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ABSTRACT: Here we describe a new BODIPY-based membrane probe (1) that
provides an alternative to dialkylcarbocyanine dyes, such as DiI-C18, that can be
excited in the blue spectral region. Compound 1 has unbranched octadecyl chains at
the 3,5-positions and a meso-amino function. In organic solvents, the absorption and
emission maxima of 1 are determined mainly by solvent acidity and dipolarity. The
fluorescence quantum yield is high and reaches 0.93 in 2-propanol. The fluorescence
decays are well fitted with a single-exponential in pure solvents and in small and giant
unilamellar vesicles (GUV) with a lifetime of ca. 4 ns. Probe 1 partitions in the same
lipid phase as DiI-C18(5) for lipid mixtures containing sphingomyelin and for binary
mixtures of dipalmitoylphosphatidylcholine (DPPC) and dioleoylphosphatidylcho-
line (DOPC). The lipid phase has no effect on the fluorescence lifetime but
influences the fluorescence anisotropy. The translational diffusion coefficients of 1 in
GUVs and OLN-93 cells are of the same order as those reported for DiI-C18. The directions of the absorption and emission
transition dipole moments of 1 are calculated to be parallel. This is reflected in the high steady-state fluorescence anisotropy of 1
in high ordered lipid phases. Molecular dynamic simulations of 1 in a model of the DOPC bilayer indicate that the average angle
of the transition moments with respect to membrane normal is ca. 70°, which is comparable with the value reported for DiI-C18.

■ INTRODUCTION

There is an ever-growing interest in using compounds derived
from 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) in
life-science research.1−4 The popularity of BODIPY dyes is due
to a combination of outstanding spectroscopic and (photo)-
physical properties, such as bright fluorescence with absorption
and emission bands in the visible range, high molar absorption
coefficients, and robustness toward light and chemicals.
Moreover, the BODIPY core can be postfunctionalized easily5

(at the pyrrole ring positions, the meso-position, and the boron
atom), leading to dyes with custom-made, fine-tuned
spectroscopic properties for use in biosciences and material
research.
Lipid systems (e.g., bilayers, monolayers, vesicles, biological

membranes) can be studied by inserting fluorescent probes.6

BODIPY is one of the fluorophores frequently used to

synthesize lipid probes.7−14 These probes are anchored within
the lipid membrane by 1, 2, or 3 hydrocarbon chains. The
BODIPY core can be attached at different positions along the
hydrocarbon chain. Additional alkyl chains attached to the
fluorophore moiety lead to a deeper and more defined location
of the probe in the lipid bilayer but the orientation of the
electronic transition dipole moment of the fluorophores
depends on the phase of the lipid membrane.8

Phospholipid bilayers exist in various phases according to
lipid composition and temperature.15 Pure phospholipid
systems at temperatures below their phase transition temper-
ature (Tm) exist in the gel phase (So), which is characterized by
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dense packing and low lipid mobility.15 Above Tm, the lipids are
found in a liquid-crystalline phase (Ld) characterized by loose
packing and high lipid mobility.15 Mixing two phospholipids
with different Tm leads to So/Ld phase coexistence.16 When
sphingomyelin (SM) and cholesterol (Chol) are added to
glycerol-based phospholipids with low Tm, a phase separation
can be observed16 between the Ld phase consisting mostly of
phospholipids and the liquid ordered phase (Lo) phase
enriched in SM and Chol. Lo/Ld phase separation can be also
obtained by mixing DOPC (a lipid with low Tm), DPPC (a
lipid with high Tm) and Chol. The Lo phase can be considered
as an intermediate phase between So and Ld because it
preserves properties from both of them, that is, a high order of
acyl-chains similar to the So phase, and a high lateral mobility
similar to the Ld phase.
The aim of this work is to develop a new, highly fluorescent

BODIPY-based lipid probe that (i) allows for the observation
of lipid membranes at orientations perpendicular to the
excitation beam; (ii) exhibits sensitivity to the different lipid
phases; and (iii) can be excited in the blue spectral region. A
well-defined orientation of the fluorescent probe that can be
used in the blue spectral region in combination with a synthesis
that allows for different lengths of hydrocarbon chains opens
new alleys and combinations of dyes and proteins to explore
membrane properties, lipid−lipid, and lipid−protein interac-
tion. The observation of lipid membranes perpendicular to the
excitation beam requires transition dipole moments (S1 ← S0
transition) of lipid probes to be nearly parallel to the membrane
surface. Otherwise, the excitation probability will be substan-
tially reduced because of the low photoselection probability due
to the large angle between the electric field of the excitation
light and absorption transition dipole moment.17

Theoretical studies18 indicate that the first transition state
dipole moment of BODIPY lies in the plane of the molecule
and points from one terminal ring to the other. To obtain the
proper orientation of the dipole moment of the aimed molecule
with respect to the membrane, we were inspired by the long-
chain dialkylcarbocyanine dyes DiI-C18(3) (1,1′-dioctadecyl-
3,3,3′,3′-tetramethylindocarbocyanine perchlorate) and DiI-
C18(5) (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocya-
nine perchlorate) which fluoresce, respectively, in the orange
and red part of the spectrum and have similar membrane
properties.19 It has been shown that the great majority of the
conjugated bridge of DiI-C18(3) is within approximately 10% of
parallelism with the surface of the cell membrane.20 These
probes also show lipid phase sensitivity toward So and Ld
phases, depending on the lipid composition of the vesicles.21−23

Blue-shifted dyes are amenable to both single- and two-
photon excitation, which makes these dyes very promising in a
broad range of biological applications. Classic BODIPY
derivatives generally fluoresce in the green spectral range2−5

but careful choice of substituents can result in fluorescence
emission in the yellow, red, and even near-IR parts of the
spectrum.2−5 Biellmann et al. reported the first meso-amino
substituted BODIPY derivative, 8-phenylaminoBODIPY with
absorption in the blue spectral range,24 but with practically no
fluorescence emission. Later, several meso-aminoBODIPY
derivatives have been described with bright blue fluores-
cence.25−29 Therefore, a membrane probe based on a meso-
amino substituted BODIPY is expected to exhibit spectra lying
in the blue spectral region.
Here we describe the new probe 1 (sodium 8-[(2-

sulfonatoethyl)amino]-4,4-difluoro-3,5-dioctadecyl-4-bora-

3a,4a-diaza-s-indacene, Figure 1) with two C18-alkyl chains at
the 3,5- positions and a taurine substituent at the meso-position.

