Journal of Fluorescence, Vol. 9, No. 2, 1999

Effect of the External Refractive Index on Fluorescence
Kinetics of Perylene in Human Erythrocyte Ghosts

Eugene P. Petrov,'? Julia V. Kruchenok,! and Anatoly N. Rubinov!

Received August 31, 1998; accepted September 18, 1998

Fluorescence kinetics of perylene molecules in hemoglobin-free human erythrocyte membranes is
investigated as a function of the refractive index of the external medium varied by adjusting the
concentration of sorbitol or sucrose in an aqueous suspension of erythrocyte ghosts. It has been
found that the fluorescence of perylene in erythrocyte ghosts decays nonexponentially, with the
mean decay time decreasing from 7.13 to 5.70 ns with an increase in the refractive index of the
suspension from 1.333 to 1.442. An analysis of the dependence made it possible to obtain an
estimate of the second-rank orientational order parameter of perylene in the human erythrocyte
membrane {P, (cos8)) = 0.32 ... 0.43, which bears witness of considerable ordering of perylene
molecules along acyl chains of phospholipids constituting the membrane. Good correspondence of
the order parameter with the value of the steady-state emission anisoptropy of perylene in erythrocyte
ghosts suggests that acyl chains of phospholipids in the human erythrocyte membrane are predomi-
nantly oriented along the normal to its surface.

KEY WORDS: Excited-state lifetime; fluorescence decay time distribution; refractive index; human erythrocyte

ghosts; perylene.

INTRODUCTION

Since the pioneering work of Purcell [1] it is under-
stood that, according to Fermi’s “golden rule,” properties
of the spontaneous emission depend not only on the quan-
tum-mechanical parameters of the emitter, but also on
the density of propagating photon modes in the emitter’s
optical environment. However, only in recent years has
it been realized that mesoscopic dielectric structures can
substantially change the photon density of states as com-
pared to the free space (electromagnetic vacuum) and
thus can modify spontaneous emission spectra and decay
rates. The effect has far-reaching implications in science
and technology, which induces the growing interest in
the phenomenon (for review, see, e.g., Refs. 2 and 3). A
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number of theoretical investigations on modification of
the spontaneous emission in optically inhomogeneous
media have been published in recent years (see, e.g.,
Refs. 4-6 and refs. therein). To date, experiments in this
field include, but are not limited to, studies of emission
in the vicinity of a dielectric interface [7] and in dielectric
slabs [8,9], Fabri—Perot microcavities [10,11], liquid
microdroplets [12], water-in-oil micelles [13], and 3D
dielectric lattices [14,15].

As regards biologically related structures, Toptygin
et al. [16—-18] were the first who realized that the classical
theory developed by Lukosz [4] for spontaneous emission
from thin dielectric layers can be successfully applied to
fluorescent probes in lipid membranes. A simple quan-
tum-mechanical description of the phenomenon whose
predictions coincided with those of the classical model
was proposed in Ref. 17. Recently, Cho [19] presented
a quantum-electrodynamical description of the spontane-
ous emission from a thin lipid bilayer surrounded by water
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with an explicit account for the frequency dependence of
the (complex-valued) dielectric constants of water and
lipid from the near-UV to the microwave region. Predic-
tions of the quantum-electrodynamical model for the visi-
ble range are close to those of the classical and quantum-
mechanical models. All three models predict a depen-
dence of the radiative rate of a dipole in a dielectric
layer on its orientation with respect to the normal to
the interface.

In has been shown both theoretically and experimen-
tally [16,17] that, due to orientation dependence of the
radiative rate of a dipole in a dielectric layer, the spontane-
ous emission decay of a fluorescent probe in a lipid
membrane is generally nonexponential, with the mean
fluorescence lifetime depending on refractive indices of
the membrane and surrounding medium and the angular
distribution of probe molecules within the bilayer; the
theory also predicts a nonmonotonic temperature depen-
dence of the steady-state intensity of the probe fluores-
cence. Results of experimental investigations of 1,6-
diphenyl-1,3,5-hexatriene (DPH) fluorescence in phos-
pholipid bilayers were successfully applied in Refs.
16-18 to the evaluation of the second-rank orientational
order parameter of DPH in the bilayer. Although there
exist alternative explanations of the nonexponential fluo-
rescence decay of DPH in biological membranes (see,
e.g., Ref. 20), the theoretical predictions have a general
character and should hold for any fluorescing molecule
located within a bilayer. Indeed, Krishna and Periasamy
[21] have recently observed a dependence of the fluores-
cence lifetime of another three fluorescent probes local-
ized in a lipid bilayer on the refractive index of the
surrounding medium. It should be noted that effects pre-
dicted by the theory were observed experimentally for
fluorescent probes in lipid membranes back in the 1970s.
Thus, in experiments with perylene in phospholipid
bilayers, nonexponential fluorescence decays [22] and a
temperature dependence of the fluorescence intensity [23]
similar to that predicted and experimentally investigated
for DPH in [16] have been observed.

