 
3.2 9.1 1.3 1.2 4.1 
2.6 8.0 1.8 1.9 2.7 
2.1 7.6 1.6 1.4 3.3 
1.3 6.5 2.0 1.7 2.7 
0.65 4.8 2.2 1.1 3.0 

increases  wi th  increas ing  quencher  concen t ra t ion .  
Q u a n t i t a t i v e  me a su re me n t s  of N I P C  only  are  avai l -  
able. 

All  the  quench ing  results  cou ld  be r a t iona l i zed  by  
the complex  f o r m a t i o n  Scheme II. F r o m  the decay  
parameters el/e2,/~1 and  2z, the  lifetime X - 1  of  the  
loca l ly  exci ted s tate  of  N I P C  was ca lcu la ted  (Eq. (11)). 
The  S te rn-Volmer  curves of  Zo X vs [Q]T (Eq. (13)) were 
l inear  (Fig. 3 b) for all m e a s u r e d  e L values.  The  s lopes 
of  the S te rn-Volmer  p lo ts  were dependen t  on  the 
vo lume  f rac t ion of  l ipid phase :  the a p p a r e n t  diffusion 
ra te  cons t an t  k~ pp decreased  with  increas ing  eL 
(Table 2). P lo t t i ng  k~ pp as a funct ion of  eL (Eq. (14)) 
yields a s t ra igh t  line (Fig. 5). F r o m  the s lope and  inter-  
cept  of  this p lo t  a value  for the  diffusion ra te  cons t an t  
ka = 6.6 + 0.8 x 108 M -  1 s -  ' was ob ta ined .  The  value  
for the pa r t i t i on  coefficient Kp was 2,600 with  an  e r ro r  
of a b o u t  90%.  F r o m  the decay  p a r a m e t e r s  21, 22 
and  X, all i nd iv idua l  ra te  cons tan t s  of  Scheme I I  were 
eva lua t ed  for all different quencher  concen t r a t ions  
and  l ip id  vo lume  f rac t ions  inves t igated.  Values are 
compi l ed  in T a b l e 3  for [ Q ] r = 2 x  1 0 - 4 M  and  
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Fig.& a Experimental fluorescence 
decay curve (point plot) of NIPC in 
the presence of lindane in SUV of 
DMPC at 50 °C, Analysis as a dou- 
ble exponential decay (solid line)• 
2ex = 330 nm, 2e. , = 360 nm, channel 
width = 142 ps, Z 2 = 1.00, Zz~ = 0.04, 
Z=0•00, d = 2.11. The reference 
decay (of trans-1-(l-indanylidene) 
indane; point plot) and the residual 
plots are also shown, b Normal 
probability plot of the weighted re- 
siduals of a 

4 x ] 0 - 4 M  for different l ipid vo lume  fractions• I t  
shou ld  be n o t e d  tha t  a t  the lowest  quencher  concen-  
t r a t i on  ( [Q]r  = 5 x 10 -5  M),  the  e r rors  on k - a  and  ki 
become  very large (respect ively 200% and  600%). As 
can  be seen f rom Table 3, k - a  and  kg are  of  s imi lar  
o rde r  of  magn i tude ,  and  k - a ,  k~ and  the lifetime Y- 1 of  
the complex  r ema in  cons t an t  a t  the different quenche r  
concen t r a t i ons  and  vo lume  f rac t ions  inves t igated.  