The spectroscopic and photophysical properties of 1 in
solvents of widely varying properties are investigated first, using
UV−vis spectrophotometry and steady-state and time-resolved
fluorometry. Second, the probe’s behavior was investigated in
model lipid systems, namely small (SUV) and giant (GUV)
unilamellar lipid vesicles of different compositions. The probe’s
partitioning into binary and ternary lipid mixtures exhibiting
phase separation was analyzed by fluorescence microscopy.
Third, molecular dynamics simulations were used to describe
both the location and orientation of 1 at the molecular level in a
model lipid bilayer, as well as the geometrical characterization
of its transition dipole moment. Finally, we performed
fluorescence lifetime imaging microscopy (FLIM) of 1 in the
membrane of OLN-93 cells. The lateral diffusion of 1 was
determined in both GUV membranes and the plasma
membrane of OLN-93 cells.

■ EXPERIMENTAL SECTION
The Supporting Information describes in detail the chemicals used in
the experiments, the instrumentation used for spectrophotometry and
steady-state and fluorescence spectroscopy, the relative determination
of the fluorescence quantum yields, the small and giant unilamellar
vesicles preparation, the cell culture, the techniques of fluorescence
spectroscopy, single-photon timing (SPT), fluorescence up-conver-
sion, fluorescence lifetime imaging microscopy (FLIM), fluorescence
recovery after photobleaching (FRAP) and raster image correlation
spectroscopy (RICS), and the molecular dynamics (MD) simulations.
Here are the abbreviations of the chemical compounds used:
dipalmitoylphosphatidylcholine = DPPC, dioleoylphosphatidylcholine
= DOPC, distearoylphosphatidylcholine = DSPC, dimethylformamide
= DMF, dimethyl sulfoxide = DMSO, tetrahydrofuran = THF, and
methanol = MeOH. Additional details are provided as Supporting
Information.

■ RESULTS
Synthesis of 1. The BODIPY-based membrane probe 1

(Figure 1) was prepared based on the method of Biellmann et
al.24 Full details are given in the Supporting Information.
Briefly, 2-octadecylpyrrole 2 was condensed with thiophosgene
in diethyl ether to yield the corresponding thioketone. This
intermediate was not purified due to its unstable nature. The S-
methylation to a dipyrrinium salt and the subsequent
complexation with boron trifluoride etherate were carried out
in a one-pot procedure. The brightly fluorescent dye 3 was then
converted into the membrane probe 1 by nucleophilic
substitution of the thiomethyl substitutent by taurine (Scheme
1). It should be noted that following a new synthetic route 1
can also be prepared by nucleophilic substitution of 8-

Figure 1. Structure of the BODIPY-based membrane probe 1. The
numbering of the BODIPY core is shown in gray.
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halogenated BODIPYs, which can be efficiently synthesized
from dipyrrylketones.29

Steady-State UV−vis Absorption and Fluorescence
Spectroscopy of 1 in Organic Solvents. The UV−vis
absorption and fluorescence emission spectra of 1 in a selection
of organic solvents are shown in Figure 2. BODIPY derivative 1

displays several unusual spectroscopic properties in relation to
unsubstituted BODIPY and classic boradiazaindacene dyes.2−5

The most striking property of 1 is the clearly blue-shifted
absorption and emission spectra with respect to unsubstituted
and other common BODIPY derivatives. Table 1 compiles the
spectroscopic and photophysical data of 1 as a function of
solvent.
The main absorption band of 1 with the maximum λabs(max)

positioned in the range from 415 nm (in acetonitrile and
acetone) to 429 nm (in cyclohexane and toluene) is assigned to
the S1 ← S0 transition. An additional, weaker absorption band
can be observed in the UV region from 320 to 330 nm and is
attributed to the S2 ← S0 transition. In ethanol, the molar
absorption coefficient εmax [at λabs(max) = 424 nm] is (36.1 ±
0.8) × 103 L mol−1 cm−1. The corresponding molecular
brightness is 29 600 L mol−1 cm−1 [as obtained by the product
ε(λabs)Φ with Φ being the fluorescence quantum yield (Table
1)],30 demonstrating that 1 is a bright fluorophore. Table 1
shows that the absorption (fwhmabs) and emission (fwhmem)
bandwidths (full width at half-maximum) of 1 are significantly
wider than those of typical BODIPYs.2−5 Blue-shifted λabs(max)
and λem(max) and broader bandwidths fwhmabs and fwhmem in
relation to those of classic difluoroboron dipyrrins have been
observed for other meso-amino substituted BODIPYs.24−28,31

The fwhmem of 1 are consistently larger than the fwhmabs
(Table 1), which could suggest a decreased rigidity in the
excited state compared to the ground state.
Probe 1 shows a Stokes-shifted emission band, which mirrors

the absorption band in shape. Its maximum λem(max) is shifted
from 474 nm (in acetone) to 494 nm (in acetic acid). In all
solvents tested, the fluorescence excitation spectra of 1 match
the corresponding absorption spectra. The Stokes shifts Δν̅ of
1 are considerably larger than those of unsubstituted and
common difluoroboron dipyrrins2−5 (Table 1). This is in
agreement with earlier observations for 8-aminoBODI-
PYs.24−28,31 The Δν ̅ value averaged over the 12 solvents (see
Table 1) equals 2967 ± 154 cm−1. The fluorescence quantum
yields Φ are moderate to high (between 0.38 and 0.93), the
lowest value being observed in polar DMSO.

Scheme 1. Synthesis of 1a

a(a) CSCl2, diethyl ether/toluene; (b) CH3I, CH2Cl2; (c) NEt3, BF3·
OEt2, CH2Cl2; (d) Taurine, DMSO/CH2Cl2 (2.5:1.5 v/v).

Figure 2. Normalized absorption and fluorescence emission spectra
(upon excitation at 390 nm) of 1 in the solvents indicated.
Measurements were performed at room temperature.

