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BODIPY and BODIPY-derived systems are widely applied as
fluorophores and as probes for viscosity detection in solvents
and biological media. Their orientational and rotational dynam-
ics in biological media are thus of vital mechanistic importance
and extensively investigated. In this contribution, polarization-
resolved confocal microscopy is used to determine the
orientation of an amphiphilic BODIPY-cholesterol derivative in
homogeneous giant unilamellar vesicles (GUV) made from 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC). The BODIPY-moi-
ety of the molecule is placed near the polar headgroups, and
the cholesterol moiety is embedded in the membrane along
the acyl chain of the lipids. The rotational relaxation of
fluorophore is conventionally investigated by time-resolved
emission anisotropy (TEA); and this method is also used here.
However, TEA depends on the emission of the fluorophore and
may not be useful to probe rotational dynamics of the non-

emissive triplet states. Thus, we employ femtosecond transient
absorption anisotropy (TAA), that relies on the absorption of
the molecule to complement the studies of the amphiphilic
BODIPY in DCM and GUV. The photoinduced anisotropy of the
BODIPY molecule in DCM decays tri-exponentially, the decay
components (sub-5 ps, 43 ps and 440 ps) of anisotropy are
associated with the non-spherical shape of the BODIPY
molecule. However, the anisotropy decay in homogenous GUVs
follows a biexponential decay; which arises from the wobbling-
in-a-cone motion of the non-spherical molecule in the high
viscous lipid bilayer media. The observations for the BODIPY-
chol molecule in the GUV environment by TAA will extend to
the investigation of non-emissive molecules in cellular environ-
ment since GUV structure and size resembles the membrane of
a biological cell.
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Introduction

The tunable optical properties, large extinction coefficients and
high fluorescence quantum yields of BODIPY fluorophores[1]

constitute the basis for applications such as molecular rotors,[2,3]

photochemical singlet oxygen generation[4] and triplet-triplet
annihilation upconversion (TTAUC).[5–7] Meso-substitution of the
phenyl ring yields BODIPY derivatives, so-called fluorescent
molecular rotors (FMRs), render them suitable for viscosity
detection.[2,3] The viscosity of a cell membrane, or its fluidity (the
reciprocal viscosity) is critically linked to cell physiology
influencing cell adhesion, signaling and cell differentiation. It
influences drug permeation and changes to membrane compo-
sition with disease state also instigates measurable changes in
membrane viscosity.[8–10] Membrane viscosity can be conven-
iently measured using probes such as FMRs.[3] When changing
from low to high viscosity, the intensity of the BODIPY FMR
fluorescence and fluorescence lifetime increase due to an
increasingly hindered intramolecular rotation.[3,11]

Giant unilamellar vesicles (GUVs) are suitable models for
cellular membranes.[12] The rotational relaxation time, organiza-
tion and orientation of various fluorophores (including BODI-
PYs) in GUVs as well as in cell membranes have been
investigated previously.[13–18] A technique routinely used is time-
resolved emission anisotropy (TEA).[17-20] However, this approach
is restricted to fluorescent molecules with fluorescence decay
times exceeding the emission depolarization timescales.[19] In
particular in the context of light-driven molecular processes,
e.g., in photodynamic therapy but also in triplet-triplet
annihilation upconversion[6] for drug release or activation, non-
emissive triplet states might play a key function-determining
role. Furthermore, even well-established fluorophores might
have very unfavorable emission properties in certain
environments,[21–23] e.g., many BODIPY-molecules do not fluo-

resce in aqueous environments.[1,24] In such cases, time-resolved
transient absorption anisotropy (TAA) might complement time-
resolved fluorescence anisotropy measurements to investigate
molecular motion, e.g., in cells, cell membranes or cell
membrane models. TAA probes the rotational diffusion of both
emissive and non-emissive molecules by using two orthogo-
nally polarized probe beams (see Figure 1 for a schematic
depiction).[25–27] For instance, nanosecond transient absorption
anisotropy has been used to evaluate rotational diffusion
coefficients of bacteriorhodopsin (BR) in dimyristoylphosphati-
dylcholine (DMPC) and egg phosphatidylcholine.[28] Here, we
present – to the best of our knowledge – the first femtosecond
transient absorption anisotropy of BODIPY-derivatives in GUVs
to investigate the local mobility of the chromophoric part of
the molecules (see Figure 1) bound to the model membrane by
an extended molecular linker and relate this data to TEA results
on the same fluorophore. Complementing the TAA and TEA
with polarization-resolved confocal microscopy, the orientation
and fluctuation of the BODIPY fluorophores in the lipid bilayer
are elucidated.

