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ABSTRACT: Microscopic in situ measurements of the mechanical properties of lipid bilayers were derived from 
the mean and variance of the fluorescence lifetime distributions of 1'-dioctadecyl-3,3,3'3'-tetramethylindocarbocy-
anine perchlorate (DiI). In this method, DiI, incorporated into membranes, acts as a membrane-targeted molecular 
rotor whose fluorescence lifetime is sensitive to local lipid viscosity. A new model was developed in which changes 
in area per lipid were derived from the first and second moments of a stretched exponential distribution of fluores-
cence lifetimes of DiI, which were subsequently used to compute mean area per lipid and its variance, quantities 
directly related to bilayer compressibility and bending moduli. This method enabled molecular scale assays of 
surface micromechanics of membrane-bound entities, such as nanoliposomes and human red blood cells.   

STATEMENT OF SIGNIFICANCE:   Despite the progress in cell deformability studies, and in understanding 
mechanical properties of purified lipid bilayers, there has not, to date, been a method to measure the mechanics of 
the lipid bilayer in cells in situ. The current manuscript describes such a method. Using a fluorescent molecular 
rotor, DiI, embedded in the membrane, along with time resolved fluorescence, we directly measure area per lipid, 
and its temporal and spatial variance, properties directly related to bilayer mechanical moduli. Such a method will 
allow investigators to start exploring the relationship between lipid bilayer mechanics and cellular health and dis-
ease. 

The elastic moduli of membranes are fundamental 
to the understanding of cellular responses to mechani-
cal stimuli (reviewed in (1)), the sensitivity of ion 
channels to membrane stretch (reviewed in (2)), re-
sponses of cilia to fluid flow (reviewed in (3)) and 
mechanobiological phenomena responsible for health 
and disease (reviewed in (4)). Derived from area per 
lipid (APL), these moduli provide input to models that 
predict membrane bending fluctuations, by which cells 
sense their surroundings (5), and hydrophobic match-
ing between lipids and proteins, key constants govern-
ing lipid phase separation and protein modulation by 
lipids (6, 7).  Thus, APL and associated moduli are fun-
damental mechanistic links between lipid membrane 
composition and membrane-related biological func-
tions of cells.  

Current methods to measure membrane APL in-
clude nuclear magnetic resonance (NMR) spectros-
copy, X-ray diffraction and neutron diffraction (listed 
in Table S2) that derive APL from measurements of 
thermally induced displacement of stacked bilayers 
from equilibrium positions, acyl chain conformations, 
bilayer thickness, or other membrane structural 

parameters. Because these techniques require that li-
pids are isolated, they are not suitable for in situ meas-
urements in cells.  Alternatively, cellular membrane 
moduli have been assessed using high-resolution opti-
cal registration of thermally induced surface fluctua-
tions (reviewed in (8)), micromechanical perturbation 
by a pipette (9), or atomic force microscopes (10). 
These methods determine moduli directly using a rela-
tionship between membrane deformation and applied 
force. However, these methods do not provide APL, do 
not probe the bilayer exclusively, and often require 
cells to be isolated and attached to surfaces, which may 
alter the very mechanical properties being assessed.   

Recently, Colom and colleagues developed a fluo-
rescence lifetime-based method in which an exogenous 
lipophilic molecular tension sensor was introduced to 
live cells (11). Their planarizable push-pull probe re-
vealed a fluorescence lifetime that decreased linearly 
with increases in membrane tension. Although not 
measured, their method could potentially be used to 
measure bilayer mechanical properties provided that 
the relationship between tension and areal strain was 
known. In our studies, we seek to measure mechanical 
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properties directly. In this work we present a new time-
resolved fluorescence microscopy-based technique 
that enables the measurement in situ of cell membrane 
micromechanics in a noninvasive manner. We relate 
the mean fluorescence lifetime of lipid bilayer-bound 
1'-dioctadecyl-3,3,3'3'-tetramethylindocarbocyanine 
perchlorate (DiI) from a stretched exponential distribu-
tion of lifetimes to local molecular free volume and, 
hence, area per lipid (APL), and the variance of the 
APL distribution to compressibility and bending mod-
uli of the membrane.  

 

 

Figure 1. Structure of DiI and trans-cis isomerization 
of the chromophore. 

