
Journal of Fluorescence, Vol. 12, Nos. 3/4, December 2002 (q 2002)

The Susceptibility of Non-UV Fluorescent Membrane Dyes
to Dynamical Properties of Lipid Membranes
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Fluorescence spectroscopy and microscopy are powerful techniques to detect dynamic properties
in artificial and natural lipid membrane systems. Unfortunately, most fluorescent dyes that sense
dynamically relevant membrane parameters are UV sensitive. Their major disadvantage is a high
susceptibility to fluorescence bleaching. Additionally, the risk for hazardous damages in biological
components generally increases with decreasing excitation wavelength. Therefore the use of non-
UV–sensitive membrane dyes would provide significant advantage, particularly for applications in
fluorescence microscopy, which usually implies high local excitation intensities. We applied steady-
state fluorescence spectroscopy techniques to several UV and non-UV membrane dyes to detect and
compare dynamically relevant excitation and emission characteristics. Small unilamellar liposomes
(composed of egg yolk phosphatidylcholine) served as a model system for biological membranes.
The dynamic properties of the membranes were varied by two independent parameters: the intrinsic
cholesterol content (0–50 mol%) and temperature (10–508C). We tested four non-UV–sensitive
membrane dyes: 9-diethylamino-5H-benzophenoxazine-5-one (Nile Red), 4-(dicyanovinyl)juloli-
dine (DCVJ), N-(3-triethylammoniumpropyl)-4-(4-(dibutylamino)styryl) pyridinium dibromide (FM
4-64), and 1,18-dioctadecyl-3,3,38,38-tetramethylindocarbocyanine perchlorate (DiIC18). We also
tested three derivatives of DiIC18: DiIC16 and DiIC12 differ in acyl chain length and Fast-DiIC18

provides double bonds between hydrocarbon atoms. The spectral results were compared to established
fluorescence characteristics of four UV membrane dyes: the anisotropy of 1-6-phenyl-1,3,5,-hexa-
trien (DPH), two derivatives of DPH (TMA-DPH and COO2-DHP), and the generalized polarization
of 6-dodecanoyl-2-dimethyl-aminonaphthalene (Laurdan). Our results indicate that the tested non-
UV dyes do not reveal dynamically relevant membrane parameters in a direct manner. However,
spectral characteristics make DiIC18, Nile Red, and DCVJ promising probes for the microscopic
detection of lateral lipid organization, an indirect indicator of membrane dynamics. In particular,
DiIC18 showed very selective shifts in the emission spectra at defined temperatures and cholesterol
contents that have not been reported elsewhere.
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INTRODUCTION
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model [1] by important aspects. Recent experiments Most fluorescent membrane dyes with molecular
properties yielding dynamically relevant information pro-revealed different types of transversal and lateral organi-

zation patterns in lipid bilayers that help explain the diver- vide spectral characteristics in the UV region. For such
dyes, the following concepts for the parameterization ofsity of membrane-related functions. Among the various

types of membrane patterns (also referred to as microdo- membrane fluidity have been established: The diffusion-
controlled intermolecular excimer formation of pyrenemains) are superlattices, formed by defined lipid arrange-

ments [2]; cavaeolae, consisting mainly of self- and its derivatives [15,16]; the intramolecular excimer
formation of pyrene-labeled lipid acyl chains [21] or bis-associating caveolin proteins and cholesterol [3]; and lipid

rafts, mainly formed by sphingomyelin, glycosphingolip- pyrenes [22]; the concept of rotational diffusion or fluo-
rescence anisotropy (often performed with 1-6-phenyl-ids, and glycosylphosphatidylinositol-anchored proteins

in the presence of cholesterol [4]. 1,3,5,-hexatrien (DPH) and DPH-derivatives; Fig. 1b, c,
and d and Fig. 2) [23–25]; the emission or excitationIn membranes, the formation of microdomains is

strongly coupled to distinct dynamic properties, sub- sensitive generalized polarization (GPem or GPexc) of 6-
dodecanoyl-2-dimethylaminonaphthalene (Laurdan, Fig.sumed by the terms membrane fluidity or membrane

microviscosity. Membrane microviscosity is directly con- 1a) [26].
The major disadvantage of UV excitation is thenected to diffusion-controlled processes in cellular mem-

branes [5]. It is furthermore involved in the localization induction of rapid fluorescence bleaching and the possible
damage of biological components. Two-photon excitationand activity of many membrane-connected proteins [e.g.,

6,7]. Malfunctions of regulatory mechanisms that control helps to avoid some of these problems [17], but this
technique is not widely used. Therefore the use of non-homeoviscosity in cellular membranes are discussed as

a crucial factor for proper cell function or even survival UV membrane dyes offers important advantages for
microscopic measurements in living cell populations.[8,9]. On the other hand, rapid and selective reorganiza-

tion of the lipid composition in plasma membranes is an Our study concentrates on the spectral characteristics
of several non-UV membrane dyes (see Fig. 1e–h).important signaling process in necrobiology [10,11].

Reliable detection of membrane dynamics is still a Changes in their steady-state excitation and emission
spectra are compared to the fluorescence characteristics ofdifficult task. Direct, locally resolved access to dynamic

properties in rather simple lipid patterns of liposomal established UV dyes. We used small, unilamellar vesicles
(SUV) prepared from egg yolk phosphatidylcholinemembranes has not been achieved until recently [12–14].