The BODIPY-Ar-Chol (See Figure 1) molecule presents a
paradigm BODIPY-FMR, as it embeds into homogeneous and
ternary GUVs and is soluble in a range of solvents, e.g.,
dichloromethane (DCM), chloroform and acetonitrile (ACN).[1] In
particular, the molecule can be used to target mammalian cells,
where it permeates the membrane and localizes into lipid
droplets.[1] As such the BODIPY-Ar-Chol presents a promising
molecular probe to spectroscopically explore molecular proper-
ties on a sub-cellular level.[24]

Figure 1. (A) Structure of the BODIPY-Ar-Chol molecule and its intramolecular rotation (shown by an arrow) as a BODIPY-phenyl molecular rotor. (B) Schematic
diagram of the transient absorption anisotropy measurement of the BODIPY-Ar-Chol molecules in GUVs. (C) Enlarged GUV model and the BODIPY-Ar-Chol in
the lipid bilayer.
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Experimental Details

Samples

BODIPY-Ar-chol molecules are synthesized according to the proto-
col published earlier.[1] GUVs were prepared using a mixture of 1,2-
Dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipid of 5 mM and a
15 μM solution of the dye (BODIPY-Ar-Chol) in chloroform. The
mixed solution (DOPC and dye) is drop casted (1 μL) on a pair of
indium tin oxide (ITO)-coated glass slides and dried in a desiccator
under vacuum conditions to completely evaporate the solvent. The
dried ITO slides were placed in the Vesicle Prep Pro (Nanion
Technologies) and a greased O-ring was put on the conductive side
of a slide, which was filled with 230 mM sucrose solution. Another
ITO slide was used to seal the sucrose-filled O-ring with a
conductive side toward the solution before electroformation. First,
the voltage was raised from 0 to 3 V within 5 minutes, then 3 V was
maintained for 170 minutes at 10 Hz frequency, followed by a
voltage ramp from 3 to 0 V in 5 minutes. Subsequently, the GUVs
were collected in an Eppendorf tube. The temperature was
maintained at 37 °C during the electroformation process. For time-
resolved measurements, the dye was dissolved in chloroform to
yield an absorbance of about 0.3 at 470 nm and placed in 1 mm
pathlength quartz cuvettes. GUV samples were measured using the
same cuvettes.

Steady-State Spectroscopy

Steady-state absorption was measured with a Jasco V780 UV/vis/
NIR spectrophotometer. Emission was recorded using an FLS980
emission spectrophotometer (Edinburgh Instruments) utilizing a
xenon lamp as an excitation source (ozone-free 450 W). All steady-
state measurements were performed using 1 cm pathlength quartz
cuvettes.

Transient Emission Spectroscopy

The fluorescence intensity decays were recorded in quartz cuvettes
using a modular fluorescence lifetime spectrometer (FluoTime 200,
PicoQuant) with time-correlated single photon counting (TCSPC).
The light source was a pulsed LED with 459 nm emission, 1 ns pulse
width and a repetition rate of 10 MHz. Emission was detected at
515 nm. Glan-Taylor prisms served to select the polarization of the
excitation and the emission. The G-factor of the setup was
calculated from the fluorescence intensity decay histograms of a
solution of Rhodamine 110 yielding a value of G=1.34.

Transient Absorption Spectroscopy and Transient Absorption
Anisotropy

Femtosecond time-resolved absorption and transient absorption
anisotropy measurements were performed using a home-built
experimental setup.[29,30] Briefly, a mode-locked Ti: sapphire laser
produced 80 fs pulses centered at 800 nm (repetition rate of 1 kHz),
which were split into two beams to pump two optical parametric
amplifiers (TOPAS, LightConversion) in order to generate pump and
probe pulses at 470 and 525 nm, respectively. The probe beam was
split into two probe beams, the polarization of one beam was
parallel (Ik) and of another beam was perpendicular to the pump
polarization (I?), see Figure 1 b. The two probe beams and the
pump beam spatially and temporally overlapped on the sample.
The transmitted probe beams were detected by photodiodes. The
magic angle (I54.7°) signal and the transient absorption anisotropy
were calculated using the signals recorded at parallel and
perpendicular polarizations. The pump power was kept at 8 μW, for

the measurements in solution and vesicles. To cross-validate the
setup, we measured the transient absorption anisotropy of [Ru-
(bpy)3]

