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In order to fully understand the dynamics of processes within biological lipid membranes, it is 

necessary to possess an intimate knowledge of the physical state and order ing of lipids within 

the membrane. Here we report the use of three molecular rotors based on meso-substituted 

boron-dipyrrin (BODIPY) in combination with fluorescence lifetime spectroscopy to 

investigate the viscosity and phase behaviour of model lipid bilayers. In phase-separated giant 

unilamellar vesicles, we visualise both liquid-ordered (Lo) and liquid-disordered (Ld) phases 

using fluorescence lifetime imaging microscopy (FLIM), determining their associated viscosity 

values, and investigate the effect of composition on the viscosity of these phases. Additionally, 

we use molecular dynamics simulations to investigate the orientation of the BODIPY probes 

within the bilayer, as well as using molecular dynamics simulations and fluorescence 

correlation spectroscopy (FCS) to compare diffusion coefficients with those predicted from the 

fluorescence lifetimes of the probes. 

 

 

 

Introduction 

Diffusion-limited processes are ubiquitous within cell biology, 

often controlling the rate of mass transport of reagents through 

a biological system. One of the main parameters controlling the 

rate of diffusion is the viscosity of the surrounding 

environment, so precise measurements of intracellular viscosity 

are necessary in order to fully understand the dynamics of 

reactions within a cell.1 This is particularly true within 

membrane systems, where viscosity and the subsequent lipid 

diffusion dynamics play a vital role in the activity of the 

membrane.2 In addition to this, membrane viscosity and 

heterogeneity are thought to play a role in many important 

cellular processes, such as cell division,3 cell death,4 motility5 

and membrane fusion.6–8  

 There are, however, significant experimental challenges 

associated with the direct mapping of viscosities and the 

associated diffusion coefficients to a high degree of spatial and 

temporal resolution within a biological membrane. 

Fluorescence based techniques provide a non-invasive way of 

investigating membranes, and in recent years methods such as 

fluorescence recovery after photobleaching (FRAP)9,10 and 

fluorescence correlation spectroscopy (FCS)11 have been used 

successfully to probe diffusion within a biological membrane. 

Whilst these techniques can accurately determine diffusion 

coefficients within a membrane, they often cannot provide 

detailed spatial and temporal information.  

 An emerging technique for measuring microscale viscosity 

within a membrane system is through the use of molecular 

rotors, synthetic organic fluorophores whose fluorescence 

properties are dependent on the friction imparted on them by 

the surrounding environment.1,12 Upon excitation with a 

photon, a molecular rotor can either undergo radiative decay via 

fluorescence emission or decay via a nonradiative pathway, 

typically involving an intramolecular rotation mechanism. The 

rate of this nonradiative decay is influenced by the friction 

imposed by the surrounding environment, i.e. the local 

microviscosity. This competition between radiative and 

nonradiative decay leads to  fluorescence quantum yield and 

lifetime increasing sharply with increasing viscosity.1 This can 

be described using the Förster-Hoffmann equation:13 

 

𝜙𝑓 = 𝑧𝜂𝛼   (1) 

 

Where f is the fluorescence quantum yield, η is the viscosity 

of the surrounding environment, and z and α are constants. 
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 Whilst this approach is useful in bulk systems where 

concentration is known, in heterogeneous systems like 

biological membranes it becomes impossible to determine 

whether changes in fluorescence intensity are due to a change 

in viscosity or because of a variation in local fluorophore 

concentration. This issue could be addressed using a ratiometric 

approach,14–17 or through the use of fluorescence lifetime,18–21 

with both methods providing a concentration bias-free method 

of determining the surrounding viscosity. 

 The lifetime of a molecular rotor can be related to the 

viscosity of the surrounding environment using a variant of the 

Förster-Hoffmann equation:13,21 

 

log 𝜏𝑓 = log (
𝑧

𝑘𝑟
) + 𝑎 log 𝜂  (2) 

 

Where τf is the fluorescence lifetime and kr is the radiative 

decay constant.  

 Fluorescence lifetime imaging microscopy (FLIM) can be 

used to generate an image of fluorescence lifetimes across a 

heterogeneous sample.22 By using FLIM in conjunction with 

molecular rotors it is therefore possible to produce an image 

displaying the different viscosities across a heterogeneous 

sample. 

 Molecular rotors based on meso-substituted boron dipyrrin 

(BODIPY) dyes are known to exhibit a strong dependence of 

their fluorescence lifetime on the viscosity of the surrounding 

medium.20,21,23,24 The fluorescent BODIPY core carries the 

advantage of being chemically robust, allowing a wide range of 

potential modifications to the meso-phenyl ring without 

degradation of the dye.25 Increasing viscosity leads to a partial 

restriction of the rotation of the meso-phenyl ring, which causes 

a decrease in the rate of non-radiative decay, increasing both 

the fluorescence lifetime and quantum yield.26  

 BODIPY based molecular rotors have previously been used 

to quantitatively assess viscosity across a range of systems, 

including microbubbles, 27 bacterial spores28 and live cells.1,29  

 BODIPY rotors 121 and 220 (Scheme 1) have been 

synthesised previously, and both their quantum yield and 

fluorescence lifetime have been shown to increase according to 

the Förster-Hoffmann equation within a range of ca. 10-1000 

cP in calibration mixtures of methanol and glycerol. 

