Journal of

Analytical & Bioanalytical Techniques

Benniston, J Anal Bioanal Tech 2014, 5:6
DOI: 10.4172/2155-9872.1000221
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Abstract

This short review covers recent progress in the field of fluorescent rheology probes focussing on the
Borondipyrromethene (Bodipy) dye. Attention is paid to how the level of fluorescence output from molecular Bodipy
systems responds to the local viscosity, and what information can be revealed from the measurements. In particular,
the use of Bodipy dyes for looking at local viscosity in membranes, cells and other biological media is discussed.
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Introduction

When thinking about viscosity the immediate images are large-
scale stirrers and treacle-like mixtures with paddle wheels blending
against the mass flow. Certainly within the macroscopic world this
scenario is consistent with the measurement of the rheology from
a large-scale fluidic material. With a change in scale down to, for
example, the microscopic domain a new class of sensors emerge based
on, for instance, optical tweezers [1]. However, at the nanoscale the
measurement of rheological properties become more of a challenge
and sensors are needed with dimensions which match with their local
surroundings [2]. In addition, a reporting method is required which
affords real-time information that is both accurate and quantitative
in some manner. The realm of nanoscale fluorescence-based viscosity
probes is one that lends itself to solving the problem, by using the
fact that emission from a molecule can be highly sensitive to a dye’s
local environment [3]. Certainly there are several examples from past
literature where fluorescence response was shown to be a good indicator
of thelocal viscosity around a dye [4]. The case of dicyanovinyljulolidine
(DCJ) (Figure 1) is a one such example, although the compound does
have several drawbacks and is limited in its optical response window
[5]. However, in this review the focus will be the viscosity probes based
on the highly popular and well understood borondipyrromethene
(Bodipy) dye [6]. Bodipy dyes have grown in popularity over the past
ten years or so, to such a level that they dominate popular literature for
many kinds of applications [7].

Bodipy Dyes

The basic Bodipy unit is illustrated in Scheme 1 and can be
considered a half-porphyrin chelated with a BF, group to help
maintain structural rigidity. The basic unit can be decorated with
many different groups (R through R,), although some of the most
common Bodipy dyes are represented by R = aryl, R = R, = Me and
R, = Et [8]. Synthetically Bodipy dyes are generally straightforward to
prepare and several review articles have highlighted the many different
approaches [9]. The simplest procedure relies on the condensation
of an aryl aldehyde with a suitable pyrrole derivative to produce the
corresponding dipyrromethane, which can be isolated but is generally
oxidised in situ and then chelated to the BF, subunit (Scheme 1).

Yields of Bodipy dyes can be very reasonable and their purification
via column chromatography uncomplicated. Another positive feature

is the achievable in-depth characterisation by NMR spectroscopy
covering several nuclei (e.g., 'H, *C, F and "B). In symmetrical
Bodipy derivatives the "B spectrum consists of a simple triplet from
coupling to the two equivalent fluorine atoms (J ~ 30-40 Hz). A quartet
is mainly observed for the F NMR spectrum because of coupling
to the quadrupolar "B (I = 3/2) nucleus; small satellite peaks can be
visible from coupling to the B (I = 3) nucleus too [10]. A further
positive feature of fully alkylated Bodipy derivatives is their reversible
electrochemistry [11].

Photophysics of Bodipy Dyes

The extended m-conjugation pathway for basic Bodipy dyes gives
rise to their intense red colour, and the appearance of narrow absorption
bands with A,  values around 500 nm. In cases where the Bodipy core
is highly conjugated, A, can be pushed into the near infrared region
[12]. The highly intense colour often observed for dilute solutions is a
result of the high e _ values that tend to be in the range 12,000-110,00
M cm™. The absorption spectra for basic Bodipy compounds are only
slightly affected by solvent. Emission from a Bodipy dye is relatively
intense, and the low energy fluorescence profile is generally a good
match to the absorption spectrum (Figure 2). The modest Stokes’
shift (SS) is taken to indicate that the structures of the excited state
and ground state are similar. Singlet excited state lifetimes, 1, tend
to be in the sub ns region, and it is generally noticed that radiative rate
constants (k,, = ¢,/7, ) do not vary greatly. Indeed, there is generally
a good match between observed k,, , values and those calculated by
the Strickler-Berg equation [13]. The energy of the triplet state for
Bodipy derivatives is low (ca. 12,800 cm™), and in fact phosphorescence
is very rarely seen [14]. There are only a few reports concerning the
low-temperature phosphorescence from Bodipy compounds [15]. The
slow rate of intersystem crossing (ca. 10° s*) is the main reason why
triplet-based reactions are less important in such compounds. Thus,
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Figure 1: lllustration of the well-established viscosity probe DCVJ.

compound degradation via self-produced singlet oxygen is less of a
problem than seen for comparable dyes in the literature.