2+ in acetonitrile (see supplementary information Figure S3),
which had been reported in the literature.[25]

Methods of microscopy

Fluorescence lifetime and time-resolved anisotropy images were
recorded using a confocal STED microscope (ExpertLine, Abberior
Instruments, Göttingen, Germany). The BODIPY fluorophore was
excited with a linearly polarized pulsed picosecond laser at 488 nm
(repetition rate 40 MHz). BODIPY-Ar-Chol constituted GUVs were
imaged at room temperature using a 60x water immersion
objective UPLSAPO60XW (n.a. 1.2) from Olympus (Shinjuku, Japan).
Fluorescence in the spectral range of 500 to 550 nm was separated
by a polarizing beam splitter cube and recorded simultaneously by
two single photon counting avalanche photodiodes (SPCM-AQRH-
14-TR, Excelitas, Mississauga, Canada) using synchronized TCSPC
electronics comprising four synchronized SPC-150 N cards with
routers (Becker & Hickl, Berlin, Germany). Time binning of 21 ps for
a high time resolution of the fluorescence decays was used. Static
anisotropy image analysis was achieved by correcting for the
differences in detector sensitivity, by subtracting background
intensity, by setting a minimum intensity threshold to select the
pixels of the GUV membrane, by calculating the local anisotropy
value for each pixel and by correcting for the depolarization factor
of the microscope optics.

Alternatively, fluorescence images of the GUV samples (Figure S1)
were collected using a Leica TSP inverted (DMi8) confocal micro-
scope with a 40x oil immersion objective. A white light laser
tunable in range 470–670 nm was used to excite the sample at
503 nm and the emission was collected between 503–570 nm
without a polarizer. The images of immobile GUVs were taken after
incubating with 0.1% agarose solution for 10 minutes.

Computational methods

The quantum chemical calculations were performed with the
Gaussian 16 program.[31] Density functional theory (DFT) was
employed to calculate the geometry of the ground state (S0), while
time-dependent DFT (TDDFT) was used to compute the singlet (S1)
excited state properties, i. e., energy, S0-S1 transition dipole moment
(TDM) and geometry. The DFT and TDDFT calculations were done
with the MN15[32] exchange-correlation (XC) functional in associa-
tion with the def2-SVP basis set.[33,34] Density functional dispersion
corrections were included using the GD3 model[35–37] using the
parameter reported in Goerigk et al[36,37] for MN15. The effects of
the solvent (dichloromethane, ɛ=8.93) were taken into account by
the polarizable continuum model[38] (PCM) using the SMD solvation
model.[39] The effects of solvent reorganization on the TDM were
estimated by comparing non-equilibrium and equilibrium PCM
calculations.

The TDM coordinates (X, Y, Z) are calculated with respect to a
molecule-fixed Cartesian frame. The frame is defined so that the X
axis connects the central carbon atom and the boron atom of the
BODIPY core. The Y axis passes through a carbon atom of the
central BODIPY ring, i. e., the Y axis defines the long axis of the
BODIPY. The Z axis is perpendicular to the XY plane (see SI,
Figure S5). All TDMs coordinates are calculated within this Cartesian
frame. Therefore, the calculated rotation angles describe a rotation
of the TDM within the molecule-fixed frame.

The ellipsoid axes and lengths were calculated using the Minimum
Volume Ellipsoid (MVE) method.[40,41] See the Supporting Informa-
tion computation section for details.
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Results and Discussion

Figure 2 depicts steady-state absorption and emission spectra
of BODIPY-Ar-Chol in DCM. The electronic transition S0-S1 is
centered at around 500 nm, while the fluorescence emission
peaks at 514 nm. The extinction coefficient at 503 nm
(6.34 ·104 M� 1 · cm� 1) and emission maximum at 514 nm are in
line with literature reports.[1] The molecule is insoluble in
water;[1] however, when integrated into GUVs fluorescence
emission was detected, which was spectrally identical to the
fluorescence observed from DCM solutions of the molecule (see
Figures 2 and S1); this observation indicates no aggregation of
dyes within the lipid bilayer.[42]