In the present article, we report on an experimental
observation of a dependence of fluorescence kinetics of
perylene embedded in hemoglobin-free human erythro-
cyte ghost membranes on the refractive index of the sur-
rounding medium.

OBJECTS OF INVESTIGATION

Perylene is a rigid aromatic molecule whose quan-
tum yield in degassed solutions is close to unity [24].
The absorption dipole moment of perylene corresponding
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to the excitation within the first absorption band is parallel
to the long symmetry axis of the molecule [25]. Upon
passing to the excitation at shorter wavelengths, the
absorption dipole makes a progressively larger angle with
the axis. It has been found recently that, due to the nonpla-
nar conformation assumed by perylene upon the Sy —
S, electronic transition, the emission dipole makes an
angle 8 ~ 17° with the molecular plane in the ground
state, thus resulting in the initial emission anisotropy
ro = 0.35 [25, 26]. The nonpolar perylene molecule is
widely used in investigations of the structure and dynam-
ics of model and biological membranes [27].

In the present work, hemoglobin-free human eryth-
rocyte membranes were used as an object of investigation.
The erythrocyte cell can be presented as a disk with a
diameter of ~8 wm and thickness of ~2 pm [28]. This
shape is generally retained by the erythrocyte membrane
(ghost) after hemolysis of the erythrocyte cell. Values in
the range of 55-100 A have been reported for the thick-
ness of the erythrocyte membrane [29-31]. It should be
noted that there is a difference between phospholipid
bilayer membranes and the erythrocyte membrane: the
latter contains, in addition to phospholipids, proteins con-
stituting about 50% (w/w) of the erythrocyte membrane
[32]. However, internal proteins entering into the compo-
sition of the erythrocyte membrane take only less than
20% of the area of the hydrophobic region of the mem-
brane [31, 32], and therefore, one can effectively consider
the fluorescent probe in the erythrocyte membrane as
being mainly “dissolved” in the phospholipid bilayer.

The protocol used for producing erythrocyte ghosts
(vide infra) provided predominant formation of ghosts
having holes with a radius of the order of 50 A 29,
which ensured diffusion of substances dissolved in the
suspension through the hole into the interior ghost vol-
ume, which provides an identical dielectric environment
for both membrane surfaces.

Thus, taking into account that the thickness of the
erythrocyte membrane is by about three orders of magni-
tude smaller than its lateral dimensions and small com-
pared to the optical wavelength, the membrane can be
considered to a good approximation as a plane loss-free
dielectric layer. Therefore, the theory [4,17] can be
applied to the spontaneous emission of the fluorescent
probe localized inside the erythrocyte membrane.

FLUORESCENCE OF A PROBE IN A THIN
DIELECTRIC LAYER

Generally, if a dipole capable of emitting light of
wavelength A is located within a thin (nd << A/8) dielec-
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tric layer with the refractive index » which is surrounded
by a dielectric medium with the refractive index #,,,, the
spontaneous emission rate of the dipole appears to be
dependent on the angle 6 it makes with the normal to the
layer surface [4,17]:

4
kg (0) = K f? e (sinze ¥ ("7) cosze) M

where k%, is the spontaneous decay rate of the molecule
in vacuo, n and ne, are the refractive indices of the
membrane and the surrounding medium, respectively, and
fis alocal-field correction factor depending on the refrac-
tive index and geometry of the local environment of the
fluorescing center.

In the case of a fluorescent probe located within a
phospholipid bilayer, one should take into account the
angular distribution of probe molecules and their rota-
tional diffusion. It has been shown in Ref. 16 that gener-
ally the rotational diffusion and the intensity decay cannot
be uncoupled, and to obtain time dependences of the
fluorescence intensity and emission anisotropy one needs
to solve a rotational-diffusion-and-decay equation. In this
case, nonexponential fluorescence decay of the probe is
expected, which is described by the (continuous or dis-
crete) distribution of decay constants. However, in partic-
ular cases of very slow and very fast (compared to the
excited-state population decay) rotational diffusion, one
can obtain approximate expressions which relate to the
high accuracy of the mean fluorescence lifetime of a
probe with its orientational distribution within the bilayer
(specifically, the second-rank orientational order parame-
ter {P,) [33, 34]) and the internal and external refractive
indices. In the above cases, the inverse of the mean decay
time of a rodlike probe whose absorption and emission
dipole moments are parallel to the symmetry axis of the
molecule is given by the formula

4
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where k,, is the rate of nonradiative depopulation of the

excited state, v = 2k%4 £%/3, and (P,) = ((3cos?0 — 1)/

2) is the second-order Legendre polynomial averaged

over the angular distribution of probe molecules in the
membrane.

