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Microviscosity is a key parameter controlling the rate of diffusion and reactions on the microscale. One
of the most convenient tools for measuring microviscosity is by fluorescent viscosity sensors termed
‘molecular rotors’. BODIPY-based molecular rotors in particular proved extremely useful in combination
with fluorescence lifetime imaging microscopy, for providing quantitative viscosity maps of living cells as
well as measuring dynamic changes in viscosity over time. In this work, we investigate several new
BODIPY-based molecular rotors with the aim of improving on the current viscosity sensing capabilities
and understanding how the structure of the fluorophore is related to its function. We demonstrate that
due to subtle structural changes, BODIPY-based molecular rotors may become sensitive to temperature
and polarity of their environment, as well as to viscosity, and provide a photophysical model explaining
the nature of this sensitivity. Our data suggests that a thorough understanding of the photophysics
of any new molecular rotor, in environments of different viscosity, temperature and polarity, is a must
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Introduction

Molecular rotors are a class of viscosity-sensitive fluorescent
compounds increasingly used as viscosity probes for micro-
environments, which are inaccessible with traditionally used ‘bulk’
rheological methods."* Thus, molecular rotors have been success-
fully employed for measuring viscosity in lipid bilayers,>® living
cells,”** atmospheric aerosols'*'* and in polymer samples."” The
origin of viscosity sensitivity in rotors is a conformational change
that occurs in their excited state and leads to a formation of a
‘dark state’;" this conformational mobility can be impeded by
higher viscosity. The lack of conformational change in a highly
viscous environment results in an increase of fluorescence
emission from a ‘bright state’.

Consequently, molecular rotors have viscosity-dependent
fluorescence spectra®'® and/or time-resolved fluorescence decays.”®
These viscosity-dependent properties have allowed quantitative
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before moving on to applications in viscosity sensing.

measurements of microviscosity using molecular rotors by
ratiometric fluorescence intensity measurements®'” and by
fluorescence lifetime imaging microscopy (FLIM).”"® The ratio-
metric or the FLIM-based detection is required in order to
perform quantitative measurements of viscosity that are not
biased by the variations in the concentration of the rotor, which
cannot be easily determined in a heterogeneous microscopic
environment, such as biological cells.

One of the most widely used viscosity sensors is the BODIPY-
based molecular rotor 1 (Chart 1), which is characterised
by viscosity-sensitive fluorescence decays, suitable for FLIM
viscosity mapping. 1 has been shown to localize in the hydro-
phobic lipid tail region of a lipid bilayer® and it was previously
used to measure viscosity in atmospheric aerosol particles,"**°
during polymerisation,'® as well as in model lipid membranes,>®
in protocells,?® and in the inner membranes of a living cell.” One
of the main advantages of 1 over other molecular rotors is its
good dynamic range of fluorescence lifetimes, corresponding to
a wide range of viscosities, and a very weak sensitivity to solvent
polarity”* and temperature.” Additionally, 1 offers facile and
unambiguous interpretation of viscosity-sensitive data due to
its monoexponential fluorescence decays,” which do not require
a high number of photons to be collected. In addition to 1, there
has been a few other BODIPY-based viscosity probes with almost
identical structure, with peripheral substitution of the core, and
these dyes were used for viscosity sensing in lipid vesicles,*” in a
cell plasma membrane,* or for monitoring DNA interactions.>*
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Chart 1 The molecular structures of the BODIPY-based molecular rotors.

In our recent work we have demonstrated that, unlike 1,
other molecular rotors can show a pronounced sensitivity to
temperature,”® which often cannot be decoupled from viscosity
sensitivity, therefore, complicating their use as viscosity sensors.
Moreover, on account of some charge transfer character in their
‘dark’ excited state, many molecular rotors are also sensitive to
solvent polarity.?®">® Taken together, these data suggest that the
sensitivity to viscosity, temperature and polarity may be present
in a single fluorescent sensor, which would complicate data inter-
pretation and will render it less useful for sensing any of these
individual environmental parameters. It follows that it is extremely
important to thoroughly characterise any new molecular rotor
at different temperatures and in solvents of different polarity.
Unfortunately, this is not yet an established procedure when
reporting new molecular rotors.