 BODIPY rotor 1 has previously19 been shown to be 

membrane soluble, and has been used to determine the 

viscosities associated with different phases within artificial 

bilayer systems. A sharp change in viscosity at the gel 

transition temperature of a saturated lipid was observed, as well 

as the different viscosities within coexisting liquid domains in 

ternary bilayers. Liquid-ordered (Lo) phases were found to 

display a higher viscosity than liquid-disordered (Ld) phases, 

owing to the increased molecular packing and rigidity within 

the Lo phase. The probe was, however, found to partition very 

weakly into the Lo phase, affecting the quality of the data 

collected from this phase. In addition to this, when introduced 

into human cancer cells in an attempt to visualise plasma 

membrane viscosity, BODIPY 1 was found to rapidly 

internalise, hence it could only be used to determine the 

viscosity of the lipid membranes of internal cellular 

organelles.21  

 BODIPY rotor 2, however, has recently been shown to 

target the plasma membrane of the cell,20 due to the double 

positive charge reducing the rate of endocytosis, and has shown 

an average plasma membrane viscosity of ca. 270 cP for SK-

OV-3 cancer cells. It has not yet been used to give information 

on the lipid order and heterogeneity within model membrane 

systems. 

 Here we investigate BODIPY rotors 1-3 (Scheme 1), where 

rotor 3 was designed with a cholestanol moiety with the aim of 

targeting cholesterol rich regions within plasma membranes of 

live cells. A variety of cholesterol derivatives of BODIPY dyes 

have been previously synthesised30,31,32 and some have even 

been reported33 to target Lo phases in artificial bilayers. 

Cholestanol has been found to interact in a similar way to 

cholesterol inside lipid bilayers, albeit with weaker 

interactions.34,35  

 In this study we report the synthesis and full 

characterisation of BODIPY 3. We compare the use of the three 

BODIPY molecular rotors (1-3) as probes of lipid bilayers, 

using their fluorescence lifetime to investigate the viscosity and 

ordering within the bilayers. In addition to this, we use 

molecular dynamics simulations and FCS to investigate the 

diffusional properties of the three rotors within lipid bilayers in 

order to relate this to viscosity values calculated from the 

fluorescence lifetime of the probe. 

 

Materials and Methods 

All solvents were purchased from Sigma-Aldrich or VWR and 

used without further purification. All lipids were obtained from 

Avanti Polar Lipids.  

 The meso-substitued dyes BODIPY 1 and 2 were 

synthesised as described elsewhere19,20. The synthesis of 

BODIPY rotor 3 is outlined in Scheme 2. Firstly, commercially 

available lithocholic acid was reacted with an excess of tert-

butyldiphenylsilyl chloride to give bis-silyl protected derivative 

8 in 70% yield. Reduction of the silyl ester to the alcohol 

derivative was achieved with LiAlH4 to afford compound 7 

quantitatively, which was further transformed into the 

 

 

 

 

 

 

 

 

 

 

Scheme 1 Structure of the three BODIPY rotors. 
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corresponding sulfonate ester 6 by the use of methanosulfonyl 

chloride in the presence of triethylamine. The next step required 

the reaction of mesylate 6 with 4-hydroxybenzaldehyde to give 

aldehyde 5 in good yield. The removal of the silyl protecting 

group to afford derivative 4 was achieved by the use of TBAF 

in THF at 40oC. Finally BODIPY rotor 3 was obtained via 

condensation of compound 4 with an excess of pyrrole to give 

the corresponding dipyrromethane, which was further reacted 

with DDQ and followed by treatment with BF3·OEt2. After 

purification by column chromatography, BODIPY rotor 3 was 

isolated in 28% yield from aldehyde 4.36   

 Absorption spectra were obtained using an Agilent 8452 

UV/Vis spectrometer, and emission spectra using a Horiba 

Jobin Yvon Fluoromax 4. Lifetime measurements were 

obtained using a Horiba Jobin Yvon IBH 5000 F time-

correlated single photon counting (TCSPC) device, using a 

pulsed NanoLED source at either 404 or 467 nm. All TCSPC 

measurements gave 10,000 counts in the peak channel, and 

DAS software was used for fitting the decays. Decays were 

established as biexponential a monoexponential fit to the data 

gave a 2 value of 2 or above and fitting with a biexponential 

function improved the quality of the fit (as indicated by a lower 

2 value). Unless otherwise stated, all spectra were taken at  

298 K. 

 All bilayer studies used a maximum BODIPY rotor 

concentration of 0.5 mol% (1:200 rotor : lipid) to prevent dye 

aggregation13 and to avoid significant disruption of the bilayer 

structure. Large unilamellar vesicles (LUVs) were formed using 

the gas extrusion method. A solution of the appropriate lipid 

and BODIPY rotor was prepared in chloroform, which was then 

evaporated off under nitrogen. Multilamellar vesicles (MLVs) 

were then prepared by hydrating the lipid film using enough 

water to give a 1 mmol.dm-3 solution of lipid and vortexing for 

1 minute above the gel transition temperature of the lipid. This 

was then extruded 10 times through a polycarbonate membrane 

with a pore diameter of 200 nm using a LIPEX extruder 

(Northern Lipids Inc., Canada), ensuring it was above the  gel 

transition temperature of the lipid. 

