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Abstract

The radiative decay rate of a fluorescent probe in an optically thin layer is known to depend on the orientation
of the probe and on the refractive indices inside and outside the layer (W. Lukosz, Phys. Rev. B 22 (1980)
3030). Fluorescent probes in phospholipid bilayer membranes approximate such a system. The natural lifetime
is expected to vary with the refractive index of the medium surrounding the bilayer. The lifetime variation with
the refractive index depends on the orientation of the fluorescent probe. This can be used to retrieve the
second-rank orientational order parameter, (P,). The fluorescence decay of all-trans 1,6-diphenyl-1,3,5-
hexatriene in 1r-a-dipalmitoyl-phosphatidylcholine large unilamellar vesicles (LUVs) was measured at a
temperature well below that of the phase transition. The refractive index of the medium was varied by
addition of glycerol or sucrose. The observed change of decay time with the refractive index followed the
theoretical prediction. The value of the order parameter, {P,), recovered is significantly lower than that
obtained from fluorescence polarization data. Possible reasons for this disagreement are discussed.
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1. Introduction

The fluorescence lifetime of a molecule can
change due to several reasons, The fluorescence
lifetime is the inverse of the sum of the radiative
and non-radiative decay rates. The non-radiative
rate depends on the rate of collisions between
molecules and on the accessibility of certain
quenchers, e.g. O,, heavy atoms, etc. The radia-
tive rate and its inverse, the natural lifetime,
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depends on the optical environment of the
molecule. For example, the natural lifetime of a
fluorescent probe in an ideal homogeneous
isotropic medium depends on the refractive index
of the medium. The natural lifetime in an inho-
mogeneous and/or anisotropic optical environ-
ment will depend on the location and /or orienta-
tion of the fluorescent probe.,

The radiation of an electric dipole oscillator
from inside an optically thin layer was considered
by Lukosz [1]. It was shown, that the radiative
decay rate depends on the refractive indices in-
side and outside the layer and on the angle, 6,
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between the dipole and the normal to the surface
of the layer. A phospholipid bilayer membrane is
a good example of an optically thin layer because
its thickness usually does not exceed 1/8 of the
light wavelength (A /8 = 50 nm).

The orientational dependence of the radiative
decay rate in bilayer membranes was investigated
in our previous studies [2,3]. Experiments were
carried out as a function of temperature both
below and above the phase transition tempera-
ture. The radiative rate was changing as the probe
rotated, therefore explicit assumptions had to be
made regarding the rotational motion of the probe
in order to predict the fluorescence decay. In
addition, the refractive index of the bilayer inte-
rior was unknown. This refractive index and the
parameters describing the rotational dynamics
were floated as unknown fitting parameters in the
global analysis of the fluorescence and polariza-
tion decay data [3].

The refractive index in the lipid bilayer can be
measured directly, making use of the fact that the
light scattering by vesicle suspensions reaches a
minimum when the refractive index of the
medium in which the vesicles were made best
matches that of the bilayer interior. Changes in
the light scattering with the refractive index of
the medium have been observed experimentally
[4,5].

Varying the refractive index of the medium
offers a unique opportunity to measure the orien-
tation of a fluorescent probe with respect to the
bilayer. It has been shown, that the radiative rate
for the dipole oriented along the normal (8 = 0°)
and along the surface (8 = 90°) must change as
the fifth and as the first power of the refractive
index, respectively [1]. When the refractive index
of the bilayer is known, the radiative rate for
every intermediate orientation can be predicted
theoretically. This can be used to evaluate the
second-rank orientational order parameter,
{Py(cos 6)).

The second-rank order parameter in bilayer
membranes is commonly evaluated from time-re-
solved fluorescence polarization data. The theory
of fluorescence depolarization in membranes was
originally developed in [6-11]; for a recent re-
view, see [12]. It is of interest to compare the
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values of the order parameter obtained with the
same fluorescent probe in the same bilayer by
two different methods: fluorescence polarization
and natural lifetime.

2. Theory

2.1. Refractive index

The efficiency of light scattering by lipid bilay-
ers of refractive index n; immersed in a medium
of refractive index n, depends on the difference
between n,; and n,. When the refractive indices
are matched, n,=n,, the scattered intensity
reaches a minimum. For a quantitative descrip-
tion of the scattering efficiency one can use either
absorbance [4] or the intensity of scattered light
[5]. In the latter case the absorbance of the sam-
ple should not exceed 0.02 to avoid inner-filter
effects. In the vicinity of n,=n, the scattering
efficiency can be described by the parabola

A=a(ng—m)’+B, (1)

where A is absorbance, a is a constant that
depends on the wavelength, size, shape and con-
centration of the vesicles, and B stands for the
minimum losses. If the refractive index in the
lipid bilayer is perfectly homogeneous, B equals
zero. The B term is introduced since inhomo-
geneity of the refractive index is expected for
hydrated phospholipid bilayers. In this case n, is
an average refractive index in the bilayer. The B
term also contains a small contribution from the
Rayleigh scatter, which is typically four or five
orders of magnitude weaker than the light scat-
tered by LUVs.

Eq. (1) can be obtained from the Taylor expan-
sion of the function A(n,) in the vicinity of the
minimum. The term containing the first power of
(ny—n,) is absent in the expansion because the
function has a minimum at n, = n,. The terms of
the third and higher powers of the refractive
index can be neglected when the variation of n,
is very small (it is experimentally impossible to
obtain a large variation of the refractive index).
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Absorbance estimates of scattering efficiency
should be made on unlabelled vesicles and/or at
a wavelength outside the absorption band of the
fluorescent probe or the bilayer material. The
refractive index of the entrapped medium should
not differ significantly from that of the medium
surrounding the vesicles. The refractive index of
the bilayer can be evaluated by fitting the parabola
given in eq. (1) to experimental data. Deviations
from the parabola would be indicative of varia-
tions in the size or shape of the vesicles or in the
lipid concentration.

