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Influence of vesicle curvature on fluorescence relaxation kinetics
of fluorophores
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Abstract

The effect of membrane curvature on the fluorescence decay of 2-p-toluidinyl-naphthalene-6-sulfonic acid (TNS), 2-(9-
anthroyloxy )stearic acid (2-AS) and 12-(9-anthroyloxy )-stearic acid (12-AS) was investigated for egg lecithin vesicles of
average diameter d,, = 22 nm and 250 nm. The biexponential fluorescence decay of TNS at the red edge of the emission spectrum
was analysed according to the mode! of Gonzalo and Montoro [1]. Over the entire temperature range ( 1-40°C) the small TNS
labelled vesicles showed significantly shorter solvent relaxation times 7, than their larger counterparts (e.g. 1.3 ns compared
with 2.1 ns at 5°C), indicating a higher mobility of the hydrated headgroups in the highly curved, small vesicles. The fluorescence
decay of both AS derivatives is also biexponential. While the shorter decay times (1-3 ns) are practically identical for small
and large vesicles, the longer decay times (5-14 ns) are identical only for 12-AS but not for 2-AS. This indicates that the
microenvironment is similar in small and large vesicles deep in the membrane in spite of the differences in curvature.
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1. Introduction

The fluorescence decay behaviour of several fluo-
rophores, for example diphenylhexatriene (DPH)
[2,3], 1-[4-(trimethylamino)phenyl]-6-phenylhexa-
1,3,5-triene (TMA-DPH) [4-6], n-(9-anthroyl-
oxy)stearic acids (n-AS) [7,8], parinaric acid
[9], anthracene [10], 2-p-tolui-dinylnaphthalene-
6-sulfonic acid (TNS) [11-13] and 6-palmitoyl-
2-[{2-(trimethylammonium )-ethyl] methylamino]-
naphthalene chloride (PATMAN) [14,15], in model
membranes has been intensively studied. It is generally
accepted that the lifetimes of defined localized fluoro-
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phores depend on the properties of the membrane
microenvironment such as polarity, lipid packing and
lipid fluidity. Apart from temperature, composition of
the vesicles and pH-value [ 16] of the aqueous medium
the lipid properties and therefore the fluorescence life-
times may be affected by the curvature of the membrane
[3,17]. Only few investigations exist on the influence
of membrane curvature on structural parameters of
membranes. Several membrane processes, however,
are known which are influenced by membrane curva-
ture, for example membrane binding of proteins [ 18—
201, production of thrombin {21] or membrane fusion
[22].

With curvature sensitive probes, the curvature
dependence of the above listed processes may be inves-
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tigated using fluorescence spectroscopy. The influence
of the vesicle size on the membrane structure is illus-
trated by the fact that the ratio of inner to outer surface
increases from about 0.5 for vesicles with a diameter
of 20 nm (small unilamellar vesicles, SUV) to nearly
unity for vesicles larger than 200 nm. Therefore differ-
ences in packing densities between SUV and large,
planar bilayers have been suggested [23], but not fully
established yet.

Regarding the fluorescence lifetimes in membranes
the above mentioned fluorophores can be divided into
two categories. The lifetime values of hydrophobic
dyes, such as DPH, TMA-DPH, n-AS, parinaric acid
and anthracene are determined by the quenching pro-
cesses due to the microenvironment. On the other hand,
fluorophores with strongly differing excited and ground
state dipole moments, such as TNS, exhibit solvent
relaxation and therefore altered fluorescence decay
kinetics. The quantitative analysis of these solvent reo-
rientation processes yields information on the mobility
of the fluorophore environment. This can be obtained
either by analysis of the decay behaviour at a single
wavelength [1,24,25] or by the autocorrelation func-
tion of the time-dependent red-shift of the fluorescence
spectra {11-13,26]. The solvent reorientation moni-
tored by TNS adsorbed to the headgroup region of
unilamellar vesicles occurs on the nanosecond time-
scale and can therefore be detected by single photon
counting. The term ‘solvent’ includes both the hydrated
lipid headgroups and those solvent molecules differing
from the ‘bulk-solvent’.