In this work we report an extended range of BODIPY-based
molecular rotors (Chart 1), with the photophysical mechanism
of viscosity sensitivity identical to 1. We demonstrate that by
making minor changes to the periphery of the sensor we are able
to extend the dynamic range of viscosity sensitivity. At the same
time, polarity or temperature sensitivity may result from these
subtle substituent changes, ultimately resulting in an unusual
interplay of viscosity, temperature and polarity sensitivity.
We provide a photophysical model explaining such behaviour.
Finally, we test the new molecular rotors in live cells.

Methods
BODIPY dyes and solvents

1,"® 2%° and 3°° were synthesised as previously reported. The
synthesis of previously unreported derivatives 4-6 is described
in the ESL7 Stock solutions of all dyes were prepared in methanol
(spectroscopic grade) at concentration of 1-5 mM and diluted for
further experiments in a solvent or solvent mixtures of interest.
All solvents used were of spectroscopic grade. Methanol, toluene
and castor oil were obtained from Sigma-Aldrich. Glycerol was
obtained from Alfa-Aesar. Viscosities of methanol-glycerol and
toluene-castor oil mixtures at a variable temperature were
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measured by the Stabinger viscometer (SVM3000, Anton Paar)
with +0.35% accuracy.

Absorption and fluorescence spectra

The Agilent 8453 UV-Vis spectrophotometer was used for measuring
the absorption spectra. The fluorescence spectra were measured
using the Fluoromax-4 spectrofluorometer (Jobin-Yvon, Horiba).
The measurements were done in quartz cuvettes with the 10 mm
path length. The concentration of the dyes was 2 pm.

Time-resolved fluorescence

The fluorescence decays of BODIPY dyes were measured using
time-correlated single photon counting (TCSPC). The fluorescence
decays of 1-5 in toluene-castor oil were measured using the in
house TCSPC system composed of SPC-830 photon counting card
(Becker & Hickl), DCC-100 detector control module (Becker &
Hickl), PMC-100-1 PMT (Hamamatsu), Omni-A grating monochro-
mator (LOT-Quantum Design), qpod cuvette holder (Quantum
Northwest) and TC 125 Peltier temperature controller (Quantum
Northwest). 1, 4 and 5 were excited at 480 nm using the BDL-
488-SMN picosecond diode laser (Becker & Hickl) at 20 MHz
frequency. The acquisition time window was 50 ns, with 4096
collection channels. 2 and 3 were excited at 515 nm and 530 nm,
respectively, using frequency-doubled Chameleon Vision II
femtosecond Ti:sapphire laser (Coherent) at 80 MHz frequency.
The acquisition time window was 12.5 ns, with 1024 collection
channels. Fluorescence was detected at 515 + 5 nm (1), 560 +
5nm (2 and 3), 520 + 5 nm (4), 525 + 5 nm (5). The instrument
response function, which was required to fit the decays, was
measured by recording a scattering signal from a cuvette with
Ludox® solution.

Imaging of live cells

Cell imaging experiments were done using SK-OV-3 human
ovarian carcinoma cell line, obtained from ECACC. The cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) with
10% of foetal bovine serum (FBS). Cells were incubated at 37 °C,
5% of CO,. Before imaging, cells were seeded into 8-well Lab-Tek
chamber slides for imaging and allowed to grow for 24 h. The
seeding densities were 50 000 cells per well for the experiments
with 2 and 3 and 20 000 cells per well for the experiments with 6.
For cell imaging with 2, cells were kept in the 1 uM solution of the
dye in PBS for 1 min at 37 °C and then washed with PBS. Cells
were incubated with 3 in Hank’s Balanced Salt Solution (HBSS) at
3 UM concentration at room temperature for 1 min. The incuba-
tion conditions for 6 were 13 min in HBSS without Ca®* and Mg?*
ions with 44.5 uM of 6 at 4 °C. FLIM imaging was done using
Leica SP5-II microscope coupled with a SPC-830 photon counting
card (Becker & Hickl). Two-photon excitation at 850 nm (2),
920 nm (3) and 800 nm (6) with Ti:Sapphire laser was used,
and either a 40x (HCX PL APO, N.A. - 0.85, Leica) or a 63x
objective (HCX PL APO water immersion, N.A. - 1.2, Leica). The
fluorescence signal was detected over the 500-600 nm range.
The FLIM image resolution was 256 x 256 with 256 channels in
time domain. IRF was measured by recording second harmonic
generation (SHG) signal from urea.
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Data analysis