 Giant unilamellar vesicles (GUVs) were prepared using the 

electroformation method.37 A solution of 1 mg.ml-1 lipid with 

the appropriate BODIPY rotor in chloroform was added 

dropwise (ca. 30 µL) onto a clean conductive indium tin oxide 

(ITO) coated glass slide and spread using a glass coverslip to 

give a thin film of lipid and BODIPY rotor, before being 

lyophilised for 60 minutes. A polydimethyl siloxane (PDMS) 

spacer was placed over the lipid film and a second ITO coated 

slide was then placed on top of the spacer, creating a sealed 

chamber. The chamber was filled with 0.1 mol.dm-3 aqueous 

sucrose solution using a syringe. An AC voltage of 1.0 V and 

10 Hz was applied for 90 minutes, making sure the chamber 

was held above the gel transition temperature of the lipids being 

used. In order to be visible in phase contrast microscopy, the 

GUVs formed in this way were suspended in a 0.125 mol.dm-3 

aqueous solution of glucose. 

 FLIM measurements were performed on a Leica TSC SP5 

II inverted confocal microscope with a 63x water immersion 

objective (NA = 1.2). A multiphoton laser was used for 

excitation, using two-photon excitation at 900 nm. Decay traces 

were analysed using SPCimage software, which was used to fit 

decay traces in order to give lifetime values. All images were 

binned to give a minimum of 100 counts per pixel before 

fitting. 

 Molecular dynamics simulations were performed using the 

AMBER38 suite using lipid parameters discussed elsewhere39 

(see Supporting Information (1) for a detailed description of the 

simulations). Briefly, diffusion of the three dyes inside a 1,2-

dioleoyl-sn-glycero-3-phosphocholine (DOPC) bilayer was 

simulated at a range of temperatures and the preferred position 

of BODIPY rotor 1 in a 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC) bilayer was simulated at 293 K, 

meaning the bilayer is in the gel phase. To obtain the preferred 

orientation of the rotors within the bilayer, each dye was placed 

in the water phase above the bilayer and the system was 

simulated for 100 ns at 303 K, during which time each dye 

diffused into the bilayer. This system was then minimised and 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2 Synthesis of rotor 3: R = Si(C6H5)2C(CH3)3, (i) tert-butyl(chloro)diphenylsilane, imidazole, DMF, 0 °C to rt, overnight, yield: 70%; (ii) LiAlH4, THF, 
0 °C to rt, overnight, yield: 92%; (iii) MsCl, Et3N, CH2Cl2, 0

 °C to rt, 5 h, yield: 90%; (iv) 4-hydroxybenzaldehyde, K2CO3, DMF, 80 °C, 5 h, yield: 86%; (v) 
TBAF, THF, 40 °C, 12 h, yield: 69%; (vi) neat pyrrole, TFA, rt, 1 h, yield: 94%; (vii) DDQ, CH2Cl2, rt, 1 h and then BF3·OEt2, Et3N, CH2Cl2, rt, overnight, yield: 

28%. Detailed synthetic information is giving in section (6) of the supporting information. 
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heated to the desired temperature in order to simulate the 

diffusion coefficients of the rotors within the bilayer. 

 Fluorescence correlation spectroscopy (FCS) was 

performed using the Becker and Hickl DCS-120 confocal laser 

scanning system. The excitation light of a 473 nm pulsed diode 

laser, repetition rate 50 MHz, was focussed to the sample via a 

40 x 1.2 NA Zeiss C-Apochromat water immersion objective. 

The resultant fluorescence was collected by the same objective 

and focussed via a 250 µm pinhole to a HPM-100-40 Hybrid 

Photo Multiplier Tube (PMT) module, free of afterpulsing 

effects. The system was optimised to account for possible 

aberrations as outlined in40. The lateral radius, 𝜔0, of the 

confocal volume was calibrated using a 10 nM concentration of 

fluorescein in water and found to be 262 nm. To determine the 

diffusion coefficients of the three molecular rotors in DOPC 

GUVs, the central point of the focal volume was positioned to 

the top side of the vesicles determined by the maximal detected 

fluorescence signal. Short correlation measurements of 10 

seconds were recorded to minimise any potential artefacts 

arising from photobleaching or vesicle undulation. Four 

vesicles were measured 10 times for each rotor at temperatures 

of 293K, 313K and 333K. The measured auto-correlation 

function 𝐺(𝜏) was fit with a model describing 2D diffusion to 

determine the diffusion coefficient, D, outlined elsewhere40 

shown by Equation 3.  