Table 1. Spectroscopic and Photophysical Data of 1 as a Function of Solventa

nr solvent
λabs(max)

b

[nm]
λem(max)

c

[nm]
Δν̅d

[cm−1]
fwhmabs

e

[cm−1]
fwhmem

f

[cm−1] Φg τh [ns] kf
i [108 s−1] knr

i [108 s−1]

1 methanol 423 487 3107 1984 2485 0.81 ± 0.02 4.43 ± 0.05 1.83 ± 0.05 0.43 ± 0.06
2 acetonitile 415 477 3132 2164 2771 0.71 ± 0.02 3.78 ± 0.04 1.88 ± 0.06 0.77 ± 0.06
3 acetone 415 474 2999 2081 2930 0.69 ± 0.01 3.38 ± 0.04 2.04 ± 0.04 0.92 ± 0.05
4 ethanol 424 485 2966 1940 2538 0.82 ± 0.05 4.16 ± 0.05 1.97 ± 0.12 0.43 ± 0.13
5 acetic acid 425 494 3287 2044 2412 0.81 ± 0.04 4.47 ± 0.05 1.81 ± 0.09 0.43 ± 0.10
6 ethyl acetate 420 480 2976 1977 2609 0.81 ± 0.01 3.61 ± 0.04 2.23 ± 0.04 0.54 ± 0.05
7 2-propanol 424 483 2881 1887 2563 0.93 ± 0.01 4.02 ± 0.05 2.31 ± 0.04 0.18 ± 0.05
8 THF 422 480 2863 2032 2647 0.79 ± 0.01 3.77 ± 0.04j 2.10 ± 0.03 0.56 ± 0.04
9 cyclohexane 429 487 2776 2504 4374 0.62 ± 0.02 4.00 ± 0.05 1.54 ± 0.04 0.96 ± 0.05
10 DMF 417 476 2972 2105 2977 0.52 ± 0.01 2.62 ± 0.03 2.00 ± 0.04 1.82 ± 0.06
11 DMSO 418 476 2915 2115 2995 0.38 ± 0.01 1.59 ± 0.02 2.36 ± 0.04 3.92 ± 0.09
12 toluene 429 486 2734 2247 3786 0.58 ± 0.01 3.31 ± 0.05 1.74 ± 0.04 1.28 ± 0.06

aThe solvents are ranked according to increasing refractive index n. bWavelength of absorption maximum. cWavelength of fluorescence emission
maximum. dStokes shift [Δν ̅ = 1/λabs(max) − 1/λem(max)].

eFull width at half-height of the maximum of the absorption band. fFull width at half-
height of the maximum of the fluorescence emission band. gFluorescence quantum yield ± one standard uncertainty. Φ determined versus coumarin
1 in ethanol (Φr = 0.64) as reference. hExcitation wavelength = 342 nm (one-photon excitation using single-photon timing technique), except for
THF (see j, two-photon excitation using FLIM technique). The uncertainties represent the standard deviation. iRate constants of deactivation of the
singlet excited state via fluorescence (kf) and nonradiative processes (knr). The propagated errors are calculated using the standard uncertainty of Φ
and the standard error of τ. jExcitation wavelength = 840 nm (two-photon excitation using FLIM technique).
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The solvent only slightly influences the spectral maxima
λabs(max) and λem(max) of 1 (Table 1 and Figure 2). Indeed,
λabs(max) varies by 14 nm (786 cm−1) among the 12 solvents
tested, and λem(max) varies by 20 nm (854 cm−1). It is
worthwhile to rationalize these modest but significant solvent-
dependent shifts. The most recent, comprehensive treatment of
the solvent effect (based on a set of four empirical,
complementary, mutually independent solvent scales, that is,
dipolarity, polarizability, acidity, and basicity of the medium)
has been proposed by Catalań.32 In this method, the
polarizability and dipolarity of a particular solvent are
characterized by the parameters SP and SdP, respectively,
whereas acidity and basicity are described by the scales SA and
SB, respectively. The {SA, SB, SP, SdP} parameters for a large
number of solvents can be found in ref 32. Mathematically, the
solvent effect on the physicochemical observable y can be
expressed by the multilinear eq 1

= + + + +y y a b c dSA SB SP SdP0 SA SB SP SdP (1)

where y0 denotes the physicochemical property of interest in
the gas phase; aSA, bSB, cSP, and dSdP are regression coefficients
that describe the sensitivity of the property y to the various
solvent−solute interaction mechanisms; and {SA, SB, SP, SdP}
are independent solvent parameters (indices) accounting for
the various types of solvent−solute interactions.
The spectroscopic observables y analyzed in this paper are

the absorption maxima ν ̅abs = 1/λabs(max) and the emission
maxima ν ̅em = 1/λem(max), both expressed in cm−1.
The use of {SA, SB, SP, SdP} (eq 1) gives high-quality fits to

ν̅abs of 1, using the correlation coefficient r as goodness-of-fit
criterion (r = 0.964, eq 2 with 12 data points, uncertainties on
the coefficients are standard errors)

ν ̅ = ± − ±

− ± − ±

+ ±

(23859 332) (609 128)SA

(327 169)SB (838 459)SP

(977 124)SdP

abs

(2)

High-quality fits are also obtained for the multilinear analysis
(eq 1) of ν ̅em (r = 0.987, eq 3 with 12 data points, uncertainties
on the coefficients are standard errors as calculated from the
covariance matrix resulting from the analysis)

ν ̅ = ± − ± + ±

− ± + ±

(20683 187) (904 72)SA (47 95)SB

(299 258)SP (570 70)SdP
em

(3)

The added benefit of the generalized (Catalań) treatment of
the solvent effect is that it allows the separation of the relative
contributions of dipolarity, polarizability, acidity, and basicity of
the medium. Therefore, we utilized the new methodology to
resolve which solvent property/properties is/are primarily
responsible for the observed shifts of νa̅bs and ν ̅em. The relative
importance of each of the Catalań solvent parameters was
studied by omitting each solvent scale in turn in the regression
analysis.
SA and SdP exhibit major contributions (i.e., large aSA and

dSdP values) with small, relative standard errors in eq 2, which is
further cross-checked by the excellent fits obtained when both
SA and SdP are present in the analyses (i.e., for sets {SA, SB,
SdP} and {SA, SP, SdP} with r = 0.947 and 0.945, respectively).
This indicates that solvent acidity and dipolarity are crucial for
ν̅abs. Conversely, when either SA or SdP is omitted from the
regression analysis, the fit becomes unacceptable with r-values