Molecular Rotors

A close scrutiny of fluorescence quantum yields for Bodipy
derivatives is very revealing in that they are highly sensitive to the
presence or absence of alkyl groups on the dipyrromethene core [16].
It was noticed back in 2005 by Holten and co-workers that quantum
yields for unsubstituted Bodipys (i.e., R, = R, = R, = H) with a meso
phenyl group were much lower than their fully alkylated counterparts
[17]. This early report pointed to the important role played by the meso
phenyl group in controlling fluorescence output, and how its “free”
rotation because of the lack of substituents adjacent to the ring was
extremely important. The mechanism of the fluorescence signal control
is encompassed in the so called “rotor effect” [18] whereby rotation of
the phenyl distorts the dipyrromethene backbone and enhances non-
radiative deactivation of the excited state. Clearly any process which
hinders the phenyl rotation will affect the fluorescence quantum yield.
In this sense it is easy to see that the presence of alkyl groups (e.g., R =
Me) will encumber the phenyl rotation- alkyl substituted Bodipys have
relatively high fluorescence quantum yields [19]. A very simple way to
restrict the rotation of the phenyl group is to change the viscosity of the
solvent, since the spinning group must push past solvent molecules.
Any application for such an effect in viscosity measurements was not
realised until later by two pieces of independently published work by
Kuimova et al. [20] and Benniston et al. [21] in 2008 using molecules 1
and 9, respectively (Figure 3). The study on compound 9 focused solely
on the photophysics of the dye in different viscosity solvents, whereas
the study of 1 targeted lifetime imaging of live cells. Since these two
publications the area of viscosity probes based on Bodipy units has

increased and new examples have emerged (Figure 3) and will be
discussed later in more detail.

Basic theory and studies

The basis for how fluorescence output from a molecular rotor is
related to bulk viscosity (#) is crudely covered by the Forster-Hoffmann
expression (Eq. 1) [22]:

log¢, =C+Blogn (Eq. 1)

where ¢, is the fluorescence quantum yield, C is a constant and §
is a coefficient that indicates the sensitivity of the probe to changes in
viscosity. The equation can also be re-written in the form of lifetime
(1) for the probe (Eq. 2):

log 1, =log(C/ky,p ) +Blogn (Eq.2)

It is evident from the two equations that two parameters, which
can be readily measured for any probe, link directly to solvent viscosity.
It is worth stressing that although equations 1 and 2 are commonly
employed a better representation of how a molecular rotor responds to
viscosity is given by equations 3 and 4.

kye = %exp[—ij (Eq.3)
n RT
1- ¢F
kyg = (Eq. 4)
TrLy

here kNR is the non-radiative rate constant, v is the limiting pressure
exerted by the rotor, a is a coefficient that describes frictional forces
between rotor and the surrounding solvent and E, is the activation
energy for internal rotation. The detailed studies conducted on rotor
9 evaluated C and B from Eq. 1 to be -1.30 and 0.44, respectively.
Worth noting is that these results showed that bulk viscosity was an
inappropriate measure of solute-solvent interactions and microviscosity
was a better alternative. In addition, f is around 50% more pronounced
than for DCV] (Figure 1) showing that 9 is a more superior viscosity
probe. A temperature dependent analysis of fluorescence output for 9
in ethanol in terms of Eq. 3 was also performed. At low temperature,
where the viscosity is high, nonradiative decay was shown to be
strongly activated; at ambient temperature this was not the case. At
the high temperature limit the barrier for gyration of the phenyl ring
in the excited state is only 2.5 k] mol . More revealing studies involved
the monitoring of fluorescence in methanol under high pressures.
As illustrated in Figure 4 the fluorescence intensity increased as the
pressure was increased on the sample up to around 550 MPa. The
growth in intensity is associated with the increase in the viscosity of
the solvent. One point to note is the isothermal conditions which this
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Figure 2: Absorption spectrum (black) and fluorescence spectrum (red) of a
basic Bodipy derivative (R = phenyl, R, =R, = Me, R, = Et) in toluene.

experiment was performed. Therefore, any complications (e.g., polarity
changes), which are often introduced when temperature is used to alter
viscosity, were minimised.