The unpolarized emission from GUV appears uniform across
the bilayer ring (Figure S1). However, when the GUV is excited
with polarized light and the emission is recorded under defined
polarization angles, only the BODIPY molecules with transition
dipole moment aligned along the excitation polarization
(bidirectional arrows in Figure 3a and 3b) get excited due to
photoselection.[43] For excitation polarized along the x-direction,
high emission is observed from locations 1 and 3 (Figure 3a) of
the GUV. This indicates that the molecules at these locations
have a preferred orientation of the dipole moment along the x-
direction. Similarly, for the excitation polarized along the y-
direction (Figure 3b), high emission is observed from locations 2
and 4 due to molecules having the dipole moment oriented
along the y-direction on two sides. In the molecular frame, the
transition dipole moment of the BODIPY chromophore is
oriented along the long axis of the BODIPY-core.[43–45] The
observed photoselection clearly indicates highly ordered BODI-
PY molecules, that are aligned along the lipid bilayer membrane
plane. The anisotropy, which is obtained from the difference
between two orthogonal fluorescence intensities (see SI Equa-
tion S2), appears high (r~0.4) where emission with a particular
polarization is high and emission along the orthogonal
direction is lower by a factor of two. For excitation polarization
along the x-direction (Figure 3c), fluorescence intensity as well
as anisotropy at the top and bottom of the GUV, are high;
similarly, for the y-directional excitation polarization, high
anisotropy is observed on the left-right section of the GUV-
embedded BODIPY (Figure 3d). The angle between the dipole
moment of the BODIPY chromophore and the normal to the
membrane plane is calculated using the fluorescence intensities
at the orthogonal positions from Figure 3a. The average of 40
pixels from two orthogonal positions (near 1 & 2 or 3 &4) are

Figure 2. Molecular structure and steady-state spectra of BODIPY-Ar-Chol
dissolved in DCM. Green and red colors represent extinction coefficient and
emission curve, respectively. For the emission spectrum, the sample was
excited at 470 nm.

Figure 3. Confocal fluorescence images at the equatorial plane of a DOPC GUV with BODIPY-Ar-Chol reconstituted into the lipid bilayer. (a,b) Normalized
fluorescence intensity images for two orthogonal linearly polarized excitations (excitation polarization indicated by the arrows, detected as parallel-polarized
emission, Ik). The 1–4 numbers in the image denote different locations in the equatorial plane of the GUV. (c,d) Anisotropy maps of BODIPY-Ar-Chol in the
lipid membrane for the two linearly polarized excitations shown in (a) and (b), respectively. Color-coding for anisotropy values is shown according to the color
bar. Intensity thresholds were set to exclude the non-membrane areas of the images. (e) Schematic representation of the BODIPY molecule in the lipid bilayer.
The arrow along the long axis of BODIPY represents the mean transition dipole moment and the vertical arrow represents the normal axis to the lipid
membrane surface. The schematic does not represent the size of lipids and BODIPY-Ar-Chol molecule.
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used in Equation S8 which reveals that the angle between the
transition dipole moment and the normal to bilayer membrane
is 63�2°. Due to averaging over many pixels, the angle
obtained is an average angle of all BODIPY molecules in these
pixels. A similar scenario has been suggested by Karolin et al.;[46]

they embedded BODIPY-derivatives in lipid bilayers of DOPC
and observed the transition dipole moment of the BODIPY
perpendicular to the normal to bilayer plane. However, these
authors used fluorescence anisotropy of GUVs and arrived at
their structural proposition based on the (slow) fluorescence
anisotropy measurements, the consideration of an order
parameter and linear dichroism measurements.[46] When the
angle between the transition dipole moment of the molecule
and normal to membrane plane is more than the magic angle
(54.7°), distinct high and low fluorescence intensities (as well as
anisotropies) have been observed for Nile Blue[47] and several
other molecules[43,48,49] in orthogonal sections of the lipid
bilayer.