of 0.838 and 0.554 for sets {SB, SP, SdP} and {SA, SB, SP},
respectively. The crucial role of solvent acidity and dipolarity is
additionally evidenced by the high r-value (0.927) obtained
with the {SA, SdP} set. That solvent basicity and polarizability
play no role is evident from the analysis with {SB, SP}, yielding
a r-value of only 0.376. The negligible influence of solvent
polarizability on ν ̅abs is further corroborated by the weak linear
correlation between ν̅abs and the Bayliss function f(n) = (n2 −
1)/(2n2 + 1) (r = −0.298).
Similar results are obtained for νe̅m. The large estimated aSA

and dSdP values and their relatively small standard errors in eq 3
are an indication that the change of ν ̅em may reflect
predominantly a variation of acidity and dipolarity of the
environment of the chromophore. This is backed up by the
analyses in which either SA or SdP is omitted from eq 1.
Indeed, the r-values are significantly lowered for sets {SB, SP,
SdP} (r = 0.635) and {SA, SB, SP} (r = 0.856), compared to
0.987, as found for eq 3. Conversely, as long as SA and SdP are
simultaneously present in the analysis, high-quality fits are
obtained (i.e., for sets {SA, SB, SdP} and {SA, SP, SdP} with r
= 0.985 and 0.987, respectively). This demonstrates the crucial
role of solvent acidity and dipolarity to rationalize the solvent-
dependent location of ν̅em. Additionally, the multilinear
regression of ν̅em according to eq 1 with only {SA, SdP} as
independent variables yielded an excellent fit with a high r-value
(0.984), very close to that of the original fit (eq 3, r = 0.987).
Once more, solvent basicity and polarizability have an
insignificant effect on the position of ν̅em, as evidenced by the
analysis with {SB, SP}, yielding a r-value of only 0.470. Extra
confirmation that solvent polarizability is an unimportant
parameter affecting νe̅m comes from the poor linear correlation
between ν ̅em and the Bayliss function f(n) (r = 0.091).

Time-Resolved Fluorescence. The fluorescence decays
obtained by SPT by one-photon excitation were performed at
342 nm using samples of 1 in quartz cuvettes. To determine the
appropriate excitation wavelength for the two-photon ex-
citation, excitation finger printing was performed for different
solvents. The highest intensity observed for 1 dissolved in
methanol was at 840 nm (Figure S1, Supporting Information).
FLIM experiments were conducted with two-photon excitation
at 840 nm using samples of 1 on the microscope stage. The
fluorescence decay curves were found to be monoexponential
[f(t) = α exp(−t/τ)]. The fluorescence (nanosecond) lifetimes
τ obtained by both SPT and FLIM are equal (Table 2). Using
the experimental fluorescence quantum yield (Φ) and the
monoexponential lifetime (τ), the rate constants of radiative (kf
= Φf /τ) and nonradiative [knr = (1 − Φf)/τ] decay (Table 1)
were calculated. The average kf value ±1 standard uncertainty is

Table 2. Fluorescence Lifetimes τ Obtained upon One-
Photon (342 and 420 nm) and Two-Photon Excitation (840
nm)a

solvent τ [ns] (one-photon excitation) τ [ns] (two-photon excitation)

DMSO 1.70 ± 0.01b 1.71 ± 0.06c

ethanol 4.16 ± 0.05b 4.22 ± 0.05c

ethanol 4.20 ± 0.20d 4.20 ± 0.40e

methanol 4.43 ± 0.05b 4.39 ± 0.07c

aThe quoted uncertainties represent the standard deviation. bλex = 342
nm, single-photon timing. cλex = 840 nm, FLIM. dλex = 420 nm,
fluorescence up-conversion. eλex = 840 nm, fluorescence up-
conversion.
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(2.0 ± 0.2) × 108 s−1, which is somewhat higher than the kf
values commonly found for classic BODIPY dyes (i.e., in the
range from 1.4 to 1.7 × 108 s−1).2−5 The solvent-dependent
observations made for kf were also valid for knr; there is no
systematic solvent dependency of knr. The average knr value ±1
standard uncertainty for the solvents of Table 1 is (1.0 ± 1.0) ×
108 s−1.
The excited-state properties of 1 in ethanol were further

investigated in a series of time-resolved fluorescence experi-
ments using the up-conversion technique with femtosecond
time resolution. Fluorescence decays were recorded close to
λem(max) (490 nm) in two time windows (50 and 420 ps) with
the excitation wavelength set at 420 nm. In order to investigate
the two-photon excitation intrinsic properties of 1 and to
observe the dynamics of its excited-state, an additional set of
experiments were performed with an 840 nm excitation
wavelength while maintaining the detection at 490 nm.
The analysis of the time-resolved fluorescence traces

obtained upon 420 nm excitation revealed three decay times
of 4.8, 47, and 4200 ps (Figures S2 and S3, Supporting
Information) with only the latter having a positive pre-
exponential factor. Although 1 exhibits a clear fluorescence
emission upon two-photon excitation in ethanol (Figures S4
and S5, Supporting Information), the signal-to-noise ratio is
low as a result of two effects: the high intensity beam impinging
on the sample generates photobleaching and white light
generation (note the high intensity signal at the excitation
time). The kinetic fluorescence trace profile appears similar to
that observed for the one-photon excitation process (Figures S2
and S3, Supporting Information). Such kinetic similarities
suggest that, following the Franck−Condon excitation, the
fluorescence emission occurs from an excited state with similar
spectroscopic characteristics as the one observed upon one-
photon 420 nm excitation.
Fluorescence Properties of 1 in Small Unilamellar

Vesicles. The fluorescence properties of 1 were determined in
small unilamellar vesicles (SUV), a widely used lipid model
system. The fluorescence excitation and emission spectra of 1
(Figure S6, Supporting Information) were recorded at room
temperature so that the various lipid systems exhibit different
lipid phases, that is, liquid disordered phase (Ld) for DOPC and
gel phase (So) for both DPPC and DSPC.
The excitation spectra of 1 were found to be similar in the

various lipid systems with almost no change of λex(max) (Table
3). The emission spectra of 1 exhibit a small bathochromic shift

(11 nm) of the Ld phase in relation to the So phase. A similar
shift is observed upon increasing the temperature of the DPPC
or DSPC SUV lipid system (Figure S7, Supporting
Information). The spectra of 1 are not influenced by the
length of the aliphatic SUV lipid chains, as shown by the similar
emission spectra in DPPC and DSPC SUVs (Figure S7,
Supporting Information).

