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Molecular rotors have emerged as versatile probes for
microscopic viscosity in live cells, however, the exclusive
localisation of rotors in the plasma membrane has remained
elusive.  We report the synthesis, spectroscopic
characterisation and live cell imaging of a new BODIPY-
based molecular rotor suitable for mapping viscosity in the
cell plasma membrane.

Measuring viscosity in biological systems is of paramount
importance for the understanding of biophysical processes governing
both the normal cell function and the cell demise. This important
challenge has been successfully addressed by the application of
spectroscopic techniques, which are alone capable of probing the
viscosity and diffusion on the length scales of single biological cells
and organelles, down to the level of individual membrane domains.
Molecular rotors, which report on variations in viscosity by changes
in their fluorescence intensity or lifetime have been at the forefront
of recent developments in measuring intracellular viscosity. > In
this class of fluorophores the non radiative decay of the excited state
displays an extremely strong dependence on the viscosity of their
immediate micro-environment, which allows precise calibration of
fluorescence parameters with viscosity. This in turn allows spatially
resolved imaging of viscosity in live cells, using the lifetime-based
or ratiometric approach to counteract the uncertainties in the
fluorophore’s concentration. Several such molecular rotors suitable
for imaging of viscosity of internal cellular organelles have been
reported,*° including specific probes for lysosomes!® and
mitochondria’! as well as genetically targeted probes.’? On the other
hand, a probe to exclusively target the cellular plasma membrane has
not been available, in spite of the paramount importance of
membrane viscosity in cellular processes. Such a probe is highly
desirable due to the key role that membrane fluidity is thought to
play in protein-protein interactions (e.g. via the formation of lipid
rafts), in the action of anaesthetics and other drugs, in disease
development (e.g. via the formation of insoluble plaques), in
resistance to shear stress, and more generally in any processes that
require diffusion of reagents within and across the membrane
bilayer.:-% 13

While specially designed membrane-soluble molecular rotors have
been successfully used for viscosity probing in model lipid
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bilayers* > and monolayers,® the imaging of the plasma membrane

in live cells was not possible due to the effective endocytosis of the
dyes inside live cells.* “ 8 As a consequence, probes such as
BODIPY-Cy, (1, Fig. 1) were only able to report on the viscosity of
the lipid membranes of internal cellular organelles.® * Here we report
the design and detailed characterisation of the molecular rotor 2,
which is effectively prevented from endocytosis by the double
positive charge located on its hydrocarbon tail.
OR

Fig. 1 Molecular structures of BODIPY 1 and 2.
The model molecular rotor 1, based on the BODIPY structure, is
sensitive to viscosity, as determined by the ease of the rotation of the
meso-phenyl group in different environments. Efficient rotation
opens access to a dark non-emissive state in which the emission is
quenched. We have previously demonstrated that both the
fluorescence quantum vyield, @y, and lifetime, #, of 1 increases
dramatically with increasing viscosity, in a large viscosity range 10-
5000 cP,® consistent with the Férster-Hoffmann equation®” (1)

D, =zn" @
where z and « are constants, 7 is viscosity.
For measurements that are free from the bias of variable
concentration of the dye in a heterogeneous sample, it is more
convenient to use gz instead of the fluorescence intensity.
Fluorescence decay in a heterogeneous sample can be measured in a
spatially resolved manner using a Fluorescence Lifetime Imaging
(FLIM) approach. We can rewrite the Férster-Hoffmann equation for
7 Equation (2).2
_u” @
K
where k; is the radiative decay rate constant.
The rotor 1 was initially designed as a FLIM viscosity probe for
lipid bilayers. However, we did not succeed in staining the plasma
membrane of the cell with 1 due to its internalisation, even at a low
incubation temperature and with short incubation times. No
membrane staining was recorded even by incubating live cells with 1
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Fig. 2 Fluorescence characterisation of 2 in methanol/glycerol mixtures of varied viscosity. (A) Fluorescence spectra; (B) Time resolved fluorescence
decays, the viscosity values are colour coded as in (A), the dotted line corresponds to the IRF; (C) Fluorescence quantum yield recorded at varied

temperatures 5-100 °C; % glycerol: m 100; o 90;
according to Equation (2).