In the present work the fluorescence decay of vari-
ously localized fluorophores in vesicles with a defined
size distribution was measured. The quenching by the
microenvironment of the backbone region was moni-
tored using 2-AS and 12-AS, and the mobility of the
hydrated phospholipid headgroups by TNS. The mobil-
ity of the TNS microenvironment was characterized by
an average solvent relaxation time 7,. 7, represents the
average reorientation time necessary to reach a partially
solvent relaxed state R of the fluorophore. R covers the
ensemble of partially relaxed states from which the
emission at a given wavelength A takes place. If the
observed wavelength is at the extreme red end of the
fluorescence spectrum, it corresponds to the emission
from an almost completely solvent relaxed state R.

In this case, the expression for the fluorescence decay
at a temperature T observed at A simplifies to the dif-
ference between two exponential terms [1]

fra=Aexpl —t/m]) —Bexpl — (/7 +1/7)1],
(1)

where 7 is the decay time of the completely relaxed
state R.

Egg lecithin vesicles of two different sizes were pre-
pared using the methods of Brunner et al. [27] and
Mimms et al. [28]. The size distribution was deter-
mined by dynamic light scattering.

2. Experimental
2.1. Materials

Phosphatidylcholine (PC) was isolated and purified
from fresh egg yolks in accordance with Singleton et
al. [29]. The purity of the preparation was checked by
thin-layer chromatography with a pre-coated silica gel
60F-254 (Merck). Piperazine-1,4-bis(2-ethane sul-
fonic acid) (Pipes), n-octyl-B-D-glucopyranoside and
2-p-toluidinylnaphthalene-6-sulfonic acid (TNS)
were purchased from Fluka, sodium cholate and all
other chemicals from Merck. 2-(9-anthroyloxy ) stearic
acid (2-AS) and 12-(9-anthroyloxy)stearic acid (12-
AS) were obtained from Molecular Probes.

2.2. Preparation of vesicles

Preparation of vesicles using n-octyl-3-D-
glucopyranoside and dialysis

Vesicles were prepared according to Mimms et al.
[28]. A solution of 50 mg phosphatidylcholine in 1.25
ml methanol was dried to a thin film under nitrogen at
about 30°C and remaining traces of solvent removed
under vacuum. The lipid film was allowed to swell in
5 ml buffer (65 mM NaCl in 20 mM ‘Pipes’-NaOH,
pH 7.2) for 1 h at room temperature under nitrogen
with gentle shaking and then subjected to a freeze—
thaw cycle five times using liquid nitrogen and a water
bath set at 40°C in order to facilitate swelling [30].
Then 190 mg n-octyl-B-D-glucopyranoside were
added to the milky dispersion which turned clear imme-
diately. The molar ratio of detergent to lipid was 10 : 1.
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Dialysis was carried out using the same buffer as before
at 4°C for 2 days (diameter of dialysis tube = 14.6 mm;
Spectrapor). The buffer, presaturated with nitrogen,
was changed every 12 h. After dialysis, the vesicle
preparation was filtered using a 0.8 mm polycarbonate
filter (Nuclepore ) and kept at 4°C in a sealed bottle.

Preparation of vesicles using sodium cholate by gel
filtration

Egg lecithin dispersions were prepared from a solu-
tion of 174 mg phosphatidylcholine in 3.75 ml metha-
nol and allowed to swell in 5.8 ml buffer, as previously.
Vesicles were then obtained using the method of Brun-
ner et al. [27]. After addition of 210 mg sodium cho-
late, dispersions were subjected to a freeze—thaw cycle
as before until a clear solution was obtained. Gel filtra-
tion was then carried out on a lipid-saturated Sephadex
G-50 (medium) column (A=25 cm, diameter=1.5
cm) which was equilibrated and eluted with the same
buffer as before at 4°C and a flow rate of 20 ml/h. In
order to remove the remaining cholate an additional 12
h dialysis was carried out using the same buffer as in
the column chromatography at 4°C. The vesicle prep-
aration was then filtered and stored. Lipid concentra-
tions were determined by assaying the phosphorus
content according to the method of Bartlett [31]. The
lipid concentrations of small and large vesicles of the
samples used for dynamic light scattering measure-
ments were 7.3 mM and 0.5 mM, respectively.

