
Vol.:(0123456789)1 3

The Journal of Membrane Biology (2022) 255:385–405 
https://doi.org/10.1007/s00232-022-00263-9

TOPICAL REVIEW

Cholesterol Stiffening of Lipid Membranes

Fathima T. Doole1   · Teshani Kumarage3,4   · Rana Ashkar3,4   · Michael F. Brown1,2 

Received: 28 May 2022 / Accepted: 5 August 2022 / Published online: 11 October 2022 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract
Biomembrane order, dynamics, and other essential physicochemical parameters are controlled by cholesterol, a major 
component of mammalian cell membranes. Although cholesterol is well known to exhibit a condensing effect on fluid lipid 
membranes, the extent of stiffening that occurs with different degrees of lipid acyl chain unsaturation remains an enigma. 
In this review, we show that cholesterol locally increases the bending rigidity of both unsaturated and saturated lipid mem-
branes, suggesting there may be a length-scale dependence of the bending modulus. We review our published data that 
address the origin of the mechanical effects of cholesterol on unsaturated and polyunsaturated lipid membranes and their 
role in biomembrane functions. Through a combination of solid-state deuterium NMR spectroscopy and neutron spin-echo 
spectroscopy, we show that changes in molecular packing cause the universal effects of cholesterol on the membrane bend-
ing rigidity. Our findings have broad implications for the role of cholesterol in lipid–protein interactions as well as raft-like 
mixtures, drug delivery applications, and the effects of antimicrobial peptides on lipid membranes.
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Introduction: Biophysical Functions 
of Sterols

Biological membranes are the nexus of control and regula-
tion of the cellular functions of life in which the lipid bilayer 
has a pivotal significance. Lipids form the matrix or scaf-
fold of cellular membranes and have a remarkable diversity 
of molecular types that interact with proteins and peptides 
(Brown 2017; Lorent et al. 2020). The lipid bilayer is the 
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primary platform for nutrient exchange, protein–cell inter-
actions, and vesicular budding, among other vital cellular 
processes. Notably, the cell membranes of animals, plants, 
and microbes comprise mixtures of lipids and sterols, whose 
intermolecular associations play key roles in their physical 
properties at mesoscopic length scales, such as lipid packing 
and membrane rigidity. How the structural and dynamical 
properties of the phospholipids are controlled or regulated 
by steroids like cholesterol, lanosterol, or ergosterol are 
questions of high biological and biophysical significance 
(Chakraborty et al. 2020; Endress et al. 2002). Moreover, 
the lipid fluctuations are connected to the geometry of 
the interactions and the rates of motions, as described by 
the order parameters and correlation times. Phospholipid 
mobilities come with their own characteristic timescales, 
and various biophysical techniques can uncover how the 
molecular dynamics depend on time and distance by an 
energy landscape (Fig. 1a). The hierarchical dynamics in 
lipid bilayers include segmental fluctuations, molecular dif-
fusion, and collective changes (membrane deformation), 
defining the topography of the motions as shown in Fig. 1a. 
Rapid segmental fluctuations with restricted amplitude are 
further averaged by molecular movements and collective 
lipid disturbances (Brown 1982, 2019), due to the force field 

of the bilayer membranes (Brown et al. 1983). Recently the 
dynamics landscape has been investigated for 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC) in terms of 
multiple motions acting on various timescales and on mul-
tiple positions of the lipid molecules (Smith et al. 2022). 
In this review article, we address the collective motions 
of lipid membranes, and how sterols control their kinetics 
and mechanical properties such as the bending rigidity and 
spontaneous curvature.

Among sterols, it is currently thought that cholesterol is 
linked to the evolution of membrane biophysical functions 
(Bloom et al. 1991) as recapitulated by its metabolic path-
way (Bloch 1965, 1983). Cholesterol is the most abundant 
sterol found in animal cells and is the precursor to steroid 
hormones, Vitamin D, bile acids, and other metabolites. It 
is implicated in key biological activities involving lysis, 
viral budding, and antibiotic resistance. By modifying the 
bending rigidity and spontaneous curvature of cell mem-
branes, cholesterol imparts the ability to deform or withstand 
mechanical stresses. Cholesterol is derived in its metabolic 
pathway from its precursor lanosterol by removal of methyl 
substituents yielding a two-faced or Janus-like molecule with 
significantly altered properties (Bloom et al. 1991; Martinez 
et al. 2004). In eukaryotic membranes, cholesterol is present 

Fig. 1   Energy landscapes and mobilities of phospholipids in mem-
branes entail characteristic timescales. a Fluctuations of 13C–1H or 
C–2H bonds are given by ΩID Euler angles for internal segmental 
frame (I) with respect to the membrane director axis (D). Phospho-
lipid molecular motions entail anisotropic reorientation of the mole-
cule-fixed frame (M) with respect to the membrane director axis (D) 
as described by ΩMD Euler angles. The liquid-crystalline bilayer lends 
itself to propagation of thermally excited, quasi-periodic fluctuations 

due to motion of the local membrane normal (N) relative to the aver-
age director axis (D) characterized by ΩND Euler angles. Examples 
are shown respectively for glycerophospholipids, b POPC, c DOPC, 
and d DMPC where the lipid headgroups are highlighted in brown; e 
glycolipids where R denotes the rest of the lipid molecule; f choles-
terol which is the sterol component of animal biomembranes; and g 
lanosterol which is a precursor in the sterol biosynthesis pathway
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in varying amounts ranging from < 5 mol% in mitochondrial 
membranes up to ~ 40 mol% in cellular plasma membranes, 
while it is universally absent in prokaryotic membranes. It 
has essential regulatory functions involving protein activity, 
lipid permeability, and raft-like microdomains associated 
with trafficking and cell signaling, as pioneered by Erwin 
London and his colleagues (Brown and London 1998). 
Deviations from normal cholesterol homeostasis affects key 
membrane-related functions associated with cardiovascular 
disease, cancer, and various neurological conditions. Choles-
terol is moreover implicated in viral infections due to influ-
enza, HIV, and coronavirus (SARS-Cov-2) (Liao et al. 2001; 
Sun and Whittaker 2003; Wang et al. 2020). Understanding 
its functions requires knowledge of how cholesterol affects 
the biomembrane mechanics over relevant scales of length 
and time (Bloch 1983; Chakraborty et al. 2020; Trouard 
et al. 1999).

It has long been known that cholesterol yields a condens-
ing effect on fluid (liquid-disordered, ld) lipid membranes, 
giving rise to the liquid-ordered (lo) phase (Ipsen et al. 
1987; Mouritsen and Zuckermann 2004). Condensation 
of the area per lipid (packing) at the bilayer interface with 
water is accompanied by an increase in area elastic modulus 
(KA), which affects the energetics of membrane deforma-
tions. In accord with a polymer-brush model (Doktorova 
et al. 2019; Rawicz et al. 2000), the area elastic modulus is 
related to the Canham–Helfrich monolayer bending rigid-
ity (κ) (elastic modulus). Cholesterol is thus expected to 
have a substantial influence on the curvature free energy 
of the membrane lipids, meaning the entire force field for 
the membrane deformation needs to be considered (Deserno 
2015; Venable et al. 2015). Still, the question of whether 
the effects of cholesterol on membrane bending rigidity 
are universal for both saturated and (poly)unsaturated lipid 
membranes remains open and has attracted recent interest 
(Ashkar et al. 2021; Nagle 2021; Nagle et al. 2021). Know-
ing whether cholesterol stiffens both saturated and unsatu-
rated lipid membranes to the same extent is important in 
the context of microdomains, line tension, and curvature 
free energy, which entail the force balance of the membrane 
lipids (Allender et al. 2019). Depending on the lipid polar 
head group, saturated and unsaturated lipid membranes dif-
fer in their intrinsic bending rigidity (Brown et al. 2002) and 
are the appropriate reference systems. Examples of biologi-
cal functions that depend on membrane deformation include 
lipid–protein interactions (Brown 2017), endo/exocytosis 
and membrane biogenesis, and the budding of membrane-
enveloped viruses (SARS-CoV-2, HIV).