FLIM images were analysed using FLIM{it software developed at
Imperial College London (v4.6.1).>" Pixels were binned in order
to have at least 1000 counts at the peak of the decay for reliable
biexponential analysis. Intensity-weighted mean lifetimes were
calculated for biexponential decays, which are defined as:

Z aﬂzz
i

Z a;T;
1

T =

where a; and t; are the amplitudes and the lifetimes of individual
components. Fitting of fluorescence decays was done using a
home-written code in MATLAB R2012a. The goodness of fit
parameter (7.%) was 1.2 or less for FLIM images and 1.5 or less
for single decays. Further data processing and analysis was done
with OriginPro 8.6.

Results and discussion
Probe design

Our probe design was based on the most successful rotor to
date, structure 1 (Chart 1). We aimed to keep the photophysical
mechanism of viscosity sensitivity of 1 by enabling an efficient
rotation of the phenyl unit versus the BODIPY core. The ease of
the phenyl group rotation in nonviscous solvents is thought to
be responsible for the access to the dark non-emissive excited
state, leading to efficient non-radiative decay.*>

Our strategy was to test whether substitution on the phenyl unit
may affect the photophysics of the rotors, Chart 1. Consequently,
we introduced either the Br (2) or the ester (3) substituents to
the para-position of the phenyl. Additionally, we have pre-
viously established that extended conjugation on the BODIPY
core may lead to the temperature rather than viscosity sensitive
behaviour.*® Here, we introduced two symmetric Br substituents
either on the alpha- (4) or the beta- (5) positions on the BODIPY
core, in order to test the effect of this smaller non-conjugated
substituent on the photophysical behaviour of the rotor. Finally,
the derivative 6, which can selectively stain the plasma membranes
of live cells, was designed to be photophysically similar to 3.
The synthesis of all previously unreported derivatives is
described in the ESL.}

Photophysical characterisation

The absorption and fluorescence spectra of all dyes are typical of
BODIPY fluorophores, with absorption maxima around 500 nm
and emission maxima around 520 nm, Fig. S1 and Table S1 (ESIY).
As expected, an addition of Br to the BODIPY core resulted in a
small bathochromic shift of both absorption and fluorescence
spectra, especially in the case of the beta-Br derivative 5, which
also displays broader spectra, compared to the unsubstituted
BODIPY 1 or the alpha-Br derivative 4.

The sensitivity of time resolved fluorescence decays of new
derivatives 2 and 3 to viscosity was first tested in methanol-
glycerol mixtures of varying viscosity, Fig. 1. Both dyes clearly
showed good viscosity-sensitive response typical of molecular
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Fig.1 The fluorescence decays of 2 (A) and 3 (B) in methanol—glycerol
mixtures at 20 °C. (C) The fluorescence lifetimes of 2 (blue) and 3 (red)
in methanol glycerol mixtures in comparison with the lifetimes of the
previously reported molecular rotor 1. Excitation and emission wave-
lengths were 480 nm and 520 nm, respectively.

rotors, with considerably longer decays observed in solutions of
higher viscosity (higher glycerol content). These decays were
fitted with an exponential decay function and this allowed
the dependence of fluorescence lifetime on viscosity to be
determined, Fig. 1C. The majority of fluorescence decays were
monoexponential, but in the cases of biexponential decays,
intensity-weighted mean lifetimes are shown, see Fig. S2, ESI{
for further details of the biexponential fitting.