2.2. Fluorescence decay

Fluorescence decay of a given fluorescent
probe in a certain local environment and at a
certain orientation is characterized by a single
decay rate or its inverse the lifetime, 7. Further
theoretical discussion will be restricted to fluo-
rophores for which this is the case. The decay
rate and the lifetime may change with the orien-
tation and location of the probe. The decay rate
is the sum of the rates of the radiative (k) and
non-radiative (k) processes:

1
— =k, +k,. (2)
r

If the probe has a high quantum yield, then
the non-radiative rate will have little effect on its
lifetime, and the changes in the lifetime will
reflect the changes in the radiative rate. The
radiative decay rate for a fluorescent probe in a
thin layer is given by the following equation (the
thickness of the layer must be less than 1/8 of
the light wavelength):

4’

kr=§'h“c—3f2|ﬂ|2no

X

" 2 ng 2
sin“§ + ;‘?OOS 4], 3

where e is the circular frequency of fluorescence
light, # is Planck’s constant, ¢ is the speed of
light, f is the factor that accounts for the differ-
ence between the local electric field experienced
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by the probe and the macroscopic field inside the
layer, p is the matrix element of the electric
dipole operator (emission dipole), n, and n, are
the refractive indices of the layer and the sur-
rounding medium, and 8 is the angle between the
emission dipole and the normal to the surface of
the layer. The explicit derivation of eq. (3) can be
found in Appendix A. Lukosz [1] obtained a
result similar to eq. (3) for the radiation of a
classical dipole in a thin layer. Eq. (3) is derived
for a quantum object, i.e. a fluorescent molecule.

The radiative rate depends on the orientation
of the probe with respect to the membrane bi-
layer and can thus be used to measure the orien-
tation of the probe. If all the constants involved
in eq. (3) were known, it would be possible to
calculate the angle 6 from the experimental val-
ues of the lifetime and the quantum yield. Unfor-
tunately, state-of-the-art quantum-mechanical
calculations of the emission dipoles for poly-
atomic molecules are at best approximate, while
the precise calculation of the factor f would in
addition require knowledge of the coordinates
and polarizability of every electron in the near
environment of the fluorescent probe. These cir-
cumstances make it impossible to determine the
orientation of the probe from a single pair of
lifetime and quantum yield measurements.

Assume that the refractive index outside the
membrane bilayer can be varied without signifi-
cantly disturbing the physical properties of the
bilayer (the validity of this assumption is analyzed
in the discussion section). The effect of the re-
fractive index on the decay rate will be different
for different orientations of the probe. For in-
stance, if a rod-like probe having its emission
dipole parallel to the rod axis is aligned along the
normal to the surface of the membrane bilayer,
6 =0, then &k, must change proportionally to the
fifth power of n,. If the same probe is aligned
paralle! to the surface of the bilayer, 8 = 90°, then
k. will change as the first power of n,. In the
case of intermediate orientations the dependence
is represented by the following polynomial:

k.= (3v sin’8)n,

+(3yn;* cos’0)ng, (4)
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where 3y is the combination of several constants
from eq. (3).

It is known, that a fluorescent probe may have
a distribution of orientations in the membrane
bilayer. For the monodomain case, either a single
lifetime or a continuous distribution of lifetimes
will be observed depending on the relation be-
tween the rotational relaxation time and the fluo-
rescence decay time [2]. In the case where rota-
tion is much faster than decay, the fluorescence
of each probe molecule will decay with the mean
rate, which can be obtained by averaging the rate
from eq. (4) over the orientational distribution of
the probe,

{k,y = 3y{sin’@)ny + 3yn7*(cos0)n;

=y(1={P))ng+ yn“({Py) + 1)},
(%)

where (P,) = ((3 cos?d —1)/2). The expression
for the lifetime can then be obtained by substitut-
ing the mean k, from eq. (5) in eq. (2),

1
o= ko +7(1=(P)n,

+yn (CPy) + 1) (6)

In the case, where the probe rotation is much
slower than the decay, every probe molecule will
have an individual decay time, therefore, one
should observe a continuous distribution of life-
times. The longest and the shortest lifetime in all
cases cannot differ by more than a factor of
(n,/ny)* or even less, if the contribution of the
non-radiative rate is significant. The ability to
experimentally distinguish a distribution of life-
times from a single lifetime depends mainly on
the width of the distribution. If the longest and
the shortest lifetime in the distribution differ by
fess than a factor of two, it is very difficult to
distinguish a distribution from a single lifetime.
For example, in the case of continuously variable
frequency phase and modulation data, the differ-
ence between a uniform distribution of lifetimes
with 7. /7. =1.8 and a single lifetime does
not exceed 0.5° by phase and 0.009 by modulation
(peak deviations). The root-mean-square devia-
tions in this case do not exceed 0.15° by phase
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and 0.002 by modulation. In the case of a Gauss-
ian or Lorentzian distribution with chopped-off
tails, the deviations are substantially lower. The
reported figures were obtained by numerical sim-
ulations.

When the distribution of lifetimes cannot be
resolved, the mean lifetime in the distribution
can still be measured. The mean lifetime can be
expressed as follows:

~7=j0°°t1(t) dt/j:I(t) dt

j:rkr(ﬂ)[kr(ﬂ) +knr] —2§(B)P(B) sin 6 d6

_ j:k,(())[kr(e) +knr]_1§(0)P(0) sin 8 d6

()

where k() can be taken from eq. (4), £(8) is the
orientational dependence of the probability of
excitation, which has been shown to be propor-
tional to k(6) [2,3], and P(8) is the orientational
distribution of the fluorescent probe molecule.
After a series of transformations the inverse of
this mean lifetime can be represented in the
following way:

1/7=k, +y(1-(P))n,
+yn (P + 1)
k,(8)P(6) sin 6 do
l [1+ku/k(8)]
« P(0) sin 8 do
/0 [1+k/k(8)]

["k(6)P(0) sin 6 d6
_ o

- (8)
[ P(6) sin 6 do

If k.. =0 or ny = n,, then the difference between
the two ratios of integrals in eq. (8) equals zero.
Only if the guantum yield is not high, and the
difference between the refractive indices is large,
the difference between the two ratios may give a
significant contribution. The contribution of this
difference was calculated numerically for various
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values of quantum yield in the range from 0 to
100%, various ratios of rn,/n,, in the range from
0.90 to 1.10, and various orientational distribu-
tions P(8) covering the range from {P,) = —0.5
to +1.0. The largest contribution of the differ-
ence between the two ratios on the right-hand
side of eq. (8) did not exceed 0.89%. This is the
maximum error that can be introduced by ne-
glecting the two ratios of integrals. The error is
proportional to the second power of (ny —n,). If
the difference between the refractive indices does
not exceed 7%, then the error will be less than
0.43%. If in addition if n > 80%, then the error
will drop below 0.27%. Such an error is not
critical in the analysis of experimental data. When
the small term in eq. (8) is dropped, it becomes
identical to eq. (6), derived for the case of fast
rotation.