In our experiments, we used perylene, whose absorp-
tion dipole moment corresponding to the excitation wave-
length employed in the present work (A, = 390 nm) was
oriented parallel to the long symmetry axis. However, as
noted earlier, the emission dipole moment in this case is
rotated by an angle 8 = 17° with respect to the absorption
dipole. Using an approach similar to that presented in

Ref. 16, one can obtain an analogue of Eq. (2) for a
fluorescent probe whose emission dipole moment makes
an angle & with the long symmetry axis:

VT = ko + %(1 = Py(cosd))ynex

4
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It should be noted that Egs. (2) and (3) can be applied
only to a rodlike probe. In additon, in the case of Eq. (2)
the probe is considered as rotating freely about its axis
(for discussion, see Ref. 16). This is generally not applica-
ble to perylene, which is known to behave as a strongly
anisotropic rotor when dissolved in most solvents (see,
e.g., Ref. 26 and references therein). However, experi-
mental results of Jiang and Blanchard [35] suggest that
in long-chain n-alcanes (n-CqHyg, n-CgHas, n-C,Has, and
n-Ci¢Hs,y), perylene behaves rather as a prolate rotor,
i.e., long-chain aliphatic solvents constrain the perylene
rotational motion to be predominantly about its longer
axis. It should be noted that phospholipids constituting
the human erythrocyte membrane have a C,c—C,4 skele-
ton [36], i.e., their acyl chains are even longer than mole-
cules of the above-mentioned n-alcanes. The nonpolar
fluorescent probe perylene is known to localize within
the hydrophobic region of the phospholipid bilayer [27],
i.e., phospholipid acyl chains constitute the environment
of perylene in a biological membrane. A similar conclu-
sion on the preferential out-of-plane character of the rota-
tional motion of perylene in phospholipid bilayers
enriched with cholesterol was drawn by Cogan et al. [22],
which also applies to the system under investigation,
since the cholesterol-to-phospholipid molar ratio in the
erythrocyte membrane is as high as ~1:1 [37]. Therefore,
we have grounds to assume that Eq. (3) is applicable to
the description of perylene fluorescence in hemoglobin-
free human erythrocyte ghosts.

MATERIALS AND METHODS

Chemicals

Water was triple distilled. Sodium dihydrogen phos-
phate dihydrate (NaH,PO, - 2H,0) (extra pure), disodium
hydrogen phosphate dodecahydrate (HNa,O4P - 12H,0)
(analytic grade), Folin-Ciocalteu’s phenol reagent,
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sucrose (analytic grade), sorbitol (pharmacological
grade), and tetrahydrofuran (Uvasol) were all purchased
from Merck. Analytic-grade sodium chloride was pur-
chased from Reakhim. Human serum albumin was
research grade (98+%) from Serva. Perylene was pur-
chased from Sigma and was used without further purifica-
tion. Purified paraffin oil was a gift from Dr. N. A.
Nemkovich.

Preparation of Erythrocyte Ghosts

All procedures were at 0—5°C (typically on ice),
and all centrifugations were performed in a K24 cooled
centrifuge (Heinz Janetzki, Germany). Blood [O(T) group]
was obtained from normal adult donors. Hemoglobin-
free human erythrocyte ghosts were prepared as described
[37], except that the hemolysis buffer was 8 mM NaP;,
pH 7.4. Membranes were suspended for 10 min in this
buffer before each centrifugation to allow hemoglobin to
exit fully. Washed ghosts were resuspended in the 0.15
M NaCl solution and were stored at 5°C. The membrane
suspension was used within 2 days. None of our results
varied with the storage.

Labeling of Erythrocyte Membranes

Labeling of erythrocyte ghosts was carried out by
injecting a 102 M solution of perylene in tetrahydrofuran
into a vigorously stirred suspension of erythrocyte ghosts
to yield a final concentration of 107> M perylene in the
suspension. The suspension was incubated for 0.5 h at
25°C upon continuous vortexing, which provided condi-
tions close to optimal for perylene binding to the phospho-
lipid bilayer [38]. The excess of perylene was washed
by centrifugation of the labeled suspension with 0.15 M
NaCl at 13,000g for 15 min.

The final concentration of proteins in the diluted
membrane suspension used in experiments was deter-
mined by the modified Lowry method [39] calibrated by
a set of aqueous solutions of human serum albumin. The
concentration of proteins in membrane suspensions was
0.5-1.5 mg/ml, which corresponds to (1-3)-10° ghosts/
ml. The concentration of perylene in samples estimated
from absorption measurements was about 5-10~7 M. The
volume taken by membranes in the suspension can be
estimated from the protein concentration measured, the
average protein content per ghost [37], and the average
volume of the erythrocyte membrane calculated from
its surface area and thickness. The calculations yield a
perylene concentration in membranes of ~(1-6)-107* M.
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Preparation of Membrane Suspensions in Media
with Varying Refractive Indices

The external refractive index was varied by adjusting
the concentration of sorbitol or sucrose in suspensions
of erythrocyte ghosts. Membrane suspensions in media
with desired carbohydrate concentrations were prepared
according to the following protocol: a specified amount
of sorbitol or sucrose was partially dissolved in 1 ml of
an aqueous 0.15 M NaCl solution, then 560 pl of the
concentrated ghost suspension was added, and the mix-
ture was diluted with the 0.15 M NaCl solution to yield
a volume of 3 ml.