The fluorescence lifetime of DiI, an indocarbocya-
nine dye that belongs to the cyanine dye family, is 
strongly influenced by the trans-cis photoisomeriza-
tion from the first excited state, caused by carbon-car-
bon bond rotation about the central methine bridge (12, 
13) (Fig. 1).  Because this rotation depends on the local 
viscosity, the lifetime can be shown to be a function of 
local molecular area. In our previous molecular simu-
lation of DiI and lipids, we showed that DiI intercalated 
between lipids just below the lipid headgroup, making 
fluorescence lifetime dependent on the viscosity at the 
headgroup-acyl chain interface (14). In Supplementary 
Note 1, we show that the average fluorescence lifetime 
of DiI is related to APL according to: 

𝐴𝑃𝐿 = 𝐴% + 𝐴' = 𝐴% +
𝑥 ∙ 𝐴%

𝑙𝑛(𝐾./% ) − 𝑙𝑛(𝐾./)	
			(1) 

where Af is the free area, Ao is the hardcore van der 
Waals area (0.42 nm2 for phosphatidylcholine 
(PC)(15), 0.34 nm2 for sphingomyelin (SM)(16), and 
0.30 nm2 for cholesterol(17), 0.38 nm2 for cells (65% 
of PC, 10% of SM, and 25% of cholesterol (18))), x is 
a constant determined in solution experiments (0.37 
Fig. S3A), 𝑙𝑛(𝐾./) =	− 	1.064 ∗ 𝑙𝑛(〈𝜏〉) −
1.4403	(Fig. S3C), and 𝐾./%  is the non-radiative decay 
rate in low viscosity.  

The lifetime of DiI is generally characterized by a 
double exponential decay function (19). However, in 
order to apply this method to cells, the membranes of 

which are characterized by a heterogenous lipid com-
position, fluorescence lifetime was captured using a 
stretched exponential distribution function (20). Curve 
fitting was done using Fluofit software (PicoQuant 
Gmbh, Berlin, Germany) by a process of iterative re-
convolution given by,  
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where I(t) is the experimental decay function, 
IRF(t) is the instrument response function, Ai is the am-
plitude of ith component, τi is the lifetime of ith compo-
nent, βi is the distribution parameter of ith component. 
Usually 0 < ß < 1. ß =1 is equivalent to an exponential 
decay. The mean 〈𝜏〉 and variance 𝜎MT of lifetimes were 
calculated using the following equations: 
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where Γ is the gamma function. 
To calculate the variance of APL, we used the delta 

method after further expansion of Eq. 1 in a Taylor se-
ries about the mean of DiI lifetime 〈𝜏〉. The series was 
truncated to the first-order because the function is an 
approximately linear relationship between observed 
lifetime range and APL (Fig. S4). The first-order ap-
proximation of variance (𝜎_`aT ) of APL is:  

𝜎_`aT = K
𝑑𝑓
𝑑〈𝜏〉O

T

∗ 𝜎MT									(5) 

It is known that the thermally driven areal fluctua-
tions of lipids around a mean area can provide the area 
compressibility modulus, KA, of the lipid bilayer ac-
cording to(17):   

𝐾_ =
〈_`a〉	∗	def

ghij
]             (6) 

where kB is Boltzmann constant, T is temperature, and 
𝜎_`aT 	is the variance of the APL distribution. Assuming 
a polymer brush model for the lipid bilayer (21), the 
membrane bending modulus 𝜅l can be calculated from 
KA by, 

𝜅l = 𝐾_(𝐷nn − 𝐷%)T/	24						(7) 

where DHH is the head-to-head thickness of the bilayer 
(Table S3) and Do = 1.0 nm is double the distance be-
tween the end of the hydrophobic core and center of 
the  
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bilayer headgroup (21).   
We first measured the fluorescence lifetime of DiI 

embedded in ~100 nm nanoliposomes prepared from 
both saturated and unsaturated lipids at various temper-
atures ranging from 24 °C to 42 °C (Fig. 2A) using 
TCSPC (22) and converted lifetimes to APL using Eq. 
1. APL values of all lipids increased with increases in 
temperature. Thermal expansion coefficients αA of dif-
ferent compositions in liquid phase were the slope of 
this curve at 30°C, and ranged from 0.0071 °C-1 to 
0.0121 °C-1, depended on chain length and the degree 
of unsaturation (Table S4), and were slightly higher 
than some literature values (23). Increasing chain 
length in saturated lipids resulted in a decrease in ther-
mal expansion coefficients. Compressibility modulus, 
KA, computed for nanoliposomes from various lipids at 
temperatures ranging from 24 °C to 42 °C indicated de-
pendence on temperature of APL, KA, and κc (Figs. 2 
A-C), similar to the dependence on temperature of KA 
for DOPC (24).   

A.  
 
 
      
 
 
 
 
 
 
 
B. 
 
 
 
 
 
 
 
 
 
                                                                        
 

 
 
 

 
C.

 
Figure 2. (A) Area per lipid (APL), (B) compressibility 
moduli (KA), and (C) bending moduli (κc) for the vari-
ous lipids of nanoliposomes determined by assessing 
the fluorescence lifetime distribution through a range 
of temperatures between 24 °C and 42 °C for different 
compositions. All error bars are the standard error of 
the mean (S.E.M) of five measurements. 