 

𝐺(𝜏) =
1

〈𝑁〉

1

(1+
𝜏

𝜏𝐷
)
    (3) 

 

Where 〈𝑁〉 is the average number of diffusing molecules in the 

focal volume, 𝜏 is the correlation time and 𝜏𝐷 is the diffusion 

time related to the diffusion coefficient, D, by the relationship 

𝜏𝐷 =
𝜔0
2

4𝐷
. 

 

Results and Discussion 

Photophysical characterisation of the BODIPY rotors 

The Förster-Hoffmann calibration of lifetime against viscosity 

for BODIPY rotors 1 and 2 have been reported previously,19,20 

(Fig. S3) and the data for BODIPY rotor 3 is shown in Fig. 1. 

The calibration measurements were performed in methanol-

glycerol mixtures at a range of temperature, giving a viscosity 

range of between 10-1000 cP. 

 The graph shown in Fig. 1b shows a linear dependence of 

lifetime against viscosity on a double logarithmic scale within 

the viscosity range tested, verifying that BODIPY rotor 3 

behaves as a molecular rotor, and shows good agreement with 

the Förster-Hoffmann equation within this viscosity range. In 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 a) Fluorescence decays of rotor 3 in methanol/glycerol mixtures of 
different viscosity, b) Förster-Hofmann plot for rotor 3 in methanol/glycerol 
mixtures between 5 - 55 ⁰C on a log-log scale (see Fig. S3 for fitting data for 

the rotors 1 and 2) 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Calibration plot for rotor 1 (adapted from19) overlaid with 
fluorescence lifetimes of rotor 1 in castor oil at a range of temperatures. 

 

 

 

 

 

 

 

 

Fig. 3 Viscosities calculated from calibration data for the three BODIPY 

rotors in DOPC LUVs between 9 - 55 ⁰C 
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addition to this, the fact that the lifetime values do not deviate 

significantly from the linear correlation, even for results 

obtained at different temperatures, suggests that the 

photophysical properties of the rotor are unaffected by 

temperature, consistent with previous results for rotors 119 and 

2.20  

 The emission and absorption spectra of the three rotors (Fig. 

S4) are almost identical, suggesting the electronic structures of 

the dyes are very similar, and that the different groups attached 

to the rotors do not affect their fluorescence properties.  

 Several previously studied molecular rotors41 have been 

shown to display highly polarity sensitive emission. This could 

potentially limit their usefulness as probes of heterogeneous 

environments where the polarity of the surrounding 

environment is unknown.  

 At low viscosities, the lifetime of BODIPY rotors is 

influenced by solvent polarity (Fig. S5). We hypothesised, 

similarly to Haidekker et al41 that any effect of solvent polarity 

would be negligible at high viscosities, and in order to test this, 

we compared the calibration plot of BODIPY rotor 1 obtained 

in methanol/glycerol, two highly polar solvents, with 

fluorescence lifetimes of rotor 1 in castor oil, a viscous and 

very nonpolar solvent, at different temperatures. The results of 

this are shown in Fig. 2. The lifetimes of rotor 1 in castor oil 

show excellent overlap with the methanol/glycerol calibration 

plot, which suggests that solvent polarity has little influence on 

the fluorescence lifetime of BODIPY rotors at high viscosities. 

Fig. S6 shows the fluorescence lifetime of rotor 1 in 1,2-

pentanediol, 1,2-butanediol and 1,3-propanediol at viscosities 

between 10 – 100 cP, in order to demonstrate the effect of 

polarities at low viscosities. Up to ca. 80 cP, there appears to be 

an effect of solution polarity on BODIPY lifetime, but beyond 

that, the lifetime values overlap well, suggesting that polarity is 

playing less of a role on determining the fluorescence lifetime. 

 It should be noted that castor oil is intrinsically fluorescent, 

resulting in biexponential decays for solutions of rotor 1 in 

castor oil (Fig. S7 and S8). The autofluorescence from castor 

oil contributed a small percentage of the total signal (ca. 20% at 

room temperature), with a lifetime that did not change with 

temperature.  

  

Viscosity studies in large unilamellar vesicles  

In order to test the three BODIPY rotors as probes of 

membrane viscosity, they were incorporated into large 

unilamellar vesicles (LUVs) with 200 nm diameter made up of 

DOPC, an unsaturated lipid, DPPC or egg yolk sphingomyelin 

(EYSM), saturated lipids. At room temperature rotors 1 and 3 

were found to give monoexponential decay traces in DOPC, 

and biexponential decays in the saturated lipids (see Fig. S9 for 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4 a) Fluorescence decays of rotor 3 in DOPC, DPPC and EYSM, b) Calculated viscosity against temperature of rotor 3 in DPPC, highlighting the gel 

transition temperature (see Fig. S10 for related data for rotors 1 and 2 in DPPC) , c) Calculated viscosity of rotor 3 in DOPC with varying levels of 
cholesterol at a range of temperatures, d) Calculated viscosity of rotor 3 in egg yolk sphingomylein (EYSM) with varying levels of cholesterol at a 

range of temperatures. 
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fluorescence decays of rotors 1 in DOPC, DPPC and EYSM, 

and rotor 2 in DOPC and EYSM). Rotor 2 in DOPC gave a 

biexponential decay, with one component showing a very short 

lifetime on the order of 500 ps, and one component similar to 

the lifetimes of rotors 1 and 3 in DOPC. Rotor 2 is water 

soluble, and since the short lifetime component matched the 

lifetime of rotor 2 in the aqueous phase, it was attributed to the 

small percentage of the rotor partitioned in the water phase 

(15% of the decay, see Fig. S9). The long lifetime component 

was treated as the viscosity-dependent lifetime of the probe in 

the DOPC bilayer.  