Further pressure dependent fluorescence studies were carried out
by Harriman et al. [23] using the molecular rotor 2 (Figure 3), where
the long-chain alkyl group is replaced by a spherical bromine atom. In
the first experiment fluorescence yields for 2 in CHCI, were measured
after the addition of PMMA (polymethylmethacrylate) to the solution.
A minor increase in ¢, (~ 19%) was observed by a change in the PMMA
content up to ca. 25% w/v, despite the fact that the viscosity of the
solution was enhanced considerably. It was concluded that the rotor
2 does not appear to interact with the polymer in CHCIL,. However,
under pressure in the presence of PMMA the rate of increase in ¢, was
far more pronounced. Combined with control experiments the group
hypothesised that the polymer wraps around the dye and thus curtails
the rotor action.

Fluorescence anisotropy experiments by Suhling and co-workers
[24] using rotor 1 have also been carried out. The aim was to see if
such a probe, and other rotors in general, could be used to monitor
viscosity on the microscopic scale using fluorescence depolarisation.
Fluorescence anisotropy measurements are used to measure the
rotational mobility of a molecule and are tied into the Perrin equation
(Eq. 5):

l:i 1+M
ron T,

where r is the measured anisotropy, r, is the initial anisotropy and
7_the rotational correlation time of the molecules. The group combined
equations 5 and 2 to produce an expression (Eq. 6) which is the Perrin
equation formulated for fluorescent molecular rotors:

(Eq.5)

Ty

y =—
1+ A4n”!
A=Ck,Thk,,

(Eq. 6)

where k; is Boltzmann’s constant, v is the hydrodynamic volume
of the molecule and T the temperature. Steady state anisotropy data
collected for 1 showed an adequate fit to Eq. 6 over a wide viscosity
range and its response was far superior to DCVJ. The anisotropy
method was also applied to imaging HeLa cells by staining them with
the rotor 1 (Figure 5). Because the dye is lipophilic it accumulates in

membranes of intracellular organelles. The bright regions of Figures 5A
& 5B correspond to viscosity values of around 160 cP. From inspection
of the anisotropy image (Figure 5C) the vesicle-like regions of the cell
are targeted (bright spots), which are located at the periphery of the
nucleus and the viscosity here is greater than 30 cP.

Rheology Monitoring

In this section examples where Bodipy probes have been employed
are discussed, focussing mainly on their biological applications. At the
end the application to sol-gel formation is also mentioned.

Cells

The first experiments to attempt to monitor viscosity in cells using
a Bodipy rotor were reported by Kuimova et al. [20] using compound
1. Fluorescence measurements were firstly taken in methanol/glycerol
mixtures of different viscosities. As illustrated in Figure 6 as the
viscosity of the mixture increased both the fluorescence intensity and
lifetime increased. A fit of the lifetime data to Eq. 2 afforded p = 0.50
+ 0.03. Compound 1 was also incubated in SK-OV-3 cells and the
technique of FLIM (Fluorescence Lifetime Imaging Microscopy) was
used to measure local viscosity (Figure 7). The dye appeared to locate
in the endocytotic vesicles of the cells. By using a calibration curve and
the FLIM lifetime date is was concluded that the average viscosity was
140 + 40 cP in the cells.

More recently the group have taken this work further by
modification of the hydrocarbon tail to incorporate the farnesyl chain
(compound 8, Figure 1) [25]. The idea here was to have a hydrophobic
tail that rendered the dye highly soluble in the membrane of the cells.
The FLIM images for 8 taken up in SK-OV-3 cells were consistent
with the dye locating in the membrane and the cytosol. A histogram
of fluorescence lifetimes was consistent with a bimodal distribution
corresponding to 1.0 and 1.3 ns. The bimodal distribution for 1 was
shown to be slightly different (1.7 and 2.0 ns). The shorter fluorescence
lifetime corresponds to a viscosity of 160 cP, whereas the longer lifetime
viscosity is about 260 cP.