The results demonstrate that changing a substituent on
the phenyl group in the para position does not prevent the
dye from behaving as a molecular rotor. At the same time, it can
dramatically tune its viscosity response. As could be seen from
Fig. 1C, compared to the previously reported molecular rotor 1,
both 2 and 3 display a better dynamic range, with considerably
higher sensitivity of lifetime to viscosity in a low viscosity range,
1-100 cP. While 1 is completely insensitive to viscosity below
10 cP, both 2 and 3 can be used in this range. Furthermore, the
slope of the calibration curve (and therefore the sensitivity) of 2
and 3 are superior to 1 at viscosities below 100 cP. These results
indicate that replacing the electron donating ether group on a
phenyl unit in 1 with an electron withdrawing groups, such as a
bromine atom (2), or an ester group (3), enhances the dynamic
range of the BODIPY dyes as viscosity sensors.

We have previously demonstrated that 1 is not sensitive to
temperature in methanol/glycerol mixtures, unlike several other
dyes.”® Next, we have tested the viscosity sensitivity of 2 and 3 in
methanol-glycerol mixtures at various temperatures (Fig. 2A
and C, solid circles). The bulk viscosities of these mixtures at
multiple temperatures were measured by standard rheometry as
explained in the Methods section. The lifetime data measured
at different temperatures but at identical viscosities show a very
close overlap, which means that the lifetimes of 2 and 3 are not

This journal is © the Owner Societies 2017
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Fig. 2 The fluorescence lifetimes of 2 (A and B), 3 (Cand D) and 1 (E and F) at
different viscosities, temperatures and solvent polarities. The fluorescence
lifetimes were measured in methanol-glycerol (A, C and E) and castor—
toluene (B, D and F) mixtures. The results demonstrate that the dyes are
affected not only by viscosity but by temperature and polarity as well.

sensitive to temperature, at least in methanol/glycerol mixtures.
This is a desired property for a molecular rotor, since the
sensitivity to both viscosity and temperature would require
one of these two parameters to be kept constant throughout
the experiment in order to measure the other.

1 has been proven to be as a useful sensor for measuring
viscosity in model lipid bilayers™® and in the internal membranes
of live cells.” We have previously shown that polarity does not
affect the photophysical behavior of 1, as long as the viscosity is
above 70 cP,° which holds true for viscosities of most lipid
bilayers, even those in the liquid disordered (Lq) phase.

In order for 2 and 3 to be useful as lipid phase probes, they
should ideally be calibrated in low polarity solvent mixtures, to
keep the environment during the calibration as similar as possible
to the viscosity measurement itself. Therefore, 2 and 3 were
calibrated in non-polar toluene-castor oil mixtures at multiple
temperatures. Additionally, 1 was calibrated in the same mixtures,
for direct comparison. The results are shown in Fig. 2 and they
reveal a very surprising and unexpected behaviour of dyes 2 and 3.
While for 1, as previously reported, there is a good overlap between
low and high polarity mixtures, above 80 cP, for 2 and 3 there is
no overlap of calibration curves measured in methanol-glycerol
(solid circles) and in toluene—castor oil (empty circles) mixtures.
Additionally, we observed that for 2 and 3 the calibration curves
measured in toluene-castor oil mixtures at different temperatures
do not overlap. This means that both dyes are sensitive to polarity
and correct calibration mixtures must be chosen to match the
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polarity in a sample of interest. Additionally, both 2 and 3 are
sensitive to temperature as well as to viscosity at low polarities.
This is particularly surprising since 2 and 3 show no sensitivity to
temperature in methanol-glycerol mixtures. Overall, all three dyes
1, 2 and 3 show sensitivity to viscosity, temperature and polarity, at
least to some extent, but the trends are very different for the three
dyes, in spite of their structural similarity. Here, we propose a
model that can explain these differences.