Having established detailed insight into the orientation of
the BODIPY-fluorophore in the lipid bilayer membrane, its
rotational dynamics upon excitation were then investigated. In
a BODIPY-phenyl FMR, two distinct molecular rotations can take
place. First, intramolecular rotation (segmental mobility), during
which the phenyl ring which has a smaller moment of inertia,
rotates faster with respect to BODIPY moiety which has a larger
moment of inertia.[3] For the molecule investigated here,
although the presence of methyl groups at positions 1,7
restricts the free rotation of the phenyl group, there is still
motion (though somewhat restricted) between the BODIPY and
phenyl group possible. Literature reports that the addition of
substituents on the ortho and meso position of the phenyl ring
enhances the emission quantum yield due to further restriction
of rotation of the phenyl ring.[2,50–52] Hence, there is finite
segmental mobility between the BODIPY and the phenyl ring.
TDDFT calculations predict a BODIPY-phenyl rotation of about
24° going from the Frank-Condon region (S0 geometry) toward
the geometry of the emissive state (S1), see SI Table S3. Second,
the BODIPY-phenyl FMR can rotate as a single entity; a motion
in the excited state that finally equilibrates the distribution of
dipole moment. Due to the comparably large moment of inertia
of the BODIPY-moiety, this rotation is significantly slower than
the intramolecular rotation.[53,54] Consequently, in low-viscosity
solvents, the intramolecular rotation dominates the emission
decay properties. However, in highly viscous media the intra-
molecular rotation is slowed due to the high-volume demand
of the motion, which enhances the emission intensity and
increases the lifetime; as well as the overall rotation of the FMR
as a single entity is slowed.[3,55,56]

Time-resolved emission anisotropy (TEA) and transient
absorption anisotropy (TAA) are performed to obtain the
rotational dynamics of the molecule. The transient emission
(recorded at 514 nm), transient absorption (recorded at 525 nm)
magic angle kinetics and anisotropy of the BODIPY-Ar-chol in
DCM and GUV are shown in Figure S4 and Figure 4, respectively.
See SI equations S1 and S2 for the calculation of magic angle
signal and anisotropy.

The magic angle kinetics (Figure S4) show negative ΔAbs
signals at around 525 nm indicating contributions from ground-
state bleach (GSB) and stimulated emission (SE), which is
consistent with the steady-state spectra (Figure 2) and literature
reports on BODIPY-derivatives.[53,57] The anisotropy data pre-
sented in Figures 4 fall in the range between r(t)=0.4 to 0.04,
with a few data points larger than r(t)=0.4 for GUV samples
(Figure 4d). These data points are considered outliers due to
the larger margin of error (�20% of the measured ΔAbs).
Generally, different anisotropies recorded at long delay times
(ca. 2 ns) can be observed when comparing BODIPY-Ar-chol in
solution to the BODIPY dyes anchored to GUVs: In the DCM
solution, the initial anisotropy of about 0.4 drops to ca. 0.04 at
2 ns, while the long-delay time anisotropy for the molecule
anchored to GUVs is ca. 0.1 in 2 ns. High initial anisotropy
reveals that absorption and emission transition dipoles are
collinear.[47,58,59] The TDDFT calculations also show a marginal
0.13° angle between the two transition dipoles (see, SI
Table S2).

The anisotropy decay components of a molecule depend
upon its shape. A rigid spherical molecule has only one
anisotropy decay and corresponding rotational relaxation
time.[58] However, when a molecule is non-spherical, it can be
modelled as an ellipsoid. The anisotropy decay of such a
molecule is the sum of exponential terms based on the
rotational diffusion coefficients of its different axes.[58,60,61] The
non-spherical structure of BODIPY-Ar-Chol can be approximated
by an ellipsoid with three axes with dimensions of 21.6 Å, 6.1 Å
and 4.5 Å along the x, y and z axes, respectively, as shown in
Figure 5a. In the molecular frame shown in Figure 5a, the
absorption and emission transition dipoles are along the y-axis,
i. e., perpendicular to the long axis (x-axis). Rotation around the
long axis (x-axis) is supposed to be faster because of less
displacement of solvent molecules around this axis; conversely,
rotation around the short axis (y axis) is supposed to be slower
because of the large displacement of solvent molecules.[58]

The TAA in DCM decays with three characteristic time
constants 2 ps, 43 ps and 440 ps (see Figure 4b). The two time-
constants may arise from the rotational diffusion around the
three axes, as shown in Figure 5. Ariola et al. obtained two
time-constants 180 ps and 800 ps for a structurally similar
BODIPY-col molecule from time-resolved emission anisotropy
decay in dimethyl sulfoxide (ηDMSO=2 cP, at 293 K);[17] Because
the viscosity of DCM (ηDCM=0.43 cP, at 293 K)[62] is ~5 times
lower than the viscosity of DMSO, faster rotational relaxation
time of 550 ps is obtained for the BODIPY-Ar-Chol molecule in
DCM by TEA (Figure 4a) in this work. The better resolution of
the TAA employed in this work enables us to resolve all three
rotational relaxation times. Similar to the TEA anisotropy decay
recorded here, for several other BODIPY-derivatives only one
rotational relaxation time could be resolved using TEA.[53,54,63]