Still focusing on the rotor 1 three other pieces of work by the
group of Kuimova and co-workers [26] have delved into viscosity
measurements in membranes and lipid phases. It is known that cellular
regulatory pathways involve lipid membranes, and the ability to
measure viscosity and diffusion within them is extremely important.
To model a membrane, large and giant unilamellar vesicles (LUVs &
GUVs) incorporating phosphatidylcholine lipids were prepared and
studied using FLIM. Fluorescence lifetimes were measured for 1 in
single-lipid artificial bilayers prepared as LUVs. Different carbon chain
length hydrocarbons were used to prepare LUVs of ca. 200 nm diameter,
which had different gel-to-liquid (L, to L) transition temperatures. At
optimised [lipid]:[1] concentrations time-resolved fluorescence traces
were recorded for 1 in the lipid bilayer at temperatures between 285
to 345K (Figure 8). The first noticeable feature from the graphs was
the change in shape of the profiles with temperature. At temperatures
below the lipid transition temperature the decays are bi-exponential,
which was taken to show that compound 1 resides in different
rigidity/viscosity environments in the gel phase. By contrast, only one
environment appeared to exist for 1 when it was incorporated into a
liquid disordered (L,) phase of a LUV.

A rather interesting extension to the work involved cholesterol
sensing in binary lipid mixtures, since the compound is essential in
many membrane associated processes. In a series of experiments
LUVs were prepared containing either DOPC (see Figure 8 for details)
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Figure 3: Examples of molecular rotors developed to date for measuring viscosity at the nanoscale.
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Figure 4: Effect of pressure on the fluorescence profile of 9 in methanol solution. Pressure changes are from 1 to 550 MPa. Reprinted with permission from
reference 21. Copyright (2008) American Chemical Society.

J Anal Bioanal Tech

ISSN: 2155-9872 JABT, an open access journal Volume 5 + Issue 6 « 1000221




Citation: Benniston AC (2014) Monitoring Rheological Properties in Biological Systems by Fluorescence Spectroscopy using Borondipyrromethene
(Bodipy) Dyes: A Mini Review. J Anal Bioanal Tech 5: 221 doi:10.4172/2155-9872.1000221

Page 5 of 1

Figure 5: Fluorescence intensity image of 1 with parallel (A) and perpendicular

(B) polarizations relative to the incident light in HeLa cells as measured using
an inverted microscope and polarizing image splitter. The fluorescence
anisotropy image for 1 where bright spots have anisotropy values which
correspond to a viscosity up to 70 cP. Reproduced by permission of ref. 24.
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Figure 6: Fluorescence spectra (a) and decay traces (b) recorded for 1 in
methanol/glycerol mixtures of different viscosity. Reproduced by permission

of reference 25.
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Figure 7: (a) Confocal fluorescence image (114 x 114 um) obtained following
488 nm excitation, 550 ( 25 nm fluorescence detection from SK-OV-3 cells
incubated with 1 uM solution of 1; (b) FLIM image obtained following 467 nm
pulsed excitation of the same layer of cells. Reprinted with permission from
reference 20. Copyright (2008) American Chemical Society.

or sphingomyelin with varying amounts of added cholesterol. The
viscosity of the LUV was determined using 1, again by measuring
the fluorescence lifetime of the rotor. For a 40% cholesterol content
the increase in viscosity within the LUV was about 16%. Other
experiments focussed on phase-separated 1,2,-dioleoyl-sn-glycero-
3-phosphochotine-cholesterol-sphingomyelin GUVs where it was
possible to visualise individual liquid ordered (L ) and liquid disordered
(L,) domains using FLIM.

Other applications by the Kuimova group have focussed on the
use of rotor 1 to investigate the viscosity of the inner membrane of
Bacillus spores [27]. Here, the inner membrane of the sphores was
shown to be extremely high (>1000 cP) corresponding to a lipid
bilayer in the gel state. The group were also able to demonstrate that
the membrane evolved during germination to reach a viscosity of ca.
600 cP. Other separate work focused on viscosity measurements within
the plasma membranes of live cells [28]. A new rotor dye 3 (Figure 3)
was introduced containing a dicationic alkyl chain which was added to
eradicate the problem of endocytosis in live cells that hampered the use
of the normal rotor 1.