 The calculated viscosities measured in DOPC bilayers with 

rotors 1-3 at a range of temperatures are shown in Fig. 3. This 

strongly suggests that the viscosity sensitive part of the probe 

resides in the same part of the bilayer for each rotor, and that 

BODIPY rotors are reliable probes for determining membrane 

viscosity in disordered liquid membranes. 

 As temperature increases, the measured lifetime decreases, 

indicating a reduction in the bilayer viscosity. The calculated 

viscosities accessible with the three BODIPY rotors shown in 

Fig. 3 overlap very well over the biologically relevant viscosity 

range of ca. 20-500 cP.18,20,21,28 However, it should be noted 

that a high degree of lipid ordering has been previously 

reported within cell membranes using polarity-sensitive 

probes.42,43.  

 Fluorescence decay traces of rotor 3 in DOPC, DPPC and 

EYSM LUVs at room temperature are shown in Fig. 4a. The 

decay in DOPC is clearly monoexponential, whereas the decays 

in gel phase DPPC and EYSM are biexponential. The effect of 

changing temperature on the fluorescence lifetime derived 

viscosity of rotor 3 in DPPC LUVs is shown in Fig. 4b. Above 

41 °C, the gel transition temperature of DPPC, the LUVs 

display similar viscous properties to DOPC, exhibiting 

monoexponential fluorescence decays. However, below this 

temperature, the decay traces become biexponential. The two 

lifetimes extracted from these decays are shown in Fig. 4b, 

plotted against temperature. For τ2 against temperature, there is 

a very sharp change in the gradient at below 41 °C, suggesting 

that there is a change in phase. A similar pattern is observed for 

EYSM. The biexponential decays of the BODIPY probes in gel 

phase bilayers have previously19,44 been attributed to the rotors 

taking on two conformations within the bilayer, showing two 

distinct ‘viscosities’, as the two environments hinder the 

intramolecular rotation of the non-radiative decay process 

differently. It was asserted that the presence of two components 

is concentration independent and is as such not due to 

aggregation of the rotor.19 

 Finally, the effect of cholesterol on the viscosity of lipid 

bilayers was investigated. Figs 4c-d show the effect of adding 

cholesterol on the fluorescence lifetime of rotor 3 within DOPC 

and EYSM LUVs upon varying temperature. The addition of 

cholesterol to the bilayer caused a significant decrease in the 

viscosity of EYSM LUVs, but an increase in the viscosity of 

DOPC LUVs. Increasing the amount of cholesterol from 10% 

up to 30% had little effect on the viscosity of DOPC LUVs, but 

further decreased the viscosity within EYSM LUVs. It is well 

established that cholesterol increases the ordering of 

unsaturated lipids, and decreases ordering of saturated lipids,45 

and one of the main roles of cholesterol within the plasma 

membrane is to mediate lipid ordering,46 so it is perhaps not 

surprising that the addition of cholesterol brings the viscosities 

of EYSM and DOPC closer to each other. BODIPY rotors in 

the gel phase have been shown to exhibit biexponential 

fluorescence decays (Fig. 4), due to multiple conformations or 

environments for the dye and it may be a similar effect that 

results in biexponential decays observed for BODIPY in 

DOPC/Chol LUVs. 

 For saturated lipids such as EYSM, the addition of 

cholesterol disrupts the tight packing of the gel phase lipid 

molecules, forming a liquid-ordered phase,47 which can be seen 

in Fig. 4, where the addition of cholesterol prevents the sharp 

change in viscosity associated with the gel transition 

temperature of EYSM. Cholesterol is also known to condense 

unsaturated lipids such as DOPC,48 increasing the viscosity and 

lipid order, which is consistent with the results of our 

experiments.  

 

The position of BODIPY rotors within the bilayer 

In order to be able to reliably use a molecular rotor as a probe 

of membrane viscosity it is essential to know its position in the 

bilayer. Due to various intramolecular interactions, the lateral 

pressure varies greatly between the head and tail groups of the 

lipids within the bilayer,49 meaning that resistance to 

intramolecular rotation of a molecular rotor will be different in 

the tail region of the lipid bilayer compared with the head 

groups. Therefore, different molecular rotors that take on 

 

 

 

 

 

 

 

 