2.3. Dynamic light scattering

The experimental setup, data collection and data
analysis were as described in [32], except that the
thermostating bath contained distilled water instead of
toluene. The experimental photocount autocorrelation
functions consisted of 136 data points equidistant in
the delay time, the first three of which were omitted
from data analysis to avoid errors due to afterpulsing.
In the case of the small vesicles from gel filtration 225
measurements were carried out taking 9 X 107 samples
for each employing a sample time per channel of 2 us.
Each measurement was normalized by the baseline
value calculated from the total number of photocounts,
and the normalized data sets were then averaged. This
yielded experimental data from 2.025 X 16'° samples,
which corresponds to a measurement with a total dura-
tion of 11.25 h. In the case of the larger vesicles from

dialysis, 65 measurements (sample time 10 ps, No. of
samples 2 107) were carried out. Here, the averaged
data were obtained from a total of 1.3 X 10° samples,
or from a measurement of 3.6 h duration. The data were
analysed with the inversion algorithm CONTIN [33-
35] applying the extension which takes normalisation
errors into account [32,36]. Mass density distributions
in terms of the hydrodynamic radius were obtained
using the option that includes the model of spherical
shells in the inversion algorithm. A thickness of 4.5 nm
was used for the vesicle membrane. The measurements
were carried out at 20°C at an angle of 90°. The vis-
cosity and refractive index of water were used.

2.4. Incorporation of the fluorophores

The vesicle suspensions were diluted with Tris buf-
fer (100 mM NaCl, pH 7.5) to a final concentration of
1 mM lipid. 10 wl of ethanolic stock solutions (10~
M) of the dyes were added in small portions under
stirring to a final dye concentration of 5 X 10~¢ M. All
samples were saturated with N..

2.5. Measurement of fluorescence decay

The determination of the time-dependent fluores-
cence behaviour was carried out with a commercial
single photon counting apparatus of high precision
(model 199 S. Edinburgh Instruments). Data were
acquired between 5000 and 10000 peak counts in the
temperature range 1 to 50°C. All reported decay times
were averages of 10 measurements with low values of
x~ (<1.2). Samples of large and small vesicles were
measured alternately to provide identical conditions.
The excitation wavelength was 337 nm. The emission
wavelengths for the AS-dyes and TNS were 430 nm
and 520 nm, respectively, with an emission bandpass
of 4 nm. Two further sets of sample preparations
yielded identical results with all three fluorophores.

2.6. Data analysis of the fluorescence decay curves

The data were analysed using a least-squares itera-
tive reconvolution technique as described elsewhere
[37]. All data were fitted very well by a biexponential
model. A triexponential decay law as well as distribu-
tion functions ( Kohlrausch—Williams—Watts, Lorentz
[37]1) did not provide better x~ values. Mean decay
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times T, were calculated as described by Lakowicz
[38].

In the case of the solvent relaxation kinetics ( TNS)
one preexponential factor was negative, which indi-
cates an excited state process. The lifetime 7, with a
positive preexponential factor characterizes the fluo-
rescence of the mean relaxed state R at the red edge of
the emission spectrum [1]. From the decay constant
Texp Of the negative term and from 7 the solvent relax-
ation time 7, was calculated for each temperature
according to the equation [1]:

VTp=1/1r+1/1,. (2)

3. Results
3.1. Size distribution of vesicles

The mass density distributions obtained from
dynamic light scattering measurements of the two sam-
ples of unilamellar phospholipid vesicles are shown in
Fig. 1. The vesicles prepared from mixed lipid-cholate
micelles by gel filtration have an average mass-
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Fig. 1. Mass density distributions obtained from dynamic light scat-
tering measurements on two samples of unilamellar phospholipid
vesicles prepared from mixed-cholate micelles by gel filtration (O),
and prepared from mixed lipid-octy! glucoside micelles by dialysis
(@®). Ordinate scale is such that the area under each peak is equal to
one. The drawing scale between the small and large vesicle diameter
is chosen as 1: 10 for simplicity; the thickness corresponds to a
double layer ( ~40 A).
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Fig. 2. Temperature dependence of the fluorescence decay times 7 ,
(ns) of 12-AS in large (O) and small (A) vesicles (biexponential
model, A, =337 nm, A, =430 nm).

weighted radius of 11 nm ( =r,,) with a distribution
width (standard deviation, Ar,,) of 2.9 nm. For the
vesicles prepared from mixed lipid-octylglucoside
micelles by dialysis the parameters r,,=125 nm and
Ar, =31 nm were determined.

3.2. Decay time measurements

12-(9-Anthroyloxy)stearic acid (12-AS)

The decay behaviour for all temperatures is biexpo-
nential. A monoexponential model yields only poor fits.
The contributions of the two lifetime components are
about 15% for the short and 85% for the long compo-
nent. Within experimental error the short and long
decay times are identical for large and small vesicles
(Fig. 2), respectively. For both systems the decay times
decrease with rising temperature. The short decay times
(7, =2-3 ns) show larger errors (up to 10%) due to
their lower amplitude than the long ones (7, ~ 10-14
ns).