If one alkyl chain is sufficient for membrane localisation of 1
then additional fatty chain units on the phenyl group might have an
additional effect. The derivatives 4-7 (Figure 3) prepared by Cebecauer
and co-workers [29] were intended to see if one, two or three fatty chains
achieved a more defined and deeper positioning of a dye in membranes.
The group prepared lipid vesicles including small unilamellar vesicles
(SUVs), multilayer vesicles (MLVs) and GUVs similar to those used by
Kuimova et al. [20] containing the rotor dyes. From the studies it was
shown that compounds 5 and 7 locate deeper into the lipid bilayer when
compared to 1. Other results pointed to the fact that the fluorescence
properties of the rotors were influenced by both the lipid packing and
the orientation of the probes in the membranes.

To finish off this section focus is placed on the more exotic rotor
derivatives 10-14 as shown in Figure 3. The addition of a secondary
group is introduced for a calibrating purpose (10-12), or as polarity
sensor (13) and finally as a new type of rotor group (14). The groups
of Kang and Kim [30] created the self-calibrating bipartite sensors 10-
12 for targeting mitochondria. The molecules incorporate a coumarin
appended to either a rotor Bodipy (10,11) or a fully alkylated Bodipy
(12). For this latter compound no Bodipy-based viscosity dependent
fluorescence behaviour was expected or seen. As shown in Figure 9A
two emission bands were observed for 10 at 427 nm (coumarin-based)
and 516 nm (Bodipy-based). The emission intensity associated with
the coumarin was found to be slightly sensitive to solvent viscosity,
whereas the Bodipy fluorescence was enhanced considerably as the
viscosity increased. A direct linear relationship was seen between the
ratio I, /1, vs viscosity (Figure 9B). A similar linear relationship was
also observed between the fluorescence lifetime for the Bodipy and
viscosity (Figures 9C and 9D).

Further viscosity-based experiments showed that 10 localised in
the mitochondria of HeLa cells whereas the control compounds 11
and 12 showed no such staining. The triphenylphosphonium group
is the target unit for the mitochondria. The average viscosity for the
mitochondria in HeLa cells was estimated to be 62.8 cP. There was an
increase in viscosity for the mitochondria upon the treatment with
monensin and nystatin because of induced swelling and structural
changes. The technique of FLIM was also conducted on 10 in HeLa
cells, and revealed a viscosity of 67.5 cP for the mitochondria in good
agreement with the ratiometric method. The results also collected when
cell apoptosis are in accord with an increase in viscosity as shown in
Figure 10.
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The Nile Red rotor derivative 13 was very recently prepared by
the group of Kang and Kim [31] to observe changes in micropolarity
and microviscosity of the endoplasmi reticulum (ER). The organelle
ER is involved in the synthesis of secretory and membrane proteins,
including their post-translational modification (e.g., glycosylation). It
is known that accumulation of large amounts of unfolded/misfolded
proteins in the ER promotes stress response, which has been linked to
certain diseases such as diabetes and Alzheimer’s disease. Considering
the structure of an ER where partially folded and glycosylated
proteins accumulate there is a good chance that the viscosity and
polarity change during stress. The probe 13 was designed to monitor
simultaneously polarity (Nile Red) and viscosity (Bodipy). The graphs
in Figure 11 illustrate two sets of experiments to demonstrate the effect
of changing the viscosity of the solution (top) and the polarity of the
solution (bottom). One point is worth noting; namely, two very distinct
fluorescence profiles are observed for the viscosity experiment so that
a ratiometric method can be employed. From the results, 13 is a good
candidate as a bimodal probe to measure viscosity and polarity in ER.
Further experiments from the group showed that during ER stress by
tunicamycin the viscosity increased from 129.5 cP to 182 cP, and was
accompanied by a polarity enhancement (Ae ~ 2.6).

To conclude this section the final example 14 is discussed which is
slightly different in its working in that a ferrocene moiety is used as the
rotor [32]. The two methyl groups on the Bodipy restrict the rotation of
the meso-phenyl group. Fluorescence spectra recorded for 14 in THF/
ethylene glycol mixtures displayed the typical intensity enhancement
with increase in solvent viscosity in accord with the Forster-Hoffmann
expression. Although non-radiative deactivation of the Bodipy excited
state because of ferrocene rotation was proposed the actual mechanism
is not clear. The ethynyl group is essential since in the derivative with
this missing, the Bodipy is non-emissive because of excited state
quenching by efficient electron transfer. Viscosity measurements were
also carried out using 14 in H,O/THF mixtures (Figure 12).