Fig. 5 Molecular dynamics simulations showing the orientations of a) rotor 1, b) rotor 2, and c) rotor 3 in a DOPC bilayer, and d) and e) the two 
orientations of rotor 1 in a gel phase DPPC bilayer. Simulated DOPC bilayers have a membrane thickness of 37.0 ± 0.2 Å and DPPC bilayers have a 

membrane thickness of 37.9 ± 0.5 Å39 
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Table 1 Diffusion coefficients calculated for the three rotors in DOPC bilayers using molecular dynamics simulations, FCS and the Saffman-Delbrück 
equation to calculate diffusion coefficients from the viscosity values calculated from the fluorescence lifetimes of the BODIPY rotors. Further information 
on the simulated diffusion coefficients can be found in Table S1 and Fig. S1 

  Diffusion Coefficient/ µm2s-1  

 Rotor 1 Rotor 2 Rotor 3 

Temperature / K Simulated FCS Lifetime Simulated FCS Lifetime Simulated FCS Lifetime 

293 10.22 10.52 3.78 7.52 8.75 2.91 7.06 7.25 3.23 

313 16.45 18.06 11.11 14.39 12.32 8.73 12.20 14.18 8.21 

333 22.67 22.65 32.94 21.61 19.91 27.77 18.74 21.18 20.52 

 

different orientations may give different viscosity values for the 

same bilayer. 

 In order to determine the localisation of the BODIPY 

probes, the molecular dynamics program AMBER38 was used 

to simulate the behaviour of the BODIPY rotors within DOPC 

and DPPC bilayers, with the final orientations of the dyes 

shown in Fig. 5 

 The simulations showed that the head groups of the 

BODIPY rotors are similar distances from the core of the 

bilayer for each of the three rotors in DOPC, see Fig. S2 for the 

calculated electron density profiles for each rotor. Due to this 

similarity in electron density profiles and also due to very 

similar viscosities reported by 1-3 in DOPC bilayers (Fig. 3) 

and DPPC bilayers, including upon a liquid to gel phase 

transition (Fig. 4 and Fig. S10), we can deduce that it is 

primarily the head group of the BODIPY rotors that is 

responsible for their viscosity sensitivity. The fact that the dyes 

take on one preferred orientation is consistent with the 

monoexponential fluorescence decays observed for the rotors in 

DOPC bilayers. 

 For the DPPC simulation, two preferred orientations for 

BODIPY rotor 1 were found, which again correlates with the 

fact that BODIPY rotors exhibit biexponential decays within 

gel-phase lipid systems. This agrees with the fluorescence 

anisotropy study performed by Olšinova et al44 on BODIPY 

rotors in gel phase bilayers, which suggested that the rotors 

adopt two orientations: one perpendicular and one parallel to 

the membrane normal. 

 Overall, the molecular dynamics simulations suggest that 

rotors 1-3 behave in a similar manner within lipid bilayers, 

independent of the nature of the R group. In addition to this, the 

simulations show that the BODIPY rotors intercalate within the 

lipid molecules within the bilayer, rather than reside in a cavity 

between the two leaflets of the bilayer. 

 

Estimating diffusion coefficients within bilayers 

A potential drawback in the use of methanol:glycerol solutions 

of known viscosity for the calibration of BODIPY rotors is that 

a homogeneous bulk solution with free diffusion in three 

dimensions may not be a good representation of a lipid bilayer, 

a quasi-two-dimensional systems with a high degree of 

heterogeneity.  

 It should also be noted that ‘viscosity’ is a macroscopic 

property, and is somewhat poorly defined for a heterogeneous 

microscale system such as a lipid bilayer. The fluorescence 

lifetime of a molecular rotor in a lipid bilayer will be affected 

by the lipid packing of the surrounding environment, giving an 

idea of the ‘microviscosity’ of the surrounding environment.44 

However, higher membrane viscosities will correspond to lower 

diffusion coefficients of species within the membrane. 

 Using FCS, it is possible to measure two-dimensional 

diffusion coefficients for fluorescent probes within 

membranes,50 which can then be related to viscosity values 

through the well-established Saffman-Delbrück formula51: 

 

𝐷𝑠𝑑 =
𝑘𝐵𝑇

4𝜋𝜂𝑚ℎ
[ln (

2𝐿𝑠𝑑

𝑎
) − 𝛾]  (4) 

 

Where Dsd is the Saffman-Delbrück diffusion coefficient, a is 

the radius of the membrane inclusion, h is the bilayer thickness, 

ηm is the membrane viscosity, γ is the Euler-Mascheroni 

constant (γ ≈ 0.577), and Lsd is the Saffman-Delbrück length, 

given by: 

 

𝐿𝑠𝑑 =
ℎ𝜂𝑚

2𝜂𝑓
   (5) 

 

 

 

 

 

 
Fig. 6 Confocal images of Lo-Ld phase separated DOPC/EYSM/Chol GUVs with (a) rotor 1, (b) rotor 2 and (c) rotor 3. Scale Bar = 10 µm 

a b c 
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Where ηf is the viscosity of the surrounding fluid. It should, 

however, be noted that this formula makes a number of 

assumptions, including assuming that the membrane inclusion 

is cylindrical and that the membrane is homogeneous, and so 

may not accurately reflect the environment experienced by a 

molecular fluorophore. 

