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(1) 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 thiophene-based dye, 1,1 

and the BODIPY-based molecular rotor, BODIPY++,2 were synthesised as described 

elsewhere. 

Emission spectra were taken 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 467 nm. All TCSPC 

measurements gave 10,000 counts in the peak channel, and DAS software was used for 

fitting the decays. Decays were fitted with a biexponential function (χ2 < 1.5 in all cases). 

Unless otherwise stated, all spectra were taken at 298 K. 

All bilayer studies used a maximum 1 concentration of 0.5 mol% (1:200 rotor:lipid) to prevent 

dye aggregation and to avoid significant disruption of the bilayer structure. Large unilamellar 

vesicles (LUVs) were formed using the gas extrusion method.3 A solution of the appropriate 

lipid and 1 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 mM 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.4 A 

solution of 1 mg.mL-1 lipid with dye 1 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 1, 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 M 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 M 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 300 counts per pixel before fitting. 

Molecular dynamics simulations were performed using the AMBER suite.5 See section (3) of 

the supporting information for further details of the molecular dynamics simulations. 

Live cells (BE, HCT 116, NIH 3T3 or neuroblastoma lines) suspended in a solution of trypsin 

(1 mL) were quenched with media (5 mL; DMEM, Sigma, 10% FBS, 1% PS, 1 LG) and 10 

μL of the solution was placed into a haemocytometer and counted under magnification. 
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Enough of this solution was added to each well of Lab-Tek Chamber slides (borosilicate 

glass) to give 4 x 104 cells per well. The wells were incubated overnight in DMEM medium 

prior to microscopy studies. For imaging, the cells were incubated in DMEM containing 1-10 

μM of 1 before washing with HBSS and imaging. 

 

Phasor analysis was done using in-house software written in Matlab (MathWorks). Phasor 

analysis was performed by taking a Fourier transform of the fluorescence decay and plotting 

the real (g) versus the imaginary (s) component of the Fourier transform. The components 

are calculated using the following equations: 

𝑔(𝜔) =
∫ 𝐼(𝑡) cos(𝜔𝑡)𝑑𝑡
∞

0

∫ 𝐼(𝑡)𝑑𝑡
∞

0

 

𝑠(𝜔) =
∫ 𝐼(𝑡) sin(𝜔𝑡)𝑑𝑡
∞

0

∫ 𝐼(𝑡)𝑑𝑡
∞

0

 

Where I(t) is the fluorescence decay, ω is the angular frequency (2*π*80 MHz) and t is time. 

If the fluorescence decay is monoexponential, the point produced by a phasor transform lies 

on the semicircle centred at g = 0.5, s = 0. In the case of multiexponential decay, the point 

lies within a semicircle. The phasor transform of a FLIM image produces a cloud of points 

where the points correspond to the individual decays in the FLIM image. In our work (Fig. 7), 

we show the centres of the clouds for clarity. 
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(2) Fluorescence properties of 1 in LUVs 

 

 

Fig. S1 – (A) Overlaid emission spectra of 1 in DOPC LUVs at a range of temperatures, 

(B) max emission wavelength of 1 in DOPC as a function of temperature 

 

 

Fig. S2 – (A) Overlaid emission spectra of 1 in DPPC LUVs at a range of temperatures, 

(B) max emission wavelength of 1 in DPPC as a function of temperature 

Dye 1 has previously1 been shown to display solvatochromic emission, with maximum 

emission wavelength increasing with solvent polarity. In both DOPC and DPPC LUVs, 

emission wavelength increases at higher temperatures, which may reflect an increased 

water penetration into the bilayer at increased temperature. 
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Fig. S3 – Normalised fluorescence decays of 1 in DPPC LUVs at a range of 

temperatures. 

A large difference in lifetime can be observed between 35 and 40 ⁰C. This reflects the 

viscosity change6 associated with the phase transition between the gel and liquid phase 

of the DPPC bilayer. 