Previously, it has been reported that segmental motion
(intramolecular rotation) of the chromophore can also change
the orientation of the transition dipole moment; hence,
contributing to decay of the anisotropy.[58,64] We investigated
the effect of segmental mobility on the orientation of the
transition dipole moment within the molecular frame using

Wiley VCH Mittwoch, 08.11.2023

2311 / 321014 [S. 91/95] 1

ChemPhotoChem 2023, 7, e202300091 (5 of 9) © 2023 The Authors. ChemPhotoChem published by Wiley-VCH GmbH

ChemPhotoChem
Research Article
doi.org/10.1002/cptc.202300091

 23670932, 2023, 11, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cptc.202300091 by G
dask U

niversity O
f T

echnology, W
iley O

nline L
ibrary on [14/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



TDDFT calculations. The geometrical relaxation from the S0 state
to the S1 state leads to a change of orientation of less than 1°
(see SI, Table S4). Furthermore, by investigating the potential
energy surface along the BODIPY-phenyl dihedral angle, we
could estimate that the transition dipole moment direction
changes by about 3° for thermally accessible rotations (see SI,
Table S6).

Similarly, solvation-induced temporal changes in anisotropy
have also been reported for solute-solvent pairs.[25,65] We
investigated the solvation induced anisotropy decay using
TDDFT calculations performed with a polarizable continuum
model (Tables S7–S8), it predicts a small rotation (~0.3°) of the
transition dipole moment in the molecular frame due to solvent
relaxation.

We provide two possible origins for the fastest anisotropy
decay (2-ps) component. First, it may be attributed to intra-
molecular structural relaxation. In particular, previous studies
associated rotation of the BODIPY chromophore with respect to
an organic chromophore attached, instead of the phenyl used
in the molecular structure here, to a sub-5 ps process.[53,65,66]

Thus, such very fast intramolecular rotation accounts for about
7% of the anisotropy decay (see SI, Table S1).[58] Second,
rotational motion around the z-axis contributes to the fast, sub-
5 ps process. Such motion is calculated to move solvent in a

volume of 1838 Å3, compared to volumes of 11984 Å3 and
3402 Å3 associated with rotations along the y- and x-axis,
respectively (see, computation section for details); likely, the
corresponding rotational relaxation times 440 ps and 43 ps may
arise from rotations along the y- and x-axis, respectively. Small
and Isenberg indicated, in seminal work, that small changes in
the molecular axis length can cause significant changes in the
rotational diffusion timescales.[60] Following this argument, the
fastest anisotropy decay component may have contributions
from molecular rotation around the z-axis.

When reconstituted into a GUV comprised of DOPC, the
motion of the BODIPY-conjugate becomes hindered, i. e., the
chromophore probed in transient absorption anisotropy experi-
enced an increased local viscosity.[3,17,18,67] This was reflected in
the experimental transient-absorption anisotropy (Figure 4d),
which revealed a 700 ps characteristic time constant for the
decay. However, the anisotropy did not decay to zero within
2 ns. We note that the TAA measurement could not be
extended beyond 2 ns due to the limitation of the optical delay
line. The TEA measurement which is not limited to this
constraint recorded the anisotropy decay up to 25 ns (Figure 4c)
and revealed two time-constants of 700 ps and of 5.1 ns. Both
time-constants in lipid bilayer medium are slower than the
time-constants observed in DCM, which is associated with the