Fluorescence anisotropy of 1 in DPPC and DSPC SUVs was
recorded at 472 nm with the excitation set at 420 nm and at
temperatures between 10 and 70 °C (Figure S8, Supporting
Information). The fluorescence anisotropy is high in the So
phase and decreases with increasing temperature and lipid
membrane fluidity. The temperature dependence was fitted
with a sigmoidal function and the transition temperature (Tm)
of the lipids was given by the inflection point, 39.1 ± 0.5 °C for
DPPC and 51.9 ± 0.7 °C for DSPC. These values are close to
those reported in the literature for SUVs (37.8 ± 1.0 °C for
DPPC and 51.8 ± 1.1 °C for DSPC).33

Fluorescence decay measurements under single-photon
excitation were performed on the SUVs with a single type of
phospholipid (DOPC, DPPC, DSPC) (Table 3). The decay
traces were well fitted with a single-exponential and the
fluorescence lifetime is essentially independent of the lipid
phase. For DPPC and DSPC SUVs, the fluorescence lifetimes
were measured at various temperatures and no temperature
dependence was observed (Table S1).

Discrimination of Lipid Phases by 1 in Giant
Unilamellar Vesicles. To study the spatial distribution of 1
over different lipid phases, experiments were performed on
giant unilamellar vesicles (GUVs). The distribution of 1 over
four different lipid phases (So, Ld, Ld/So, and Lo/Ld) was
investigated by confocal laser scanning microscopy (CLSM) at
room temperature. The GUVs had different compositions,
DPPC, DOPC, DOPC/DPPC (4:6 molar ratio), and DOPC/
SM/Chol (1:2:1 molar ratio). Apart from photoselection
effects, a uniform distribution is observed for 1 in the Ld and
So systems (Figure S9, Supporting Information).
The GUVs of mixed composition were loaded simulta-

neously with both 1 and DiI-C18(5) to assign the type of lipid
phase. DiI-C18(5) and DiI-C18(3) have similar membrane
properties23 and both probes partition preferentially in the So
phase for DOPC/DPPC mixtures34,35 and tentatively in the Ld
phase for DOPC/SM/Chol mixtures that exhibit phase
separation.22,23,36 We observed that DiI-C18(5) and 1
accumulate preferentially in the same phase in both the
DOPC/DPPC mixture (Figure S10A,B) and the DOPC/SM/
Chol mixture (Figure S10C,D).
To observe the shape of the lipid phases, we recorded z-

stacks of the GUVs from the two mixed systems with steps of
0.5 or 1 μm (Figure 3). DOPC-rich domains representing the
Ld phase for the DOPC/SM/Chol mixture22,35 can be observed
in Figure 3A. The stripe and patch domains that are typical for
the So phase of the DOPC/DPPC mixture34,35 are shown in
Figure 3B.
Fluorescence lifetime images were also recorded for each

type of GUV and the lifetime distributions for each of the
phases are shown in Figure S11 (Supporting Information). An
average lifetime was calculated for each phase within the GUV
and averaged over at least 10 GUVs (Table 4). Except for the
values obtained for the solid phase of the DOPC/DPPC
mixture, no significant differences were observed between the
various lipid phases.
FRAP measurements were performed at room temperature

on GUVs stained with 1 prepared from either DOPC or DPPC.
In both cases, the mobile fraction was close to 100%. In the gel
phase (DPPC), the average value for the diffusion coefficient D
equals 0.13 ± 0.02 μm2/s, whereas for the fluid phase the
increase of mobility leads to a substantially higher value, namely
D = 4 ± 2 μm2/s in DOPC. The high uncertainty for DOPC
GUVs arises from the limited temporal resolution of the

Table 3. Excitation [λex(max)] and Emission [λem(max)]
Maxima and Fluorescence Lifetimes τ of 1 Inserted in SUVs
with Different Composition at Room Temperature

DOPC (Ld) DPPC (So) DSPC (So)

λex(max) [nm] 421 420 419
λem(max) [nm] 484 477 473
τ [ns]a 4.3 ± 0.1 4.3 ± 0.1 4.4 ± 0.2

aThe uncertainties represent the standard deviation.
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microscope used in the FRAP experiment. Therefore, addi-
tional RICS measurements were performed to accurately
measure the diffusion coefficient D of 1 in DOPC, yielding a
D value of 4.5 ± 0.8 μm2/s (Figure S12, Supporting
Information).
Location and Orientation of 1 in the DOPC Lipid

Membrane by Molecular Dynamics. Molecular dynamics
(MD) simulations have repeatedly been shown to provide
positioning of small molecules in DOPC bilayers in agreement
with experimental data.37−42 Here, the equilibrated geometries
obtained after MD simulations considering a temperature of
310 K indicate that 1 systematically incorporates into the
DOPC bilayer regardless of its initial location and orientation.
As can be seen in Figure S13 (Supporting Information), the
location is equilibrated after 40 ns. Therefore, all geometrical
observables (distances and angles) are averaged from 40 to 300
ns. These calculations indicate that 1 is located below the
membrane surface in zones 2−4 (Figure 4). The long octadecyl
chains of 1 are located in zones 3−4, that is, the hydrophobic
core of the bilayer. The boron atom of the BODIPY
chromophore lies in zone 2 (the high headgroup density
region, Figure 4) at 1.2 nm from the center of the membrane or
0.8 nm below the phosphorus atoms of the membrane surface.
As expected, the sulfonate moiety is embedded in this region
close to zone 1, which tightly anchors the probe (the standard
deviation of the location is ca. 0.2 nm).
The averaged orientation of 1 is characterized by the α1-angle

between the normal to the plane of the π-conjugated core and
the z-axis (perpendicular to the bilayer surface). Taking
fluctuations at 298 K into consideration, this angle is in the
range from 50 to 160° with one well-defined maximum at 117°
in its distribution (Figure S14, Supporting Information). This
maximum describes the π-conjugated core as being slightly
deviated from the perpendicular orientation with respect to the

membrane surface. This is attributed to the flexibility of the
CH2CH2 chain linking the SO3

− and NH groups of the taurine
meso-substituent. To fully characterize the orientation of the
fluorescent moiety in the DOPC bilayer, the α2-angle between
the longest axis of the π-conjugated core and the z-axis was also
considered. The absorption transition dipole moment of 1 is
oriented along the long axis of the π-conjugated core (Figure
4), as confirmed by a single-point quantum-chemical
calculation upon the ground-state geometry of 1 using time-
dependent density functional theory (TDDFT) along with the
hybrid BHLYP functional and the DZP basis set. Calculations
indicated that both the transition dipole moments of absorption
and emission are parallel.
The α2-angle fluctuates in a broad range with an average

value of 70° (Figure S15, Supporting Information), showing
that the transition dipole moment is slightly off from the
perpendicular orientation with respect to the z-axis, that is,
parallel orientation with respect to the surface.