 We have used three complementary methods to estimate 

diffusion coefficients in bilayers. Firstly, we calculated the 

diffusion coefficient from the viscosity values obtained using 

the lifetimes of the BODIPY rotors 1-3 and the Saffman-

Delbrück equation for DOPC bilayers. Secondly, diffusion 

coefficients were obtained from performing FCS on rotors 1-3 

in DOPC GUVs, and finally molecular dynamics simulations of 

the three rotors in DOPC bilayers were used to calculate 

diffusion coefficients. The diffusion coefficients calculated 

using the three methods for rotors 1-3 at a range of 

temperatures in DOPC bilayers are shown in Table 1. See Table 

S2 for the parameters used for the Saffman-Delbrück 

calculations. 

 The diffusion coefficient values are very similar for each of 

the methods used; overlapping particularly well at 313 K. There 

is particularly good agreement between FCS and the molecular 

dynamics simulations, typically within 1μm2s-1 of each other 

suggesting that the simulations are an accurate reflection of real 

membrane systems under these conditions. Whilst the diffusion 

coefficients calculated using the Saffman-Delbrück equation 

are less accurate, they are still generally within a factor of two 

of the FCS and molecular dynamics simulations, which, given 

the inherent inaccuracies of the Saffman-Delbrück equation, 

shows good agreement with the FCS and molecular dynamics 

simulations. 

 This data represents the first direct comparison of 

viscosities calculated for lipid bilayers from the fluorescence 

lifetimes of molecular rotors with established methods of 

investigating the physical properties of bilayers. The data 

suggests that the lifetimes of the BODIPY rotors provide an 

accurate portrayal of membrane “viscosity”, and that the 

methanol-glycerol mixtures are indeed a suitable calibration 

system. 

 

Viscosity studies in giant unilamellar vesicles  

Giant unilamellar vesicles (GUVs) provide a useful model 

system to mimic the plasma membranes of cells, as they can be 

easily made with a variety of compositions and are on the same 

order of size as cells, allowing imaging using optical 

microscopy. To evaluate the practicality of using the three 

rotors as probes of phase separation within lipid bilayers, we 

prepared phase-separating ternary GUVs made up of mixtures 

of DOPC:EYSM:Chol using electroformation. 

 Confocal images of ternary GUVs showing Lo-Ld phase 

separation stained with the three rotors are shown in Fig. 6, 

with all three probes showing a strong preference for the Ld 

phase.  

 Whilst rotor 1 has previously been shown to partition poorly into 

the Lo phase,19 it is perhaps surprising that rotor 3 with its 

cholestanol derivative also shows a poor partitioning into the Lo 

phase. This could be explained by the presence of the phenyl rings 

on each of the rotors which are not typically present in the Lo 

targeting BODIPY dyes. The phenyl ring is bulky and not co-planar 

with the BODIPY core, and as such is a likely reason for poor Lo 

partitioning. Cholesterol-conjugated BODIPY dyes without a phenyl 

group have been shown33,53 to display much greater partitioning into 

the Lo phase, although this has not yet been shown for BODIPY 

molecular rotors. 

 Despite the large difference in BODIPY concentration 

between the two phases, it was possible to obtain fluorescence 

lifetime images of BODIPY in both Lo and Ld phases. Since 

fluorescence lifetime of BODIPY rotors (and hence, FLIM) is 

concentration-independent,15 we were able to extract reliable 

viscosity values for each of the phases imaged. The preferential 

partitioning of the rotors into the Ld phase may however limit 

the usefulness of BODIPY based rotors in the study of lipid 

order within complex and live biological membrane systems, 

where Lo-like domains are likely to be small and short lived.54 

 

 
 

 

 

 

 

 

 

Fig. 7 Representative fluorescence lifetime images of GUV from lipid mixtures A, B, C and D, imaged with rotor 1. The lipid compositions of GUVs A and 
B lie on the same tie line within the DOPC:EYSM:Chol phase diagram (see Fig. S11), hence the compositions and therefore viscosities of the Lo (blue / 
green) and Ld (orange) phases in GUVs A and B are very similar, which is reflected in the fluorescence lifetimes. The same is true for GUVs C and D, 

however they lie on a different tie line to GUVs A and B and this results in a significant difference in the Lo phase lifetime between these two pairs of 
vesicles. The fluorescence lifetime range 1500 – 3200 ps represents a viscosity range of 94.6 – 454.3 cP. Note that the bulging of the different phases is 

a result of the difference in membrane thickness and molecular motion between the Lo and Ld phases, which leads to a line tension between these 
membrane regions and an energetic drive to minimise the length of the line interface.52 Histograms corresponding to these lifetime images can be 

found in Fig. S12 

a b c d 
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 The phase diagram for a ternary mixture of 

DOPC:EYSM:Chol55 (Fig. S11) highlights the Lo-Ld phase 

coexistence region and the tie lines across this region. At the 

critical point the compositions of the Lo and Ld phases are 

identical, and near this point their compositions should be 

similar, meaning the Lo phase is more disordered in character, 

and will likely have a similar viscosity to the Ld phase. This 

should also allow the BODIPY probes to partition to a greater 

extent into the Lo phase. Using BODIPY rotor 1 for imaging, 

GUVs composed of four different ratios of DOPC:EYSM:Chol 

(A – 56:24:20, B – 40:25:35, C – 48:40:12 and D – 20:55:25) 

were produced along two different tie lines in the phase 

diagram. As they are located on the same tie lines, mixtures A 

and B should have Lo and Ld phases of the same compositions, 

but in different ratios. This should also be true for mixtures C 

and D. FLIM was used to determine the lifetime, and therefore 

the viscosity, of the four different GUV compositions at room 

temperature (Fig. 7). The mean viscosities determined for the 

Lo and Ld phases are shown in Table 2. 