Despite many restrictions, fluorescence spectroscopy and (EPC). These liposomes represent an adequate compro-
mise between the complex structure of cellular mem-microscopy are important tools to detect dynamically

relevant membrane parameters. Presently, microscopic branes and more homogeneously composed liposomes.
We varied the dynamic properties of EPC membranes bytechniques such as confocal or 2-photon microscopy [17],

fluorescence lifetime microscopy [18], and fluorescence changing the liposomal cholesterol content (0–50 mol%)
and temperature (10–508C). It is important to bear incorrelation spectroscopy [19] offer new approaches to

resolve spatial distributions of dynamic parameters in mind that both temperature and cholesterol modify the
fluidity of lipid membranes, but they interact in differentlipid systems. Microscopic techniques are of interest

because they access fluidity parameters or hyperstructures ways with lipid dynamics and the incorporated fluoro-
phors [22,27]. As a result, an independent variation ofin cells under rather natural conditions [20].
the parameters contributes complementary information
to the properties of the system.ABBREVIATIONS: a.u., Arbitrary units; bis-pyrene, 1,3-bis-[1-

pyrenyl]propane; Ch, cholesterol; COO2-DPH, (4-((6-phenyl)-1,3,
5,-hexatrienyl)benzoic acid); DCVJ, (4-(dicyanovinyl)julolidine);
DiIC18/16/12, (1,18-di-octa/hexa/do-decyl-3-3,38,38-tetramethylindocar- MATERIALS AND METHODS
bocyanine perchlorate); Fast-DiIC18, (1,18-dilinoleyl-3,3,38,38-tetra-
methylindocarbocyanine perchlorate); DMF, dimethylformamide;
DLPC, dilaurayl phosphatedylcholine; DMPC, dimyristoyl phosphati- Liposome Preparation
dylcholine; DPPC, dipalmitoyl phosphatidylcholine; DMSO, dimethyl
sulfoxide; DPH, 1-6-phenyl-1,3,5-hexatrien; em, emission; EPC, egg Egg yolk phosphatidylcholine (EPC) (Lipoid KG,
yolk phosphatidylcholine; exc, excitation; FM 4-64, (N-(3-triethylam- Ludwigshaven, Germany) or EPC with varying amounts
moniumpropyl)-4-(4-(dibutylamino)styryl) pyridinium dibromide); of cholesterol (Sigma) (1:0, 3:1, 3:2, 1:1, 1:2, mol[EPC]/
LSM, laser scanning microscopy; Nile Red, 9-diethylamino-5H-benzo-

mol[Ch]) were dissolved in 5 ml dichlormethane-metha-phenoxazine-5-one; PC, phosphatidylcholine; PL, phospholipid; SR,
nol (2:1) to a final concentration of 2 mg/ml. Liquid wassensitivity ratio; SUV, small unilamellar vesicles; TMA-DPH, 1-(4-

trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatrien. removed in a vacuum rotary evaporator at 308C until a
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Fig. 1. Molecular structure of fluorescent membrane dyes. (a) Laurdan, (b) DPH, (c) TMA-DPH, (d)
COO2-DPH, (e) Nile Red, (f) DCVJ, (g) DiIC18, and (h) FM 4-64 (Modified structures from the Molecular
Probes Catalogue). For DPH and its derivatives (b–d), the excitation and the emission dipole moments
(}) are nearly collinear to the main axis of the molecule [25]. The quantum yield, FF, of the molecular
rotor DCVJ is susceptible to the rotational freedom of the chemical bond outlined in ( f ) [31].

lipid film smoothly covered glass tube walls. After the MS72, power 5 70%, cycle 5 30%, Bandelin), followed
by ultracentrifugation (1 hr, 105,000 3 g) to dispose non-extraction of the residual solvent by overnight storage

in vacuum at 508C, the lipid film was resuspended by incorporated components in the pellet. The final SUV
lipid concentration was determined according to [29].vortexing in Tris buffer solution (100 mM Tris, pH 7.4).

Small, unilamellar vesicles (SUV, with a medium diame- Liposome preparations were stored in darkness at 48C
and used within 2 weeks. Contact to oxidizing atmosphereter of 77.2 nm [28] were obtained by sonification for 15

min at 508C (Sonopuls HD70, equipped with a titan-tip was avoided by flushing with nitrogen. The quantification
of the cholesterol to lipid content is described below.

Cholesterol Determination in SUV Liposomes

After lipid extraction of liposomes in chloroform/
methanol [2:1], phospholipids and cholesterol were sepa-
rated by thin layer chromatography. Phospholipids were
exposed to 2008C for 4 hr, and the remaining phosphor
was quantified calorimetically according to [30]. Quanti-
fication of cholesterol was achieved by gas chromatogra-
phy (Perkin Elmer 840), using the following parameters:
Column: 15 M 3 250 mm 3 0.1 mm DB-5cb (Seekamp,
Germany). Temperature of injection: 2758C. Temperature
of the flame ionisation detector: 2758C. Pressure of the
carrier gas (He): 0.8 bar. Splitting ratio: 1:10. Temperature
was set: 2008C isotherm for 3 min 200 to 2758C (68C/
min), and 2758C isotherm for 1.5 min. The final choles-

Fig. 2. Example of a linear regression analysis of DPH fluorescence
terol content in the SUV preparations was: SUV groupanisotropy in small, unilamellar cholesterol-free EPC liposomes at dif-
A: 0 mol% (100 3 mol[Ch]/(mol[PL] 1 mol[Ch])), groupferent temperatures (10–508C). The minimum distance between the

95% confidence bands (black thin lines) of the regression line (black B: 15 mol%, group C: 25 mol%, group D: 33 mol%, and
thick line) defines the minimum error. The parameter range is defined group E: 50 mol%.
by the distance between the maximum and the minimum fluorescence
anisotropy signal of the regression line. The ratio of the parameter
range and the minimum error defines the sensitivity ratio of the mem- Fluidity Sensitive Fluorescent Membrane Dyes
brane dyes, which are plotted in Fig. 8. For all measurements, three

All membrane dyes were purchased from Molecularsamples of the liposome preparations were independently incubated
with the corresponding membrane dyes. Probes (MoBiTec, Göttingen, Germany). The UV-sensi-
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tive membrane dyes DPH, 1-(4-trimethylammonium- ninth and the twelfth carbon atom of each chain. The
different properties of the acyl chains lead to a preferentialphenyl)-6-phenyl-1,3,5,-hexatrien (TMA-DPH), 4-((6-

phenyl)-1,3,5,-hexatrienyl)benzoic acid (COO2-DPH), incorporation into lipid matrices of similar characteristics
[43], including selective partitioning into fluid or rigidand Laurdan were used as a reference for the spectral

behaviour of seven non-UV sensitive membrane dyes. lipid phases [44].