In summary, if the difference between n, and
n, does not exceed 10%, the decay will appear
mono-exponential and eq. (6) will be valid to a
good approximation independent of the relation-
ship between the rotational rate and the decay
rate. This equation can be used to fit experimen-
tal data, and in principle it can be used to deter-
mine the order parameter { P,). In practice, how-
ever, not all of the parameters involved in eq. (6)
can be determined from fitting lifetime data. If
the refractive index r can be varied only within
a few percent, the lifetime dependence will ap-
pear practically linear. From a linear depen-
dence, only two parameters can be extracted,
whereas eq. (6) contains four. At least two of
these four parameters must therefore be mea-
sured in independent experiments, The value of
n, can be measured as described above (see sec-
tion 2.1). The following section describes a
method of estimating k..

2.3. Quantum yield

The non-radiative rate can be calculated from
the values of lifetime, =, and quantum vyield, 7,
-7

ar : 9)

T

k

Measurement of the quantum yield of fluores-
cent probes in membranes is complicated by the
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fact that one cannot easily separate the losses in
the excitation light due to absorption by the probe
from those due to scattering. If the sample and
the reference have identical absorbance, then the
number of photons absorbed by the probe, N,
plus the number of photons scattered in the sam-
ple, N,, equals the number of photons extracted
from the excitation beam by the reference, N,.
The emission spectra obtained with the sample
and with the reference must be corrected for the
instrumental response and integrated. If the ref-
erence has a quantum yield of 1, the integral over
the corrected reference spectrum yields N,. In
the emission spectrum, the scattering peak and
fluorescence emission are separated, therefore
integration of the corrected sample spectrum can
be performed individually over the scattering peak
and over the fluorescence spectrum. Since the
quantum yield of scattering is one, the integral
over the scattering peak must yield N,. The inte-
gral over the fluorescence spectrum yields the
number of emitted photons, N,. The quantum
yield of fluorescence is defined as N,/N,, where
N, can be evaluated only by subtracting N, from
N,

T?

N,

€

= . 10
N-N (10)

n

This method of measuring the quantum yield
in membranes assumes that the intensity of scat-
tering in different directions is the same and that
the sensitivity of the fluorometer to the scattered
light and partially depolarized fluorescence light
is the same. These assumptions hold true when
the scattering particles are small compared to the
light wavelength and the polarizers in the excita-
tion and emission channels have the magic angle
configuration,

2.4. Order parameter

With measured estimates of n, and k, . avail-
able, the function given by eq. (6) can be fit to the
lifetime data obtained in solutions of variable
refractive index. In this fitting procedure the val-
ues of n; and k. must be fixed, or the measured
dependence of k,, on n; (if any) included,
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whereas the values of y and (P,) play the role of
fitting parameters in a nonlinear least-squares
analysis program. A graphical procedure can be
also used to recover the value of {P,). The
procedure is based on the fact that eq. (6) can be
linearized in the following way:

y=Ax+B,
x =ng,
1
y= (; -knr)/nﬂ' (11)

Coefficients 4 and B can be determined by
linear regression and the order parameter can be
calculated according to eq. (12),

4 1
(P,(cos 9))=-—'—1—1—:—5—-—. (12)
2 Ant+B

In the proposed analysis of the lifetime depen-
dence on the refractive index it was assumed that
the values of the parameters vy, n, k., and (P,)
do not change when the refractive index of the
medium surrounding the bilayers is varied. As the
values of these parameters depend on the physi-
cal properties of the bilayer interior, they should
not directly depend on the chemical composition
of the surrounding medium unless the changes in
this medium have some effect on the properties
of the membrane bilayer.

3. Materials and methods
3.1. Preparation of vesicles

Vesicles were made of r-a-dipalmitoyl-phos-
phatidylcholine (DPPC) doped with 1,6-diphenyl-
1,3,5-hexatriene (DPH). Both DPH and DPPC
were the highest quality available from Sigma
(crystalline). DPH and DPPC were dissolved in
chloroform (Baker Analyzed Grade, which was
tested for fluorescence and no appreciable emis-
sion was found). The mole fraction of DPH in
DPPC was 1.0 X 10™3. The solution was dried in
thin films under nitrogen for at least 12 h. Dry
films were hydrated in aqueous solutions of vari-
ous refractive indices. In the preparation of unla-
belled vesicles DPPC powder was hydrated di-
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rectly. The suspension was extruded using the 10
ml thermobarrel extruder from Lipex Biomem-
branes Inc., Vancouver, British Columbia. The
protocol described in [13] was followed to obtain
100 nm diameter large unilamellar vesicles
(LUV,y,8). For fluorescence measurements vesi-
cles were diluted to a final lipid concentration of
09x107* M.

The refractive index of the solutions used in
the vesicle preparation was varied by addition of
either glycerol (up to 800 g/ or sucrose (up to
600 g/1). Higher concentrations would dramati-
cally increase the viscosity, which impairs the
application of the extrusion technique. All solu-
tions contained 150 mM NaCl and 20 mM
Sodium-Phosphate buffer, pH = 7.6. Glycerol
(anhydrous), sucrose (crystalline), and all other
reagents used in the preparation of the solutions
were “Baker Analyzed Grade”. Solutions were
tested for fluorescence. The solution containing
the highest concentration of sucrose had a back-
ground fluorescence level not exceeding 1.5% of
the DPH fluorescence intensity in the sample of
standard concentration. The solutions containing
only water and glycerol had background fluores-
cence intensity of less than 0.1%. The refractive
indices were interpolated from the data in [14].
The effect of small quantities of sodium chloride
and phosphate on the refractive index was ne-
glected. The difference between the refractive
index at the wavelength of the sodium D line and
the wavelength of DPH fluorescence (o 0.01) was
neglected.