 

 

Fig. S4 – Phase diagram for DOPC, DPPC and cholesterol (reproduced from7) 
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Fig. S5 – Decays of 1 in LUVs of (A) DOPC and (B) DPPC with varying concentrations 

of cholesterol 

We have recorded time resolved fluorescence decays of 1 in LUVs composed of DOPC 

and DPPC with varying concentrations of cholesterol, shown in Fig. S5. In both cases, 

addition of cholesterol causes an increase in lifetime of 1. Whilst cholesterol is known to 

increases lipid ordering of unsaturated lipids8 such as DOPC, leading to an increase in 

viscosity6, it decreases lipid ordering within gel phase bilayers8, meaning that a 

decreased viscosity so a decreased lifetime of 1 would be expected. This is clearly not 

the case here, with lifetime of 1 increasing with increasing cholesterol content. We have 

performed molecular dynamic simulations, section (3), and demonstrated that the 

addition of cholesterol causes a bilayer relocation of 1, which explains the unexpected 

increase in lifetime observed above. The possibility to adopt multiple orientations in a 

DPPC bilayer upon the addition of cholesterol was further confirmed by the variable 

width of the fluorescence spectra of 1 recorded in lipid mixtures of DPPC with 

cholesterol, Fig. S6. 

 

Table S1 – Mean-weighted lifetimes of 1 in DOPC and DPPC LUVs with cholesterol 

content 

 DPPC DOPC 

% Cholesterol Mean Weighted Lifetime/ ps Mean Weighted Lifetime/ ps 

0 2190 970 

5 2900  

10 2930 990 

20 3380 1300 

30 3350 1410 

40 3180  

50 2910  
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Fig. S6 – Emission spectra of 1 in DOPC (A) and DPPC (B) LUVs at different 

cholesterol concentrations. In (A), the dashed lines represent 0%, 5% and 10% 

cholesterol 
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(3) Molecular Dynamics Simulations 

METHODS 

The following systems were constructed consisting of 128 lipids total: DOPC membranes 

containing 0%, 10%, 20%, 30%, 40% and 50% molar fraction of cholesterol; and DPPC 

membranes containing 0%, 10%, 20%, 30%, 40% and 50% molar fraction of cholesterol. 

Each system was solvated by 40 waters per lipid and had four dye 1 molecules in the upper 

membrane layer. Eight chloride ions were added to the water layer to achieve charge 

neutrality of the systems. The dye 1 molecules were modelled using the General Amber 

Force Field,9 lipids and cholesterol using the Lipid14 force field,10–13 water by the TIP3P 

model,14 and ions by Joung et al.15 

All systems underwent an identical equilibration and simulation protocol using AMBER14 

and PMEMD CUDA.5,16,17 First, the system was energy minimized for 10000 steps, of which 

the first 5000 steps used the steepest descent method and the remaining steps used the 

conjugate gradient method.18 The system was then heated from 0 K to 100 K using Langevin 

dynamics19 within a 5 ps constant volume run, with restraints on the lipids and 1 (force 

constant 10 kcal/mol/Å2). All restraints were then removed, the volume was then allowed to 

change freely and the temperature increased to 323 K (DPPC systems) or 303 K (DOPC 

systems) with a Langevin collision frequency of γ=1 ps-1, and anisotropic Berendsen control 

of the pressure20 around 1 atm was applied by coupling the periodic box with a time constant 

of 2 ps for 100 ps.  

All systems were then run at constant pressure (NPT) for 100 ns to allow equilibration. Three 

dimensional periodic boundary conditions with the usual minimum image convention were 

employed. Bonds involving hydrogen were constrained using the SHAKE algorithm,21 

allowing a 2 fs time-step. Particle mesh Ewald was used to treat all electrostatic 

interactions22 beyond a cut-off of 10 Å. A long-range analytical dispersion correction was 

applied to energy and pressure.  

Following equilibration, each system was slowly cooled to 296 K over 15 ns and systems left 

to run for a further 100 ns at 296 K. Finally, production runs of 100 ns were performed at 

constant pressure and constant temperature of 296 K. Trajectory coordinates were recorded 

every 10 ps. Four repeats of each system were run; results are thus an average over four 

runs of 100 ns with standard deviation. 

All analysis was performed with CPPTRAJ;23 molecular modelling Fig.s were generated with 

VMD24. To quantify the orientation of the dye molecules inside the membrane during the 

course of the simulations, the molecular order parameter (P2) of each molecule of 1 was 

monitored using the angle 𝜃 between the long axis of inertia of the molecule and the 

membrane normal (z-axis). 