The refraction of sorbitol solutions was measured
on an RL3 Abbe-type refractometer with an accuracy
of +2-107% Values of the refractive index of sucrose
solutions were interpolated from data tabulated in Ref. 40.

Unlabeled membrane suspensions were tested for
fluorescence. Since the impurity fluorescence coming
from sucrose was found to be several times stronger than
that from sorbitol impurities, most fluorescence experi-
ments were carried out with sorbitol. The steady-state
impurity fluorescence in suspensions containing sorbitol
did not exceed 2% of the perylene fluorescence intensity.

Measurements of Erythrocyte Ghost Refractive
Index

For refractive index measurements, a set of samples
of the erythrocyte ghost suspension was prepared with
varying concentrations of sucrose as described above.
Sucrose solutions in the 0.15 M NaCl solution with corres-
ponding concentrations were used as reference samples.
Each of the samples used for refractive index measure-
ments contained ~3-10° ghosts/ml. Eight sucrose concen-
trations were used to cover the refractive index range of
1.381 to 1.451.

Optical Measurements

The optical density of ghost suspensions was mea-
sured on a Specord M40 spectrophotometer (Karl-Zeiss
Jena, Germany). Steady-state fluorescence emission and
excitation spectra and fluorescence anisotropy were
recorded on an SFL-1211A spectrofluorimeter (SOLAR,
Minsk, Belarus).

Fluorescence kinetics were measured using the sin-
gle-photon counting method on a PRA 3000 fluorometer
(Photochemical Research Associates, London, Ontario)
with the electric discharge in air used as an excitation
source. The excitation wavelength was set to A,, = 390
nm. Fluorescence emission was collected at A, = 490
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nm. Spectral slit widths of excitation and emission mono-
chromators were set to 16 nm. Fluorescence decay traces
and excitation lamp profiles were recorded in 511 chan-
nels with 0.16 ns/channel. The typical number of counts
in a peak channel (CPC) in fluorescence kinetics was
about 5-10°,

Recovery of Fluorescence Decay Time Distributions

Fluorescence kinetics were analyzed by recovering
underlying distributions of decay constants. This reduces
to the solution of the following integral equation with
respect to the distribution function of fluorescence decay
constants f(k), k = 1/t being the fluorescence decay rate:

J kmax (
kein

I R - 1) exp(—kt’)dt’) f(dk = d@  (4)

0

Here R(z) is the apparatus response function of the fluo-
rometer, and d(f) is the (noisy) fluorescence decay trace.
The problem of the recovery of the distribution of decay
constants is known to be ill posed, and a number of
methods employing different kinds of regularization have
been developed during the last decade (see, e.g., Refs.
41 and 42). In the present work, we used a regularized
method recently proposed by Petrov [43]. A brief outline
of the algorithm is presented in the Appendix. The convo-
lution with the apparatus response was carried out using
the local quadratic approximation of the apparatus
response function [44]. The distribution function of decay
rates recovered from the decay kinetics can easily be
transformed to yield, e.g., a distribution function of preex-
ponential factors on the scale of decay times.

In practice, a finite-dimensional approximation of
Eq. (4) is solved, so that the fluorescence response /(¢)
to an infinitely short excitation pulse is approximated by
the exponential series

It = ;l fi exp(—t/m) (5)

In the method used in the analysis of fluorescence kinetics
data, decay times are uniformly spaced on the logarithmic
scale, which provides optimum resolution of the Laplace
transform inversion [45]. In the analysis, n = 100 expo-
nential terms with lifetimes spanning the range 0.08 . ..
64.0 ns were used. Since no fluorescence buildup was
expected for the system under investigation, distributions
were computed subject to nonnegative constraints. Mean

fluorescence decay times were calculated from decay
time distributions by the following formula:

n

T= glfmz gfm (6)

RESULTS AND DISCUSSION

We tried to estimate the average refractive index of
erythrocyte ghosts by investigating the dependence of the
optical density of the suspension on the value of the
refractive index of the medium surrounding the mem-
branes. The refractive index of the medium was changed
by varying the sucrose concentration in the suspension
while retaining the concentration of membranes at a con-
stant value. Evidently, when the refractive index of the
medium approaches that of the membranes, a minimum
in the optical density should be observed due to a decrease
in the efficiency of light scattering by the suspension.
This procedure is applicable if the refractive index of
membranes is unaffected by the substance dissolved in
the suspension for adjusting the refractive index of the
latter. As pointed out in the discussion below, this holds
for erythrocyte membranes in sucrose and sorbitol solu-
tions.