APL and moduli were also sensitive to the lipid 
type. The APL values decreased with increasing lipid 
acyl chain length at constant temperature (Fig. S5). The 
gel phase lipid, DSPC (18:0), exhibited the highest KA 
of 263 mN/m and κc of 29.8 kBT at 24 °C and a succes-
sive decrease in chain length of 2 carbons corre-
sponded to lower compressibility moduli of 174, 62, 
and 50 mN/m and bending moduli of 14.8, 4.1, and 2.3 
kBT for DPPC (16:0), DMPC (14:0), and DLPC (12:0), 
respectively. To apply membrane stress at constant 
temperature, we increased osmotic pressure of nanolip-
osomes by adjusting solute concentration gradients 
across the membrane. This procedure caused increases 
in APL and the slope of APL versus osmotic pressure 
for liquid phase lipids was steeper than for gel phase 
lipids (Fig. S6).  

Our goal was to develop a method that could be 
used, in situ, on intact membranes of live cells. There-
fore, we examined whether membrane moduli could be 
measured in human red blood cells. The value of κc of 
human red blood cells (hRBCs) at 24 °C was 2.57 kBT 
(shown in Table 1) and is comparable to available 
measurements done with diffraction phase microscopy 
(25) but lower than the value from weak optical twee-
zers (26). Differences may illustrate effects of cell ad-
hesion to surfaces, limitations of the polymer brush 
model for membranes containing proteins, or the fact 
that our probe measures lipid environments directly, ir-
respective of membrane-spectrin interaction. Increases 
in temperature to a physiological temperature led to 
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increases in APL and decreases in values of KA and κc, 
consistent with the results from nanoliposomes. Re-
garding the role of ATP in RBCs, some research 
demonstrates that the value of κc of membranes in-
creases after ATP-depletion because of the enhanced 
association of the membrane to the spectrin network 
upon ATP depletion (26). Interestingly, our technique 
revealed that ATP-depletion caused hRBC shape tran-
sitions from discocyte to echinocyte and ovalocyte 
with accompanying increases in area per lipid and de-
creases in the values of KA and κc, a phenomenon that 
mirrored results from echinocytes and ovalocytes with-
out drug treatments (Fig. S7 and Table S5). Although 
requiring further experiments, we hypothesize that the 
shape of RBCs is likely controlled by the cytoskeleton, 
and that changes in shape indirectly change the me-
chanical properties of the lipid bilayer. Further, probing 
the mechanical properties of the lipid membrane is a 
convenient way to assess the subtle attachments of the 
membrane to the cytoskeleton, which are metabolically 
controlled. For example, enhanced spicules of RBC 
membrane upon the loss of ATP increased the free area 
of the membrane and eventually decreased the energy 
requirement to bend the membrane, as evidenced by 
the lower bending modulus measured by our technique.  

RBCs 

Life-

time 

(ns) 

APL 

(Å2) 

KA 

(mN/m) 

κc  

(kBT) 

Normal,  

RT 

0.65 

(0.01) 

54.6 

(0.5) 

27.0 

(3.3) 

2.57 

(0.31) 

Normal,  

37 °C 

0.57 

(0.01)† 

58.0 

(0.7) 

14.1 

(1.9)† 

1.28 

(0.17)† 

ATP 

dep.,  

RT 

0.51 

(0.01)‡ 

64.1 

(3.3)† 

7.3 

(1.8)‡ 

0.69 

(0.18)‡ 

ATP 

dep.,  

37 °C 

0.52 

(0.03)‡ 

62.1 

(1.7)‡ 

7.6 

(1.4)‡ 

0.69 

(0.13)‡ 

Table 1. The values of APL, KA and κc in human red 
blood cells (hRBCs). ATP was depleted with Inosine 
and iodoacetamide. The experiments conducted at 
were room temperature (RT = 24 °C) and physiological 
temperature (37 °C) as indicated. Data represent the 
mean (S.E.M) of 9-10 cells. Statistical analyses for 
APL were done by Kruskal-Wallis test followed by 
Dunne’s multiple comparison test one-way and others 

were completed by ANOVA followed by Holm-Sidak’s 
multiple comparisons test; *:p<0.05, †:p<0.01, and 
‡:p<0.0001. All significance values are relative to nor-
mal control at RT. 

We predict that this technique will accelerate our 
fundamental understanding of the role of membrane 
mechanics in a wide range of physiological cellular 
processes. Since the cellular membrane has high com-
positional and structural complexity, accurate measure-
ments of areal changes in cell membranes would open 
up several new avenues for understanding the role of 
hydrophobic mismatch, fluidity, stretch, and curvature 
in regulating membrane protein activity in live cells 
(27). Since changes in lipid packing under the influ-
ence of an externally applied stimulus are rapid and 
transient, such a method may have the necessary spa-
tial and temporal precision at the sub-micron and sub-
second levels(28) to assess these mechanobiological 
aspects of the cell membrane. Such rapid and auto-
mated measurements of membrane mechanical proper-
ties might aid in the optimization of liposome formula-
tions for drug delivery, help in the understanding of 
mechanical barriers to nanoparticle uptake by cells 
(29) or become an assay for diseases characterized by 
changes in membrane biophysics such as modification 
of the RBC membrane by malarial parasites (30).   
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Material and methods and Supplementary note 1 (PDF)  
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