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Supplementary data: 

 

 

Fig. S1:  Emission spectra of 1 recorded in castor oil/toluene calibration mixtures, which appear to be composed of more than one 
Gaussian band. Peak wavelength did not change significantly at different castor oil ratios. 

 

 

Fig. S2: Characterization of the viscosity response of dye 2. (a) Molecular structure of 2; (b) Time resolved fluorescence decay 
traces recorded for 2 at 20°C and different castor oil/toluene ratios. Decay traces and calculated τw (insert) show no dependence on 
viscosity; (c,e) emission spectra and (d,f) decay traces and calculated τw of 2 recorded in DOPC and DPPC LUVs. The spectral 
changes observed for 2 upon the change in temperature when incorporated in lipid bilayers occur due to altered polarity and/or 
hydration of the membrane, similar to Laurdan-type dyes. 
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Fig. S3: Spectral response of 1 recorded in DOPC and DPPC LUVs at a range of temperatures. (a) Fluorescence emission spectra; 
(b) emission peak intensity; (c) emission peak wavelength. The vertical dotted line represents Tm expected for DPPC (41°C). 

 

 

Fig. S4: 1 localization and fluorescence in 40:40:20 GUVs. (a) Emission collected between 500 and 700nm; (b) FLIM image of 
the GUVs and (c) emission spectra (averaged from both GUVs) of the Ld and Lo phases. The higher hydration of the fluid phase is 
reflected as a red-shift of the spectra. Scale bar: 30μm. 
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Fig. S5: 1 lifetime (absolute value and relative change compared to iso-osmotic conditions) for 200nm diameter LUVs of different 
compositions under stress. (a) binary DOPC/Cholesterol mixtures; (b) binary DPPC/Cholesterol mixtures; (c) binary DOPC/DPPC 
mixtures and (d) ternary DOPC/DPPC/Cholesterol mixtures. 
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Fig. S6: Further evidence of negative compressibility of lipid bilayers in gel phase. The well-characterized BODIPY4 rotor was 
added externally (in the aqueous phase) and, under osmotic pressure, reflected a decrease in membrane viscosity. 
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Fig. S7: X-ray scattering intensity profiles for DOPC and DPPC at 70% hydration. (a,b) SAXS and WAXS profiles of DOPC at 
increasing pressure. (c,d) SAXS and WAXS profiles of DPPC at increasing pressure. (e) Interlamellar spacing (calculated from 
SAXS 1st order peak position, as d=2π/q) and bilayer thickness estimation using the first two peaks, following the procedure 
indicated by Rappolt et. al5. (f) Inter-chain spacing calculated from WAXS peak position. For DPPC at low pressures, two peaks 
were fitted. 
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Fig. S8: Effect of temperature on stress buffering by LUVs. (a) intensity-weighted average lifetime of 1. (b) Change in the lifetime 
of 1 relative to zero tension.  

 

Fig. S9: Phase contrast images of the GUVs of different composition under the conditions described in the main text. The 
presence of contrast between the GUV and its surroundings was linked to the lack of pore formation. Scale bar: 30μm. 
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Fig. S10: The fluorescence lifetime analysis of 1 incorporated into 40:40:20 GUVs under different osmotic conditions. (a) FLIM 
images at the conditions shown in the main text; (b) Average GUV lifetime; (c) Ld; (d) Lo and (e) lifetime when no two phases 
could be distinguished (i.e. single phase GUV). Scale bar: 30μm 
Increased tension leads to Lo disassembly (hence the viscosity recovery) and hardening of the Ld phase. At this points some single-
phase GUVs can be seen. On the contrary, membrane compression increases the viscosity of the Ld phase.  
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Fig S11: The fluorescence lifetime analysis of 1 incorporated into 40:40(EYSM):20 GUVs under different osmotic gradients. (a) 
FLIM images; (b) Average GUV lifetime; (c) Ld; (d) Lo and (e) lifetime when no two phases could be distinguished (i.e. single 
phase GUV). Scale bar: 30μm 
Like GUVs having DPPC as the saturated lipids, viscosity of Ld domains in EYSM containing GUVs also increases upon tension. 
Interestingly though, a decrease in lifetime of the Lo phase can be identified, which was not observed in DPPC containing GUVs.  
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Fig S12: Rh@PE labelled 40/40/20 GUVs showing domain reorganization under osmotic pressure. Ld domains appear fluorescent. 
(a) Hypo-osmotic conditions - ∆C: 0.18 M (b) Iso-osmotic conditions - ∆C: 0 M (c) Hyper-osmotic media - ∆C: -0.36 M. Under 
tension, Lo domains disassemble resulting in homogeneous fluorescence while compression resulted in the ejection of lipid 
material. Scale bar: 20μm 

 

 