at the microscope stage and continuously monitoring cell uptake
from time zero.* Here we hypothesised that adding a double positive
charge on the hydrocarbon tail of 1 would prevent efficient
endocytosis, while retaining the rotor function, to produce the
derivative 2, Fig. 1. This strategy was previously used to achieve the
plasma membrane staining of dyes useful for second harmonic
generation (SHG) imaging.'® *°

Preparation of BODIPY 2 can be achieved as shown in Scheme 1
(see ESI for full synthetic and characterisation details of compounds
2, 3 and 4). Firstly, BODIPY 3 was synthesised by modification of
established literature procedures.® Following characterization, 3 was
reacted with an excess of N,N,N',N'-tetramethyl-1,3-propanediamine
in THF to afford the corresponding mono charged derivative which
precipitated out of the reaction medium. This intermediate, which
was not isolated, was further reacted with iodomethane in DMF.
Chromatographic purification and anion exchange, afforded
BODIPY 2 and the structure was confirmed by NMR spectroscopy
and mass spectrometry. The resulting BODIPY 2 is well soluble in
water as well as in a range of organic solvents.

OH OR

o H (¢} H

3,4 R= g/\/\/\/'

[, 2cr

2R= g/\/\/\/’\“\/\/

Scheme 1 Synthesis of BODIPY 2: (i) 1,6-diiodohexane, K,COs, DMF; (ii)

neat pyrrole, TFA; (iii) DDQ, CH.Cl,; (iv) BF3(OEt,),, EtzN, CH.Cly; (v)

N,N,N',N'-Tetramethyl-1,3-propanediamine, THF, RT; (vi) CHzl, DMF, RT;
(vii) Dowex® 1x8 200 mesh ion-exchange column, H,0.

BODIPY 2 displays absorption and emission spectra similar to 1
(Fig. S6, ESI). We confirmed that 2 acts as a molecular rotor by
measuring fluorescence emission spectra in methanol-glycerol
mixtures of varied viscosity, Fig. 2A. As expected for a molecular
rotor, emission quantum vyield of 2 increases strongly (ca 39 fold)
upon viscosity increase from 0.5 to 5600 cP, Fig. 2C. We repeated
the measurements in several mixtures (50, 90 and 100% glycerol) at
a range of temperatures between 5-100 °C to (i) extend the viscosity
range available to us and (ii) verify that the data recorded for
samples at different temperatures and compositions but equal
viscosity display identical quantum yields.

We observed a good overlap between different temperature and
composition data, Fig. 2C. Based on this data we concluded that the
main determinant of the photophysical properties of 2 is, indeed,
viscosity and thus this viscosity probe retains its calibration at
different temperatures (Fig. S7 gives a calibration plot where the
temperature was taken into account). The viscosity range where the
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50; m 0. Inset: the calibration graph according to Equation (1); (D) The calibration graph of % vs

quantum yield of the probe increases according to the Forster-
Hoffmann equation (1) is ca 3-1000 cP, and the linearity (and the
sensitivity to viscosity) is lost below and above this range, reflecting
the range of sensitivity of k,, of 2 to viscosity. We note that the
polarity effect on the photophysics of 2 is minimal, Fig. S8. These
observations are similar to those previously reported for 1.1°
Likewise, as expected from Equation (2), the fluorescence decays of
2 show strong dependence on viscosity, Fig. 2B. The decays are
single exponential and conform to Equation (2) to create the
calibration graph of fluorescence lifetime vs viscosity (Fig. 2D).