F o r  the  diffusion of  N I P C : l i n d a n e  in a two d imen-  
s ional  sys tem the m u t u a l  diffusion coefficient D be-  

tween P* and  Q (D = D ]  + Da) is given by  (Waka  et al. 
1980; K a n o  et al. 1981) 

D = ka (26) 
1 . 5 8 5 Z N  

where  Z is the th ickness  of  the two-d imens iona l  sys- 
tem. T a k i n g  a value  of  2 n m  for Z,  a value of  
3 .4_+0 .4x  10 -6  cm2/s was o b t a i n e d  for D. I f  p r o b e  
and  quencher  are  cons ide red  as hav ing  the same 
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Fig. 7 a and b. Quenching of NIPC (a) and PCUPC (b) by lin- 
dane. Data plotted according to Eq. (t 8) give an average number 
of quenchers ((2) and an association constant K~q at Io/I values 
of 1.2 (o), 1.4(z~), 1.6(i), 1.8 (<>), 2.0(v), 2.2(x) 

Table 4. Average number of quenchers (Q) per vesicle ± stan- 
dard deviation at different Io/I values for the probes NIPC (1), 
methyl-11-(N-carbazolyl)-undecanoate (2) and PCUPC (3) 

(0)  

Io/I (1) (2) (3) 

2.2 - -  672 4- 184 850 + 553 
2.0 418 _+ 102 556_+ 112 711 _+460 
1.8 338 _+ 79 446 _+ 90 574 _+ 374 
1.6 258 _+ 57 336 ± 75 435 _+ 284 
1.4 177 ± 35 225 _+ 60 296 _+ 197 
1.2 97 4- 5 115 ±42 159_+ 113 

mobility, the diffusion coefficient of lindane is 
1.7 + 0.2 x 10 .6  cm2/s. 

Plots of [Q]r against the vesicle concentration [v] at 
various values of Io/I for the steady-state fluorescence 
quenching of N I P C :  lindane and P C U P C :  lindane are 
given in Fig. 7. F rom these plots values of Keq and [Q] 
were determined (Eq. (18)). The average number  of 
quenchers [Q] per vesicle at different Io/I values for the 
probes NIPC,  methyl 1 l-(N-carbazolyl) undecanoate 
and P C U P C  are given in Table 4. F rom these data, it 
is evident that the bulkier the hydrophobic  tails of the 
probe, the more quenchers per vesicle are needed to 
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Fig. 8. Scatchard plots for the quenching of NIPC(o) and 
PCUPC(v) with lindane in DMPC vesicles at 50°C 

obtain the same amount  of quenching. Scatchard plots 
(Ke~ vs [Q], Fig. 8) for N I P C :  lindane and P C U P C :  lin- 
dane were horizontal, indicating that only a parti t ion 
process occurs. So there are no specific binding sites in 
the D M P C  liposomes for the quencher. The values 
obtained for Keq are 1.35 x 106M for NIPC: l indane  
and 3.2 x 105 M for PCUPC: l indane .  

Discuss ion 

The fluorescence decays of N I P C  and P C U P C  in SUV 
of D M P C  at 50 °C in the absence of quencher were 
single exponential. In the presence of the quencher 
lindane they became biexponential. This was also ob- 
served for methyl 1 l -(N-carbazolyl)undecanoate:  lin- 
dane in D M P C  vesicles (Daems et al. 1988), but is in 
contrast  with earlier publications from Lakowicz et 
al. (1977), Lakowicz and Hogen (1980), Omann  and 
Glaser (1984), where a single exponential lifetime was 
measured by the phase f luorometry technique for a 
variety of carbazole probes quenched by lindane in 
liposomes. The limited resolving power of the phase 
shift-demodulation method using a single modulat ion 
frequency can explain the discrepancies between our 
results and theirs. Deviations of linearity of the Stern- 
Volmer law for fluorescence intensities are observed 
when there is a parti t ion of fluorophores (or quench- 
ers) between different phases of the membrane,  or if a 
significant fraction of the fluorophores is not accessi- 
ble to the quenchers or if static quenching becomes 
important .  The linear Stern-Volmer relationship for 
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steady-state and transient measurements and the ab- 
sence of ground-state complexes of the fluorophore 
with lindane indicate that the above situations did not 
occur under the experimental conditions used. The 
observed fluorescence decays of NIPC in the presence 
oflindane could also not be described by micelle kinet- 
ics (Deumi6 et al. 1981; Kano et al. 1981; Washington 
et al. 1984). 