Fig. S13: NBD/Rhodamine FRET assay performed on LUVs suggests Lo domain diffusion into the Ld matrix. (a) When domains 
are present, NBD and Rhodamine labelled lipids are clustered together resulting in a higher FRET signal. However, when domains 
are no longer present, these lipids will be located further apart therefore FRET efficiency is reduced. (b) FRET efficiency calculated 
as A/D+A. No inflection point is seen for DOPC at any conditions, indicating no phase separation. A clear inflection point is seen 
for phase separated non-tensed 40:40:20 LUVs. However, 40:40:20 LUVs under tension do not display the inflection point, 
suggesting domains have disappeared, at least partially. (c) NBD emission. The existence of Lo domains is suggested by the slope 
change for the 40:40:20 composition under zero tension (control) at Tm = 35C. (d) Rhodamine emission. The steady decrease in 
fluorescence is attributed to the temperature sensitivity of this dye6.  
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Fig. S14: The fluorescence lifetime analysis of 1 incorporated into 25:25:50 GUVs under different osmotic gradients for each of 

the phases. (a) FLIM images at selected conditions; (b) Average GUV lifetime; (c) Ld; (d) Lo and (e) lifetime when no two phases 
could be distinguished (i.e. single phase GUV). Scale bar: 30μm 

Even a small tension increase (ΔC = 0.08) leads to an increase in overall viscosity, which we attribute to phase-separated domains 
which cannot be distinguished in the lifetime histogram. Larger tension leads to Ld/Lo domain coexistence. Membrane compression 
causes a linear-like increase in viscosity.  

 
 

Discussion on membrane buckling: 
 
The likelihood of membrane buckling increases with higher Föppl–von Kármán number (FvK), defined as: 
 

𝐹𝑣𝐾 ∶= 12(1 − 𝜐ଶ) ൬
𝑅

ℎ
൰

ଶ

 

 
where 𝜐 is the Poisson ratio, 𝑅 is the shell radius and ℎ is the  lipid bilayer’s thickness7. Considering 𝜐 = 0.5 and ℎ = 4nm, FvK 

(𝑅 = 100nm) = 5.625·103; hence the buckling hypothesis could be possible from a theoretical standpoint8,9. 
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Calculation of membrane tension and viscosity response: 

The tension across the bilayer (σ) can be expressed in terms of the osmotic pressure across the interface (P),the vesicle radius 
(r), bending modulus (κ) and spontaneous curvature (c0)10. 

𝜎 =  


ଶ
+ 

బ

ଶ
 (2 − 𝑐𝑟)  (1) 

By considering c0 ≈ 1/r; and expressing P in terms of ∆C according to Van’t Hoof’s relation as P = RT∆C (where R is the ideal 
gas constant, T is the temperature and the concentration gradient, ∆C, is defined as ∆C:= Cin-Cout) we end up with: 

𝜎 =  
ோ்

ଶ
𝑟∆𝐶 + 



మ
   (2) 

However, the vesicle’s volume will change as water crosses the membrane to equalize the osmotic imbalance. Assuming the 
membrane is only water permeable, the final vesicle radius could be written as: 

𝑟 = 𝑟 ට𝐶
𝐶௨௧

ൗ
య

   (3) 

where r0 is the initial vesicle size (at iso-osmotic conditions). Then (2) turns to be: 

𝜎 =  
ோ்

ଶ
∆𝐶 ቈ𝑟 ට𝐶

𝐶௨௧
ൗ

య
 +  𝜅 ቈ𝑟 ට𝐶

𝐶௨௧
ൗ

య


ିଶ

 (4) 

Assuming, κ ~ ϑ(-19), r ≈ 100nm (for LUVs) and considering T = 298K, values for membrane tension at different concentration 
gradients can be calculated. As seen in Fig. S15, a higher tension would be experienced by larger vesicles.  

 

 

Fig. S15: Theoretical calculations of the membrane tension as a function of the concentration gradient across the lipid 
bilayer, for different initial LUV radii. 
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Fig. S16: Cross-calibration of the response of 1 externally added to DOPC LUVs with BODIPY molecular rotor 4. 

 

Comment on SAXS and WAXS data analysis: 

The acquired 2D SAXS and WAXS images were radially integrated to obtain the 1D scattering intensity diffraction patterns. 
The background (corresponding to a buffer-containing capillary) was then subtracted. 

Fitting of the diffraction peaks was done semi-automatically with a custom-built MATLAB® script. The peaks were fitted to 
a single or double Voigt function (the later was used if it allowed a decrease of 50% of the fitting residual with respect to the single 
peak option) to obtain the peak(s) position, intensity and width. 

Calculation of the bilayer thickness – dHH: 

Normal strain εz was calculated from the bilayer thickness (2zH). This number was obtained from the calculated d-spacing and 
the peak intensities from the two first diffraction peaks of the SAXS spectra. First, the form factor corresponding to a given 
diffraction peak at position q was calculated taking into account the Lorentzian correction as: 

𝐹 =  ට𝐼  𝑞
ଶ 

Then, the headgroup position with respect to the center of the bilayer was then approximated using the method suggested by 
Rappolt et al.5 as: 

𝑧ு =  ±
𝑑

2𝜋
arccos ൭

𝑐1 −  ඥ8(𝑟ி𝑐ଷ)ଶ + 8(𝑐ଶ − 𝑟ி𝑐ସ)(𝑟ி𝑐ଷ) + 𝑐ଵ
ଶ

4𝑟ி𝑐ଷ
൱ 

with: 