Nile Red FM 4-64 (N-(3-Triethylammoniumpropyl)-4-(4-
(Dibutylamino)Styryl) Pyridinium Dibromide)The uncharged fluorophor Nile Red (Fig. 1e) is virtu-

ally non-fluorescent in aqueous environment. Spectral Like DiICN, FM 4-64 (see Fig. 1h) attaches selec-
shifts in its emission and excitation spectra have been tively to the outer membranes of lipid vesicles or cells,
reported in different lipid environments [31,32]. where its fluorescence intensity is strongly enhanced [45].

However, the binding is weak, implying a diffusion-con-
trolled staining equilibrium among accessible mem-DCVJ (4-(Dicyanovinyl)Julolidine)
branes. Among the applications of FM 4-64 (and the more

DCVJ is a representative of a group of fluorophors frequently used derivative FM 1-43) are visualizations of
frequently referred to as fluorescent molecular rotors. The endo- and exozytotic processes [46,47] or cellular organ-
quantum yield of torsional relaxing fluorophors FF is elles [48]. Because no cytotoxic effects have been
susceptible to the intrinsic rotational freedom defined reported, the fluorophor is well suited for in vivo and in
by the chemical bond that connects two intramolecular vitro investigation of cellular processes.
chromophores (see Fig. 1f) and to the restriction by the
environmental free volume [34]. FF can be connected to
the viscosity h (or inverse fluidity) of the environment Dye-Incubation and Fluidity Measurements
according to the Förster-Hoffmann expression [35]: log

Stock solutions of DPH, TMA-DPH, COO2-DPH,FF 5 C 1 log hx. x is defined by the intrinsic structural
and Laurdan were prepared in dimethylformamide (Jans-characteristics of the corresponding molecular rotor [36],
sen, Geel, Belgium). Nile Red, DiIC18/16/12, Fast-DiIC18,and C is a constant. FF increases with decreasing free
FM 4-64, and DCVJ were dissolved in DMSO. Equiva-volume, that is, an increase of the packing density of a
lents from stock solutions were added to 5 ml of SUVbilayer. Kung and Reed [36] determined microviscosities
suspensions: 25 mg/ml PL in buffer for FM 4-64 and 10in DPPC-bilayers and suggested the torsional relaxation
mg/ml for all other dyes. DPH, TMA-DPH, and COO2-of DCVJ to be directly dependent on the reorientation
DPH were added to a final concentration of 160 nM.dynamics of the hydrocarbon chains within the center
Laurdan: 12.8 nM. DCVJ, DiIC18/16/12, and Fast- DiIC18:of membranes.
96 nM. Nile Red: 320 nM. FM 4-64: 3.2 mM. Light-
protected incubation at room temperature was carried out

DiIC18 (1,18-Dioctadecyl-3,3,38,38-Tetramethy- for 1 hr. All measurements were carried out in quartz
lindocarbocyanine Perchlorate), DiIC16, DiIC12, cuvettes of 1 cm2 cross section with a Perkin Elmer
Fast-DiIC18 LS50B spectrofluorometer. Temperature was controlled

to 60.18C with a water-circulating bath. Bandpasses ofThe non-toxic fluorophor DiIC18 and its derivatives
the excitation and emission monochromators were 4.5bind irreversibly and selectively to the outer membrane
nm for Laurdan, DPH, TMA-DPH, and COO2-DPH; 5layer. A large polar fluorescent head group is attached to
nm for Nile Red, DiIC18/16/12, Fast- DiIC18, and DCVJ;two acyl chains, which anchor well into the hydrocarbon
and 10 nm for FM 4-64.chain region of membrane lipids (see Fig. 1g). The head

Fluorescence anisotropy for DPH, TMA-DPH, andgroup is supposed to be located slightly above the lipid
COO2-DPH was calculated according to [23]:head groups. Carbocyanine dyes are frequently used for

the investigation of cellular fusion processes [37,38], for
r 5

III 2 G ? I'

III 1 2 ? G ? I'
adhesion [39], and for migration [40]. They have also
been used to derive fluidity-relevant information applying
fluorescence recovery after photobleaching (FRAP) tech- where r is the steady-state fluorescence anisotropy and

III and I' are the fluorescence intensities at 425 nm paral-niques [41,42] and fluorescence correlation spectroscopy
[19]. DiIC16 and DiIC12 provide shorter acyl chain length lel and perpendicular to the polarization of the excitation

light at 358 nm. G is the grating factor.than DiIC18. Fast-DiIC18 includes double bonds at the
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Excitation and emission generalized polarization of Nile Red, DCVJ, FM 4-64, and of DiICN generally
decrease. The emission peaks of Nile Red, DCVJ, and(GPexc and GPem) of Laurdan were calculated and interpre-

ted according to [26]. Emission maxima were detected FM 4-64 hardly show any shifts to different wavelength.
The same observation holds for the excitation spectra.at 436 nm (hydrophobic dye environment: cholesterol

rich liposomes at low temperatures) and at 478 nm (hydro- Only for DiIC18, a pronounced change of the emission
peak to shorter wavelength can be observed with increas-philic dye environment: EPC liposomes without addi-

tional cholesterol at high temperatures). In the excitation ing temperature (Fig. 3g), whereas the characteristics of
the excitation spectra of DiIC18 remain unchangedspectra, maxima were detected at 386 nm for the

hydrophobic dye environment and at 356 nm for the (Fig. 6).
With rising cholesterol concentration, the emissionhydrophilic dye environment. GPexc and GPem were

derived from: intensities of Nile Red, DCVJ, FM 4-64, and DiIC18

successively increase (see Fig. 3b, d, f, and h). The emis-
● GPexc 5 (I436 2 I478)/(I436 1 I478), where I436 and

sion peak for Nile Red (b) and DCVJ (d) are clearly
I478 are the emission intensities at 436 and 478

shifted to a lower wavelength, whereas for FM 4-64 (f),
nm, using an excitation wavelength of 350 nm.