Collisional quenching can have a complex tran- 
sient behavior in viscous media like membranes. This 
effect is described by the Smoluchowski (1917) equa- 
tion (Eq. (27)) for the rate constant of a diffusion 
controlled process in three dimensions. 

k a (t) = 47r NRAB DAB (1 + RAB/X/~ DAB t). (27) 

The transient term cannot be neglected at short times 
after excitation, in viscous media or if the quenching 
reaction takes place over long distances. For one- or 
two-dimensional diffusion controlled processes this 
time-independent term disappears (G6sele 1984). In 
two dimensions analytical solutions cannot be ob- 
tained for the fluorescence decay and the fluorescence 
quantum yield. Owen (1975) described the two dimen- 
sional diffusion process by an equation that is of the 
same mathematical form as Eq. (27). This equation 
gives only a rough approximation of two-dimensional 
diffusion in membranes. 

kd(t ) = 0 . 5 Z D A B N  (3.17 + 14.18RAB/x/~ABt  ) . (28) 

Qualitatively one can recognize the occurrence of 
diffusion transients by an upward curvature of the 
Stern-Volmer plot (Owen 1975; Kano et al. 1981). The 
intercept will be smaller than unity. When diffusion 
transients are important the fluorescence decay of the 
probe changes from mono-exponential in the absence 
of quencher to non-exponential in the presence of 
quencher (Eq. (29)). 

fm (t) = ~ exp [-- (At + B x / t ) l .  (29) 

In the case of three-dimensional diffusion A and B are 
defined as: 

A = k m + 4 ~ NRAB Dan, (30 a) 

B = 4 zc NRAB 2 x/~BAB. (30 b) 

For two-dimensional quenching the fluorescence de- 
cay is approximated by Eq. (29) but the constants A 
and B have a different meaning. The logarithm off,, (t) 
vs t in Eq. (29) has a steep decay at very short times 
after excitation (Kano et al. 1981). If the quenching 
reaction is not diffusion controlled (Schemes I and II) 
the situation is complex. In this case the quenching 
rate constant is not equal to ke, but depends also on 
k_ a and kl. If k_ d and ki are of similar magnitude the 
fluorescence decay can be described by a bi-expo- 
nential. The experimental fluorescence decays of the 

carbazole probes in the presence of lindane are not 
single exponential. It is therefore important to deter- 
mine which model - time-dependent diffusion or re- 
versible quenching - describes the decay data ade- 
quately. Quenching studies in solvents (see Results) 
indicated that in the case of NIPC-lindane the back- 
reaction is important (k-d ~ ki). Furthermore, in all 
cases good bi-exponential fits were obtained. The rate 
constants and lifetimes calculated according to 
Scheme II were consistent: i. e. ki, k e and Ywere inde- 
pendent of [Q], while X decreased linearly with [Q] 
(see Table 3). Experimentally no upward curvatures 
were obtained for the Stern-Volmer plots of NIPC in 
the presence of different quencher concentrations and 
the intercept with the y-axis was always equal to one. 
Fitting the data to Eq. (29) did not give consistently 
acceptable fits. 

Our results show that the fluorescence quenching 
of NIPC (and PCUPC) with lindane is a dynamic or 
collisional process which takes place via an inter- 
mediate excited state non-emitting complex. Electron 
transfer from the excited carbazole singlet to halocar- 
bon quenchers has been suggested (Ahmad and Du- 
rocher 1981) as quenching mechanism for the fluores- 
cence quenching of carbazole with halocarbons. Our 
data contain no indication that such a mechanism is 
operative in the fluorescence quenching of MCU by 
lindane, since the rate of quenching is independent of 
the solvent polarity. The complex is non-fluorescent 
since only a decrease of the intensity of the fluores- 
cence spectrum was observed in the presence of 
quencher but no change in spectral distribution. 
Scheme II can account for all quenching results. 