Figure 4. BODIPY-Ar-Chol anisotropy. (a) TEA in DCM, mono-exponential fit in red yields a lifetime of 550 ps with an error value within 20% of the given value,
χ2 (reduced) �0.03. (b) TAA in DCM, triexponential fit in red yield lifetimes of 2 ps, 43 ps and 440 ps; the error value is within 5% of the given value, χ2
(reduced)�10� 5. (c) TEA in GUV, biexponential fit in red yields lifetimes of 700 ps and 5.1 ns, with an error value within 20% of the given values, χ2 (reduced)
�0.04. (d) TAA in GUV, mono-exponential fit in black yields a lifetime of 700 ps, with an error value within 20% of the given value, χ2 (reduced) �0.02.
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steric constraints of the high viscosity of the lipid bilayer (vide
infra). The two time-constants are most likely related to the
wobble-in-cone motion of the BODIPY-Ar-chol molecule in high
viscosity lipid bilayer media.[68–70] The molecule is rigidly
embedded in the membrane, its BODIPY-moiety is near the
polar headgroups and the cholesterol is placed parallel to the
acyl-chain of the DOPC (vide supra);[17,18,46,71] the slow time-
constant 5.1 ns may arise from the slow back-and-forth flip
(wobble) motion away from the normal and 700 ps may arise
from the rotation around the long axis of the molecule, as
shown in the Figure 5b.

The average rotational relaxation time-constants are 142 ps
and 2.1 ns in DCM and in DOPC GUV, respectively, as calculated
using Equation S5, see SI Table S1 for details. We estimated a
microviscosity of 6.4�1.2 cP in the GUV using Equation S6,
which is in line with the previous reports on the microviscosity
of homogeneous GUVs made of DOPC.[67]

To summarize, the TAA is advantageous in obtaining the
anisotropy of non-spherical molecules as well as fast anisotropy
decay down to the sub-picosecond timescale, which is beyond
the resolution limit of most of the time-resolved fluorescence
emission measurement systems. Such temporal resolution is
essential in understanding the anisotropy decay components
due to fast rotation along long axis of the molecule.[58,64,65] The
slower decay components obtained using TEA are essential to
investigate the rotational relaxation motion in high viscous
media.[13,46,72] Therefore, the methods are highly complementary
and combined can give complete insight into the motion of a
probe and microviscosity of its environment.

The methodology can be used further to investigate the
microviscosity of ternary GUVs with emissive or with non-
emissive chromophores as well as in emission-quenched or
emission-restricted media since TAA only employs absorption
properties of the chromophore. Our study can further be
translated to the biological cell medium, where physiologically
relevant molecules are already studied in cells by (TA)
spectroscopy.[24,73] In the context of light-driven drug release
using TTAUC, where diffusion of molecules plays a vital role,[5,74]

TAA focusing selectively on sensitizer and annihilator molecules
in vesicles may contribute to the understanding of the overall
upconversion process by providing information on the rota-
tional diffusion times (local diffusion rates, DR) of the reactants.

Conclusions

Polarization-resolved confocal microscopy, transient absorption
anisotropy and transient emission anisotropy of an amphiphilic
BODIPY-Ar-Chol molecule embedded into giant unilamellar
vesicles (GUVs) were studied. Combined, the methods provide
detailed understanding of the fluorophore in solvent and its
placement and orientation in a lipid bilayer. The BODIPY-lipids
organize themselves in a highly ordered pattern in the lipid
bilayer and with an average angle between the transition dipole
moment of the fluorophore and normal to the lipid membrane
of 63°. The non-spherical shape of the molecule leads to three
time-constants of anisotropy decay investigated using transient
absorption anisotropy in dichloromethane. The anisotropy

Figure 5. (a) The Van-der-Waals surface of the BODIPY-Ar-Chol molecule with the principal axes depicted as arrows and the Löwner-John ellipsoid associated
with it. The three axes of the ellipsoid are shown along x (red), y (green) and z (blue) axes. The circular arrow represents the rotational diffusion around each
axis. (b) The wobble-in-cone motion of the BODIPY-Ar-chol molecule in the lipid bilayer: The fast rotation (700 ps) around the x axis and slow wobble motion
(5.1 ns) around the y and z axes.
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decay components (43 ps, 440 ps) originate from the rotational
diffusion around the long (x-axis) and short axis (y-axis) of the
BODIPY molecule. In contrast, the anisotropy decay of BODIPY-
Ar-Chol in the DOPC lipid bilayer revealed two time-constants
associated with wobble-in-cone motion. The transient absorp-
tion anisotropy enabled resolution of fast decay components
(<50 ps) of the anisotropy whereas the time-resolved emission
anisotropy identified a slow decay component (>2 ns) of the
anisotropy. Hence, both methods complement each other. The
microviscosity of the GUV was calculated using the ratio of
average rotational relaxation time-constants in DCM and in a
lipid bilayer. Accordingly, the estimated microviscosity of 6.4�
1.2 cP was found to be fifteen times the reported viscosity of
DCM at 293 K.
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