Next, we have tested the uptake of 2 in live cells (see ESI for
detailed protocols). Best results in the plasma membrane staining
were obtained when, prior to imaging, SK-OV-3 cells were
incubated in a 8.9 uM dye solution at 4 °C with Mg?" and Ca*" free
medium, in order to slow down endocytosis. Under these conditions,
the dye membrane uptake is fast, and the dye exclusively stains the
plasma membranes of SK-OV-3 cells, at least at incubation times
<30 min (Fig. 3), which are sufficient for FLIM image acquisition.
At longer times (e.g. 55 min, Fig. 3C, D, Fig. S11) or upon
incubation at room temperature in standard media (Fig. S12),
internal staining of cells becomes evident, along with persistent and
clear plasma membrane staining. To the best of our knowledge, this
is the first example of a molecular rotor which selectively
internalises into plasma membranes.
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Fig. 3 Confocal images of SK-OV-3 cells recorded 9 min (A, B) and 55 min
(C, D) following the incubation of a fresh layer of cells with 8.9 uM solution
of 2. Panels A and C show the fluorescence intensity profiles across a single
cell indicated by a bar in the image.

We have recorded FLIM of SK-OV-3 cells stained with 2, Fig. 4. All
the decays in the image could be fitted using a single exponential
algorithm, with a good y% The lifetime histogram is of a nearly
Gaussian shape, with the maximum at 2.2 ns (Fig. S9, ESI). We note
that the large full width half maximum (FWHM) of this histogram
truly reflects the heterogeneity of the cellular membrane rather than
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a low measurement accuracy, as demonstrated by the very low

FWHM, recorded from homogeneous solutions (Fig. S10, Table S1).
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Fig. 4 Fluorescence imaging of SK-OV-3 cells incubated with 8.9 uM
solution of BODIPY 2 obtained following 990 nm pulsed excitation and
[510-700] nm fluorescence detection. A: Two-photon fluorescence image,
228 x 228 um; B, D, E: FLIM images, B: lifetime range from 2.0 to 2.7 ns; D
and E: lifetime range from 1.3 to 3.3 ns; C: ChiSq (goodness of fit) image,
0.8< ¢*<1.2; F: Lifetime histograms obtained from D and E and a seismic
colour scale used to assign the lifetimes in the images D and E.

According to our lifetime calibration graph (Fig. 2D), this value
corresponds to a viscosity of ca 270 cP.

We have also recorded FLIM images of cells incubated with 2 for 40
minutes that show some staining of internal organelles, Fig. 4E. The
histogram recorded from this image is shifted to lower lifetimes
compared to that of the 10 min incubation sample, Fig. 4F.
Moreover, this histogram is better described by a bimodal Gaussian
fit (Fig. S7, ESI). We have assigned a seismic colour scale to these
histograms, such that all pixels with lifetimes below 2.3 ns are
coloured blue, while those with lifetimes above 2.3 ns are red. It is
clear to see that the plasma membrane in both images (10 and 40
min incubation) is characterised by a red colour (longer lifetime)
while the internal stained organelles are coloured blue (Fig. 4 D-F).
Based on a bimodal fitting of the histogram for the 40 min image, we
can assign average viscosities to both cellular domains probed by the
rotor: ca 200 cP (1.9 ns) for internal organelles and ca 270 cP (2.2
ns) for the plasma membrane. Thus the plasma membrane viscosity
measured here exceeds the viscosity of the lipid-rich environment of
the internal cellular organelles. The viscosity of internal SK-OV-03
organelles measured previously with rotor 1 was ca 160 and 200 cP
(two domains detected). These values are consistent with those
detected in the current study.

The values recorded for the plasma membrane by 2 are higher than
those for the internal staining, and this trend is consistent with the
results of a recent molecular rotor study.® At the same time they are
considerably lower than those recorded by us with 1 for the L, phase
in model membranes (600-800 cP)*® and also lower than 600 cP
reported for the plasma membrane in the recent study.’ The
difference in these values can be due to (i) the variations in rotor
localisation through the thickness of the bilayer or (ii) the less
efficient staining of L, phase in the plasma membrane by our rotor 2.

In conclusion, we have reported the first viscosity sensitive
molecular rotor which selectively stains the plasma membranes of
live cells. Further developments in rotor design might allow for the
distinguishing of plasma membrane domains and detecting
variations in membrane fluidity upon application of external stimuli.
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