only a marginal shift can be observed. For DiIC18, increas-
● GPem 5 (I386 2 I356)/(I386 1 I356), where I356 and

ing cholesterol concentration induces a sudden decrease
I386 are the emission intensities at 490 nm, with

of the emission peak to shorter wavelength (see Fig. 3h).
an excitation wavelength at 356 and 386 nm,

The excitation spectra of Nile Red, DCVJ, FM 4-64,
respectively.

and DiIC18 only show the expected variation in the total
intensities, but no significant changes of any spectralBecause the GP-formulas for Laurdan offer a conve-

nient description for any fluorescent two-state system characteristics (for DiIC18 see Fig. 6, for Nile Red, DCVJ,
and FM 4-64 see [49]).with two equilibrating excitation or emission maxima,

we also defined an excitation GP for DiICN: DiICN-GPexc Figure 4 directly compares the characteristic changes
of the normalized emission spectra of DiIC18 (b, d, f, h)5 (I586 2 I567)/(I586 1 I567), where I586 and I567 are the

emission intensities at 586 and 567 nm, using an excita- with the spectral behavior of Laurdan (a, c, e, g). The
emission peak of both fluorophores displays a pronouncedtion wavelength of 550 nm.
shift to a shorter wavelength when the liposomal choles-
terol concentration increases (a, b). For Laurdan, the ratio

Criteria for the Cholesterol- and Temperature-
between the two maxima changes gradually with increas-

Dependent Spectral Sensitivity of the
ing lipid rigidity (a). For DiIC18 instead, rising membrane

Fluorophors
cholesterol only marginally affects the spectral character-
istics between 0 and 25 mol%, while major changes ofThe sensitivity of the membrane dyes to detect cho-

lesterol and temperature-induced fluidity changes in EPC the spectra occur between 25 and 33 mol% (b). With
temperature increasing from 10 to 508C, the maxima ofliposomes was characterized by the parameter sensitivity

ratio (SR) [22]. SR was defined by the ratio of the Param- the normalized emission spectra of Laurdan shifts to a
longer wavelength (e), whereas for DiIC18, the oppositeeter Range and the Minimum Error of the 95% confidence

bands. The minimum error was defined by linear regres- behavior can be observed (f). Again, the emission spectra
of Laurdan are subdued to rather gradual changes,sion analysis (see Fig. 2).
whereas for DiIC18, the major shift occurs when tempera-
ture rises from 25 to 358C.

The differences between the spectra of Laurdan andRESULTS
DiIC18 become evident when the GPexc values of the two
fluorescent dyes are compared (see Fig. 4c, d, g, h).The steady-state fluorescence characteristics of UV

and non-UV fluidity-sensitive membrane dyes were eval- Whereas for Laurdan, the GPexc-values increase steadily
with rising cholesterol concentrations (c) and decreaseuated in EPC-SUV membranes at different temperatures

(10–508C) and cholesterol content (0–50 mol%). smoothly with increasing temperature (g), the GPexc-
values of DiIC18 show a more complex behavior. MajorFigure 3 shows representative emission spectra of

Nile Red (a, b), DCVJ (c, d), FM 4-64 (e, f), and DiIC18 increases of GPexc values are observed between 25 and
33 mol% of cholesterol (d) and between 25 and 358C(g, h) in small, unilamellar EPC liposomes. In Fig. 3b,

d, f, and h, only the intrinsic cholesterol content varied, (h). In contrast to Laurdan, cholesterol-induced changes
of the GPexc values of DiIC18 depend on the temperatureand in Fig. 3a, c, e, and g, only the temperature changed.

With increasing temperature, the total emission intensities range. SUV, incubated at temperatures between 10 and
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Fig. 3. Emission spectra of Nile Red (a, b: lexc 5 470 nm), DCVJ (c, d: lexc 5 465 nm), FM 4-64 (e,
f : lexc 5 573 nm), and DiIC18 (g, h: lexc 5 550 nm) in small, unilamellar EPC liposomes of different
cholesterol content under the variation of temperature.
(a, c, e, g) Spectra at T 5 108C (2), 158C (-n-), 208C (-●-), 258C (-m-), 308C (-.-), 358C (-l-), 408C
(-1-), 458C, (-3-), and 508C (-*-).
(b, d, f, h) Spectra for cholesterol concentrations of 0 mol% (2), 15 mol% (-n-), 25 mol% (-●-), 33
mol% (-m-), and 50 mol% (-.-).
Spectra are shown for T 5 158C (b, d, f) and for T 5 308C (h). Cholesterol content was 50 mol% (a,
c, e) and 15 mol% (h). Each spectra represents the mean of three independently stained liposomal prepara-
tions.