2-(9-Anthroyloxy)stearic acid (2-AS)

As for 12-AS the decay behaviour is biexponential,
whereby both decay times are shorter for 2-AS. The
amplitude A, of the longer lifetime component covers
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Fig. 3. Temperature dependence of the fluorescence decay times 7, ;

[ns] of 2-AS in large (O) and small (A) vesicles (biexponential
model, A., =337 nm, A, =430 nm).

about 75% of the total fluorescence. Over the entire
temperature range the small cholate vesicles show sig-
nificantly longer decay times 7, than the large vesicles
(Fig.3). The same trend is observed for the mean decay
times 7,, (not shown). Due to the large errors (up to
10%) the observed scatter in the short decay times 7,
is not significant.

2-p-toluidinylnaphthalene-6-sulfonic acid (TNS)

Biexponential analysis yielded a fluorescence life-
time 7, with a positive amplitude, decreasing from
about 10 ns to less than S ns in the temperature range
(140°C) (Fig. 4).

According to the model of Gonzalo and Montoro
[1] this component represents the fluorescence decay
of a mean relaxed state R at the red edge of the emission
spectrum. For both vesicle systems the second com-
ponent ., was obtained with negative preexponential
factors for all temperatures. This indicates that the
relaxation from the initially excited Franck Condon
state to the energy levels, which account for the red-
edge fluorescence, occurs on the ns time scale. From
Txp the solvent relaxation time 7, was calculated using
Equation (2). In Fig. 4 the temperature dependence of
7r and 7, for large and small vesicles is shown. While
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Fig. 4. Temperature dependence of the fluorescence decay time of
the mean relaxed state, 7z (ns), and of the solvent relaxation time 7,
[ns] for TNS in large (O) and small (A) vesicles (biexponential
model, A =337 nm, A,,, =520 nm).

the decay time of the mean relaxed state 7y is identical
for large and small vesicles within experimental error,
the solvent relaxation times 7, are always faster in small
vesicles than in the large ones.

In a further experiment, the long-time behaviour of
TNS was determined in small vesicles at 40°C. No
changes in the decay times nor in the amplitudes were
detected over a measurement time of 24 h. For 7z a
constant value of 4.4 ns was obtained. The short com-
ponent showed negative preexponentials at all times
and yielded a constant solvent relaxation time of 0.2 ns
(Fig. 5). This shows that TNS does not diffuse appre-
ciably into the interior of the double layer.

4. Discussion

The different sizes of the two vesicle systems reflect
significant differences in the membrane curvature (Fig.
1). These two types of vesicles are thus well suited as
model systems for investigating curvature effects in
membranes.

It is known that the fluorescent dye TNS is adsorbed
at the lipid—water interface region of membranes [11-



170 M. Hof et al. | Biophysical Chemistry 52 (1994) 165-172

5 T T T T L T

4 TR

TNS

time / h
Fig. 5. Test for long-time behaviour (24 h) of the fluorescence decay
times of the mean relaxed state, 7 (ns), and of the solvent relaxation
time 7, (ns) for TNS in small vesicles (biexponential model,
Aex =337 nm, A, =520 nm).

13], where it shows strong fluorescence. Since it does
not fluoresce in aqueous solution, fluorescence of non-
adsorbed molecules can be neglected. Due to its nega-
tive charge, diffusion to the inner leaflet of the bilayer
should not occur significantly. In fact, the fluorescence
decay behaviour (A, =520 nm) of TNS adsorbed to
the small vesicles at 40°C does not change even during
24 h. Thus for the measurement time of one sample
( ~24h) the migration of TNS to the inner lipid—water
interface can be neglected.