The rate constants of the bimolecular quenching 
reaction for NIPC:lindane were calculated from 
Eqs. (8-12) and are realistic (Table 3). k i and k d are 
constant for all quencher concentrations and lipid 
fractions, k~ is small (108 s-2) and of the same order of 
magnitude as k - e .  This means that the quenching 
reaction in liposomes occurs in the 'mid-temperature 
region' (Birks 1970) where bi-exponential decays are 
oberved. In non-viscous solvents like methanol, isooc- 
tane or toluene, where k -d  is much higher than ki 
('high temperature region'), the fluorescence decays 
become single exponential. A similar reaction scheme 
of exciplex formation in membranes has been used by 
Kano et al. (1981) and Waka et al. (1980). Kano et al. 
(1981) have observed exciplex formation for the 
quenching of pyrene and l l-(1-pyrenyl)undecanoic 
acid with N,N-dimethylaniline in dipalmitoylphos- 
phatidylcholine above the phase transition tempera- 
ture. The fluorescence decays were always mono- 
exponential. This is explained by the fact that k -a  is 
low. Waka et al. observed exciplex fluorescence for 
pyrene derivatives and N, N-dimethylaniline in 
DMPC liposomes as well. A biexponential decay was 
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observed in the m o n o m e r  region. The long decay time 
coincided with the decay time in the exciplex region. 

L indane  is a m e m b r a n e  soluble quencher  as the 
value of  the apparen t  quenching and diffusion rate 
constants  are very high and the quenching increases at 
decreasing lipid volume fractions. It  was possible to 
calculate the quenching rate constant  kq and the diffu- 
sion rate cons tan t  kd with Eqs.(7) and (14). kq 
(3.2 _+ 0.5 x 108 M -~ s -1) was slightly smaller than k~ 
(6.6 +_ 0.8 x 108 M -  1 s 1) indicating that  the quench-  
ing react ion is not  completely diffusion controlled.  It  is 
in agreement  with the fact that  k -d  and ki are nearly 
equal. Quench ing  constants  determined by K a n o  et al. 
(1981) for pyrene and 10-(1-pyrenyl)undecanoic acid 
with N, N-dimethylani l ine  were 8.9 x 10 v M - ~  s 
and 5.9 x 10 v M - i s  -1, respectively. These authors  
considered the quencher  as completely solubilized in 
the m e m b r a n e  which can lead to an underes t imat ion  
of the rate constants.  

The diffusion coefficient of lindane is 
1.7 _+ 0.2 x 10 -6  cm2/s in D M P C  vesicles at 50°C. The 
values are higher than those determined by K a n o  
for pyrene :N,N-dimethylan i l ine  ( 4 . 7 x l 0 - V c m Z / s )  
and 10-(l-pyrenyl)decanoic acid: N, N-dimethylanil ine 
(3.1 x 10-7  cruZ/s) in dipalmitoylphosphatidylcholine 
vesicles at 50°C. Lakowicz and Hogen (1980), and 
O m a n n  and Glaser (1984) found similar values for the 
diffusion constant  of  lindane, namely 1.2 x 10-  6 cmZ/s 
in D M P C  vesicles at 50°C and 1.3 x 10 6 cm2/s in 
plasma membrane  phospholipids of mouse L M  cells at 
37 °C. We have no values of diffusion coefficients from 
the quenching of P C U P C  with lindane. 

More  difficult was the determination of  the parti- 
tion coefficient Kp for lindane. If  the apparent  quench- 
ing rate constants k~ pp (Eq. (7)) were used, a value for 
Kp = 13,000 with an error of  300% was obtained from 
the N I P C :  lindane data. F r o m  the k] pp values a parti- 
t ion coefficient of  2,600 with an error  of 90% was calcu- 
lated. This value is lower than the previous one, but  is 
probably  more  reliable. Anyhow, these values clearly 
indicate that  lindane is very soluble in lipid membranes.  
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