The key step leading to the function of rotors as viscosity
sensors is their ability to rotate intramolecularly following
excitation. Generally, a transition from a fluorescent state to a
dark state is facilitated by such rotation. Consequently, viscosity
affects the behavior of a molecule because it slows down the
rotation. The rate of isomerisation can be expressed as:**

ki = (e o
where k; is the rate, A(y) is a viscosity-dependent preexponential
factor, E, is the energy of activation, & is the Boltzmann’s constant
and T is temperature. From eqn (1) it follows that the rotation can
be sensitive to both viscosity and temperature in the presence of
an activation energy barrier for intramolecular rotation. The rotors
2 and 3 show temperature-independent calibrations in methanol-
glycerol mixtures but significant temperature sensitivity appears
in toluene-castor oil mixtures. These data indicate that 2 and 3
have no such energy barrier in an environment of moderate-to-
high polarity, however, a barrier appears in the low polarity
environment, as shown in Fig. 3A. Interestingly, none of the dyes
exhibit significant solvatochromism; the peaks in the absorption
and fluorescence spectra get shifted by only ~7 nm when the
solvent is changed from methanol to toluene (Fig. S1 and Table S1,
ESIT). This suggests that polarity mostly affects the dark state
reached after the viscosity-dependent rotation instead of the
bright fluorescent state.

In order to confirm this hypothesis, we derived an equation
to correctly model the lifetime trends of all three BODIPY dyes.
Fluorescence lifetime (t) can be defined as follows:

1

T= 2
krol(’% T) + kf + kx ( )

where k¢ is the rate constant of radiative decay, k. is the
viscosity- and temperature-sensitive rate constant of the intra-
molecular rotation and kx is the sum of any other rate constants
that lead to the population loss from the fluorescent state of a
molecular rotor.

The relationship between the quantum yield of fluorescence
(¢¢) of a molecular rotor and viscosity was predicted by Forster
and Hoffmann:*®

pr=Cn" 3)

where C and x are constants. The Forster-Hoffmann eqn (3)
can be substituted into the preexponential factor A(y) in eqn (1)
leading to:
1 Ey
krot = e kT (4)
Cn> +

Amax
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Fig. 3 The photophysical model for BODIPY dyes 1-3 (A). The presence of an activation energy barrier is likely to give rise to the temperature
dependence of the dye’s lifetimes. (B—D) Global fits of lifetime data in Fig. 2 obtained using eqn (6), which was derived using the model shown in (A). For
each dye methanol-glycerol (black) and toluene—castor oil (orange) datasets were fitted separately, resulting in 6 global fits in total. The data for dyes 2, 3
and 1 are shown in (B), (C) and (D), respectively. The fitting parameters are given in Table S2, ESI.{

The term 1/A,,x accounts for the fact that fluorescence lifetime
does not go to zero at zero viscosity, but rather has a limit at
low viscosities. At viscosity of 0 cP, the preexponential factor
becomes equal to Apax, Which is the maximum achievable rate
of the intramolecular rotation at zero viscosity and infinite
temperature. Combining eqn (2) and (4) leads to the final equation
describing how the lifetime of the molecular rotors depends on
viscosity and temperature:

1

T= (5)

1 Ey
— e kT + kr + kx
¥ +

Amax
The equation used to fit the lifetime data of 1, 2 and 3 is:

1

T @ (6)
i eT + as

ane +—
as

T =

where a, s are unconstrained fitting parameters. In total, six
datasets (methanol-glycerol and toluene-castor oil datasets for
each of the three dyes) were globally fitted using eqn (6) and the
results are shown in Fig. 3. The fits demonstrate that eqn (6)
correctly describes the behaviour of the three BODIPY-based
molecular rotors. The fitting parameters are shown in Table S2,
ESLt The calculated activation energies (obtained from the
parameter a,) were 0 for 2 and 3 in methanol-glycerol mixtures,
4.8 k] mol™" for 1 in methanol-glycerol and 11 kJ mol ",
12 kJ mol™" and 10 kJ mol™" for 1, 2 and 3 in toluene-castor
oil mixtures, respectively. As an attempt to create a single
equation to globally fit the datasets measured in both methanol-
glycerol and toluene-castor oil mixtures for each rotor we have
expanded eqn (6) with additional empirical polarity-dependent
terms (Fig. S3 and Table S3, ESIt). In order to fit the data we
had to use polarity-dependent terms instead of constants a4, as
and ay, (eqn (6)). We emphasise that this expanded equation,
while it allows to fit the data, is empirical in nature.