Of the chemicals not related to vesicle prepa-
ration, paraffin oil was from VWR Scientific, San
Francisco California (Saybolt viscosity 80-90 at
100°F), n-hexane was from Aldrich (Spectropho-
tometric Grade), cyclohexane was from Eastman
Kodak, (Spectro ACS grade), 9,10-diphenyl-
anthracene (DPA) was from Aldrich (99 + %),
POPOP was from SIGMA, and absolute ethanol
was from Warner-Graham Co, Cockeysville,
Maryland.

3.2. Optical measurements

Absorbance was measured on an LKB 4050
single-beam spectrophotometer (LKB Biochrom,
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Cambridge, England). The reproducibility of the
measurements was 40,001 absorbance units. All
fluorescence measurements were carried out on
the SLM-48000 multifrequency phase-and-mod-
ulation spectrofluorometer (SLM Instruments
Inc., Urbana, Winois). In dynamic fluorescence
measurements the 365 nm Hg line was used for
excitation. The light from a 200 W Hg-Xe arc
lamp (Spectral Energy Corp., Westwood, New
Jersey) was passed through a combination of
Corning 7-60 and 0-52 filters to select the single
spectral line. Emission was filtered by the short-
cut filter KV-399 (cutoff wavelength 400 nm,
transmission at 365 nm less than 0.1%. A magic
angle configuration of polarizers excluded arti-
facts associated with dynamic depolarization. The
choice of the excitation wavelength close to the
peak of absorption of DPH substantially im-
proved the spectral purity of the fluorescence
signal. After a modification of the light modula-
tor module (two collimating lenses and two di-
aphragms were introduced), the modulation ratio
approximately doubled, which substantially im-
proved the accuracy of the results. The random
errors at most frequencies were less than 0.1° for
phase and 0.001 for modulation. The error esti-
mates were calculated from the statistics of the
data itself. For this purpose every measurement
was repeated 10 times. The errors were different
at different frequencies. In the data analysis we
used the errors individually calculated for every
frequency and every sample. A fluorescence stan-
dard (POPOP solution in ethanol, 7= 1.295+
0.005 ns) was employed as a reference in order to
avoid systematic errors due to color effects.

For the quantum yield measurements, the ex-
citation wavelength chosen was 380 nm so as to
improve the fluorescence/ scattering ratio
(scattering is inversely proportional to about the
fourth power of the wavelength). The excitation
light from a 450 W arc lamp was filtered by the
monochromator (1 nm bandpass). The bandpass
of the emission monochromator (4 nm) and the
orientation of the polarizer in the emission chan-
nel (vertical) were set up to be the same as in the
conditions for which the correction factors were
obtained. The excitation polarizer was set up with
its transmission vector at 55° to the vertical to
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give a magic angle condition. Three different
references were employed: Ludox (colloid silica),
unlabelled DPPC vesicles and a solution of DPA
in cyclohexane (deoxygenated). The quantum
yield of the scattering references was assumed to
be 1.00. The quantum yield of DPA was also
taken as unity [15]. To avoid unequal efficiency of
light collection, the refractive index of the refer-
ence was matched with that of the sample (when
possible). Inner filter effect was avoided by using
dilute samples.

4. Results
4.1. Refractive index

Fig. 1 shows the absorbance of LUV,,, suspen-
sions prepared in solutions of different refractive
indices. These data were obtained with unla-
belled vesicles, but labelled vesicles have the same
optical density at A = 450 nm. The optical density
data were fit by the parabola of eq. (1). The
vertex of this parabola gave an estimate for the
refractive index in the bilayer as n, = 1.425. This
value falls in the range of refractive indices of
saturated hydrocarbons (decane = 1.410, dode-

1
1.0 4
® 4
g
=4
£
™
2
B0.5 -
°
2.0 —r—r—T—r—"——"7TT7T 7"
1.33 1.368 1.39 1.42 1.45

No
Fig. 1. Absorbance of LUV, suspensions made in glycerol
solutions of different refractive indices, ny. Circles: experi-
mental data. Curve: eq. (1). Experimental parameters: A = 450
nm, DPPC concentration 5.0+05 mg/ml, temperature
20+ 2°C.
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Fig. 2. Corrected spectral emission from the suspension of
DPH-labelied DPPC LUV, s made in the glycerol solution of
the refractive index, ny=1425 and excited at A =380 nm.
Integrating under this spectrum yielded the quantum yield,
7 =0.88.

caney= 1.422, tetradecane = 1.429, hexadecane =
1.434, octadecane = 1.439), Since deviations of
the experimental points from the parabola shown
in Fig. 1 do not have a systematic character,
therefore we have no indication that the size or
shape of the vesicles was changing, although it
should be pointed out that, because of the restric-
tion on solvent viscosity imposed by the protocol
for vesicle preparation, all the experimental points
fall on one side of the parabola.

4.2. Fluorescence quantum yield

The attempts to measure the quantum yield of
DPH in vesicles made in solutions of low refrac-
tive indices failed because of their very high scat-
ter component, which resulted in erratic esti-
mates of the denominator of eq. (8). The situa-
tion improved radically when solutions of refrac-
tive index close to n,=1.425 were employed.
The emission spectrum obtained for the solution
having n, = 1.425 is shown in Fig. 2. The integral
over the scattering peak in this case contributed
less than a quarter of the total number of pho-
tons. The value of the quantum yield calculated
from eq. (10) was 0.88 at 20°C. This value was
obtained with use of scattering references and
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reproduced within +2%. The yield obtained with
the use of the fluorescent reference standard
DPA was substantially higher, which can be ex-
plained if its quantum yield were lower than 1.00.
The latter value was taken from [15], where sev-
eral arguments for employing DPA as a fluores-
cent standard of unit quantum yield are pre-
sented.