Through combining studies of structure and dynamics, we 
can acquire insight regarding the interdependence of mem-
brane lipid architecture, mechanics, and function (Brown 
1997; Deserno 2015; Nagle 2013). Equilibrium properties 

of the lipids that render them suited to compartmentalize 
and affect membrane functions include: a very low criti-
cal micelle concentration (cmc) so that they self-assemble 
completely; a high resistance to tearing with a large area 
expansion modulus; an intermediate bending rigidity that 
allows them to be readily deformable yet with significant 
free energy; and a spontaneous monolayer curvature of the 
leaflets that introduces a free energy frustration due to the 
lipid composition. According to the flexible surface model 
(FSM), the functional lipid–protein interactions are affected 
by the energetics of membrane deformation by strong out-
of-plane coupling (Brown 2017; Fried et al. 2021) as com-
pared to the weaker in-plane couplings described by the 
fluid-mosaic model. By including equilibrium investigations 
with dynamical studies, we can formulate the forces and 
potentials that govern biomembrane structure, assembly, and 
function. In this context, how the properties of membrane 
lipids are modified and controlled by sterols takes on a cen-
tral biological and pharmaceutical relevance.

Here we review our studies using a combination of 
solid-state nuclear magnetic resonance (NMR) and neutron 
spin-echo (NSE) spectroscopy that uniquely inform the 
physicochemical properties of cholesterol-containing lipid 
membranes. Both solid-state NMR and NSE spectroscopy 
are inherently sensitive to mesoscale bending fluctuations 
of lipid bilayers. These methods lead us to the idea of a 
local membrane stiffening effect of cholesterol over short 
length and time scales in conjunction with emergent bilayer 
material properties. Our observations are pertinent to the 
functional role of cholesterol in viral budding and membrane 
lipid–protein interactions as described by the flexible surface 
model (FSM) (Brown 1994). For 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC) an  approximately threefold 
increase in bending rigidity is seen with increasing choles-
terol content up to a 50% mole fraction, which is supported 
by atomistic molecular dynamics (MD) simulations (Dok-
torova et al. 2019). Our results (Chakraborty et al. 2020) 
illuminate structure–property relations that connect the area 
compressibility modulus (KA) of saturated and unsaturated 
lipid bilayers to the curvature elastic modulus (bending 
rigidity, κ) using a polymer-brush model (Doktorova et al. 
2019; Rawicz et al. 2000). Accordingly, we propose a scale-
dependent manifestation of bilayer properties, highlighting 
how cholesterol has been evolutionarily selected to control 
membrane deformation over mesoscopic scales of time 
and space. A universal stiffening by cholesterol is evident 
based on our measurements that probe its local or meso-
scopic influences on membrane energetics at an atomistic 
level (Ashkar et al. 2021). Our findings imply that there is 
a length- and time-scale dependence of cholesterol-induced 
influences on the membrane mechanical properties that are 
universal to both saturated and unsaturated lipid bilayers.
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Cholesterol and Its Molecular Features

Illustrations of the chemical structures of the three major 
classes of membrane lipids, namely, phospholipids, gly-
colipids, and sterols, are provided in Fig. 1b–g. In cell 
membranes, lipids exist in various nanostructures that 
differ in their polar head group size, charge, and capacity 
for hydrogen bonding, as well as in their nonpolar acyl 
chain length and degree of unsaturation. Phospholipids are 
the main components of the lipid bilayers of mammalian 
cells. The second most abundant component is cholesterol, 
constituting up to ~ 40 mol% of the lipids of the plasma 
membrane (Huang et al. 1999; Krause and Regen 2014; 
van Meer et al. 2008) which has attracted significant inter-
est. The fact that cholesterol is found in large amounts in 
mammalian cells but is absent in prokaryotic cells (Mour-
itsen and Zuckermann 2004) indicates its important role in 
cell evolution. Its mole fraction in various cell membranes 
is controlled through biosynthesis, efflux from cells, and 
influx of lipoprotein cholesterol into the cell (Simons and 
Ikonen 2000). Functionally, cholesterol is implicated in 
key biological processes such as cellular homeostasis, ster-
oid and vitamin D synthesis, and the regulation of mem-
brane order and dynamics (Craig et al. 2021). Well-known 
methods that describe how cholesterol modulates cellular 
functions include: (i) indirect effects on membrane proper-
ties and consequently on protein–membrane interactions 
(Brown 1994, 2012, 2017), and (ii) by direct effects on 
cholesterol–protein interactions (Liu et al. 2017; Sheng 
et al. 2012). Changes in cholesterol levels are commonly 
attributed to variations in membrane properties, stability, 
and pathology.

Structurally, cholesterol is a 27‑carbon compound char-
acterized by a hydrocarbon tail, a central sterol nucleus 
comprising four hydrocarbon rings, and a hydroxyl group 
(Fig. 1f) (Craig et al. 2021). This structure enables incor-
poration of cholesterol into membranes and its alignment 
along the hydrocarbon chains of the lipids (Fig. 1b–d) 
(Bloch 1983). The orientation of cholesterol yields a more 
ordered state of the hydrocarbon chains, and thereby con-
trols membrane structural, dynamical, and physical prop-
erties. In membranes with saturated and unsaturated lipids, 
cholesterol preferentially segregates into domains rich in 
saturated lipids called lipid rafts as shown by the work of 
Erwin London and coworkers (Brown and London 1998). 
These raft-like domains are thought to play an important 
role in cell signaling and pharmacology (Brown and Lon-
don 1998; Klose et al. 2013; Levental and Veatch 2016; 
Sezgin et al. 2017; Simons and Gerl 2010), as well as 
maintaining membrane order (Zhang et al. 2018). Nota-
bly, the increase in lipid packing due to cholesterol can 
lower the membrane permeability, and it can affect the 

distribution and transport of anesthetics and other drugs 
in membranes (Auger et  al. 1988; Siminovitch et  al. 
1984). Cholesterol also plays a significant regulatory role 
in many biophysical processes (Maxfield and van Meer 
2010) including passive permeation (Corvera et al. 1992), 
protein and enzyme activity (Cornelius 2001; de Meyer 
et al. 2010), and viral infections, e.g., HIV (Prasad and 
Bukrinsky 2014), influenza (Sun and Whittaker 2003), and 
SARS-Cov-2 (coronavirus) (Meher et al. 2019).