Fluorescence Measurements in Biological Cells. CLSM
measurements were performed on live OLN-93 cells at room
temperature. These cells were selected because they exhibit
membrane inhomogeneities in lipid organization.44 The dye
accumulates both in the plasma membrane and cytoplasm but
remains excluded from the nucleus (Figure S16, Supporting
Information). No segregation of 1 within the cell membrane
was observed.
In contrast to the pure, organic solvents where the

fluorescence decays were well fitted with a single exponential,
the decays in the cells required two exponentials to reach an
acceptable fit, both for the cell membrane and for the cytosol
(Figure 5). The shorter decay time is between 0.2 and 0.4 ns in
the membrane and between 0.2 and 0.6 ns in the cytosol,
whereas the longer one is between 2 and 3.5 ns in the
membrane and between 2 and 4 ns in the cytosol. The pre-
exponentials of the two decay times vary between membrane
and cytosol, that is, the ratio of the longer decay time over the
shorter one is lower in the cytosol as compared with the ratio
obtained for the membrane.
The translational mobility of 1 in the membrane of OLN-93

cells was studied using FRAP. The weighted average based on
the standard deviation of the diffusion constant D from five
measurements is 0.18 ± 0.02 μm2/s (values are between 0.08
and 0.48), whereas the mobile fraction is 91 ± 1% (Figure S12,
Supporting Information).

■ DISCUSSION
The new probe 1 described in this work represents the first
blue-emitting BODIPY-based lipid probe, whereas currently
available BODIPY lipid probes are characterized by a yellow-
red emission. 8-AminoBODIPYs, of which compound 1 is an
example, are characterized by fluorescence in the blue spectral
region, which is unusual for difluoroboron dipyrrins.24−28,31

The solvatochromic analysis of 1 in pure solvents indicates
that the absorption and emission maxima are determined

Figure 3. Intensity image of GUVs obtained for probe 1 by
superimposing the images from a z-stack. Panel A shows the Lo/Ld
phase separation (DOPC/SM/Chol) and panel B displays the Ld/So
phase mixture (DOPC/DPPC). Depending on the relative position
and size of the GUVs, different intensities for different areas can result
from the superposition of the images in the z-stack. Measurements
were performed at room temperature. The excitation light (840 nm)
was linearly polarized along the horizontal axis.

Table 4. Average Fluorescence Lifetimes τ (in ns) of 1 Obtained for the Different Lipid Phases in the Various Types of GUVs at
Room Temperature

DOPC DOPC/SM/Chol DOPC/DPPC DPPC

Ld Lo Ld Ld So So

4.3 ± 0.1a 4.5 ± 0.2 4.4 ± 0.2 4.1 ± 0.2 4.0 ± 0.2 4.2 ± 0.2

aThe uncertainties represent the standard deviation.
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mainly by solvent acidity and dipolarity, and that solvent
basicity and polarizability play no role. In this respect,
compound 1 differs quite strongly from most BODIPYs
investigated earlier where solvent polarizability was the major

cause for the solvent dependence of νa̅bs.
5 The lack of effect of

solvent polarizability on νa̅bs and ν ̅em contrasts with earlier
reports on common BODIPY dyes5 where polarizability is the
primary factor responsible for the small solvent-dependent

Figure 4. Normalized partial densities of the phosphorus atoms in the upper- and under-layer of the membrane (full line) and of the boron atom of
the BODIPY core (dashed line) in DOPC considering a temperature of 310 K. The results are averaged along the MD simulation in the range from
40 to 300 ns. The picture is a representative snapshot of 1 within the DOPC bilayer. In the foreground, the probe is depicted together with its first
transition state dipole moment (in green). The lipid chains are given in gray, as well as the carbon backbone of the BODIPY core. The color coding
of specific atoms is as follows: boron (pink), fluor (light blue), nitrogen (dark blue), sulfur (yellow), and oxygen (red); as the united atom model is
used, only the hydrogen atoms in an sp2 hybridization (in white) are indicated in the probe. The vertical dashed lines indicate the boundaries
between the different regions of (1) low headgroup density, (2) high headgroup density, (3) high tail density, and (4) low tail density, as defined by
the classification of Marrink and Berendsen.43

Figure 5. Intensity image of 1 in OLN-93 cells (A). FLIM images of the entire OLN-93 cell (B,F), the plasma membrane (C,G) and the cytosol
(D,H). Decay time distribution of the shorter (E) and longer (I) decay times recorded in the cells. Measurements were performed at room
temperature. Excitation light was set at 840 nm and was linearly polarized along the horizontal axis. The size of the scale bar is 10 μm for all the
images.
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shifts of the visible absorption and fluorescence emission bands
of these dyes. This is in line with quantum chemical density
functional theory calculations, which show an increased
HOMO−LUMO band gap compared to common BODIPY
dyes. These calculations also support the observed hypsochro-
mic spectral shifts, which are found to be due to a net
destabilization of the LUMO state whereas the HOMO energy
remains unaltered by the presence of a meso-amino
group.25,27,28,31 This illustrates once more that 1 has quite
unusual properties compared to already described 8-amino-
BODIPYs.24−28,31

The fluorescence quantum yield is high in the various
solvents investigated. The fluorescence lifetime depends on the
solvent but is the same irrespective of excitation at 342 or 420
nm in 1-photon or at 840 nm in 2-photon mode. The up-
conversion approach revealed three components in the
fluorescence relaxation of 1 in ethanol. The slow component
(4.2 ns) with positive amplitude found back in SPT
experiments can be attributed directly to the decay of the
relaxed S1 state. Interestingly, the fast components of 4.8 and
47 ps have negative contributions (rise components) and could
indicate the presence of significant vibrational and/or structural
relaxation processes occurring in the excited state of the
chromophore. This could also account for the large Stokes shift
Δν ̅ (∼3000 cm−1) in the steady-state data (Table 1) in relation
to those observed for other classic BODIPY dyes.2−5