The quantum yield of DPH reduces to = 0.60
above the phase transition of DPPC, and keeps
rapidly decreasing with temperature. Deoxygena-
tion of the sample has only a marginal effect on
the quantum yield of DPH in the membrane
bilayers and in paraffin oil, where it is about 0,75
at 20°C. In contrast to these highly viscous envi-
ronments, the quantum yield of DPH in light
solvents strongly depends on the concentration of
oxygen. In n-hexane, the quantum vyield de-
creases from 0.76 in the absence of O, to 0.31 in
equilibrium with atmospheric air (20°C).

4.3. Fluorescence lifetime

The phase and modulation data obtained at
20 + 0.2°C with DPH labelled DPPC vesicles pre-
pared in solutions of different refractive indices
were fit to the models of one, two, three, and
four discrete lifetimes. It was found that in all
cases the model of three lifetimes was sufficient
to fit the data. Adding a fourth lifetime produced
no decrease in the y* goodness of fit parameter,
whereas decreasing the number of lifetimes to
two and onc produced approximately 10- and
200-fold increases in the y?. A typical fit between
the experimental data and the models of two and
three lifetimes is shown in Fig. 3. As a control the
decay of a 2 X 10~® M solution of DPH in paraf-
fin oil was measured. The decay was found to be
monoexponential, 7 =9.7 + (.1 ns at 20°C.

The values of the lifetimes and fractional in-
tensities obtained for DPH in vesicles are shown
in Table 1. The long lifetime component con-
tributes more than 90% of the fluorescence in-
tensity. If the DPH probe had a high orienta-
tional order in the bilayer below the phase transi-
tion, then the major part of the DPH molecules
would be oriented close to the normal to the
bilayer surface. It is very tempting to assign the
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Fig. 3. Dynamic fluorescence of DPH in DPPC LUV, o,s made
in a buffer of ny=1.333 (water); measured at 20°C. Phase:
filled circles; modulation: open circles. Bottom window: exper-
imental data and theoretical values calculated with the model
of three exponentials (continuous curves). Top and central
windows: zoomed deviations between experimental data and
theoretical values for the models of two and three exponen-
tials.

long lifetime component to the probe molecules
oriented along the normal (8 = 0), and we made
such an assignment in a previous work [2]. The
dependence of this lifetime component on the
refractive index shown in Fig. 4 mitigates against

Table 1
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Fig. 4. The dependence of the longest lifetime component on
the refractive index of the solution in which the vesicles were
made. Circles and crosses represent the data obtained in the
solutions of glycerol and sucrose. Curves represent negative
powers of the refractive index, r ~ ny ™, the value of m being
printed near each curve. The curves were normalized at the
only data point that belongs to the data series obtained with
both glycerol and sucrose. The total number of measurements
made at this point is four times grater than at any other point.

This point has also been studied by many other authors.

such an assignment. The radiative decay rate of a
probe oriented along the normal should change
as the fifth power of the refractive index. Taking
into account the value of the quantum yield,
n =088, we can expect that the lifetime will
behave approximately like nj . Experimental
data obtained with glycerol and sucrose fall on

Decay of DPH in DPPC LUV,4ys made in different solutions. C; is the concentration of solvent, r is the refractive index of the
solution; 7; and f; are the lifetimes and intensity contributions., All data obtained at 20°C

C (g/]) ny Ty (ns) fi (%) T2 (ns) fz (%) T3 (ns) fa (%)
water

- 1.333 0.1 1.0 5.9 7.7 10.66 91
glycerol

200 1.356 0.0 0.5 59 7.5 10.25 92
400 1.380 0.0 0.2 59 8.5 9.86 91
600 1.403 0.0 0.1 5.3 7.7 942 92
800 1.425 0.5 0.1 5.2 8.6 8.99 91
sucrose

200 1.362 0.1 04 5.2 4.4 10.12 95
400 1.390 0.2 0.2 53 5.9 9.65 94
600 1.418 0.3 0.1 4.6 5.0 9.06 95
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one line between ny2 and ng>. For the popula-
tion parallel to the surface the lifetime would
behave like ngy'. It can be concluded that the
long lifetime component corresponds either to a
tilted population of the probe, or to an unre-
solved distribution of different orientations.

The assignment of the lifetime components
can be approached from a different point of view.
The longest (§=0) and the shortest (8 = 90°)
lifetimes of a probe in a thin film should differ by
a factor of (n,/ng)* or less. The value of this
factor is 1.3 in water and it decreases with the
concentration of glycerol or sucrose. We have
simulated a number of distributions where the
ratio of the longest and the shortest time was 1.3,
including a Gaussian distribution with chopped
tails, rectangular and trapezoidal distributions.
We found that all these distributions could ade-
quately be fit by a monoexponential decay model.
The worst fit was obtained in the case of a
rectangular distribution, but even in this case the
phase and modulation peak deviations were be-
low 0.1° and 0.002, respectively. This suggests
that at the present accuracy level it is impossible
to resolve the distribution of lifetimes corre-
sponding to different orientations, and that the
lifetime 7, represents the average over this distri-
bution.

The assignment of 7, is still unclear and al-
though other explanations have also been pro-
posed [16], it may have its origin in different local
environments of DPH in the gel-phase mem-
brane. The value of the constant f in Eq. (3) will
depend on the local environment of the probe, so
that the radiative decay rate can be different in
different local environments. The value of the
non-radiative rate depends on the accessibility to
quenchers, Due to rapid diffusion, all probe
molecules will be equally accessible to quenchers
in the liquid phase. In the gel phase, however,
some probe molecules may be located very close
to a quencher molecule, and these will be re-
vealed by their shorter lifetime. It is also possible
that DPH may play the role of self-quencher,
because the values of 7, and f, appear to de-
pend on the concentration of DPH in lipid, As
vet, however, there is insufficient evidence to
support this hypothesis. The very short lifetime,
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present only at a minute level, almost certainly
has an artifactual origin in scattered light. The
samples containing sucrose have a small contami-
nation from background fluorescence which may
explain the shortening of r, observed there.