𝑷𝟐 =
𝟏

𝟐
〈𝟑𝒄𝒐𝒔𝟐𝜽 − 𝟏〉 Equation S1 

P2 can take a value between 1 (indicating orientation with the membrane normal i.e. aligned 

with lipid tails) and -0.5 (indicating alignment with membrane plane). A value of 0 indicates 

random orientation. 
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RESULTS 

DOPC + 1 simulations 

The electron density profiles from the production simulations of the DOPC membrane 

systems containing four dye 1 molecules and increasing molar fractions of cholesterol are 

shown in Fig. S7. These allow time-averaged spatial resolution of each molecular 

component in the system. The dye 1 signal has been scaled up to aid interpretation. 

 

Fig. S7 – Electron density profiles from simulations of DOPC membranes containing four 
molecules of 1 and increasing molar fractions of cholesterol. 

From the electron density profiles, the orientation of the dye molecules does not appear to 

change greatly in DOPC membranes with increasing content of cholesterol. However, they 

do appear to be pushed slightly upward and out of the membrane as cholesterol is added. 

The average P2 order parameter value of dye molecules in a DOPC membrane with 

increasing cholesterol content is shown in Fig. S8. The order parameter values have been 

grouped as greater than P2=0.25 i.e. the angle between dye 1 and membrane normal is 

above 45°; or below P2=0.25 i.e. the angle between dye 1 and membrane normal is below 

45°. Each symbol is scaled by the number of dye 1 molecules within the group. 

It can be seen from Fig. S8 that there is a roughly equal split (at least, for 30 mol% 

cholesterol and above) between molecules of 1 slightly aligned with the membrane normal 

and a random alignment. For 0-20 mol% cholesterol there does not appear to be a trend – 

the dye molecules sample different orientations. 
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Fig. S8 – Average dye 1 order parameter from DOPC membrane simulations containing 
increasing molar fraction of cholesterol. P2 values have been grouped into >0.25 (black) or 
<0.25 (red). Furthermore, the size of each symbol has been scaled by the number of dye 1 
molecules in each group. 
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DPPC + 1 simulations 

The electron density profiles from the production simulations of the DPPC membrane 

systems containing four dye 1 molecules and increasing fractions of cholesterol are shown in 

Fig. S9. 

 

Fig. S9 – Electron density profiles from simulations of DPPC membranes containing four dye 
1 molecules and increasing molar fractions of cholesterol. 

From Fig. S9, it is observed that the dye 1 orientation does vary with increasing cholesterol 

content. Above 30 mol% molar fraction of cholesterol the dye transitions from orientation of 

aligned along the membrane normal to aligned along the membrane plane. Consequently, at 

40 and 50 mol% there is a mixture of dye alignments – the signal remains for dye molecules 

aligned along the membrane normal, yet a new signal appears for dye aligned along the 

plane.  

It can be concluded that there are two preferred orientations at high cholesterol content 

versus a single preferred orientation at zero/low cholesterol content. 
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The average P2 order parameter value of dye molecules in a DPPC membrane with 

increasing molar fraction of cholesterol reinforces conclusions from the electron density 

profiles (see Fig. S10). At 0 and 10 mol% cholesterol the majority of dye 1 molecules are 

aligned along the membrane normal, with a small number aligned along the membrane 

plane. At 20 mol%, all dye 1 molecules are aligned along the membrane normal (with low 

fluctuation, note the smaller error bars). Starting at 30 mol% the number of dye 1 molecules 

aligned with the membrane normal steadily decreases, at the same time the number of dye 1 

molecules transitioning to alignment with the membrane plane concurrently increases. 

Overall, we see a shift from dye 1 molecules predominantly aligned along membrane normal 

to dye 1 molecules predominantly adopting random / aligned along membrane plane 

orientation starting at 30 mol% cholesterol. 