Apart from its central role in membrane processes, cho-
lesterol is also a key component in drug discovery applica-
tions. For instance, the presence of cholesterol in renal cell 
membranes is critical for improving the membrane resistance 
against damage by nephrotoxic antibiotics (Khondker et al. 
2017). This is attributed to increased membrane stabilization 
and suppression of lipid and peptide mobility by cholesterol. 
Such modifications of membrane properties by cholesterol 
have been used in liposomal formulations, yielding signifi-
cant advances in their use as drug carriers (Allen and Cul-
lis 2013). Inclusion of cholesterol in liposomal membranes 
results in stable and long-circulating liposomes in vivo, 
which is needed for protection of the encapsulated drug from 
degradation and premature release (Allen and Cullis 2013; 
Leeb and Maibaum 2018). In addition, cholesterol reduces 
the activity of proteins and peptides of the innate immune 
system on liposomal bilayers (Zasloff 2002), thus prolong-
ing the liposome circulation time. Such findings point to the 
importance of cholesterol-induced modifications of mem-
brane structural, dynamical, and mechanical properties in 
controlling the efficacy of membrane-interacting drugs and 
in the developing of robust liposomal drug carriers.

From this perspective, the lipids are viewed as highly 
deformable materials which can be significantly altered by 
the presence of steroids such as cholesterol, lanosterol, or 
ergosterol. To further understand the effects of cholesterol 
on membrane mechanics, various biophysical techniques 
have been used, including flickering spectroscopy (Duwe 
and Sackmann 1990), micropipette aspiration (Bassereau 
et al. 2014; Dimova 2014; Evans and Rawicz 1990), elec-
trodeformation (Gracià et al. 2010; Niggemann et al. 1995), 
X-ray diffusivity (Pan et al. 2009), molecular dynamics 
(MD) simulations (Doktorova et al. 2019; Johner et al. 2014; 
Khelashvili et al. 2013), deuterium nuclear magnetic reso-
nance (2H NMR) (Brown et al. 1983; Molugu and Brown 
2016), and neutron spin-echo (NSE) spectroscopy (Arriaga 
et al. 2009a; Chakraborty et al. 2020; Mell et al. 2013; 
Nagao et al. 2017). Among these techniques, solid-state 2H 
NMR and NSE spectroscopy together with MD simulations 
are uniquely able to access collective lipid fluctuations over 
length and time scales of biological processes, including 
protein–membrane interactions and signaling events. In 
this review article, we discuss the powerful combination of 
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solid-state 2H NMR and NSE spectroscopy for investigating 
membrane mechanics using spin labeling methods. Figure 2 
depicts the types of quasi-elastic bilayer deformations that 
may be considered for a free lipid membrane. The shape 
fluctuations are modeled as unconstrained splay, twist, and 
bend excitations, together with effective axial rotations of 
the lipids. Such a continuum picture represents a departure 
from the previous molecular theories for lipid bilayer relaxa-
tion, in which the absence of chemical details is both the 
strength and weakness. In solid-state 2H NMR spectroscopy, 
the relaxation of deuterium spin labels along the hydrocar-
bon chain of the lipid molecules is studied under the influ-
ence of a magnetic field. Experiments involving NSE spec-
troscopy characterize the change in spin polarization of an 
incident neutron beam as it exchanges energy with the lipid 
membrane. To illustrate the mode of operation of the two 
techniques, we first summarize the basic principles together 
with their application to studies of membrane fluctuations. 
Extension to lipid bilayers then gives a powerful and unique 
approach to determining their mechanical or viscous mem-
brane properties, and how they emerge from atomistic-level 
forces that affect cholesterol–membrane interactions.

Deuterium NMR Spectroscopy Applied 
to Lipid Membranes

Solid-state nuclear magnetic resonance (NMR) spectroscopy 
is an atomic-level method to investigate the structure and 
dynamics of solids, semi-solids, and liquid crystals (Reif 
et al. 2021). The reader will recall that lipid molecules are 
liquid crystals which fall in between a liquid and a solid. In a 
liquid, the molecules tumble over all space, which averages 
out the orientation-dependent interactions to zero, for exam-
ple dipole–dipole, magnetic dipole, or electric quadrupolar 
interactions. Here you will observe the isotopic chemical 

shifts, together with the spin–spin couplings which are not 
dependent on orientation. In a solid, however, the angular 
dependent interactions are not averaged to zero, which means 
we can observe them in various ways. Solid-state NMR 
formulates these interactions in terms of order parameters 
capturing the solid-like properties of liquid crystals. One 
should also recognize that the term solid-state does not imply 
the system is a physical solid—only that it has an average or 
equilibrium structure despite significant molecular motion. 
Molecular solids are the limit, although considerable motions 
are still possible (Kinnun et al. 2013), and even isotropic 
liquids such as water can have a local structure. For chemical 
compounds and biomaterials, one thus needs to devise meth-
ods to characterize both their structure and dynamics, with 
lipid membranes and liquid crystals as prominent examples 
(Molugu et al. 2017; Reif et al. 2021). In this regard, solid-
state 2H NMR spectroscopy gives a versatile technique for 
characterizing the molecular organization of lipids involving 
their structure, ordering, and rates of molecular motions. It 
provides information complementary to other physical tech-
niques such as neutron spin-echo (NSE) spectroscopy, and is 
one of the premier biophysical tools applicable to lipid bilay-
ers and biomembranes (Brown and Chan 1996; Molugu et al. 
2017). By combining solid-state 2H NMR order parameter 
measurements with nuclear spin relaxation experiments, the 
collective membrane dynamics including their elastic defor-
mations can be revealed at an atomically resolved level. 
Owing to their liquid-crystalline nature, lipid membranes 
clearly span the NMR time and length scales, which allows 
for analysis of their multiscale dynamics and elastic deforma-
tions in the presence of cholesterol.

A further important aspect is that the solid-state NMR 
technology is essential to validating the force fields in 
membrane simulations, as in the seminal work of Pastor 
et al. (Klauda et al. 2010; Marrink et al. 2019). It provides 
experimental insights into membrane properties that cannot 
otherwise be obtained. Because the coupling interactions 
in solid-state NMR are sensitive to orientation and/or dis-
tance, their values correspond with the average structure of 
the system. By introducing site-specific labels due to the 
individual C–2H bonds, atomic-level details for noncrystal-
line amorphous or liquid-crystalline systems can be acquired 
directly. In addition, the relaxation parameters of solid-state 
2H NMR spectroscopy give us insight into the relevant 
molecular motions. In solid-state 2H NMR of biomolecular 
systems, one of the distinctive features is that both lineshape 
data (Molugu et al. 2017) and relaxation times (Brown 2019; 
Leftin and Brown 2011; Martinez et al. 2002c) are acces-
sible to experimental measurements. An example using 
solid-state 2H NMR spectroscopy is shown in Fig. 3a and b, 
which yields information about the lipid structural dynam-
ics over a range of timescales. Combined measurements of 
residual quadrupolar couplings (RQCs) and relaxation times 

Fig. 2   Excitations of a fluid lipid bilayer are described within the 
continuum elastic approximation. a Planar bilayer, b splay, c twist, 
and d bend deformations, together with axial rotations about the local 
director
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thus provide information on the geometry and allow inves-
tigations of the multiscale molecular dynamics in the lipid 
systems of interest.

