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Twist and Probe—Fluorescent Molecular Rotors
Image Escherichia coli Cell Membrane Viscosity

Klaus Suhling-*
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The latest advance in employing fluo-
rescent molecular rotors—fluorophores
whose fluorescence lifetime and quan-
tum yield are a function of the viscosity
of their environment—for measurement
and imaging of the viscosity of mem-
branes in Escherichia coli bacteria, is
reported in this issue of the Biophysical
Journal (1).

Mika et al. (1) use fluorescent micro-
viscosity probes termed “fluorescent
molecular rotors” (Fig. 1) based on a
BODIPY structure to probe the environ-
ment of E. coli bacterial cells. BODIPY
fluorescent molecular rotors have
previously been shown to be very well
suited for fluorescence lifetime imaging
(FLIM) microscopy measurement of
membrane viscosity (2-4). The authors
show that growth of the bacteria is not
inhibited by addition of the BODIPY
to the culture, and that the dye stains
the inner membrane of bacterial cells,
which is of particular interest to bio-
physicists, because it is considered the
main permeability barrier. They find,
uniquely to my knowledge, that with
950 cP, the E. coli membrane viscosity
is very high compared to that of
mammalian cells, at ~250 cP in SKOV
cells at 23°C (5), indicating a very
high degree of lipid order. As part of
their systematic and detailed study,
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they also use spheroplasts and lipid
vesicles made from E. coli membrane
extracts to verify their findings. Sphero-
plasts retain the high viscosity observed
inlive E. coli cells, as would be expected
because their inner membranes are iden-
tical. However, the vesicles produced
from lipid membrane extracts do not
display unusually high viscosity values,
suggesting that cytoskeleton of bacterial
cells may play a role in membrane
organization.

Fluorescent molecular rotors are not
new—in 1896, Schmidt (6) reported
the general observation that the same
fluorescent dye can have strong and
weak fluorescence depending on the
dye’s environment. It took many years
before this phenomenon was theoreti-
cally tackled and understood (7), and
we now know that a key characteristic
of a fluorescent molecular rotor is that,
in the excited state, it can rotate one
segment of its structure and thus form
a twisted state. It is this intramolecular
twisting that depends strongly on the
viscosity of the environment and com-
petes with radiative deactivation (8).
Loutfy and Arnold (9), Forster and
Hoffmann (10) (incidentally the same
Forster whose name appears in Forster
resonance energy transfer), and others,
devised models that show that the
quantum yield ¢, and thus the fluores-
cence lifetime 7, is a function of the
viscosity 1 according to a power law,
o =k.-T=cn',where 0.1 < x < 1,
c is a constant, and k,. is the radiative
rate constant (7,8).

The fluorescent molecular rotor thi-
oflavin T is used to stain amyloid fibrils
(11), and protein-protein interactions
have also been studied with a fluores-
cent molecular rotor, CCVI] (12).
Here, their quantum yield is very low
in solution, but their binding hinders
twisting, fluorescence is emitted, and
only the on-off feature of the response
is of interest. However, a calibration
based on measuring the fluorescence
lifetime of the rotor in solutions of
known viscosity can be used to convert
the fluorescence lifetime into a viscos-
ity value. This is theoretically justified
by the power law mentioned above,
and is a straightforward procedure
that allows quantitative measurements
to be obtained over a large viscosity
range. This is exactly what the authors
did in each pixel of their images, thus
providing viscosity maps of the inner
membrane of E. coli under different
experimental conditions (1).

Viscosity is the resistance of a fluid to
flow and is a crucial parameter affecting
signaling, drug delivery, and diffusionin
cells and tissues. Indeed, changes in cell
membrane viscosity have been linked to
disease and malfunction (7,8) and rapid
diffusion of signaling molecules in the
brain extracellular space, for example,
determines activation of receptors
and ion channels. Knowledge of the vis-
cosity is essential to understand these
processes in detail (13). While methods
to measure the bulk viscosity are
well developed using traditional me-
chanical rheometers, viscosity maps of
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FIGURE 1 Schematic of fluorescent molecular
rotor in cell membrane. A high viscosity slows
down internal twisting in the excited state, leading
to a long fluorescence lifetime up to several nano-
seconds. To see this figure in color, go online.

microscopic objects, such as single
cells, have until recently been hard to
obtain. The measurement of viscosity
with fluorescence techniques is advanta-
geous because, similarly to other optical
techniques, it is minimally invasive and
nondestructive and can be applied to
living cells and tissues.

A significant advantage of time-
resolved measurements of fluorescent
molecular rotors is that the fluorescence
lifetime is independent of the fluoro-
phore concentration, which is hard to
control in cells. FLIM, a mature and
routine imaging technique in cell
biology, intrinsically separates concen-
tration and viscosity effects (14).
BODIPY-based fluorescent molecular
rotors have a fluorescence lifetime in
the range between hundreds of picosec-
onds to several nanoseconds, and deliver
reasonable quantum yields, making
them practically useful. Their fluores-
cence decays are easily measured with
time-correlated single photon counting
(TCSPC) combined with confocal scan-
ning microscopy. The innovative use of
BODIPY-based fluorescent molecular
rotors has been very successful in a
number of applications (2—4), and is a
key advance compared to traditional
fluorescent molecular rotors with very
low quantum yields and short fluores-
cence lifetimes of the order of a few
tens of picoseconds up to a few hundreds
of picoseconds (9,10), which can make
their routine use for FLIM impractical.

Unlike in the alternative technique
of time-resolved fluorescence anisot-

ropy measurements with rigid fluoro-
phores, no polarized excitation and
detection is required and a few thou-
sand photons are sufficient to yield a
fluorescence decay, so fluorescence
lifetime imaging can be performed
easily. This has a number of advan-
tages: fluorescent molecular rotors
are not only able to map the viscosity
in biological cells, but should also
allow monitoring dynamic cellular
processes in real-time, as video-rate
FLIM is feasible. The fluorescent
molecular rotor and FLIM combina-
tion may also be a system for superre-
solution STED FLIM, and single
molecule sensitivity of suitable fluo-
rescence microscopes may also be of
interest for fluorescent molecular
rotor mapping. Moreover, another
dye emitting in a different spectral
window could be used to probe a
different parameter simultaneously
with viscosity.

This team, and others, have made
excellent progress and valuable contri-
butions in viscosity mapping of various
systems, e.g., bacillus spores (3), aero-
sol droplets (2), eukaryotic cells (5),
atmospheric aerosols (15), amyloid
aggregating proteins (11), and now
the inner membrane of E. coli (1), all
based on FLIM of fluorescent molecu-
lar rotors. Their interdisciplinary work
spanning three disciplines uses the
fruits of chemical synthesis, i.e., versa-
tile and advanced fluorescent molecu-
lar rotors, and combines them with
state-of-the-art TCSPC-based FLIM
technology to address the problem of
E. coli membrane viscosity. This
work shows that fluorescent molecular
rotors are very attractive emerging
tools in bioimaging. FLIM of fluores-
cent molecular rotors represents a ma-
jor advance in terms of straightforward
calibration and rapid, real-time, and
ultrasensitive detection. Due to their
high sensitivity and suitability for ap-
plications on the micro- and nanometer
scale, fluorescent molecular rotors are
ideal probes for monitoring dynamic
processes in living cells in real-
time with a high spatial and temporal
resolution.
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