 

Fig. S10 – Average dye 1 order parameter from DPPC membrane simulations containing 
increasing molar fraction of cholesterol. P2 values have been grouped into >0.25 (black) or 
<0.25 (red). Furthermore, the size of each symbol has been scaled by the number of dye 
molecules in each group. 
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Fig. S11 – (A) dye 1 in DPPC at 0 mol% cholesterol, (B) dye 1 in DPPC at 50 mol% 

cholesterol 

 

These simulations show a large scale bilayer rearrangement of 1 with increasing cholesterol 

for DPPC. This may explain the increase in fluorescence lifetime of 1 in DPPC with 

increasing cholesterol, despite the decreasing membrane ordering and viscosity. 
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Temperature effect 

 

Fig. S12– The effect of temperature on the positioning of 1 in a DOPC bilayer with 0mol% 

cholesterol (four dye 1 molecules considered at 5 ⁰C, 23 ⁰C and 60 ⁰C) 

 

 

Fig. S13 - The effect of temperature on the positioning of 1 in a DPPC bilayer with 0mol% 

cholesterol (four dye 1 molecules considered at 5 ⁰C, 23 ⁰C and 60 ⁰C) 

Fig. S12 and S13 demonstrate that there is no discernible effect of temperature on the 

positioning of 1 in DOPC and DPPC bilayers. 

 

  



 

15 | P a g e  
 

 

Fig. S15 Structure of BODIPY++ 

The positioning of 1 vs BODIPY++ in the bilayer

 

Fig. S14 - BODIPY++ (structure shown in Fig. S15)6 in DOPC versus dye 1 in DOPC 

 

By comparing the orientation of 1 in the DOPC bilayer with that of a well-studied BODIPY 

rotor,6 we found that the rotating units of the two dyes occupy essentially the same position 

within bilayer (Fig. S14).  

Therefore, using the viscosity derived from the lifetime of the BODIPY rotor for the 

calibration of responses of 1 to viscosity (Fig. 2 main text) is, indeed, valid.   
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(4) 1 in phase-separated GUVS 

DOPC/DPPC/cholesterol (1:1:1) 

 

Fig. S16 – (A) Fluorescence confocal image of a phase separated GUV 

(DOPC/DPPC/cholesterol 1:1:1) with a cross section along the white rectangle shown in (B) 

giving approximately equal fluorescence intensity in both bilayer locations. The FLIM image 

of the same GUV is shown in (C) showing that the rectangle intersects the GUV in Ld (left, 

lower viscosity) and Lo (right, higher viscosity) phases, respectively. This data demonstrates 

equal partitioning of the rotor between the two phases. 

DOPC/EYSM/Chol (1:1:1) 

 

Fig. S17 – Sample lifetime image of 1 in a 1:1:1 DOPC/EYSM (egg 

sphingomyelin)/Cholesterol GUV and a lifetime distribution histogram of 1 in 10 GUVs 

consisting of 1:1:1 DOPC/EYSM/Cholesterol. 

 

A similar effect on 1 is observed for this GUV composition as compared with the 

DOPC/DPPC/Cholesterol GUVs shown in main text, Fig. 5 and in Fig. S16. Again, 1 

partitions equally between Lo and Ld phases, with a noticeable lifetime difference between 

the phases. In this case, the lifetime of the Lo phase is higher than in the 

DOPC/DPPC/Cholesterol GUVs.  
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(5) 1 in live cells 

 

Fig. S18. (A) Sample fluorescence lifetime image of SK-OV-3 incubated with 1; the colour 

hue mean-weighted lifetime range is between 1250-2150 ps; (B) histograms of a mean 

weighted lifetime showing distribution for the six cell lines used (BE, HCT 116, NIH 3T3, 

neuroblastoma, HeLa and SK-OV-3), averaged over 10 images. 

The mean lifetimes for BE, HCT 116, NIH 3T3, neuroblastoma, HeLa and SK-OV-3 cell 

membranes are and 1725, 1710, 1786 1758, 1671 and 1378 ps, respectively. This data 

demonstrates that various live cell membranes show a range of rotor lifetimes (a range of 

viscosities), probably dependent on their cholesterol content. Even though the data from SK-

OV-3 cells is a low-lying outlier (Fig. S18), these mean lifetime values of 1 in all cells are 

between values expected for Lo and Ld phases from studies in model membranes, and imply 

a mixture of coexisting Lo and Ld phases within each pixel of the lifetime image, albeit to a 

different extent in different cell lines. 
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