Let us now briefly consider the general principles of how 
lipid membranes are studied with solid-state 2H NMR spec-
troscopy. This section includes a very concise explanation of 
what is essential for the reader to be able to understand the 
2H NMR spectroscopic concepts. For further detailed expla-
nation, general readers are referred to Refs. (Brown 1996; 
Kinnun et al. 2013; Molugu et al. 2017). Here, we note that 
the 2H nucleus has a spin of I = 1, which yields three Zeeman 
energy levels due to projection of its spin angular momen-
tum onto the quantization axis, which is the main magnetic 
field direction. The three states are designated as �m⟩ =�0⟩ 

and � ± 1⟩ using quantum mechanical bra-ket notation, where 
the energy levels are due to the interaction Hamiltonian ĤZ 
for the nuclear magnetic moment with the static magnetic 
field. The allowed single-quantum nuclear spin transitions 
occur because the perturbation due to the electric quadrupo-
lar coupling with the nuclear quadrupole moment removes 
their degeneracy in 2H NMR spectroscopy. The perturbing 
Hamiltonian ĤQ comes from the coupling of the quadrupole 
moment of the 2H nucleus with the electric field gradient 
(EFG) of the C–2H bond, yielding two spectral branches for 
each inequivalent site of the lipid molecules (Fig. 3).

To continue briefly, in solid-state 2H NMR spectroscopy 
the experimental quadrupolar coupling is given by the dif-
ference in the frequencies ΔvQ ≡ v+

Q
− v−

Q
 of the spectral 

lines coming from the perturbing Hamiltonian. The result 
for the quadrupolar frequencies ( v±

Q
 ) reads:

Here, �Q ≡ e2qQ∕h is the static quadrupolar coupling con-
stant, �Q corresponds to the asymmetry parameter of the 
EFG tensor, D(2)

00
(ΩPL) is a Wigner rotation matrix element, 

and ΩPL ≡ (�PL, �PL, �PL) are the Euler angles (Rose 1957) 
that transform the principal axis system (PAS) of the EFG 
tensor (P) to the laboratory frame (L) (Brown 1996; Leftin 
et al. 2014b; Xu et al. 2014). Because the static EFG tensor 
of the C–2H bond is nearly axially symmetric ( �Q ≈ 0 ), the 
above result simplifies to yield:

The experimental quadrupolar splitting is thus obtained as:

where for convenience the various symbols are defined 
above.

Now for liquid-crystalline membranes the molecular 
motions are typically cylindrically symmetric about the 
bilayer normal, an axis called the director. The idea of a 
director is central to lipid biophysics. Rotation of the prin-
cipal axis system of the coupling tensor to the laboratory 
frame, described by the ΩPL Euler angles, can thus be repre-
sented by two consecutive rotations. First, the Euler angles 
ΩPD(t) represent the (time-dependent) rotation of the prin-
cipal axis system of the C–2H bond to the director frame, 
and second the Euler angles ΩDL correspond to the (static) 
rotation from the director to the laboratory frame. The use 
of the closure property of the rotation group (Xu et al. 2014) 
is very helpful in this regard, as explained in the Appendices 
of Refs. (Brown 1996; Molugu et al. 2017); see also Ref. 
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Fig. 3   Solid-state 2H NMR spectroscopy of membrane lipids pro-
vides both lineshape data and relaxation times yielding information 
about structure and dynamics. a Inversion recovery of 2H nuclear 
magnetization for random DMPC-d54/cholesterol (1:1) multilamel-
lar dispersion in the liquid-ordered phase at T = 44 °C showing par-
tially relaxed 2H NMR spectra. b Deconvolved (de-Paked) 2H NMR 
spectra corresponding to bilayer normal parallel to magnetic field 
(θ = 0°). The sample contained 20  mM Tris buffer at pH 7.3 (50 
wt% H2O). Data were acquired at 76.8  MHz using a phase-cycled, 
inversion-recovery quadrupolar-echo pulse sequence, π  −  t1  −  (π 
/2)x − τ − (π/2)y −  t2 (acquire), where t1 is a variable delay ranging 
from 5 ms (bottom) to 3 s (top). Adapted from Ref. (Martinez et al. 
2002b)
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(Kinnun et al. 2013) for an introductory description. Con-
sidering the cylindrical symmetry about the director, we can 
then expand Eq. (3), which now reads:

Here, �DL ≡ � is the angle of the bilayer normal to the static 
external magnetic field. The segmental order parameter SCD 
is provided by the formula:

where the angular brackets denote a time or ensemble aver-
age. Hence, it follows that

in which P2(cos �DL) ≡ (3 cos2 �DL − 1)∕2 is the second-
order Legendre polynomial (Arfken 1970; Varshalovich 
et al. 1988). The above formula describes how the quadru-
polar splitting depends on the (Euler) angles that rotate the 
coupling tensor from its principal axes system (PAS) to the 
laboratory frame of the main magnetic field.

Next, we consider the process of NMR relaxation, which 
is due to fluctuations of the coupling Hamiltonian com-
ing from the various motions of the lipid molecules within 
the membrane bilayer. The fluctuations lead to transitions 
between the various adjacent energy levels (Xu et al. 2014; 
Molugu et al. 2017). In solid-state 2H NMR spectroscopy of 
liquid-crystalline membrane lipids, we are often interested in 
the spin–lattice ( R1Z ) relaxation rates. Experimental meas-
urements of the R1Z relaxation rate typically involve invert-
ing the magnetization followed by attainment of equilibrium 
through its recovery as a function of time. The observable 
relaxation rates depend on the spectral densities of motion 
in the laboratory frame by the relation:

In this formula, R1Z is the spin–lattice (longitudinal) relaxa-
tion rate, and Jm(m�0) designates the spectral densities of 
motion, where m = 1, 2, and �0 is the deuteron Larmor fre-
quency. The spectral densities Jm(m�0) describe the power 
spectra of the lipid motions as a function of frequency �0 in 
terms of fluctuations of the Wigner rotation matrix elements 
that transform the coupling (EFG) tensor from its principal 
axis system to the laboratory coordinates frame (Varshal-
ovich et al. 1988). They are the Fourier transform partners of 
the orientational correlation functions Gm(t) , which depend 
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on time and thereby characterize the C–2H bond fluctua-
tions of the lipids, as in the case of lipid molecular dynamics 
simulations (Klauda et al. 2010; Venable et al. 2015).

Clearly the segmental order parameters depend only on the 
amplitudes of the C–2H bond motions, while the relaxation 
rates also include the rates of the C–2H bond fluctuations. 
According to a generalized model-free (GMF) approach of 
relaxation rate analysis (Brown 1984; Xu et al. 2014), a func-
tional dependence of the R1Z rates on the squared segmental 
order parameters ( S2

CD
 ) (square law) along the chain would 

result (Fig. 4). For short-wavelength excitations—on the 
order of the bilayer thickness and less—the spectral density 
can be written as (Nevzorov and Brown 1997):

Here, � is the angular frequency, D is the viscoelastic con-
stant, d is the dimensionality, and D(2) indicates the second-
rank Wigner rotation matrix (Rose 1957). The irreducible 
spectral densities Jm(�) depend on the square of the observed 

(8)
Jm(�) =

5

2
S2
CD

D�−(2−d∕2)
[
|D(2)

−1m

(
�DL

)
|2 + |D(2)

1m

(
�DL

)
|2
]