The optical density of the suspension of erythrocyte
ghosts without perylene at 500 nm is presented in Fig. 1 as
a function of the refractive index of the external medium
adjusted by varying the sucrose concentration (sucrose
solutions in water were used as reference samples). We
have observed a steady decrease in the optical density of
the suspension with increasing external refractive index
Mgy from 1.381 to 1.451. In contrast to results reported
in Ref. 17 for a lipid bilayer, we have found no minima
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Fig. 1. (m) Optical density of erythrocyte ghosts suspension as a func-
tion of the refractive index of the aqueous sucrose solution. The curve
is drawn as a guide for the eye. A = 500 nm; temperature, 22 * 2°C,
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in the optical density within the above range of refractive
index values. Therefore, we conclude that erythrocyte
ghosts have a refractive index equal to or higher than
that of the 64% aqueous sucrose solution, i.e., the lower
estimate of the refractive index of the erythrocyte ghost
membrane is 1.451. This value agrees with the dielectric
constant of lipids € = n®> ~ 2.2 [46] and the refractive
index value of 1.454 reported for lecithin membranes
[47] and the value of 1.504 measured for the erythrocyte
membrane [48].

Steady-state fluorescence excitation (A, = 480 nm)
and emission (A, = 390 nm) spectra of perylene in
erythrocyte ghosts are presented in Fig. 2. The value of
the steady-state fluorescence anisotropy of perylene in
erythrocyte ghosts measured at 20°C with the above exci-
tation and emission wavelengths was r,, = 0.080 £ 0.005,
which agrees well with anisotropy values report pre-
viously for fluorescence of perylene in human erythrocyte
ghosts [52,53]. Evaluation of the fluorescence quantum
yield was complicated by the presence of light scattering
by membranes, which should be taken into account. How-
ever, the procedure outlined in Ref. 17 for evaluation of
the quantum yield of a fluorescent probe in the presence
of scattering cannot be applied to the system under inves-
tigation, since the size of an erythrocyte ghost lies in
the range of about 2-8 wm, exceeding substantially the
wavelength of light in the visible range, and the scattering
indicatrix of erythrocyte ghosts is substantially stretched
to the forward direction, as has been found in numerical
calculations [49]. The value of 0.95 reported in Ref. 50
for perylene in phospholipid liposomes was used as an
estimate of the perylene quantum yield in hemoglobin-
free erythrocyte ghosts. This value of the quantum yield

—_
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b
(3}

o
o

350 400 450 500 550
Wavelength, nm

Fig. 2. Fluorescence emission (——) and excitation (---) spectra of
perylene in hemoglobin-free erythrocyte ghosts. The excitation spec-
trum was recorded at Ao, = 480 nm; the fluorescence spectrum was
excited at A, = 390 nm. Temperature, 20 = 2°C.

Fluorescence intensity, a.u.
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corresponds to a nonradiative decay rate of about
0.7-1072 ns™!,

Fluorescence kinetics of perylene in erythrocyte
ghosts was collected for the suspension without sucrose or
sorbitol added and for six samples with different sorbitol
concentrations and two samples with different sucrose
concentrations. In all these cases, fluorescence decays
exhibited slightly nonexponential behavior, with the mean
decay time depending on the refractive index of the
medium (Fig. 3). As areference, we measured the fluores-
cence kinetics of perylene in paraffin oil (undegassed),
which was found to decay exponentially with the lifetime
of 4.67 = 0.05 ns.

Fluorescence decays were analyzed by the decay
time distribution technique described above and the
results of such an analysis of perylene fluorescence from
erythrocyte ghosts at three values of the external refrac-
tive index are presented in Fig. 4. For comparison, the
narrow-peak distribution corresponding to the exponen-
tial decay of perylene in paraffin oil is shown as the gray
area. The short-lived fluorescence, with a characteristic
lifetime of ~1 ns, whose contribution to the steady-state
emission did not exceed 2% at the highest sorbitol concen-
tration was attributed to impurities in the buffer and sorbi-
tol or sucrose. It should be noted that similar distributions
of decay times were recovered by Prenner et al. [51]
from fluorescence kinetics of DPH-labeled phospholipids
incorporated into hemoglobin-free erythrocyte ghosts.

At the accuracy level of the fluorescence decay
kinetics recorded in our experiments (CPC ~ 5-10%),
one evidently cannot hope to recover the structure and
particular shape of the fluorescence decay time distribu-
tions for perylene in membranes. Moreover, we believe

10° g
o 10° E 0% sorbitol
= .~ 60% sorbitol
8 B \

2 L
<5 10° E
=
n
o
L 10
k=

10°

o

Time, ns

Fig. 3. Fluorescence decays of perylene in hemoglobin-free erythrocyte
ghosts suspended in aqueous medium (n,,, = 1.333) and a 60% (w/w)
aqueous solution of sorbitol (n.,, = 1.433). The dashed curve shows
the apparatus response function of the fluorometer. A, = 337.1 nm;
Aem = 480 nm. Temperature, 20 + 2°C.
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Fig. 4. Fluorescence decay time distributions recovered from intensity
decays of perylene in hemoglobin-free erythrocyte ghosts suspended
in aqueous medium (#,,, = 1.333) (——) and aqueous sorbitol solutions
with concentrations of 23% (n.,, = 1.369) (---) and 60% (w/w)
(nex, = 1.433) (). For comparison, the gray shape presents the decay
time distribution corresponding to a single-exponential decay of pery-
lene in paraffin oil. A, = 337.1 nm; A, = 480 nm. Temperature,
20 = 2°C.

that even knowledge of the shape of decay time distribu-
tions would not help much in revealing the angular distri-
bution of the probe, since the distribution of decay times
can be theoretically predicted only in the case of “frozen”
orientations of probe molecules, which does not hold for
the case under investigation. The same reasoning, in our
opinion, applies to the recovery of the probe’s angular
distribution function by the global analysis of a set of
fluorescence decay traces recorded at different values of
the external refractive indices. In this case, an analysis
would reveal a hypothetical static distribution of probe
orientations which provides the optimum fitting of the
experimental data set. The result generally may have
little (if anything) in common with the actual (dynamic)
orientational distribution of fluorescent probe molecules.