4.4. Steady-state anisotropy

The physical state of the bilayer interior was
monitored by measuring the value of the steady-
state fluorescence anisotropy, r,, after every life-
time measurement. The values of 7, obtained in
all solutions except those containing sucrose fell
in the range of 0.336 to 0.340. The value obtained
in water was 0.338 + 0.001. The values obtained
in sucrose solutions are slightly lower, which can
be due to optical activity of sucrose or back-
ground fluorescence, Even so, none of the values
fell below 0.323. These experiments were carried
out with samples held at 20°C, with 365 nm
excitation, and a lipid concentration of 0.9 x 10~*
M. The use of higher lipid concentrations and
shorter excitation wavelengths resulted in lower
emission anisotropy values due to light scattering.

4.5. Orientational order

In section 2 it has been shown that, in princi-
ple the order parameter (P,) can be evaluated
from the change in lifetime with the change in
refractive index of the solution. The order param-
eter will be evaluated for the population of DPH
that exhibits the long lifetime component. This
component contributes more than 90% of fluo-
rescence intensity, so the mean lifetime differs
from the long lifetime component by less than
5%. The intermediate lifetime, 7, shows a similar
dependence on the refractive index, however, ex-
perimental errors in its value are at least 20 times
greater than in the long lifetime, preventing its
use in the analysis.

Using #» =0.88 and +=28.99 ns, determined
for the ny = n, condition, the value of k, =133
X 107? ns~! was calculated from eq. (9). This
value was substituted in eq. (11). Fig. 5 presents
experimental data in the coordinates defined in
eq. (11). The coefficients 4 =0.00871 ns~! and
B =0.0327 ns™! were obtained by linear regres-
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Fig. 5. Same data as in Fig. 4. plotted in the linearized

coordinate system, eq. (9). Estimated oy = 0.0017. The posi-
tion of straight line was determined by linear regression.

0.059

sion (correlation coefficient r2=0.996). Esti-
mated from eq. (12), the value of (P,) equals
0.285 provided that n, =1.425. Taking into ac-
count the possibility of an error in n,, we calcu-
lated (P, for a range of hypothetical values of
the refractive index in the hydrocarbon region of
membrane bilayer. The variation of (P,) be-
tween 0.176 and 0.385 resulted from the variation
of n; between 1.325 and 1.525 (the latter range of
refractive indices is much wider than that of
saturated hydrocarbons),

Determination of k_, using eq. (9) did not take
into account the fact that the decay of DPH in
membranes is double-exponential. The quantum
yields of two populations of DPH associated with
the lifetimes 7, and 7, can be different. It can be
shown, that the quantum yicld associated with
the longest lifetime cannot be less than 0.87 pro-
vided that the mean guantum vyield is 0.88. The
reduced quantum yield results in the increased
value (P,)=0299, which represents the maxi-
mum possible deviation that could result from
neglecting the contribution of =, in our calcula-
tions.

S. Discussion

The estimation of the order parameter from
the change in lifetime as a function of refractive
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index change involves at least two assumptions:
first, the lipid suspensions obtained in all solu-
tions were vesicles rather than micelles or thick
multilayers (thicker than = 50 nm), and second,
the physical characteristics of the lipid bilayers,
such as refractive index, etc., were independent
of the chemical composition of the solution in
which the vesicles were made.

As far as the first assumption is concerned, it
has been shown that the extrusion technique
yields calibrated size large unilamellar vesicles at
least in water [13]. It is unlikely that this tech-
nique will yield micelles or extremely thick multi-
layers in other solutions.

The assumption that physical characteristics of
the lipid bilayer and the probe-bilayer relation-
ship are independent of the chemical composi-
tion of the solution is open to question. Scanning
calorimetry data demonstrated that both the
phase transition temperature of DPPC bilayers
and the specific heat depend on the concentra-
tion of glycerol and other carbohydrates [17,18].
High concentrations of glycerol or sucrose shifted
the phase transition temperature by = 1°C. In
this work all measurements were carried out at a
temperature of 20°C, well below the phase transi-
tion of DPPC (41°C). At this temperature the
physical characteristics of the bilayer should re-
main essentially constant even if the phase transi-
tion temperature shifts by 1°C. Furthermore, sur-
face pressure studies of phospholipid monomole-
cular films formed at an air/water interface
showed that the physical characteristics of DPPC
layers below the phase transition temperature are
independent of the concentration of glycerol [19].
There are NMR and EPR studies showing the
effect of carbohydrates on the orientational order
in phospholipid bilayers [20,21], however, these
studies were made on liquid or mixed-phase bi-
layers. There are differing opinions regarding the
effect of carbohydrates, including the suggestion
that any effect observed is due to impurities [22].

In the present study, the steady-state fluores-
cence anisotropy was employed as an indicator of
the physical characteristics of the bilayer. It is
known that the value of the steady-state
anisotropy changes more than five times during
the phase transition, whereas fluorescence life-



216

time and intensity change only by some 30%. The
variation of the steady-state anisotropy was less
than 1% when the concentration of glycerol was
varied between 0 and 800 g/, therefore, we
expect that the effect of glycerol on the physical
characteristics of the bifayer interior is insignifi-
cant. In addition, the lifetimes measured in solu-
tions containing glycerol and sucrose fall on the
same line (Fig. 4), which would not be the case if
either additive perturbed the physical characteris-
tics of the bilayer interior.

In this work the value of the second-rank
order parameter, (P,(cos 8)) =0.285, has been
estimated from the dependence of DPH lifetime
on the refractive index of the medium surround-
ing DPPC bilayers. A second-rank order parame-
ter which may or may not be equivalent to this
can also be evaluated from time-resolved fluores-
cence depolarization data using [6-11]

., = ro{ Py(cos 8'))?, (13)

where r, and r, are the values of the time-re-
solved fluorescence anisotropy, r(¢), at the time
of excitation (# = 0) and at the infinitely long time
after the excitation (¢ =); and {P,(cos 6')) is
this second-rank order parameter. Eq. (13) was
originally derived for a uniaxial monodomain
mesophase [9,10], and the angle @' is measured
from the axis of this mesophase, also known as
the local director [11].