The fluorescence decay of 1 is monoexponential in SUVs and
GUVs. The lifetime is independent of the type and the phase of
the lipid and resembles that of 1 in ethanol and methanol, that
is, somewhat more than 4 ns. The fluorescence relaxation of 1
in the more complex environment of the plasma membrane and
the cytosol of OLN-93 cells can be described by a sum of two
exponentially decaying functions. The two relaxation times
associated with the plasma membrane are somewhat shorter
than the two relaxation times in the cytosol. The interpretation
of the relaxation times in the biological cell is difficult and is
beyond the scope of this study. Also the fluorescence decay of
carbocyanine dyes in artificial lipid system comprises two
components and the average lifetime is ca. 1 ns and depends on
the lipid phase.45

Probe 1 is well anchored into the lipid membrane due to the
C18-alkyl chains as well as the boron atom. The MD
calculations indicate that the fluorescent moiety is clearly
located below the polar head region. Similar observations have
been obtained with MD for DiI-C18(3).

39 The BODIPY core of
1 resides at 1.2 nm from the center of the membrane, whereas
the chromophore of DiI-C18(3) was at 1.26 nm from the center.
Our MD calculations revealed an average value of 70° between
the transition dipole moment of 1 and the normal to the
DOPC lipid membrane at 310 K. This compares very well with
the value reported for the average orientation of the long axis of
the DiI-C18(3) chromophore that is 77° in DPPC above the
phase temperature.39 For both dyes, the angular distributions
are rather broad. This rationalizes our observation that the
photoselection effect is not as strong as could be expected for a
cross-section through the GUVs.
The position of 1, determined by hydrophobic tails and a

hydrophilic headgroup, follows the analysis based upon solvent
acidity and dipolarity. The equilibrium positions and the
distance of the core moiety of 1 to the center of the membrane
are therefore found to be very similar in simulations performed
in DOPC as well as DPPC tissues in the Ld phase. For DPPC
in the So phase, the distance to the membrane surface is

decreased [work in progress]. The lower packing coefficient in
the Ld phase allows for an enhanced solvation and brings along
stronger hydrophobic effects, causing the tails to penetrate
deeper into the membrane. These effects are also responsible
for the shift of the emission spectra as a function of temperature
(see Figure S7). Microscopy measurements performed on
GUVs with mixed lipid compositions established that the probe
partitions preferentially into the same lipid phase as DiI-C18(5).
A high steady-state fluorescence anisotropy of 1 was found in

the So phase. Similar observations were reported for
carbocyanine dyes.46,47 The fluorescence anisotropy of 1
decreases upon transition to a more fluidlike lipid environment.
Indeed, with an obtained angle difference of barely 6.0°
between the absorption and emission dipole moments of 1 our
MD calculations for the DOPC in the Ld phase indicate that
these vectors are nearly parallel. As the fluorescence lifetime is
essentially independent of both lipid phase and temperature of
the artificial lipid system, the interpretation of steady-state
fluorescence anisotropy experiments is rather straightforward.
Changes in fluorescence anisotropy are then entirely due to
wobbling motions of the probe. As the lifetime of 1 is larger
than the lifetime of DiI-C18(5), the steady state fluorescence
anisotropy of 1 is more sensitive to slower rotational motions of
the dye. MD calculations for DiI-C18(3) have demonstrated
that free volumes exist in the region just beneath the water−
headgroup interface allowing for such wobbling motions of the
transition moment.39 Depolarization can also occur by rotation
of the molecule as whole but at a slower rate. This suggests
that, as for DiI-C18(3),

39 the time-resolved anisotropy decay of
1 will comprise two relaxation times and a limiting anisotropy
at long times because of the restricted wobbling motions.48,49

The length of the lipid chains does not influence the behavior
of 1, because the fluorescence anisotropy values obtained for
C16 and C18 lipid systems were similar when being in the same
phase.
Recently, Timr et al.50 investigated the two-photon

absorption of DiI(3) by reverting to a sum-overstates
expression and a diagonalization of the two-photon transition
tensor. The latter was found to be dominated by the transition
dipole moment and the change between the ground and first
excited state dipole moments, which are perpendicular to each
other for the DiI species. Because the orientation of these two
vectors is found to be analogous for 1, it can be expected that
also for 1 the one-photon optical anisotropy properties cannot
be used to estimate anisotropy properties of two-photon
absorption.50

Lateral diffusion measurements of 1 were performed both in
GUVs and OLN-93 cells. Diffusion coefficients obtained for the
gel (0.13 ± 0.02 μm2/s) and fluid (4.5 ± 0.8 μm2/s) phase of
the GUVs differ by 1 order of magnitude. Gielen et al.51

reported that the diffusion coefficients of DiI-C18(5) inserted in
POPC GUVs (fluid phase) are around 7 μm2/s. Similar values
were also found for DiI-C18(3) in DOPC GUVs (fluid
phase).19,22 FRAP measurements performed on DiI-C18(5) in
primary oligodendrocytes derived from neonatal rat brains
yielded diffusion coefficient values ranging from 0.4 to 2.8 μm2/
s,51 which are somewhat higher compared with those obtained
here for 1 in OLN-93 (with values ranging from 0.08 to 0.48
μm2/s). As reported previously, the diffusion coefficients of
fluorescent probes in the plasma membrane are slower than
those recorded in model membranes.52 Given the similar
behavior of the membrane probes 1 and DiI-C18(5), 1 can be
seen as a promising alternative to DiI-C18 type probes in the
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blue spectral region. Considering the excitation/emission
spectra of 1, its transition dipole orientation, and phase
partitioning similar to other fluorescent probes (i.e., some of
the DiI and DiO probes53−56), the new BODIPY-based probe
appears particularly adapted for Förster resonance energy
transfer studies in lipid bilayers.