The quantitative analysis of the reorientation of the
hydrated phospholipid headgroups, applying TNS flu-
orescence, was carried out using the model of Gonzalo
and Montoro [1]. For the fluorescence decay curves
measured at the red edge of the emission spectra this
model yielded excellent fits over the entire temperature
range. Although a phase transition for phosphatidyl-
choline does not occur in the examined temperature
range, measurements were performed at nine different
temperatures to show the consistency of the results,
especially concerning the differences in relaxation
behaviour,

As shown in Fig. 4, the fluorescence decay times 7
of the mean relaxed state of TNS are identical within
experimental error for small and large vesicles. This
indicates an identical localization of TNS in both sys-
tems in spite of differences in membrane curvature.
The decrease of 7 with increasing temperature is due
to an increased collision frequency of the diffusion
controlled solvent quenching process in the fluid crys-

talline state. The average relaxation time 7, reflects the
reorientation kinetics of the fluorophore environment,
induced by the dramatic increase of the fluorophore
dipole moment in the excited state. In both samples the
mobility of the hydrated phospholipid headgroups
appears to increase with temperature, as indicated by
the shortening of the solvent relaxation times. The
small unilamellar vesicles, however, show a consider-
ably faster solvent relaxation than the large ones (Fig.
4). This may be explained by a lower packing density
of the headgroups at the outer surface of the highly
curved membrane of the small vesicles. Hence a higher
mobility of the hydrated headgroups of the smaller
vesicles is expected. We are not able to distinguish
between the contribution of the lipid headgroups and
tightly bound water molecules to the relaxation process.
Furthermore, we may be sure that the observed relax-
ation is not caused by bulk water molecules, since sol-
vent relaxation in pure solvents is much faster (ps
regime) and it cannot be detected with our time reso-
lution (ns regime).

The interpretation presented is in agreement with 'H-
NMR studies [17], demonstrating increasing head-
group packing density with increasing vesicle size.

n-(9-anthroyloxy)stearic acids are assumed to be
located at a defined depth mainly in the outer monolayer
[39]. Since their lifetimes depend largely on the polar-
ity of the environment, they have been used for detec-
tion of water penetrating into the membrane [40]. As
shown by Kleinfeld et al. [8] the decay is biexponential
due to two different conformers. The relaxation from
the initially exited Franck Condon state (SFC) to the
state with equilibrium geometry (SF?) involves rota-
tion of the carbonyl from a perpendicular orientation
(relative to the plane of the anthracene ring) towards
a more coplanar position [8]. Although the decay may
actually occur from a continuum of intermediates dur-
ing the relaxation from ST to SY¥? we perform the
analysis in terms of two discrete components. We pre-
fer the biexponential analysis to a distribution because
the observed two lifetimes are not a result of site het-
erogenity of the dye (as may be the case for diphenyl-
hexatrien (DPH) which will sample different environ-
ments along the membrane normal). 12-AS monitors
the region between the 9th and 16th C-atom [41] of
the outer leaflet. It does not show any significant dif-
ference in the decay behaviour in both types of vesicles;
the two decay times as well as the corresponding ampli-
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tudes  are  identical = within
error.

2-AS is positioned between the interface and the 5th
and 6th C-atom of the bilayer [41] thus probing a more
polar environment than 12-AS. This accounts for
shorter decay times than for 12-AS. Furthermore, 2-AS
should be more sensitive to differences in the head-
group packing than 12-AS. As shown in Fig. 3, the
lifetimes 7, of 2-AS are shorter for the larger vesicles
at all examined temperatures. Two reasons may be
given for the fact that only the long decay time shows
a clear response to curvature. First, the uncertainty in
the short lifetime values 7, for 2-AS (and 12-AS) may
reach 10% due to the lower amplitude of this compo-
nent; thus differences between small and large vesicles
regarding the short decay times are within experimental
error. Secondly, ST¢ (contributing the short decay
time) is deactivated to a large amount by the intramo-
lecular relaxation and thus may be less sensitive to
curvature effects.

As mentioned above, the fluorescence lifetimes of
2-AS in membranes depend highly on the polarity of
the microenvironment. Considerations regarding the
surface area ratios of inner to outer leaflet lead to the
conclusion that the smaller vesicles provide more space
between the lipid headgroups. Due to the high curvature
of the small vesicles 2-AS is expected to be positioned
somewhat deeper in the membrane in the small vesicles
than in the large ones. Therefore, 2-AS will probe a
more hydrophobic environment with an expected
longer fluorescence decay time 7, in the highly curved
vesicles due to less effective fluorescence quenching.
This physical expectation is borne out by experiment:
The lifetimes 7, for 2-AS in small vesicles are longer
than in the large vesicles.

We conclude that the differences in lipid packing in
large and small vesicles do not affect the fluorescence
quenching deep inside the bilayer. However, differ-
ences in curvature play a significant role in the quench-
ing processes of fluorophors embedded in the
peripheral region of the bilayer.
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