The value of r, for DPH is very close to 0.4
[23], while the value of 7, for DPH in DPPC at
20°C is greater than 0.3. This value can be ob-
tained from our previously published data [2,3],
but it can also be estimated from the value of the
steady-state anisotropy [8],

roo:rss__(rﬂ'—rss)’ (14)
en

where ¢ and 7 are the characteristic average
correlation times of depolarization and fluores-
cence decay. Taking into account that for DPH in
DPPC the ratio ¢/ does not exceed 1/8 and
using the value of r,=0.338 obtained in this
work, we end up with r, > 0.330. Substituting the
latter value in eq. (13) yields {P,(cos 8')) = 0.91.
The latter value is substantially higher than the
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one obtained from the lifetime dependence on
the refractive index. If the value of (P,) = 0.285
was substituted in eq. (11), then the resulting
value of r, would be 0.032, which is a typical
value obtained above rather than below the
phase-transition temperature.

Several explanations of the disagreement be-
tween the values of the second-rank order param-
eters obtained from the variation of lifetime with
refractive index and from fluorescence depolar-
ization measurements are possible. Only a small
change in refractive index is experimentally avail-
able, and the small sampling of the theoretical
data surface increases the errors in our results. It
is also possible that in the gel-phase membrane
one does not obtain a reliable measure of r,
using a fluorescent probe with the lifetime in the
nanosecond range. Finally, it is possible that the
gel-phase membrane is not a uniaxial mesophase
or that it is a uniaxial mesophase, but the orienta-
tion of the local director is not normal to the
surface of the bilayer. Throughout this report 8
denotes the angle measured with respect to the
normal to the bilayer surface, whereas 8’ denotes
the angle measured with respect to the local
director. If the orientation of the local director
makes an angle 8” with the normal to the bilayer
surface, and the orientational distribution mea-
sured with respect to the local director is inde-
pendent of the orientation of the director itself,
then the following relation can be obtained using
the properties of second-rank spherical tensors:

(Py(cos 8)) = (Py(cos 8")){Py(cos 8”)) (15)

Eq. (15) yields { P,(cos 8")) = 0.31. If the local
director always makes the same angle with the
normal, then this angle is #” = 43°. Such a devia-
tion of the director from the normal can be
related with the tilt of DPPC acyl chains discov-
ered in X-ray diffraction experiments [24,25].

It is also possible that the orientation of the
local director is individual for every DPH
molecule, which implies that DPH molecules are
stranded at different orientations between the
frozen acyl chains, and they can wobble within
some angles, but they cannot significantly change
their orientation at least on the time scale of
several nanoseconds. The latter model of ran-
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domly oriented “temporal” local directors is
equivalent to the statement that in the gel-phase
membrane one cannot measure r, using a fluo-
rescent probe with the lifetime in the nanosecond
range.

The idea that the orientation of the director
may not coincide with the normal to the mem-
brane surface has not been taken into account in
fluorescence depolarization studies of mem-
branes. In the experiments with non-macroscopi-
cally orientated bilayers, reorientation of the
probe rather than its absolute orientation is mon-
itored, therefore the orientation of the director
with respect to the bilayer cannot be determined.
The results obtained with orientated bilayers were
interpreted under an a priori assumption that the
orientation of the director is normal to the bi-
layer surface [26]. In the theory of liquid crystals
the orientation of the director is always assumed
to be known, because there are a number of ways
to measure it directly, including birefringence and
linear dichroism. Information on the linear
dichroism of DPH in bilayer membranes is not
yet available and thus the question of the orienta-
tion of the director with respect to the bilayer is
still open.
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Appendix A

The theory for the radiative decay rate for a
fluorescent probe in a thin layer (eq. (3)) is at the
basis of the experiments reported here. Expres-
sions for the radiative decay rate can be found in
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most textbooks on quantum electronics [27,28],
but those expressions arc usually derived for vac-
uum or for an ideal homogeneous medium, and
do not take into account the difference between
the local and macroscopic electromagnetic field.
The difference between the local field experi-
enced by a fluorescent probe in a thin layer and
the macroscopic field outside the layer will now
be considered. Lukosz [1] obtained a result simi-
lar to eq. (3) for the radiation of a classical dipole
in a thin layer. Here eq. (3) is derived for a
quantum object, i.e. a fluorescent molecule.

The radiative decay rate, i.e. the probability
per unit time of spontaneously emitting a photon
by an excited molecule, is given by

k—21T hw)| H, | Al
I—TP( w)|Hy | (A1)

where # is Planck’s constant, p(fw) is the density
of states of the electromagnetic field per unit
energy, hiw is the energy of the photon, w is the
circular frequency of light, and H/,, is the matrix
element of the interaction Hamiltonian corre-
sponding to the transition between the excited
state and the ground state. Since only one transi-
tion is being considered, the subscripts of the
matrix element will be omitted for notation sim-
plicity.

In unlimited space, the density of states is
infinite, while the matrix element of the interac-
tion Hamiltonian is zero. To resolve the resulting
uncertainty, the system is usually placed in a
finite rectangular box of dimensions L, XL, X
L,. If the dimensions of this box are much greater
than the light wavelength, then the radiative rate
will depend neither on the dimensions of the box,
nor on the boundary conditions. This probability
will not change when the box is removed.