308C are evidently affected to a higher degree than lipo- changes in the liposomal cholesterol content (d, h). The
same observation holds for temperature-induced changessomes incubated between 40 and 508C. Here, the GPexc

values of DiIC18 posses a reduced sensitivity toward of the GPexc values of DiIC18 at constant cholesterol con-
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Fig. 4. Comparison of the emission characteristics of Laurdan and DiIC18 in small, unilamellar EPC
liposomes of different cholesterol content under the variation of temperature. (a, e) Normalized emission
spectra of Laurdan (lexc 5 350 nm). (b, f) Normalized emission spectra of DiIC18 (lexc 5 550 nm). (c,
g) Excitation GP of Laurdan and DiIC18 (d, h). (c, d) GP values are plotted for five cholesterol concentra-
tions: Group A (0 mol%), B (15 mol%), C (25 mol%), D (33 mol%), and E (50 mol%). GP values were
derived at T 5 108C (2), 158C (-n-), 208C (-●-), 258C (-m-), 308C (-.-), 358C (-l-), 408C (-1-), 458C,
(-3-), and 508C (-*-). (a, b, g, h). Different cholesterol concentrations are symbolized by (2): 0 mol%,
(-n-): 15 mol%, (-●-): 25 mol%, (-m-): 33 mol%, and (-.-): 50 mol%. With increasing liposomal
cholesterol concentration, the normalized emission maxima at higher wavelength disappears for Laurdan
(a) and for DiIC18 (b) (T 5 308C). With increasing temperature (10–508C) instead, the normalized
emission maxima at lower wavelength disappears for Laurdan (e), whereas for DiIC18 (f), the normalized
emission maxima at higher wavelength disappears again (cholesterol content 5 15 mol%). Each spectra
and GP value represents the mean of three measurements. Error bars were derived from standard deviation.
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centrations. Whereas for Laurdan, temperature-induced
changes of the GPexc values affect all liposomal choles-
terol concentrations virtually in the same manner (g), the
GPexc values of DiIC18 in cholesterol-saturated liposomes
(50 mol%) are completely insensitive toward temperature
changes (d, h). At cholesterol concentrations of 33 mol%,
a small temperature-dependent impact on the GPexc values
can be detected, whereas at cholesterol concentrations
ranging from 25 to 0 mol%, the GPexc values are equally
susceptible to temperature changes (d, h). For Laurdan,
the GPem values derived from the excitation spectra sup-
port the results of the GPexc values [49].

The influence of the acyl chain properties on the
emission characteristics of the carbocyanine dyes tested
can be followed by comparing the calculated GP values
in Fig. 4d (DiIC18) with Fig. 5a–c (DiIC16, Fast-DiIC18,
and DiIC12). The pronounced maximum at higher wave-
length, observed under certain conditions with DiIC18,
diminishes successively from DiIC16 to Fast-DiIC18, and
finally disappears for DiIC12.

Figure 6 shows an example of the relative changes
between the two excitation peaks in the excitation spectra
of Laurdan. With increasing cholesterol content, the lower
excitation peak decreases gradually. In contrast the nor-
malized excitation spectra of DiIC18 do not show tempera-
ture- or cholesterol-induced changes (Fig. 6). For DiIC16,
Fast-DiIC18, and DiIC12, the excitation spectra behave
similar to that of DiIC18 [49].

For Laurdan, DiIC18, Nile Red, DCVJ, and FM 4-
64, the most significant spectral changes induced by cho-
lesterol and temperature in SUV are summarized in Fig.
7. The bivariate representations allow evaluation of the
combined interactions of temperature and cholesterol
content on the fluorescence parameters. Laurdan GPexc

values (Fig. 7a) decrease steadily from the rigid mem-
brane environment to the fluid membrane environment.
This continuous, steady behavior agrees well with the
characteristics observed for other fluidity-sensitive
parameters of UV-sensitive membrane dyes: the GPem

values of Laurdan; the anisotropy of DPH, TMA-DPH,
and COO2-DPH; and the intermolecular excimer forma-
tion rate of pyrene or pyrene-methanol and the intramo-
lecular excimer formation rate of bis-pyrene [22,27,49].
The maximum emission intensity values of Nile Red (c) Fig. 5. GP values of DiIC16 (a), Fast-DiIC18 (b), and DiIC12 (c) in
and DCVJ (e) also support these characteristics, although small, unilamellar EPC liposomes of different cholesterol content under

the variation of temperature. As in Fig. 4d, GP values are plotted forthe transition is not as smooth as observed with the UV
five cholesterol concentrations: Group A (0 mol%), B (15 mol%), Cdyes. For the maximum emission wavelength of Nile
(25 mol%), D (33 mol%), and E (50 mol%). GP values were derivedRed (d) and the maximum intensity of FM 4-64 (f), the
at T 5 108C (2), 158C (-n-), 208C (-●-), 258C (-m-), 308C (-.-), 358C

transition of the fluorescence parameters are generally (-l-), 408C (-1-), 458C, (-3-), and 508C (-*-). GP values represent
steeper for variations of the cholesterol content than for the mean of three measurements. Error bars were derived from stand-

ard deviation.temperature-induced changes of the lipid environment.
In Fig. 7b, the bivariate plot of the GPexc values of DiIC18
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The same holds for cholesterol-induced changes. The risk
of possible misinterpretation concerning these interac-
tions can be minimized if temperature and cholesterol
content are varied independently from each other.

Cholesterol-Induced Changes in Lipid Bilayers as
Detected by Fluorescent Probes

Cholesterol is known to influence a variety of struc-
turally and dynamically relevant parameters in a highly

Fig. 6. Normalized excitation spectra of Laurdan (left, lem 5 490 nm) versatile way (for detailed discussion, see [26,50]).
and DiIC18 (right, lem 5 570 nm) in small, unilamellar EPC liposomes Across the membrane, cholesterol contributes sensitively
of different cholesterol content: 0 mol% (-n-), 15 mol% (-●-), 25 mol% to conformational, rotational, and translational dynamics
(-m-), 33 mol% (-.-), and 50 mol% (-l-). All measurements were

of the acyl chains [51]. Laterally, cholesterol inducesperformed at T 5 158C. Each spectra represents the mean of three
different phases in membranes of homogeneous lipidindependently stained liposomal preparations.