The behaviour of 2 and 3 exemplifies a potential pitfall
with using molecular rotors without proper characterisation
at different viscosities, temperatures and in solvent mixtures
of different polarity. The fact that temperature sensitivity is
“switched on” in low polarity environment can greatly compli-
cate the interpretation of results, especially if the calibration

25256 | Phys. Chem. Chem. Phys., 2017, 19, 25252-25259

was done in methanol-glycerol mixtures only. We note that
the model presented here was not based on any assumptions
specific to BODIPY dyes and, as such, it is likely to hold true for
any other molecular rotor.

In general, the presence of temperature sensitivity in a mole-
cular rotor may be a more common occurrence than previously
thought, due to a presence of an activation energy barrier for
intramolecular rotation. Conversely, since the mechanism behind
several fluorescent temperature sensors involves intramolecular
rotation,®® it is likely to be affected by viscosity. Therefore, the
similarity in the mechanisms of temperature and viscosity-
sensitivity of different groups of structurally flexible fluoro-
phores might be greater than previously thought.

We have also attempted modifying 1 at the BODIPY core and
synthesised dyes 4 and 5 with symmetrical Br substitution. The
literature data for similar compounds in non-viscous solvents
indicated that significant singlet oxygen production quantum
yields (and hence the triplet state yields) are expected for both
the alpha-Br and the beta-Br substitution of the BODIPY core.?”
At the same time, the fluorescence quantum yields in non-viscous
solvents were not affected, compared to a non-substituted
BODIPY.*® To the best of our knowledge, the viscosity sensitivity
of BODIPY dyes modified with Br substituents at the core was
not previously investigated.

We have demonstrated that for both 4 and 5, the Br modifica-
tions at the core greatly diminished molecular rotor properties,
Fig. 4. The fluorescence decays remain monoexponential for 4 and
5 and the magnitude of fluorescence lifetimes at low viscosity (in
methanol) is comparable to 1, Fig. 4. However, it could be seen that
the time-resolved fluorescence decays of 4 and 5 show only a weak
dependence on viscosity, compared to 1, Fig. 4. Overall, our results
indicate that favourable tuning of the molecular rotor properties of
BODIPY dyes is more readily achieved by synthetic modifications
of the phenyl ring compared to modifying the core of BODIPY.
The modifications of the phenyl ring is also more readily
achieved synthetically.

Cellular imaging

Our data indicate that the new derivatives 2 and 3 possess
the widest calibration range of lifetime vs. viscosity, and can
be used for quantitative measurements, if the polarity of the
environment is known. We have also synthesised derivative 6,

This journal is © the Owner Societies 2017
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Fig. 4 The time resolved fluorescence decays of 4 (A) and 5 (B) obtained
in methanol-glycerol mixtures at 20 °C. Excitation and emission wave-
lengths were 480 nm and 520 nm, respectively. (C) The lifetime/viscosity
calibration curves for 1, 4 and 5.

which was expected to be very close photophysically to 3
(i.e. should possess a high dynamic range of viscosity). In
addition, the rotor 6 also had necessary functional groups to
enable the staining of cellular plasma membrane, by analogy to
our previously published design.** We tested 2, 3 and 6 in live
epithelial cells, Fig. 6.

All three dyes successfully stained the cells, with 2 and 3
showing effective endocytosis and internalisation, similarly to 1,
while 6 showed good plasma membrane staining, analogously to
previously reported BODIPY-ether derivative with a double charge
on its tail*® 6 shows minimal sensitivity to temperature in
methanol-glycerol mixtures (Fig. 5A), similar to 3. Also, we have
verified that 6 has a nearly identical lifetime/viscosity calibration
to 3, at least in methanol/glycerol solutions, Fig. 5B. Similarly to 3,
we detected an improved dynamic range, allowing the measure-
ments of viscosity <100 cP with 6. Due to its charged nature, 6
was not soluble in toluene-castor oil mixtures. Given nearly
identical photophysical properties of 3 and 6 in methanol-
glycerol, Fig. 5B, the viscosities for 6 in cells were assigned
using data of 3 in toluene-castor oil mixtures.