Therefore, we have carried out an analysis of the
dependence of the mean fluorescence lifetime on the
external refractive index, for which much more definite
theoretical conclusions can be drawn. The mean fluores-
cence lifetime of perylene in erythrocyte ghosts in the
aqueous suspension without sorbitol or sucrose added
was 7.12 ns, which is close to the value of 7.0 ns reported
previously for the same system [54]. Values of the mean
decay time recovered from experimental fluorescence
kinetics are presented in Fig. 5 as a function of the refrac-
tive index of the solution. As is evident from Figs. 3-5,
the mean decay time decreases with an increasing concen-
tration of sorbitol or sucrose in the suspension of erythro-
cyte ghosts, i.e., with an increasing refractive index of
the medium surrounding membranes.

N
o

o
o

o
o

Mean decay time, ns

5
1.34 1.36 1.38 1.40 1.42 1.44

External refractive index

Fig. 5. Dependence of the mean fluorescence decay time of perylene
in hemoglobin-free human erythrocyte ghosts suspended in aqueous
sorbitol (W) and sucrose (O) solutions on the refractive index of the
solution. A, = 337.1 nm; A, = 480 nm. Temperature, 20 = 2°C.

It is evident from Fig. 5 that values of the mean
decay time obtained for suspensions of perylene-labeled
ghosts in sucrose solutions fall on the same curve as those
in sorbitol solutions. Due to a substantial difference in
molecular sizes, sorbitol and sucrose diffuse into the
erythrocyte membrane at different rates and are accumu-
lated there at different concentrations. However, the simi-
lar effect of both carbohydrates on the fluorescence
lifetime of the probe suggests that the concentrations of
carbohydrates accumulated in the erythrocyte membranes
in our experiments are insufficient to induce substantial
changes in its refractive index.

The dependence of the mean fluorescence decay
time of perylene in erythrocyte ghosts on the refractive
index of the external medium was analyzed by nonlinear
fitting with Egs. (2) and (3). In the analysis, two values
of the refractive index of the erythrocyte membrane were
used: the lower estimate, 1.451, obtained in the present
work and the value of 1.504 from [48]. The analysis
yielded the following values of the second-rank orienta-
tional order parameter {P,): 0.32 % 0.03 (n,,, = 1.451)
and 0.38 = 0.03 (n.,; = 1.504) for the rod-like probe
model Eq. (2) and 0.37 = 0.03 (n,, = 1.451) and 0.43
* 0.03 (1 = 1.504) for the model accounting for an
angle between the absorption dipole moment and the long
symmetry axis of the perylene molecule Eq. (3).

In contrast to results obtained for the DPH fluores-
cence in phospholipid bilayers [17,18], the values of the
parameter {P,) recovered in the present work for perylene
in erythrocyte ghosts do not contradict the value of the
steady-state anisotropy r, observed for this system.
Indeed, the short- and long-time limiting anisotropy val-
ues rg and r., for a fluorescent probe in a membrane are
related by the formula [33,34]
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T = 1o (P; (cos))? (7

and estimates of the long-time limiting anisotropy based
on the (P,) values recovered in the analysis lie within
the limits of r., = 0.036 ... 0.064, which agrees well
with the steady-state anisotropy value ri, = 0.080 *
0.005 observed in the present work. By assuming, for
simplicity, isotropic rotation of the fluorescence probe
in the membrane and applying the relationship for the
hindered isotropic rotor [33,34],

rw:rss_g(ro—rss) (8)
T
one can obtain an estimate of the rotational correlation
time of perylene in erythrocyte ghosts ¢ = 0.6 ... 1.3
ns for model Eq. (2) and 0.3 ... 1.0 ns for model Eq.
(3), which has the same order as the values reported by
Lakowicz and Knutson [55] for perylene in phospholipid
bilayers at room temperature.

The agreement between the orientational order
parameters estimated from the dependence of the perylene
fluorescence lifetime on the external refractive index and
fluorescence anisotropy of the probe in the membrane
allows us to conclude that acyl chains of phospholipids
constituting the human erythrocyte membrane are tilted
insignificantly and are oriented predominantly along the
normal to the membrane surface. This can be explained
by the presence of the considerable amount of internal
proteins and cholesterol in the human erythrocyte mem-
brane. Indeed, it is well known that internal proteins of
the membrane can influence the phospholipid packing
considerably [36], whereas cholesterol is known to exert a
substantial aligning effect on acyl chains of phospholipids
(see, e.g., Ref. 56 and references therein).