 The FLIM images in Fig. 7 are plotted in the same colour 

scale, from 1500 to 3200 ps. The lifetimes of the Lo phases in A 

are very similar (within 10 %) to those in B, and the Ld phases 

of A and B are also very similar.  A similar observation is made 

for the lifetimes of the Lo and Ld phases in GUVs C and D, 

which lie on a different tie-line. Histograms showing the 

lifetime distributions of the four vesicles shown in Fig 7 can be 

found in Fig. S12. On the phase diagram, the Ld compositions 

for A, B, C and D are close together, hence their similar 

viscosities. However, the Lo composition of A and B is 

significantly different to that for C and D, which is highlighted 

by their different viscosities. 

 These calculated viscosity values are in good agreement 

with the viscosity values calculated in Fig. 4c and d for DOPC 

and SPM bilayers containing cholesterol. 

  

Conclusions 

In conclusion, we report the synthesis of a novel cholestanol 

derivative of a BODIPY molecular rotor. We compared the use 

of three different BODIPY-based molecular rotors as probes of 

viscosity within artificial bilayers. We investigated the effects 

of cholesterol on the viscosity of saturated and unsaturated 

lipids within model bilayers and the viscous properties of a 

saturated lipid bilayer above and below the gel transition 

temperature. Whilst the rotor 3 is shown not to specifically 

target the Lo phase in GUVs, it may yet offer significant 

advantages for in vitro and in vivo targeting. 

 Through the use of molecular dynamics simulations, we 

investigated the orientation of the BODIPY rotors within lipid 

bilayers, which revealed that the rotors take on one preferred 

orientation in fluid phase bilayers and two orientations in gel 

phase bilayers. The latter is likely to give rise to the observed 

biexponential fluorescence decays of the rotors in the gel phase. 

In addition to this, we used molecular dynamics simulations in 

conjunction with FCS to determine the diffusion coefficients of 

the BODIPY rotors within DOPC bilayers at a range of 

temperatures. By comparing these diffusion coefficients with 

diffusion coefficients derived, via the Saffman-Delbrück 

equation, from the viscosity values obtained from the 

fluorescence lifetimes of the three rotors in DOPC bilayers, we 

verified the accuracy of using the fluorescence lifetime of 

molecular rotors to investigate the viscous properties of lipid 

bilayers. To the best of our knowledge, this is the first study to 

compare these three methods of determining membrane 

fluidity. 

 Finally, we demonstrated the use of BODIPY based 

molecular rotors as probes of phase separation in bilayer 

systems, confirming that the Lo phase has a higher viscosity 

than the Ld phase. Whilst in principle this could provide a 

useful tool in investigating the presence of ordered 

microdomains in cellular plasma membranes, we note that the 

three probes analysed partition strongly into the Ld phase, 

potentially limiting their usefulness as probes of phase 

behaviour in cellular plasma membranes. The next synthetic 

challenge lies with the design and synthesis of a BODIPY rotor 

probe that partitions significantly into the Lo phase, as well as 

into the plasma membrane of a living cell, with low rates of 

endocytosis. 

Acknowledgements 

MKK and JAB are thankful to the UK’s Engineering and 

Physical Science Research Council (EPSRC) for their Career 

Acceleration Fellowships. NJB is thankful for the EPSRC grant 

EP/J017566/1. NDG is thankful for the Proxomics grant 

EP/I017887/1. IRG would like to acknowledge funding from 

the EU in the form of the project “HeCaToS – Hepatic and 

Cardiac Toxicology Systems modelling” FP7-HEALTH-2013-

INNOVATION-1 (Project number 60216) 

 We are thankful to Craig Young for use of the rheometer in 

determining the viscosities of castor oil and the viscous diols at 

a range of temperatures. 

 

 

 

 

 

Notes and references  
a Department of Chemistry, Imperial College London, Exhibition Road, 

London, SW7 2AZ, United Kingdom. Email: m.kuimova@imperial.ac.uk 

nicholas.brooks@imperial.ac.uk  
b Division of Biomedical Engineering, School of Engineering, University 

of Glasgow, Oakfield Avenue, Glasgow, G12 8LT, United Kingdom 

Table 2 Room temperature viscosities of Lo and Ld phases obtained for 
GUV compositions A, B, C and D by applying the calibration to the 
FLIM data for 1a 

Composition Mean Ld Viscosity/ cP Mean Lo viscosity/ cP 
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S11 for the lifetimes and error bars used to calculate these values 
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