Fig. 4   Functional dependence of relaxation times and order parame-
ters from solid-state 2H NMR spectroscopy reveal dynamical bending 
rigidity of lipid membranes. Data are for unoriented lipid dispersions 
at 55.4 MHz and various temperatures (T ≥ Tm + 6 °C): a DLPC-d46, b 
DMPC-d54, c DPPC-d62, and d DSPC-d70, with acyl lengths of n = 12, 
14, 16, and 18 carbons, respectively. Square-law functional relation of 
spin–lattice relaxation rates R1Z and order parameters |SCD| along the 
acyl chains (index i) for a homologous series of PCs in the Lα phase 
characterizes the influence of the acyl length (bilayer thickness). 
Adapted from Ref. (Brown et al. 2001)
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SCD order parameters, and the slope of the square-law plot is 
inversely related to the membrane softness. For 3D quasi-
elastic bilayer fluctuations, the viscoelastic constant is given 
by D = 3kBT

√
�∕5�

√
2K3S2

s
 as previously derived from first 

principles in Section IV.B of Ref. (Brown 1982). Here, K is 
the elastic (force) constant for splay, twist, and bend defor-
mations in an one-elastic constant approximation, where � 
is the viscosity coefficient, Ss is the order parameter for the 
relatively slow motions, and the other symbols have their 
conventional meanings (Brown 1982). Because a single 
elastic constant is assumed, no distinction is made between 
splay, twist, and bend deformations, which is both a strength 
and weakness of our approach. In addition to the so-called 
bending modulus � , the compression modulus KB comes into 
play (Nagle and Tristram-Nagle 2000). For splay deforma-
tions, in a one-elastic constant approximation the bending 
rigidity is � ≈ Kt , where t = 2DC is the bilayer thickness 
and DC is the acyl chain thickness per monolayer, giving a 
�−3∕2 dependence of the R1Z rates as measured experimen-
tally (Brown et al. 2001).

The Energy Landscapes of Lipid Membranes

For membrane lipid bilayers, their deformations in response 
to external forces or thermal fluctuations are generally char-
acterized by at least four material constants: (i) the sur-
face tension (which is zero for a bilayer at equilibrium), 
(ii) the area expansion modulus or alternatively the lateral 
compressibility, (iii) the bending rigidity � , and (iv) the 
monolayer spontaneous curvature. These structural quan-
tities are inherent to the forces governing the nanoscopic 
structures of the lipid membrane assemblies. Representative 
applications of solid-state 2H NMR spectroscopy to lipid 
membranes include the influences of cholesterol (Brown 
and Seelig 1978; Brown et al. 2001; Trouard et al. 1999; 
Veatch et al. 2007; Vist and Davis 1990; Wassall et al. 2004) 
as well as acyl chain unsaturation (Huber et al. 2002; Huster 
et al. 1998; Salmon et al. 1987; Wassall et al. 2018). In this 
review, we aim to characterize how the average membrane 
structure, fluctuations, and elastic deformations are affected 
by cholesterol. The use of acyl chain-perdeuterated phos-
pholipids (n = 12 to 18 carbons) in NMR relaxation studies 
allows one to observe nearly the entire hydrocarbon region 
of the bilayer simultaneously. As shown in Fig. 4, a square-
law functional dependence of the R(i)

1Z
 rates on |S(i)

CD
| along 

the chains describes the data for the homologous PCs for 
T ≥ 6 °C above the main phase transition temperature (Tm) 
(Fig. 4a–d), suggesting that the bending rigidity � depends 
only weakly on temperature in the Lα state. These data 
are discussed here as a proof of concept for the square-
law dependence theory and serve as reference samples for 
cholesterol/lipid systems to be discussed later in the paper. 

Still, it might be surprising to some readers that the NMR 
results for soft membrane bilayers—involving flexible lipid 
molecules with many degrees of freedom—can be inter-
preted simply by using concepts drawn from the physics of 
materials. In terms of our picture, the membrane lipids are 
effectively tethered to the aqueous interface via their polar 
head groups, and the bilayer interior is essentially liquid 
hydrocarbon. The reason why the R1Z relaxation is governed 
by collective order fluctuations is that the local segmental 
motions of the lipids are very fast (~ 10–11 s), with spectral 
densities extending to very high frequencies. With the above 
results in our hands, we are then able to study the influences 
of cholesterol on lipid membrane structural and dynamical 
properties at a mesoscopic level.

In what comes next, our focus is on the lipid membrane 
structural deformation and the emergent fluctuations that 
occur due to the presence of sterols. As a steroid molecule 
cholesterol is amphiphilic in nature, as in the case of other 
lipids. Solid-state 2H NMR studies clearly show the effect 
of cholesterol on the physical properties of bilayers of 
1,2-diperdeuteriomyristoyl-sn-glycero-3-phosphocholine 
(DMPC-d54) at an atomic level (Fig. 5) consistent with 
the various other lipid NMR studies (Bartels et al. 2008; 
Bunge et al. 2008; Chakraborty et al. 2020; Morrison and 
Bloom 1994; Oldfield et al. 1978; Trouard et al. 1999; 
Veatch et al. 2007). Additional 2H NMR studies of the 
specifically deuterated cholesterol molecule in lipid mem-
branes have been conducted (Bonmatin et al. 1990; Brown 
1990). For acyl chain perdeuterated phospholipids, we can 
deconvolve or de-Pake the powder-type spectra of ran-
dom multilamellar dispersions, as notably pioneered by 
the Canadian physicist Myer Bloom (Sternin et al. 1983) 
to yield more highly resolved subspectra of the θ = 0° 
bilayer orientation (Fig. 5a–d). Notice that a distribution 
of residual quadrupolar couplings (RQCs) is evident, cor-
responding to the profile of the SCD order parameters of 
the various C2H2 and C2H3 groups along the acyl chains. 
A striking increase in the residual quadrupolar splittings 
(ΔvQ) is seen for the acyl segments with progressively 
greater mole fraction of cholesterol, due to fewer degrees 
of freedom of the flexible lipids. Interaction of phospho-
lipids with the rigid cholesterol molecule thus leads to 
greater magnitudes of the orientational order parameters 
of the lipid acyl chain segments versus the bilayer normal 
(Fig. 5a–d), which according to a mean-torque model indi-
cates a greater bilayer thickness.

In addition, the reader should recall that because the lipid 
volume is almost constant to a first approximation (Petrache 
et al. 1997), i.e., the molecular volume is generally con-
served, the increased bilayer thickness is accompanied by 
a reduction of the area at the aqueous interface. The well-
known condensing effect of cholesterol is thus explained 
at the molecular level by a reduced area per phospholipid 
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molecule at the aqueous interface. In turn, the closer lipid 
molecular packing with fewer degrees of freedom requires 
a greater energetic cost of deforming the bilayer, as shown 
by an increase in the bilayer elastic moduli for either area 
and/or curvature deformation (KA and κ, respectively). It 
follows that the solid-state 2H NMR order parameters are a 
direct measure of the lipid close packing, manifested by a 
decrease in the area per lipid and an increase in the bilayer 
thickness (Mallikarjunaiah et al. 2019; Petrache et al. 2000). 
Those in turn govern the area and curvature elasticity of the 
membrane (Chakraborty et al. 2020).