composition [26,52]. For microdomains such as cavaeo-
lae and lipid rafts, a defined cholesterol concentration
figures as an essential stabilizing factor [3,4,12]. Addi-

clearly visualizes the peculiar behavior of the fluores- tionally, cholesterol is important for the formation of
cence characteristics of this dye. A two-plateau system superlattices in biological membranes [2].
is formed with abrupt (phase-transition–like) changes of In heterogeneously composed liposomes, fluidity-
the GPexc values. dependent parameters of fluorescent membrane dyes such

The sensitivity ratio (SR), as defined in Fig. 2, dis- as DPH, TMA-DPH, pyrene, or bis-pyrene have indicated
plays the sensitivity of UV and of non-UV membrane a steady rigidization with increasing cholesterol content
dyes to detect cholesterol- and temperature-induced fluid- [22]. The anisotropy values of DPH, TMA-DPH, and
ity changes in EPC liposomes (Fig. 8a, b). For cholesterol- COO2-DPH, as well as the GP values of Laurdan and the
induced changes, the SR of the anisotropy of DPH outbal- shift in the emission maximum of Nile Red congruently
ances the SR of the emission and the excitation GP of indicate a steady change of the microviscosity (see Figs.
Laurdan, as well as the SR of the anisotropy of TMA- 7 and 8). Whereas the amphiphile fluorophors TMA-
DPH and COO2-DPH. The parameters of the non-UV DPH, COO2-DPH, and Laurdan are located near the head
dyes are less sensitive toward cholesterol-induced group region of lipid bilayers, the lipophilic membrane
changes (Fig. 8a). For temperature-induced variations of dyes DPH, Nile Red, pyrene, and bis-pyrene reliably
the lipid dynamics, both GP values of Laurdan are shown report fluidity-sensitive fluorescence characteristics from
to be very sensitive parameters. Here, DPH, TMA-DPH, the hydrophobic acyl chain region of the inner membrane.
COO2-DPH, and the non-UV dyes show modest capacit- The observations indicate a steady rigidization throughout
ies (Fig. 8b). The calculation of the SR for the GP values the depth of the EPC bilayers, with increasing cholesterol
of DiIC18 has been omitted because of the non-linear content in terms of the following characteristics:
behavior of this parameter (see Fig. 4d, h). (i) Less free volume for molecular rotation (DPH,

TMA-DPH, and COO2-DPH, see Fig. 8a). Whereas the
anisotropy values of DPH and its derivatives obtained in

DISCUSSION cholesterol-saturated SUV (50 mol%) resemble each
other (,0.3), the anisotropy values of DPH in cholesterol-
free SUV (,0.1) are clearly different from TMA-DPHDynamic properties of lipid membranes depend on

external parameters such as pressure and temperature and (,0.25), and COO2-DPH (,0.18) [49]. The results indi-
cate that the free rotational volume in the hydrophobicon the intrinsic lipid composition, particularly on the

fraction of cholesterol [27]. When fluorescent dyes are core of EPC bilayers is reduced to a higher degree than
in the upper, more rigid acyl chain/glycerol region.used to detect temperature-induced changes of membrane

fluidity, it should be considered that the fluorescence (ii) Less free volume for intramolecular conforma-
tional changes (bis-pyrene [22]) and for intramolecularcharacteristics of the probe are not only modulated by

the lipid environment but also by the temperature itself. rotation (DCVJ, see Fig. 3 d, Fig. 7 e, and Fig. 8 b).
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Fig. 7. Dynamically relevant parameters of fluorescent membrane dyes as a function of temperature
( y axis, 10–50 8C) and cholesterol content (x axis, Liposome Group A: 0 mol%, B: 15 mol%, C: 25
mol%, D: 33 mol%, and E: 50 mol%). (a) Laurdan excitation GP. (b) DiIC18 excitation GP. (c) Maximum
emission fluorescence intensity of Nile Red [a.u.] (lexc 5 470 nm). (d) Fluorescence emission maximum
(lmax) of Nile Red [nm] (lexc 5 470 nm). (e) Maximum emission fluorescence intensity of DCVJ
[a.u.] (lexc 5 465 nm). (f) Maximum emission fluorescence intensity of FM 4-64 [a.u.] (lexc 5 573
nm). Between the maximum and the minimum value of each parameter, 30 intermediate intervals are
color-coded by gray values. Each value is derived from three independently stained liposomal prepara-
tions.

(iii) A closer packing of the bilayer, as indicated by GPexc values of Laurdan (see Fig. 4c). Solvent dipoles in
the vicinity of Laurdan interact and align with thea restricted diffusion (decreased excimer formation of

pyrene) [22,27]. enhanced dipole moment of the dye in its excited state.
Cholesterol attenuates water penetration into membranes,(iv) An inhibited penetration of water molecules

into the membrane layer as detected by the increasing weakening the extent of dipolar relaxation processes [53].
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different lateral arrangements [26,52]. In EPC-SUV,
DPH, TMA-DPH, COO2-DPH, and Laurdan indicate a
steady decrease of the microviscosity with increasing
temperature. The most significant changes were detected
with DPH in the hydrophobic core region of the bilayers
(see Fig. 8a) [49]. The emission intensity of DCVJ
decreases with increasing temperature, indicating an
increased intramolecular rotation of the molecule (see
Fig. 3c, Fig. 7e, Fig. 8a) [36]. Accordingly, GPexc and
GPem values of Laurdan sense an enhanced penetration
of water molecules in the outer EPC-SUV membrane
region. In contrast to the observation with cholesterol,
the emission spectra of Nile Red do not express any
changes besides a temperature-induced decrease of the
total emission intensity (cf. Fig. 3a and b).

Concerning DiIC18, increasing temperature pro-
vokes the same abrupt, peculiar changes in the emission
characteristics as increasing cholesterol concentrations
(see Fig. 3g, h; Fig. 4b, f). Again, the behavior of the
other membrane dyes rather exclude that temperature-
induced rearrangements of lipids are responsible for
this effect.