The configuration of the electromagnetic field
in the box depends on the boundary conditions.
Cyclic boundary conditions result in a convenient
expression for the field,

E(r,t)= Y E exp(ik -r—iwt) +cc, (A2)
k

where E(r, t) is the macroscopic electric field
vector, r being the radius vector, r is time, E, is
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the amplitude of the field in the mode character-
ized by the wave vector k, and c.c. stands for the
complex conjugate of the preceding term. The
components of the wave vector k must satisfy the
cyclic conditions

k.L.=2mam,,
k,L,=2mm,,
k,L,=2mm,, (A3)

where m,, m,, and m_ are integers. From egs.
(A3), the volume in the wave vector space corre-
sponding to a single radiation mode can be deter-
mined,

v =8n’/L L,L,. (A4)

The relationship between the frequency and
the wave vector is

o= —Ikl, (A3)

ng

where c is the speed of light in vacuum and ¢/n,,
is that in the medium of refractive index n,.
Throughout this work the subscript 0 is associ-
ated with the medium surrounding the thin layer
(bilayer membrane). Rigorously speaking, eq. (A2)
and subseguent equations hold only for homoge-
neous media. However, if the fraction of the
medium with the other refractive index is very
small and the light wave can travel a distance
equal to the largest dimension of the box without
scattering, then eq. (A2) can be still used for the
macroscopic field in the predominant medium.
Using relation (AS), the volume in the wave
vector space per unit energy can be determined,

dv, 4me*n}
dho kel
Combining egs. (A4) and (A6) and remember-
ing that the electromagnetic wave has two polar-
izations, so that there are two states of the elec-

tromagnetic field per radiation mode, we obtain
the density of states,

(A6)

w’ny
L,L,L, (A7)

ph) = T
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The amplitude of the electric field correspond-
ing to one photon can be determined from the
photon energy. The energy of the photon is
equally divided between the electric field and the
magnetic field, therefore the electric field carries
one half of the energy,

[f[5218Cr 0)F ¢r= 4o, (A8)

where ¢, is the optical dielectric permittivity of
the predominant medium. €, should not be con-
fused with the absolute dielectric permittivity of
vacuum, which appears only in the MKS system
of units, whereas here the Gaussian system of
units is being employed.

Substituting E(r, t) from eq. (A2) in eq. (A8)
and integrating over the volume of the box yields

2nho
" eL,L,L,°

ATy Tz

|E[ (A9)

It is necessary to remember that the fluores-
cent probe does not interact with the macro-
scopic field E. The local field e experienced by
the fluorescent probe can differ from the macro-
scopic field. However, for common amplitudes of
the field, the relation between the local and
macroscopic field must be linear:

e=FE (A10)

where F is a second-rank Cartesian tensor. The
form of this tensor for the probe in the thin layer
will be considered later, and first the radiative
rate will be obtained for an arbitrary tensor F.
In the case of electric dipole transition the
matrix element of the interaction Hamiltonian is

H=en (All)

where u is the matrix element of the electric
dipole operator. In [2,3], we introduced the ap-
parent dipole,

M=FTy

where FT is the transposed tensor F. Defined in
such a way the apparent dipole satisfies the rela-
tionship

H=E-M.

(A12)

(A13)
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The fact that the interaction between the in-
trinsic dipole and the local field can be formally
replaced by the interaction between the apparent
dipole and the macroscopic field substantially
simplifics the following derivation. The states of
the macroscopic field are distributed isotropi-
cally, therefore
1P =3 EPIMT. (AL4)
Now egs. (A1), (A7), (A9), and (A14) can be
combined to yield

3.3
4(!) no

k =
T 3k’

|M .

(A15)

The magnitude of the apparent dipole in-
volved in eq. (A15) depends on the elements of
the tensor F. If the fluorescent probe is imbedded
in a thin layer, then the tensor F should contain
information about two scquential transformations
of the field: (i) the transformation of the outside
macroscopic field as it enters the thin layer and
(ii) the relation between the macroscopic field
inside the layer and the local field experienced by
the probe. The first transformation can be conve-
niently described in a frame having X and Y axes
parallel to the surface of the layer, and the Z axis
normal to this surface,

E)(cm) =E,
(in) —
Ey —Ey’

Egin) — EE
€

(A16)

z9

where ¢, is the optical dielectric permittivity in
the layer. Egs. (A16) follow directly from the
boundary conditions at the interface between two
dielectrics and they correctly describe the inter-
nal macroscopic field at any point in the layer if
the layer is thin compared to both the light wave-
length and the radius of curvature of the surface.
Eqgs. (A16) are not valid for micelles and thick
layers (A /8 and thicker), In thin multilayer sys-
tems eqs. (A16) describe the field only in the
layers of optical dielectric permittivity €;,. The
existence of intermediate layers of a different
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dielectric permittivity will not change the equa-
tions if the entire “sandwich” is thinner than
A /8. If the fluorescent probe is found in layers of
different dielectric permittivity, e.g. both in the
hydrophobic and polar regions of a phospholipid
bilayer, then additional heterogeneity of the ra-
diative decay rate is expected.

The relationship between the local and macro-
scopic field inside the layer is generally the same
as in any other medium. H.A. Lorentz considered
the relation between the local field experienced
by a molecule of a medium and the macroscopic
field in the medium [29] and he came to the
conclusion that the two fields differ by the scalar
factor

€ +2
-

(A17)

Lorentz obtained this result by cutting out a
hollow sphere around one molecule of the
medium. There were two assumptions essential
for validating this procedure: (i) the molecule
inside the sphere was the same as every other
molecule of the medium, and (ii) the environment
of this molecule had a spherical symmetry. If the
fluorescence probe does not have a spherical
shape, it will be unreasonable to expect that its
environment will have a spherical symmetry. Be-
side that, the fluorescent probe is not identical to
the molecules of the medium. Clearly, eq. (A17)
cannot be applied to calculate the local field
experienced by a fluorescent probe.

In this work it will be assumed that the local
field experienced by the fluorescent probe and
the macroscopic field inside the laver differ by
some scalar factor f, the value of this factor being
unknown. This assumption together with eqs.
(A16) uniquely defines the tensor F and the mag-
nitude of the apparent dipole,

2
€
M|’ = (Sin20 + e—gcoszﬂ)f2|p|2,
1

(A18)

where 8 is the angle between the vector g and
the Z axis. The squared module of the apparent
dipole from eq. (A18) can be substituted in eq.
(A15). Using the fact that the optical dielectric
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constant equals the square of the refractive index,
we finally arrive at eq. (3),

40’ 2 . ng
kr= %a‘leld no(sm20 + H—TOOSZO . (A19)
If the above derivation was correct, then the
resulting eq. {A19) must hold for vacuum also. In
vacuo ny=1, n,=1, and f=1, therefore eq.
(A19) reduces to

4e° 2

kr = W“H .

The right side of eq. (A20) represents the well

known expression for the Einstein coefficient A4
in vacuo [27].

(A20)
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