Numerical simulations show that the decay time dis-
tributions presented in Fig. 4 are wider than the distribu-
tions which could result from an orientation-dependent
fluorescence rate for the given refractive index ratio of
1.504 vs 1.333. To explain this, one either has to assume
that the refractive index of erythrocyte membranes is of
order 1.55 or higher or has to find another explanation
for the phenomenon. As in Ref. 17, we are inclined to
believe that this takes place mostly due to the distribution
of local-field correction factors f [Eq. (1)], which should
vary depending on the particular local dielectric environ-
ment of the probe (i.e., on its position and orientation
with respect to the membrane surfaces or local inhomoge-
neities like internal protein molecules). Slightly nonexpo-
nential kinetics of perylene in phospholipid vesicles
below the phase transition has also been observed by
Holmes et al. [57], who assigned this to the perylene—
perylene Forster energy transfer with a relatively low
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transfer efficiency. The parameters of the transfer, how-
ever, virtually did not change with increasing the concen-
tration of the probe by two orders of magnitude. On
the other hand, the Forster kinetics is described by a
continuous lifetime distribution (see, e.g., Ref. 41), and
at low transfer rates, it can fit virtually any slightly nonex-
ponential kinetics with a narrow distribution of decay
times. Thus, the problem of the lifetime heterogeneity of
fluorescent probes in membranes still invites further
investigation.

An interesting effect can be observed for a probe
molecule for which the orientation of the absorption
dipole moment with respect to the molecular symmetry
axis depends on the excitation wavelength. For this probe,
given an angular distribution of probe molecules in the
ground state, the mutual effect of the anisotropic electro-
magnetic field of the exciting light in the membrane and
the excitation wavelength dependence of the orientation
of the absorption dipole moment will lead to a dependence
of the angular distribution of excited molecules on the
excitation wavelength and, thus, to the excitation wave-
length dependence of the mean fluorescence lifetime.
Perylene is just the probe of the type, and thus, in a lipid
membrane it should exhibit such a dependence. Indeed,
nonmonotonic variations of the fluorescence lifetime by
a factor of ~1.5 with the excitation wavelength were
observed in Ref. 58 for perylene in multilamellar phos-
pholipid vesicles, which could be a manifestation of this
effect. This conclusion is supported by the fact that the
character of the dependence of the perylene lifetime on
the excitation wavelength is not changed with pressure
but changes substantially with the cholesterol concentra-
tion, which can be explained by the effect of cholesterol
on the character of the rotational motion of perylene in
the bilayer.

The orientational dependence of the radiative life-
time of a molecule in a thin dielectric layer should have
an even more complex effect on fluorescence parameters
of polar fluorescent probes. If the static dipole moment
of such a probe increases upon electronic excitation, then
upon pulsed optical excitation, the fluorescence spectrum
of the probe undergoes a time-dependent Stokes shift due
to the intermolecular orientational relaxation [59]. In this
case, especially when the intermolecular relaxation takes
place on a time scale close to the excited-state lifetime,
one cannot uncouple the total fluorescence intensity decay
and the time-dependent fluorescence shift due to the v?
dependence of the radiative rate [60]. As a result, the
emission anisotropy of a polar probe in a membrane will
be coupled to both the total intensity decay and the spec-
tral relaxation of its fluorescence. In our opinion, this
effect can lead to an emission wavelength dependence of
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the time-resolved anisotropy of a polar probe in a mem-
brane.

CONCLUSIONS

In the present work, we have carried out an investiga-
tion of fluorescence kinetics of perylene embedded in
hemoglobin-free human erythrocyte membranes. Experi-
ments with membrane suspensions in media with different
refractive indices have shown that the fluorescence kinet-
ics of perylene is nonexponential, with the mean fluores-
cence decay time decreasing from 7.13 to 5.70 ns with
an increase in the refractive index of the medium sur-
rounding the membrane from 1.333 to 1.442. The depen-
dence of the fluorescence lifetime of the probe on the
external refractive index is explained by a change in
the density of modes of the electromagnetic field in the
membrane compared to the free space. The second-rank
orientational order parameter of perylene in the human
erythrocyte membrane (P,(cos 0)) estimated from the
dependence of the fluorescence lifetime on the external
refractive index lies within the range of 0.32 ... 0.43.
The estimate of the orientational order parameter agrees
well with the steady-state fluorescence anisotropy of per-
ylene in the system under investigation, which suggests
that acyl chains of phospholipids in the erythrocyte mem-
brane are aligned predominantly along the normal to the
membrane surface, which is explained by the effect of
internal proteins and cholesterol in the human erythrocyte
membrane. The nonexponential character of fluorescence
decay kinetics of perylene in erythrocyte membranes is
explained by the distribution of local field factors for
probe molecules located at different binding sites.

APPENDIX?