Sol-gel formation

The sol-gel transition involves the transformation of a solution or
biopolymer into an integrated network, which may comprise discrete
particles or interlocked polymer chains. There has been great interest
in the sol-gel process which is accompanied by a major alteration in
the local viscosity. Probing the sol-gel transition by the Bodipy probe
1 was reported by Hungerford and co-workers [33] using fluorescence
lifetime measurements. The experiments consisted of monitoring the
sol-gel transition for tetraethyl-ortho-silicate (TEOS) systems; the
process involves a colloidal suspension (sol) that undergoes hydrolysis
and condensation to form a gel. The steady-state emission spectra for
1 before and after the sol-gel transition are shown in Figure 13. From
both spectra it was evident that the rotor formed aggregates because
of the presence of the long-wavelength broad band at ca. 600 nm.
Certainly this feature was a deemed a problem, particularly when the
authors considered the time-resolved fluorescence lifetime data for
application to Eq. 2. A three exponential fit to the lifetime data collected
was used and analysed to take into account molecular aggregates and a
viscosity dependent contribution. The sol-gel transition appeared to go
through a two-step process corresponding to a fast increase in viscosity
followed by a slower gradual increase.

The authors also considered temperature induced alterations in
a gellum gum structure which consists of a linear teterasaccharide
repeating unit; a sol-gel transition at 33-50°C is known for commercial
Gelrite. Again lifetime data were collected for the probe in Gelrite over
a temperature range. Of course, to pull out of the data the viscosity

effect is slightly problematic because the temperature is no longer
constant. Despite this, however, the fluorescence lifetime data did not
show any pronounced change at around 30°C, even though major
structural changes were known to occur because of chain melting.
More interesting results were found when Mg?* ions were added to
the Gelrite; the metal cation binds to the polysaccharide double helix
and instigates aggregation. For example, at 20°C there was an apparent
decrease in viscosity upon addition of Mg*".

Rotor-FRET probes

To finish this review a brief look into the concept of combining
the rotor effect with fluorescence resonance energy transfer (FRET) is
described. The process of FRET involves the movement of energy from
one part of a molecular assembly to the other through a Coulombic
process (Forster energy transfer). FRET depends upon a number
of parameters associated with the actual molecular components as
detailed in Eq. 7:

8.8x10% ¢ x°J

kper = TDn4ﬁL; = (Eq.7)

where k. is the rate constant for energy transfer, ¢, is the
fluorescence quantum yield of the donor alone, 1, is the lifetime of
the donor alone, k? is the orientation factor, n is the solvent refractive
index, R is the separation distance (in cm) and J, the overlap integral
(in mmol* cm®) [34].

Two slightly different Bodipy groups are the components of the
molecular system 15: one is a molecular rotor and the other is fully
alkylated [35]. As a consequence of the difference the two subunits
absorb and emit at slightly different wavelengths, with the rotor Bodipy
absorbing/fluorescing towards higher energy. One upshot of this
feature is ] is appreciably large and k,, is favoured for Forster energy
transfer from the rotor to the other Bodipy. Since the fluorescence
output from a rotor Bodipy is generally low the idea was to pass its
energy over to the other more fluorescent unit so that it became the
reporter. However, a slight complication to the system is the possibility
of reverse energy transfer, although the probalility is less than the
forward process. The overall scheme is represented in the cartoon
shown in Figure 14. Detailed spectroscopic measurements performed
on 15 confirmed the swapping back and forth of energy and viscosity
dependent fluorescence output. The applicability of such a molecule to
monitoring viscosity in real systems has yet to be tested. One advantage
of using a molecule such as ROFRET is the much lower concentration of
the probe needed to collect a reasonable output signal. This is certainly
advantage for the monitoring of fluorescence in media where high dye
concentration may cause cross signal contamination by intermolecular
interactions.

Conclusions

Fluorescent Bodipy-based rotors offer the opportunity to measure
viscosity in different environments that may otherwise be difficult to
achieve by other methods. Since fluorescence can be readily monitored
down to very low concentrations of dye the technique may even be
applicable down to the single-molecule level. At present no studies
have been attempted to monitor viscosity using Bodipy rotors under
such extremely demanding spectroscopic conditions.
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