In general, the behavior of the fluidity-sensitive
parameters of the UV-sensitive membrane dyes reflects
the expected dynamic conditions inside of heteroge-
neously composed membranes [22,27,54]. In contrast,
the behavior of some non–UV-sensitive membrane dyes
differs from what could be expected. It will therefore be
discussed in detail below.

Fig. 8. Sensitivity ratios of fluidity-sensitive fluorescent membrane
dyes as derived from measurements in small unilamellar EPC liposomes The Spectral Behavior of Nile Red
of (a) different cholesterol content (0–50 mol% and (b) under the
variation of temperature (10–508C). In a lipophilic environment, the fluorescent lifetime

of Nile Red is prolonged and the quantum yield rises to
almost 0.8 [55]. The excitation and emission spectra have
been reported to shift to shorter wavelength with decreas-
ing polarity [28,29,56,57,61]. This shift has originally(v) A decreased polarity or an enhanced order in

the lipid arrangement of the polar head group area, as been assumed to result from twisted intramolecular
charge transfer (TICT) processes between the electronindicated by increasing GPem values of Laurdan [54] and

by the pronounced blue shift of the emission spectrum donor (diethylamine) and acceptor (condensed aromatic
ring) groups of the dye [58] (see Fig. 1e). However, recentof Nile Red (see Fig. 3b).

In contrast to the gradual fluidity changes, the fluo- theoretical studies contradict the TICT model and support
the hypothesis that increased dipole moments of the firstrescence characteristics of DiIC18 show a discontinuous

behavior when the cholesterol content rises from 25 to excited molecular states cause this effect [55].
In EPC-SUV, the total emission intensity decreases33 mol% (see Fig. 4b and d). Possible reasons for this

effects will be discussed below. with increasing temperature (see Fig. 1a) and with
decreasing cholesterol content (see Fig. 1b). The emission
spectra express a pronounced blue shift with increasing

Temperature-Induced Changes as Detected by
cholesterol content, but no such changes were detected

Fluorescent Probes
with temperature. Additionally, the excitation spectra do
not show any changes besides the variations of the totalLike cholesterol, temperature can force the constit-

uents of homogeneously composed lipid vesicles to adopt emission intensity [49]. In size and weight, Nile Red is
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comparable to Laurdan. Because of a slightly positive superlattices) are very likely to induce partition of
hydrophobic probes. In this case, lateral intensity fluctua-charge of 0.015 (calculated for the nitrogen atom of the

diethylamine group [59]), the dye should preferentially tions of DCVJ cannot be associated unequivocally to
microviscosity-induced changes of the quantum yield,incorporate parallel to the acyl chains near the head group

region of the lipids [60]. If, in analogy to Laurdan, the FF, or to concentration-dependent effects.
Apart from the intensity fluctuations of DCVJ, ref.number of water molecules in the upper bilayer region

provided a potential of interaction for Nile Red, the [36] also reports a linear shift of the emission peak to
longer wavelength with increasing dielectric constants.induced changes should result equally strong for choles-

terol and temperature. Because the spectral shift of the We confirm this effect in EPC liposomes with decreasing
cholesterol content, but not with temperature (see Fig.emission peak exclusively occurs with changing amounts

of cholesterol, an interpretation related to interactions 3c, d). This shift offers an approach to derive dielectric
constants in cellular membranes by fluorescence micros-with dynamic membrane, properties must be doubted.

However, our results strongly support direct interactions copy, utilizing local derivations of the fluorescence inten-
sities in various band pass channels.of Nile Red with cholesterol. Because cholesterol-

induced spectral shifts exclusively concern the emission
spectra of Nile Red, the underlying interactions between

The Spectral Behavior of FM 4-64
the molecules are very likely to take place during the
excited state of the dye. Voltage-dependent spectral shifts, spectral broaden-

ing, and changes on the quantum yield have been reported
for styryl dyes in membranes [62]. The supplier (Molecu-

The Spectral Behavior of DCVJ
lar Probes) of the frequently used non-toxic styryl dye
FM 1-43 reports the emission and absorption spectra to beThe intensity variations of DCVJ, observed in EPC

liposomes (see Fig. 3c, d), are in line with the interpreta- subject to significant shifts dependent on the membrane
environment. Our results clearly indicate that neither thetion of Kung and Reed [36]. The total emission intensity

of DCVJ increases with membrane microviscosity. But emission nor the excitation spectra of the FM 1-43 deriva-
tive FM 4-64 (see Fig. 1h) show any substantial tempera-in EPC vesicles the integral intensity changes should not

be connected directly to torsional relaxation processes ture- or cholesterol-induced shifts in EPC-SUV (see Fig.
3e, f). As a consequence, the spectra of FM 4-64 cannotwithout the following severe reservation. Because tem-

perature and cholesterol content both influence not only reveal valuable information regarding lipid dynamics on
a molecular level. Nevertheless, the generally favorablethe distinct dynamic properties of membrane lipids but

also the number of penetrating water molecules, the characteristics have made FM dyes valuable for the visu-
alization of membrane dynamics on larger scales [46].hydrophobic conditions, at least in the upper region of

membranes, are subject to significant changes. Although
the quantum yield of DCVJ has been reported to be

The Spectral Behavior of DiIC18, DiIC16, DiIC12,independent from solvent polarity [36], the penetrating
and Fast-DiIC18water alters the partition coefficient between a membrane

and the embedding buffer. As a result, the total amount Out of the non-UV sensitive membrane dyes, the
amphiphilic fluorophore DiIC18 (see Fig. 1g) shows theof fluorescent dyes inside of the membrane is reduced,

and the total fluorescence emission intensity of the sample most particular spectral responses (see Fig. 3g, h). It
becomes evident from the normalized emission spectradecreases (dilution effect). The magnitude of this effect

can be estimated by observing the behavior of membrane that the emission maxima is not subdued to steady shifts,
but rather characterises a two-state emissive system, justdyes, which are insensitive to changes of free molecular

volumes. We find the sensitivity ratio of the intensity as it is observed for the spectra of the UV-sensitive dye
Laurdan (see Fig. 4a, b, e, f). But, whereas the generalizedvariations of DCVJ to resemble the sensitivity ratios of

the intensity spectra of Nile Red and FM 4-64 (see Fig. 8). polarization of Laurdan responds rather gradually to
changing temperature or cholesterol content (see Fig. 4c,Therefore, intensity variations induced by the changing

partition coefficient seem to dominate the intensity varia- d and Fig. 7a), the GP values derived for DiIC18 approxi-
mately define a two-plateau system (see Fig. 4d, h andtions resulting from changes of the free rotational volume.