In this section, we briefly outline the method [43]
used for the analysis of fluorescence decays with mini-
mum prior assumptions on the decay model. The recovery
of a distribution of decay constants from fluorescence
decay kinetics reduces to the solution of a finite-dimen-
sional approximation of a Fredholm integral equation
of the first kind (4), which leads to the solution of an
overdetermined system of linear equations

3 Results in this section were presented, in part, at the Vth International
Conference on Methods and Applications of Flourescence Spectros-
copy, Berlin, Germany, 21-24 September 1997.

Kf=d (AD

where K,,x, is the finite-dimensional approximation of
the kernel of integral Eq. (4), d,, is the (noisy) data vector,
and £, is the sought solution. Typical dimensions of the
system of equations (A1) are m = 500 ... 2000 and
n = 50 ... 150. Due to the Poisson character of the
photon-counting noise, root-mean-square deviations of
components of the data vector d,, of the mean are esti-
mated as square roots d/? of its components. Therefore,
to obtain a weighted least-squares solution to system
(A1), one needs to scale rows of the system by left multi-
plication of the system by an m X m diagonal matrix,
G,, = diag{d{'?, ..., d,;"?} [62]. A more stable recov-
ery of distributions of decay constants can be achieved
if the columns in the matrix A are scaled by right multipli-
cation of the matrix K by an # X n diagonal matrix H,
[62]. Numerical simulations have shown that the optimum
choiceisH, = C diag{k], ..., k}}, where Cis a positive
constant and {k;}/-, are decay constants of the discretized
Laplace transform kernel. It has been found that v =
1/8 provides the optimum recovery of both discrete and
continuous distributions of decay constants.

Thus, the recovery of a distribution of decay con-
stants reduces to the solution of the system of equations

Ax=b (A2)
where

A=GKH, b=Gd (A3)

In the method being described, a Tikhonov-regularized
minimum-norm solution [61] to Eq. (A1) is sought as

x, = arg inf(|Ax — b + o|x/») (A4)
X

where oo = 0 is the so-called regularization parameter.
With the regularization parameter known, the regularized
solution of (A2) can be obtained by solving the following
system of equations [62]:

[aels) e

where I, is the n X n identity matrix. Thus, finding a
regularized solution to Eq. (A2) is reduced to the proper
choice of the regularization parameter.

The matrix A,x, is strongly ill conditioned, which
results from scaling properties of the Laplace transform.
This is best seen from the properties of its singular value
decomposition (SVD) [62]:

A= U[S O]VT (A6)

where S, = diag{s,, ..., s,} is a diagonal matrix with
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nonnegative entries called singular values which are
ordered such thats; = ... =5, =0,and U,,«,, and V, «,
are orthonormal projectors consisting of the so-called left
and right singular vectors. It has been shown by Bertero
et al. [63] that singular values of the Laplace transform
operator follow the approximate relationship

[
S~ coship’ B=>0 (A7)

and thus, no “natural” threshold in the singular values
which would separate the signal from the contribution of
noise can be found in this case [64]. Computations show
that the behavior of singular values of the matrix A is
very similar to that described by Eq. (A4). It has been
found that, due to the exponential decrease in the singular
values, the s/s, ratio becomes less than the computational
accuracy at { = k < n, which can be considered as a
practical rank of the matrix A. Due to the transformation
(A3), k is data dependent and, at typical accuracy levels,
usually does not exceed 20. Therefore, we compute only
a partial SVD of matrix A using the NIPALS algorithm
[67]. This method makes it possible to compute the first
k singular values satisfying the condition s/s; = & and
the corresponding left and right singular vectors.

The generalized cross-validation (GCV) technique
[65, 66] is known to be an efficient method for finding
the value of the regularization parameter without prior
knowledge of the noise level in the data as a minimizer
of a generalized cross-validation functional: a =
arg min V(o). The GCV method is best formulated in

terms of the singular value decomposition of the matrix
of the system [66]. Therefore, with the SVD computed,
one can easily determine the amount of regularization
required to obtain a regularized solution to the system
of equations,

It should be noted that the NIPALS algorithm makes
it possible to compute the “economy-size” SVD of the
matrix: A = U,x, S,V.x, Therefore, we use the form
of the GCV functional V(o) taking into account the
incomplete character of the SVD computed by the
NIPALS:

k oz 2
weo =375

m k k 2
2 _ 2 « _
" (Zl bi 2‘1 Z)]/ (Z‘n dra k)) (A8)

where z; and b; are components of the vectors z = Uh
and b, respectively.

This method yields solution-dependent values of the
regularization parameter o and provides stable recovery
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of both discrete and continuous distributions of decay
constants without prior assumptions on their shapes
within a wide range of kinetic data accuracy levels. Exten-
sive numerical simulations substantiated the applicability
of the procedure outlined to the analysis of fluorescence
decay data over a wide range of data accuracy levels.
The method is implemented in the FORTRAN-77 lan-
guage, and typically about 10 s of CPU time is required
for solving a problem with the dimensions m X n =
1024 X 100 on a personal computer with a 166-MHz
Pentium processor.
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