How Lipid Membranes are Stiffened 
by Cholesterol and Lanosterol

Further analysis of the solid-state 2H NMR spectral data 
obtained for lipid membranes can be accomplished by intro-
ducing a mean-torque model for the configurational statistics 
of the lipid acyl chains (Leftin et al. 2014a; Petrache et al. 
2000, 2001). The first-order mean-torque model is based 

on the statistical mechanical precepts, and gives important 
structural parameters for lipid membranes: the mean area 
per lipid at the aqueous interface, the average bilayer thick-
ness DB , the hydrophobic thickness DC of one bilayer leaflet, 
and the area elastic (or compressibility) modulus KA at an 
emergent atomistic level (Fig. 7c). Introduction of a polymer 
brush model then allows the values of KA to be related to the 
corresponding values of the bending rigidity (κ) (Doktorova 
et al. 2019; Rawicz et al. 2000). The mean-torque model has 
been recently reviewed and readers are guided to the previ-
ous studies (Kinnun et al. 2015; Mallikarjunaiah et al. 2019) 
for details of the theory, and how it is applied to bilayer 
deformation under an eternal force such as hydrostatic pres-
sure or osmotic stress (Mallikarjunaiah et al. 2011).

Notable applications of solid-state 2H NMR spectroscopy 
to lipid membranes include extensive studies of the role of 
cholesterol in raft-like lipid mixtures by Klaus Gawrisch 
and coworkers (Veatch et al. 2007) and by Stephen Was-
sall et al. (Brzustowicz et al. 2002; Wassall et al. 2004). In 
other related studies, solid-state 2H NMR spectroscopy has 
been used to investigate the effect of varying the mole frac-
tion of cholesterol in raft-like binary and ternary mixtures 
with N-palmitoylsphingomyelin (PSM) and 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC) for both 
aligned and unoriented multilamellar dispersions (Bartels 
et al. 2008; Bunge et al. 2008). Striking differences have 
been found in chain packing for monounsaturated POPC-d31 
bilayers upon interaction with cholesterol in binary mixtures 
(Morrison and Bloom 1994), in which the acyl chains of 
the glycerophospholipid are less strongly affected than the 
sphingolipid by the rigid sterol backbone at low cholesterol 
concentrations (Bartels et al. 2008). In addition, a more 
continuous dependence of chain order on cholesterol con-
centration is seen in the case of POPC bilayers in the liquid-
ordered phase. This behavior is evidently due to the less 
favorable interaction of the unsaturated acyl chain of POPC 
with cholesterol, as already shown for various unsaturated 
lipids (Brzustowicz et al. 2002; Shaikh et al. 2006; Wassall 
et al. 2004).

At this point we can conclude based on the solid-state 
2H NMR spectroscopy that cholesterol leads to larger ori-
entational order parameters of the lipids, due to a greater 
bilayer thickness and closer acyl chain packing (decreased 
interfacial area per lipid molecule with less free volume). 
The analysis can be taken a step further by recalling that the 
observables from solid-state 2H NMR spectroscopy include 
the SCD segmental order parameters and the corresponding 
NMR relaxation rates, e.g., the R1Z spin–lattice relaxation 
rates (Brown 2019). We next show that in addition to the 
greater segmental order parameters, the fewer degrees of 
freedom of the lipid acyl chains lead to a reduction in the 
area elastic modulus (KA) and an increase in the bending 
rigidity (κ), e.g., as described by a polymer brush model 

Fig. 5   Cholesterol reduces the conformational degrees of freedom 
for lipid acyl chain segments yielding closer molecular packing. a 
DMPC-d54 in the liquid-disordered (ld) phase, and b–d DMPC-d54 
containing various mole fractions of cholesterol (Chol) in the liquid-
ordered (lo) phase. Powder type spectra (brown) of randomly oriented 
multilamellar dispersions were numerically inverted (de-Paked) to 
yield subspectra corresponding to the θ = 0° orientation (green). Note 
that a distribution of residual quadrupolar couplings (RQCs) cor-
responds to the various C2H2 and C2H3 groups with a progressive 
increase due to cholesterol. Adapted from Ref. (Martinez et al. 2004)
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(Doktorova et al. 2019; Rawicz et al. 2000). For lipid mem-
branes the contribution from so-called order-director fluctua-
tions (ODF) to the relaxation has been interpreted in terms 
of short-wavelength excitations, on the order of the bilayer 
thickness and less (Brown 1982). In this case, the relaxa-
tion rates involve the spectral density (power spectra) and 
have a characteristic dependence on the resonance frequency 
and the SCD segmental order parameters. As a result, the 
solid-state 2H NMR spin–lattice relaxation times of lipid 
bilayers are often interpreted by a power law that includes 
the dependence of the R1Z relaxation rates on the square of 
the observed SCD order parameters, where the slope of the 
square-law plot is inversely related to the viscoelastic con-
stant as a measure of the membrane softness.

Following our generalized model-free (GMF) approach 
(Brown 1984; Xu et al. 2014), the relaxation time analysis 
then leads to a functional dependence of the R1Z rates on the 
squared segmental order parameters ( S2

CD
 ) (square law) along 

the chain (Fig. 4). In fact, there are two possibilities for inter-
preting the correspondence of the R1Z relaxation rates to the 
SCD order parameters that describe the order–director fluc-
tuations (ODF) in liquid-crystalline membranes. Either one 
can introduce an approximate model that is exactly soluble, 
or one can use an exact model that is approximately soluble. 
In the first case, the measurements can be interpreted by an 
analytical chemistry approach, combining the R(i)

1Z
 and |S(i)

CD
| 

data as a metric for the bilayer stiffening, with the results for 
the canonical DMPC-d54 bilayer (Martinez et al. 2002b) as 
a refence (Méléard et al. 1997; Rawicz et al. 2000). Alter-
natively, the results can be interpreted together with theory 
(Brown 1982) to estimate the value of the bending rigidity 
κ (curvature elastic modulus). For 3D quasi-elastic bilayer 
fluctuations, because a single elastic constant is assumed, no 
distinction is made between splay, twist, and bend deforma-
tions. The so-called bending rigidity (splay elastic modulus) 
is thus � ≈ Kt , where t = 2DC is the bilayer thickness and 
DC is the acyl chain thickness per monolayer (Brown et al. 
2001). With the single-elastic constant approximation, we 
obtain results in approximate quantitative agreement with 
other biophysical measurements, such a micropipette defor-
mation and shape fluctuations of giant unilamellar vesicles 
(Brown et al. 2001). We can then combine the order param-
eters and relaxation rate profiles into a square-law functional 
dependence (Williams et al. 1985) in terms of plots of R(i)

1Z
 

versus |S(i)
CD

|2 whose slope is inversely related to the bending 
rigidity (curvature elastic modulus) (Fig. 6).

In this way, it is found experimentally that in solid-state 
2H NMR relaxation studies the effect of cholesterol on the 
area and curvature elasticity of DMPC-d54 lipid bilayers 
is characterized by a square-law dependence of the R(i)

1Z
 

rates versus the order parameters |S(i)
CD

| along the entire acyl 
chain. The reader should note that the square law (Brown 
1982) is a model-free correlation among the experimental 

observables as obtained by solid-state 2H NMR relaxation 
measurements. For multilamellar dispersions of DMPC-
d54/cholesterol (Fig. 6a), an increase in bilayer stiffening 
at various cholesterol mole fractions is inferred from the 
solid-state 2H NMR relaxation analysis. Here cholesterol 
yields a large decrease in the square-law slopes, corre-
sponding to a progressive reduction in bilayer elasticity 
(Fig. 6b). The square-law slope is a manifestation of the 
progressive increase in the bilayer rigidity of DMPC at 
various compositions of cholesterol. The reduction in the 
slope (Fig. 6a) reflects an increase in bending rigidity κ 
due to short-range cholesterol–phospholipid interactions, 
showing how membrane mechanical properties emerge for 
the local atomistic forces within the lipid bilayer. Hence, 
we conclude that the results for the DMPC-d54/cholesterol 
mixtures reveal stiffening in the case of saturated lipid 
bilayers, which provides a benchmark for the relaxation 

Fig. 6   Square-law relations of NMR relaxation times and order 
parameters indicate bilayer stiffening by cholesterol and lanosterol. 
a Dependence of spin–lattice relaxation rates R(i)

1Z
 on squared order 

parameters |S(i)
CD

| for resolved 2H NMR splittings of DMPC-d54. 
Data were obtained at T = 44 °C and at 76.8 MHz (11.8 T). b Bend-
ing rigidity values calculated for DMPC-d54/cholesterol (DMPC-d54/
Chol) and DMPC-d54/lanosterol (DMPC-d54/Lan) systems. Adapted 
from Ref. (Martinez et al. 2004)
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analysis that can be extended to mono and polyunsaturated 
lipids.