Next we performed FLIM measurements on cells containing
2, 3 and 6. It should be noted that, due to longer acquisition
times required for 6, a significant internalisation of the dye was
observed and FLIM images did not have exclusive membrane
staining. In all FLIM images, fluorescence decays for 2, 3 and 6
were biexponential. It is well known that for BODIPY-based
dyes the presence of a biexponential decay can be a hallmark of
dye aggregation® with aggregated species characterised by a weak
emission band centred at 650-700 nm. Aggregate formation
results in the quenching of the main emission band centered
at 515 nm”® which renders the lifetime-viscosity calibration curve
unusable. We have recorded time resolved decays from cells for
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Fig. 5 (A) The lifetimes of 6 in methanol-glycerol mixtures at 3-100 °C

temperatures. (B) The fluorescence lifetimes of dyes 3 and 6 in methanol-
glycerol mixtures at room temperature. The calibration curves are identical
within measurement error and suggest identical photophysical properties
of 3 and 6.
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Fig. 6 Fluorescence images of dyes 2 (A) 3 (C) and 6 (E) in SK-OV-3 cells.
Membrane staining is achieved only with the dye 6. The right column
shows FLIM images obtained using 2 (B), 3 (D) and 6 (F).

all dyes in two spectral windows: for monomers (500-600 nm)
and aggregates (600-650 nm), Fig. S4, ESLt We found that the
monomer/aggregate traces for all three dyes were close to
identical. This means that likely no aggregates are present
and the lifetime values are likely to correspond to two environ-
ments of different viscosity detected in cells, although a small
possibility that aggregation of the rotors played some role in
the observed FLIM signatures cannot be excluded.

The lifetimes of 2 were 562 ps and 2023 ps with amplitudes of
78% and 22%. The lifetimes correspond to viscosities of ~20 cP
and ~ 450 cP assigned using the calibration data in toluene-castor
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oil at 20 °C (Fig. 2A). The lifetimes of 3 were 452 ps and 1518 ps
with corresponding amplitudes of 81% and 19%. These life-
times correspond to ~50 cP and ~420 cP viscosities, which
were assigned using calibration data of 3 in toluene-castor oil
mixtures at 20 °C. The data for 6 were 238 ps and 2205 ps
with amplitudes of 75% and 25%, respectively, corresponding
to viscosities of ~20 cP and ~800 cP. Thus, the viscosities
determined by the rotors 3 and 6 in cells are quite different,
which suggests that 3 and 6 take up different locations inside
membranes. Another possibility is that the ester bond of 6 can
be cleaved intracellularly by esterases. This can explain the fast
internalization of this dye in cells, compared to the previously
reported ether derivative of 1.>*

Overall, we have shown that the dyes 2, 3 and 6 stained the cells
successfully, although biexponential character of the fluorescence
decays complicate unambiguous assignment of viscosity values.
Our results illustrate that one of the main sought-after properties
of new molecular rotors should be the monoexponential decay
kinetics, which greatly simplifies their application. In that respect,
and coupled with excellent stability in the biological environment,
BODIPY 1 and its derivatives remain the golden standard of
cellular imaging of local viscosity.”>*94°

Conclusions

To conclude, we have synthesised and tested a series of new
BODIPY-based molecular rotors. We have found that replacing the
electron donating ether group in a widely used derivative 1 with the
weakly electron withdrawing bromine atom (2) or the ester group (3)
significantly improved the dynamic range of viscosity sensing in a
molecular rotor. We have also discovered that the modifications of
the BODIPY core with bromine atoms almost completely eliminated
the sensitivity to viscosity. Most importantly, by thoroughly testing
all new molecular rotors in solvent mixtures of different viscosity
and polarity at different temperatures, we have shown that mole-
cular rotors can be affected by all three environmental parameters:
viscosity, temperature and polarity. We have provided the photo-
physical model explaining this complex behaviour that fully
described the photophysical data of the molecular rotors. Further-
more, our proposed model is likely to be applicable to any molecular
rotor, and can be used to estimate crucial photophysical parameters
from the measured time resolved data. Finally, the new molecular
rotors were tested in live cells. Overall, our results demonstrate the
importance of thorough calibration of molecular rotors at different
viscosity, temperature and polarity and broaden our understanding
of molecular rotors in general.
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