𝑟ி =
𝐹1

𝐹2
; 

𝑐ଵ = 2𝜎ு exp −2 ቀ
𝜋𝜎ு

𝑑
ቁ

ଶ

൨ ;    𝑐ଶ = −|𝜌|𝜎 exp −2 ቀ
𝜋𝜎

𝑑
ቁ

ଶ

൨ ;    𝑐ଷ = 2𝜎ு exp −8 ቀ
𝜋𝜎ு

𝑑
ቁ

ଶ

൨ ;    𝑐ସ = −|𝜌|𝜎 exp −8 ቀ
𝜋𝜎

𝑑
ቁ

ଶ
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And where: σH = Gaussian distribution for the headgroup, σC = Gaussian distribution for the tails and ρr = Minimum to 
maximum electron density ratio. Values for these parameters were taken from the literature and are shown below: 

Parameter σH σC ρr 
Value 3.1 4.4 0.9 

As we are mostly interested in the change of dHH with pressure, small deviations in bilayer thickness compared to the actual 
values would be acceptable. 
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In the case of DOPC at low pressures (<50 MPa), the 2nd order peak could not be clearly distinguished. However, plotting dHH 
as a function of pressure in the range of 40-160 MPa resulted in a linear trend. By performing a linear fit on those points, we could 
extrapolate the values for the bilayer’s thickness at lower pressures (Fig. S17). 

 

Fig. S17: Extrapolated values for DOPC dHH at low pressures. 

Calculation of the lipid area – AL: 

Calculation of the area per lipid differed between the gel DPPC and liquid disordered DOPC phases. 

For the DPPC composition, the WAXS peaks were used. If two peaks could not be identified (d20 and d11, see Fig. S7), the 
same value was given to both. Then, the area per lipid chain was computed using the standard formula for an orthorhombic 
packing11 as: 

𝐴 =
𝑎 𝑏

2
  

Where 

𝑎 = 2𝑑ଶ    𝑏 =
𝑑ଵଵ

ඨ1 − ൬
𝑑ଵଵ

2𝑑ଶ
൰

ଶ

 

And finally, lipid area was approximated as12: 

𝐴 =
2𝐴

cos(𝛽)
 

With β being the lipid tilt angle, which itself was approximated from the bilayer thickness dHH as11: 

cos(𝛽) =
𝑑ுு

2𝑁൫1.27Å൯ + 2𝐷ு

 

Where N is the number of carbons in the lipid tail (16 for DPPC) and DH represents the headgroup thickness (assumed 3.1 Å). 

On the other hand, the area per chain (AC) and area per lipid (AL) for DOPC molecules were as suggested by Mills et al.12: 

𝐴 =
2

√3
൬

2𝜋

𝑞
൰

ଶ
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𝐴 ≅ 1.32 ൬
9𝜋

4𝑞
൰

ଶ

 

Where q is the position of the WAXS peak. 

Comparison between obtained and literature values: 

Lipid Parameter Estimated Literature 
DOPC dHH (Å) 39.12 35.313/38.4214 

 Tilt angle β (°) - - 
 AC (Å2) 23.4 23.712 
 AL (Å2) 67.72 71.812/68.7214 

    

DPPC dHH (Å) 43.28 42.811 
 Tilt angle β (°) 30.43 31.611 
 AC (Å2) 20.57 20.211 
 AL (Å2) 47.7 47.311 

 

As seen in the table above, our parameter estimates (at 0MPa) reasonably agree with reported values. 

 

Discussion on effect of Poisson’s ratio on negative compressibility: 
 

The Poisson ratio was approximated from our SAXS/WAXS measurements by plotting εA (in-plane area strain) vs εz (normal 
strain) and finding the slope. The Poisson’s ratio 𝜈 can then be extracted from the slope as suggested by Terzi et al.15: 

𝜈௭௫ ∶=  −
𝜀

2𝜀௭
 

which yielded νDOPC = 0.32±0.03 and νDPPC = -0.42±0.05 respectively. It should be noted that these figures are for the response 
to uniform hydrostatic compression.  

We note that while it is generally assumed that ν = 0.5 for biological materials, direct experimental observation is challenging. 
In fact, theoretical work carried out by Jadidi et al.16 suggested the Poisson ratio for fluid membranes in the zx direction was ~0.25, 
in reasonable agreement with our results. 

We obtained a negative Poisson’s ratio for membranes in the gel-phase under hydrostatic conditions, this would suggest DPPC 
membranes have a more uniform compressibility with compression occurring both in-plane and in the direction normal to the 
bilayer’s surface. This behavior is consistent with the significantly increased lateral packing of the DPPC hydrocarbon chains 
relative to those in DOPC, resulting in a much lower in-plane compressibility which is closer to the membrane compressibility 
along the hydrocarbon chain axis. 

We suggest the higher anisotropy of DOPC membranes structure (as compared to DPPC ones) allows them to sustain in-plane 
pressure-induced deformations. However, when DPPC is compressed, the membrane as a whole will buckle in response to the 
tighter chain packing. 
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