For most animal and fungal membranes, lanosterol is 
the steroid precursor and hence it is also of considerable 
biological and pharmacological interest in comparison to 
cholesterol (Bloom et al. 1991; Endress et al. 2002; Hen-
riksen et al. 2006). How natural selection of biophysical 
function has occurred during the evolution of sterols has 
been explored from the vantage point of solid-state 2H NMR 
spectroscopy (Martinez et al. 2004; Miao et al. 2002) and 
quasielastic neutron scattering (Endress et al. 2002). Here 
we focus on solid-state NMR relaxation experiments, which 
inform the differences in behavior of cholesterol versus its 
metabolic precursor lanosterol in terms of the natural selec-
tion of membrane elasticity during biological evolution 
(Martinez et al. 2004). An example for DMPC-d54 binary 
mixtures (Fig. 6a) shows that the slope of the square-law 
plot is greater for lanosterol than for cholesterol. Additional 
studies for various molar ratios of sterols indicate that the 
reduction of the bilayer elasticity is less for lanosterol than 
for cholesterol (Martinez et al. 2004). Calculated values of 
the bending rigidity � from the solid-state 2H NMR relaxa-
tion data analysis (Fig. 6b) are consistent with the results 
from video microscopy of large unilamellar vesicles (Mélé-
ard et al. 1997). The findings agree with comparative stud-
ies of sterols (Dahl et al. 1980; Yeagle 1985), which report 
that cholesterol increases the conformational order of the 
membrane lipid acyl chains more effectively than lanosterol 
and has a stronger ability to promote domain formation in 
membranes (Urbina et al. 1995; Yeagle 1985; Xu and Lon-
don 2000). We thus conclude that removal of methyl groups 
from the α-face of lanosterol as it occurs in the biosynthetic 
pathway enhances the ability of cholesterol to stiffen the 
lipid membrane. Our results support the idea that natural 
selection of cholesterol to control the membrane bending 
rigidity has occurred during molecular evolution. According 
to this view, the biosynthetic pathway of cholesterol recapit-
ulates its natural selection during biological evolution, with 
implications for synthetic biology and the development of 
artificial cells. Evidently an increase in the bilayer bending 
rigidity has co-evolved with the demethylation of lanosterol 
to yield cholesterol, suggesting the possibility of feedback 
control of cholesterol homeostasis in biomembranes.

Stiffening of Lipid Membranes 
by Cholesterol

The above results for saturated DMPC lipids give striking 
examples of the mesoscopic stiffening of bilayer membranes 
by cholesterol and lanosterol. Lipid systems with unsaturated 
acyl groups such as 1,2-dioleoyl-sn-glycero-3-phosphocho-
line (DOPC) (Pan et al. 2008; Wiener et al. 1991; Wiener 

and White 1991, 1992) or polyunsaturated lipid membranes 
(Eldho et al. 2003; Huster et al. 1998; Petrache et al. 2001; 
Salmon et al. 1987; Stillwell and Wassall 2003) are likewise 
of interest, e.g., as components of raft-like lipid mixtures 
(Honerkamp-Smith et al. 2009; Veatch et al. 2007; Wassall 
and Stillwell 2009; Wassall et al. 2018). Accordingly, the 
solid-state NMR approach (Fig. 5) has also been extended 
to include comparative studies of the interactions of cho-
lesterol with unsaturated and polyunsaturated lipid bilayers 
(Huster et al. 1998; Wassall et al. 2004). Similarities and 
differences are evident versus saturated lipid bilayers in the 
liquid-crystalline state. For unsaturated POPC and DOPC 
lipids, an increase in the residual quadrupolar couplings and 
derived order parameter profiles occurs upon incorporation 
of cholesterol (Bartels et al. 2008; Chakraborty et al. 2020) 
as in the case of saturated DMPC-d54 lipids. For DOPC a 
small amount of 1-perdeuteriopalmitoyl-2-oleoyl-sn-glyc-
ero-3-phosphocholine (POPC-d31) is used as a tracer lipid 
(1–10 mol%) for its configurational properties, as it is oth-
erwise challenging to chemically deuterate. This approach 
assumes additivity (sum rule) of the partial molar quanti-
ties of the components in the liquid-crystalline state (ld or lo 
phase) (Jansson et al. 1990, 1992; Otten et al. 2000). Because 
the tracer lipid is present only in very small amounts, it ade-
quately captures the properties of the host bilayer (Doole 
et al. 2022). Notably, the smaller absolute |S(i)

CD
| values for 

the POPC-d31 tracer lipid in the DOPC bilayer versus satu-
rated lipids like DMPC-d54 in the absence of cholesterol 
manifests the greater degrees of freedom of the acyl chains. 
According to Eq.  (6) the observed residual quadrupolar 
couplings ΔvQ are directly related to the segmental order 
parameter SCD profile. Just as for the saturated DMPC-d54 
bilayer (Fig. 5), the residual quadrupolar couplings give a 
profile of the absolute segmental order parameters |S(i)

CD
| as a 

function of chain position (index i), due to the effects of the 
bilayer packing on the trans–gauche isomerizations of the 
lipid acyl groups. An example of solid-state 2H NMR data 
for the DOPC bilayer using POPC-d31 as a tracer or probe 
lipid (Fig. 7a) shows that the resolved signals have a pro-
gressive increase in their quadrupolar splittings with greater 
mole fraction of cholesterol. In most aspects, the results for 
DOPC using the tracer lipid POPC-d31 are qualitatively like 
other lipid systems such as DMPC with cholesterol. Clearly 
there is a striking increase in the order parameter profiles 
due to cholesterol (Fig. 7a) that must be explained by any 
model of the phospholipid–sterol interactions.