■ CONCLUSIONS

Lipid membranes exhibit various phases and characteristics
depending on their composition and temperature. Cholesterol
and its relative abundance are found to play a major role in the
formation of so-called lipid rafts, which are expected to result
from their interaction with long saturated alkyl chain lipids like,
for example, sphingomyelin. In view of the dynamic and fragile
nature of the rafts, optical methods making use of suitable
probes are of paramount interest, as they can both provide
information on the structure and the dynamics of molecular
biosystems within high temporal and spatial boundaries. The
spatial heterogeneity of the membrane properties influences the
membrane protein distribution, which in turn has consequences
for the cell physiology.
Currently, membrane probes of the dialkyl carbocyanine

(DiI) family are widely used because they take a well-defined
position within the membrane and are known to be able to
selectively partition into particular phases of the membrane.
However, these DiI probes are exclusively used in relation with
low-energy orange light.
In this work, we describe the new BODIPY-based membrane

probe 1. This lipid probe 1 has been found to exhibit three key
characteristics, which were prerequisites for its development:
(i) it has been found to be excitable in the blue spectral region
by both 1- and 2-photons in combination with a high
fluorescence quantum yield; (ii) it partitions preferentially in
the same lipid phase as DiI-C18(5) of the DiI family; and (iii)
its transition dipole moment is almost parallel to the membrane
surface, thus allowing for the observation of lipid membranes at
orientations perpendicular to the excitation beam. Therefore, it
can be concluded that 1 is a valid alternative to the DiI-C18(5)
probe if excitation in the blue region of the spectrum is
required. This allows for new combinations of dyes in the
exploration of membrane properties and the spatial distribution
of membrane associated proteins. As the length of the
hydrocarbon chains of 1 can easily be adapted, new approaches
within the area of membrane analysis of lipid membrane related
aspects, fluorescence microscopy, and bioimaging in general
become possible.
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Jungwirth, P. Nonlinear Optical Properties of Fluorescent Dyes Allow
for Accurate Determination of Their Molecular Orientations in
Phospholipid Membranes. J. Phys. Chem. B 2015, 119 (30), 9706−
9716.
(51) Gielen, E.; Smisdom, N.; vandeVen, M.; De Clercq, B.; Gratton,
E.; Digman, M.; Rigo, J. M.; Hofkens, J.; Engelborghs, Y.; Ameloot, M.
Measuring Diffusion of Lipid-like Probes in Artificial and Natural
Membranes by Raster Image Correlation Spectroscopy (RICS): Use of
a Commercial Laser-Scanning Microscope with Analog Detection.
Langmuir 2009, 25 (9), 5209−5218.
(52) Chiantia, S.; Ries, J.; Schwille, P. Fluorescence correlation
spectroscopy in membrane structure elucidation. Biochim. Biophys.
Acta, Biomembr. 2009, 1788 (1), 225−233.
(53) Loura, L. M.; Fedorov, A.; Prieto, M. Partition of membrane
probes in a gel/fluid two-component lipid system: a fluorescence
resonance energy transfer study. Biochim. Biophys. Acta, Biomembr.
2000, 1467 (1), 101−12.
(54) Sengupta, P.; Holowka, D.; Baird, B. Fluorescence resonance
energy transfer between lipid probes detects nanoscopic heterogeneity
in the plasma membrane of live cells. Biophys. J. 2007, 92 (10), 3564−
74.
(55) Chen, H.; Kim, S.; Li, L.; Wang, S.; Park, K.; Cheng, J. X.
Release of hydrophobic molecules from polymer micelles into cell
membranes revealed by Forster resonance energy transfer imaging.
Proc. Natl. Acad. Sci. U. S. A. 2008, 105 (18), 6596−601.
(56) Chen, H.; Kim, S.; He, W.; Wang, H.; Low, P. S.; Park, K.;
Cheng, J. X. Fast release of lipophilic agents from circulating PEG-
PDLLA micelles revealed by in vivo forster resonance energy transfer
imaging. Langmuir 2008, 24 (10), 5213−7.

Langmuir Article

DOI: 10.1021/acs.langmuir.6b00478
Langmuir 2016, 32, 3495−3505

3505

http://dx.doi.org/10.1021/acs.langmuir.6b00478
http://pubs.acs.org/action/showLinks?pmid=17325019&crossref=10.1529%2Fbiophysj.106.094730&coi=1%3ACAS%3A528%3ADC%252BD2sXltVantbY%253D
http://pubs.acs.org/action/showLinks?system=10.1021%2Fla8040538&pmid=19260653&coi=1%3ACAS%3A528%3ADC%252BD1MXis12is7g%253D
http://pubs.acs.org/action/showLinks?pmid=922121&crossref=10.1016%2FS0006-3495%2877%2985550-1&coi=1%3ACAS%3A528%3ADyaE1cXntVOlug%253D%253D
http://pubs.acs.org/action/showLinks?pmid=18445654&crossref=10.1073%2Fpnas.0707046105&coi=1%3ACAS%3A528%3ADC%252BD1cXmtVOgtr0%253D
http://pubs.acs.org/action/showLinks?pmid=10930513&crossref=10.1016%2FS0005-2736%2800%2900211-X&coi=1%3ACAS%3A528%3ADC%252BD3cXltlers70%253D
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.jpcb.5b05123&pmid=26146848&coi=1%3ACAS%3A528%3ADC%252BC2MXhtFWqtL3N
http://pubs.acs.org/action/showLinks?pmid=19431883&crossref=10.1016%2FS0006-3495%2893%2981478-4&coi=1%3ACAS%3A528%3ADyaK3sXit12nsL8%253D
http://pubs.acs.org/action/showLinks?pmid=18801332&crossref=10.1016%2Fj.bbamem.2008.08.013&coi=1%3ACAS%3A528%3ADC%252BD1MXksVWltw%253D%253D
http://pubs.acs.org/action/showLinks?pmid=18801332&crossref=10.1016%2Fj.bbamem.2008.08.013&coi=1%3ACAS%3A528%3ADC%252BD1MXksVWltw%253D%253D
http://pubs.acs.org/action/showLinks?pmid=6548649&crossref=10.1016%2FS0006-3495%2884%2984050-3&coi=1%3ACAS%3A528%3ADyaL2MXkt1entQ%253D%253D
http://pubs.acs.org/action/showLinks?system=10.1021%2Fla703570m&pmid=18257595&coi=1%3ACAS%3A528%3ADC%252BD1cXhs1emt7Y%253D