As a consequence, the total emission intensity of DCVJ Fig. 7b). At high temperatures, cholesterol variations
induce only small changes in the GP values, and highcannot be regarded as a reliable parameter for microvis-

cosity in liposomal membranes. In natural membranes, cholesterol concentrations prevent temperature-induced
changes completely. These sudden transitions of the GPlateral membrane heterogeneities (e.g., rafts, cavaeolae,
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value between 25 and 33 mol% of cholesterol and at molecule fluorescence techniques have been performed
with fluorescence correlation spectroscopy [19].temperatures between 25 and 358C are not in line with

the microviscosity-dependent fluorescent parameters of Despite the intensive use of the dyes, we found no
hint to explain the emission peak observed at 586 nm.all other dyes (see Fig. 7 [22,27]). As a consequence,

the course of the transition is not consistent with an Packard and Wolf [69] reported average fluorescence
lifetimes to be dependent upon lipid phases and to ainterpretation based on microviscous changes (compare

Fig. 7a and b). smaller degree, upon surface charges and phospholipid
head groups. They also found the fluorescence lifetimeEPC contains approximately 30% C16, 60% C18, and

10% lipids with longer, unsaturated hydrocarbon chains. of DiIC18 to be sensitive to cholesterol and thus membrane
organization, detecting an extended fluorescence lifetimeThe longer wavelength emission peak successively

diminishes, following DiIC18 À DiIC16 . Fast-DiIC18 in DPPC/cholesterol liposomes at cholesterol concentra-
tions between 10 and 45 mol%. Sims et al. [63] mention. DiIC12 (see Fig. 4d and Fig. 5). Because the strength

of the incorporation of the diacylcarbocyanine dyes into the formation of dimers and larger-size DiIC18 aggregates
with consequences on spectral characteristics and quan-lipid bilayers is primarily defined by the matching of the

acyl chain characteristics of the components, the genera- tum yields in red blood cell membranes. Packard and
Wolf [69] supported this thesis by reporting a markedtion of the observed emission peak and the binding affin-

ity of DiICN are strongly related. The question induced by decay in fluorescence lifetime, when DiIC18 concentra-
tions exceeded 1023 mol% in EPC membranes.our data concerns the distinguished membrane parameters

that provide the environmental conditions at cholesterol All fluorescence characteristics reported are rather
inconsistent with hypothesis (ii). There are indicationsconcentrations below 25 mol% and temperatures below

258C. An explication may be provided by one of the that the emission peak is red shifted about 20 nm when
the dye incorporates from an aqueous environment intofollowing hypotheses:
lipid membranes (DiS-C3(5) [63], and increasing mem-
brane potential induces red shifts of about 10 nm (DiS-(i) Dimers or higher-ordered DiIC18 aggregates

may be formed under certain membrane condi- C3(3) [70]). But the observation that the lifetime of DiIC18

is independent from the polarity of lipid head groups [63]tions.
(ii) A temperature- or cholesterol-induced reloca- contradicts hypothesis (ii). In our laboratory, water, DMF,

ethanol, or cyclohexane do not alter the DiIC18 emissiontion of the fluorescent head group of DiIC18-
molecules, either deeper into or farther off the spectra significantly (data not shown). Elongated fluores-

cence lifetime at intermediate cholesterol concentrationslipid matrix. As a consequence, the polarity of
the environment could alter the fluorescence in DPPC vesicles [63] could support hypothesis (i) or (iii).

Unfortunately the authors did not comment on possibleemission.
(iii) Intermolecular coupling between single mem- wavelength shifts. In EPC liposomes, distinguished inter-

molecular lipid–dye interactions or DiIC18 aggregatesbrane constituents and the dye.
could very well be inhibited above a defined cholesterol
concentration or temperature (see Fig. 4).DiIC18 is a representative of a large family of cyanine

dyes that incorporate into lipid bilayers and interact non- No experiment to date rejects hypothesis (i) or (iii).
Experiments in model systems that couple lifetime spectracovalently with various membrane constituents and dis-

tinct membrane properties. Since the 1970s, cyanine dyes and anisotropy data will certainly reveal the answer to
this question in the future. Because excitation spectra ofhave been extensively studied to monitor membrane

potentials in living cells (e.g., [62]). The probes provide DiIC18 lack any notable perturbation, the spectromet-
rically relevant interactions must occur during the lifetimeclear partition preferences for coexisting gel and fluid

phases that depend on the matching of the length and the of the excited state of the molecule (see Fig. 6).
degree of saturation between the acyl chains of the bilayer
lipids and the acyl chains attached to the dye. Lipid/dye
partitioning was evaluated in model systems [43,44,64], CONCLUSION
as well as in living cells [65]. Absorption and emission
dipoles of DiIC18 form an angle of ,208, facilitating the Although the non-UV membrane dyes presented in

this paper do not reveal dynamically relevant membraneapplication of spectrometric or microscopic anisotropy
concepts in cells [66,67]. Membrane lipid flow has been parameters in a direct manner, the spectral changes in the

emission characteristics of DiIC18, Nile Red, and DCVJ indetermined in leukocytes by measuring fluorescence
recovery after photobleaching of DiIC16 [68], and single dependence of the cholesterol content make these dyes
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