We next turn to the influence of cholesterol on the dynam-
ics of the di-monounsaturated DOPC bilayer as detected 
from the combined relaxation rate and order parameter pro-
files in solid-state 2H NMR spectroscopy (Chakraborty et al. 
2020). The unsaturated lipid DOPC has attracted consider-
able attention as a prominent component of model raft-like 
lipid mixtures, as shown by the pioneering work of Klaus 
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Gawrisch et al. (Veatch et al. 2007). For the unsaturated 
DOPC bilayer the presence of cholesterol yields an appre-
ciable influence on its elastic deformation, revealed by a 
decrease in the square-law slopes (Fig. 7b) just as seen for 
the saturated DPMC-d54 bilayer (Fig. 6a). By contrast, local 
trans–gauche isomerizations along the chains do not pre-
dict such a square-law dependence as seen for the DOPC/
cholesterol membranes. For DOPC as well as DMPC, addi-
tion of cholesterol yields a large decrease in the square-law 
slopes, which we interpret as a progressive reduction in 
bilayer elasticity (Fig. 7b). The increased bending rigidity 
� is due to short-range cholesterol–phospholipid interac-
tions, showing that membrane mechanical properties emerge 
from the local atomistic interactions within the lipid bilayer 
over nanoscopic distances for both unsaturated and satu-
rated bilayers (Ashkar et al. 2021). Our findings differ from 
the previous diffusive X-ray scattering experiments (Nagle 
2021; Pan et al. 2009), and suggest the membrane properties 
depend on the length and time scales of the measurements 
(Chakraborty et al. 2020). Based on the solid-state 2H NMR 
spectroscopy, the progressively smaller square-law slopes 
(Fig. 7b) correspond to a reduction in bilayer elasticity 
(Fig. 6b), which we suggest is due to the universal increase 
in the bending rigidity of saturated and unsaturated lipid 
bilayers due to cholesterol (Ashkar et al. 2021).

Further interpretation of the energetic cost of the mem-
brane remodeling considers how the bilayer packing and 
structural properties affect the bending energy of the lipids. 
Here the bilayer deformation as deduced from the NMR 
relaxation model is compared with the lipid packing obtained 
from the mean-torque analysis for cholesterol-containing 
binary and ternary systems (Bartels et al. 2008). The order 
parameter profiles (or the spectral moments) from 2H NMR 
spectroscopy are interpreted by applying the first-order mean-
torque model of Petrache and coworkers (Petrache et al. 

2000) in terms of the area per lipid at the aqueous interface 
and the corresponding bilayer thickness (Fig. 7c). Notably, 
for both unsaturated and saturated lipid bilayers, the changes 
in the segmental order parameter profile due to cholesterol 
manifest the decrease in area per lipid and increase in bilayer 
thickness owing to closer packing of the lipids (less free vol-
ume, higher density) (Heerklotz and Tsamaloukas 2006). The 
matching decrease in square-law slope (Fig. 7b) thus implies 
a positive correlation of the NMR-derived bending rigidity 
with the area per lipid and the bilayer thickness obtained 
from the mean-torque model—that is to say, with the close 
lipid packing. From the combined solid-state 2H NMR analy-
sis a self-consistent picture emerges, in which the acyl chain 
packing obtained from the segmental order parameter profiles 
(Mallikarjunaiah et al. 2019; Petrache et al. 2000) directly 
corresponds with the bilayer deformation obtained from the 
NMR relaxation analysis, i.e., bilayer stiffness or stretching 
(Figs. 6b and 7c). Accordingly, we propose that cholesterol-
induced stiffening of saturated and unsaturated bilayers is 
driven by the same lipid-packing considerations. At the level 
of a continuum elastic picture, the bilayer properties are aver-
aged over the solid-state 2H NMR time scale (lifetime ~ 10–5 s 
depending on the quadrupolar coupling) (Molugu et  al. 
2017). Reduction of the area per lipid at the aqueous interface 
leads to greater bilayer thickness, in which tighter acyl chain 
packing yields an increased energetic penalty for separat-
ing or bending the lipids (increased area elastic modulus KA 
and bending rigidity κ). The energy cost of curving the more 
tightly packed bilayer is thus increased by close packing of 
the lipids (condensing effect), in which the area and curvature 
elastic moduli (KA and κ, respectively) are related, e.g., as 
described by a polymer brush model (Doktorova et al. 2019; 
Rawicz et al. 2000) (Figs. 6b and 7c).

One should also keep in mind that the observables from 
2H NMR spectroscopy are averaged by lipid motions over the 

Fig. 7   Results from solid-state 2H NMR spectroscopy shows cho-
lesterol increases acyl chain ordering and bending stiffness of lipid 
membranes due to closer molecular packing in the bilayer. a Seg-
mental order parameter versus acyl position for POPC-d31 probe 
lipid in DOPC/cholesterol membranes with different mol% choles-
terol at T = 25  °C. b Dependence of spin–lattice relaxation rate R(i)

1Z
 

on squared order parameters |S(i)
CD

| indicating a decrease in square-law 
slopes due to bilayer stiffening by cholesterol. c Structural param-
eters, i.e., steric thickness ( D′

B
 ) and bilayer hydrocarbon thickness 

(2DC), obtained from 2H NMR lineshapes using the first-order mean-
torque model. Adapted from Ref. (Chakraborty et al. 2020)
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relevant spectroscopic time scale, which for sake of illustra-
tion we can take as ~ 10–5 s (Molugu et al. 2017). Assuming a 
value for the lipid translational diffusion coefficient of DT ≈ 
0.5 × 10–11 m2 s–1 taken from the pioneering work of Göran 
Lindblom et al. (Lindblom and Orädd 1994), together with an 
area per lipid of ⟨A⟩ = 70 Å2 and using the relation ⟨r2⟩ = 4DTt, 
we can conclude that the results are averaged over ~ 2 × 300 ≈ 
600 lipid molecules (considering both monolayers). Although 
a bilayer average, the value does not specify the actual length 
scale of the deformations, which depends on the distribution 
function of the microdomains. Little evidence of cholesterol-
induced phase separation is seen in the systems studied here 
on the 2H NMR timescale (~ 10–5 s); still, nonideal mixing 
and phase separations with fewer than ~ 600 lipid molecules 
are not precluded by the motional averaging (Molugu et al. 
2017). Lipids would need to exchange between raft-like 
microdomains and nonraft regions with lifetimes of ≲ 10–5 s 
to account for the solid-state 2H NMR spectra. In addition, the 
relaxation times are on the order of ~ 30–400 ms and so they 
are averaged over even larger distances (Brown and Davis 
1981). It follows that 2H NMR spectroscopy only places limits 
on the lifetimes of lipids in the microdomains—local stiffen-
ing is one possibility that could contribute to the averaged 
bilayer properties. Below, we will see that essentially a very 
similar picture is arrived at from analysis of the results of 
neutron spin-echo experiments.

Application of Neutron Spin‑Echo 
Spectroscopy to Lipid–Cholesterol 
Interactions

The introduction of neutron spin-echo (NSE) spectroscopy 
to lipid membranes is highly complementary to solid-state 
NMR spectroscopy, because both methods detect the mean-
square amplitudes and rates of the lipid motions (Ashkar 
et al. 2021). These techniques inform the structural dynam-
ics of lipid bilayers and their response to perturbations from 
additives such as drugs and sterols, and external forces. In 
the case of NSE spectroscopy, the Larmor precession of the 
neutron spins, contained within the magnetic coils of the 
spectrometer, serves as a timer for each neutron, and allows 
the detection of tiny velocity changes ( Δv∕v < 10–5) in a scat-
tering event, measured as a change in the final beam polari-
zation (Mezei 1972; Mezei et al. 2002; Monkenbusch and 
Richter 2007). Specifically, the precession angle is given by:

Here, � ≈ 1.83 × 108 s–1 T–1 is the gyromagnetic ratio of the 
neutrons with mn being the mass of the neutron, h the Planck 

(9)� =
��mn

h

l

∫
0

B(x)dx

constant, and λ, the neutron wavelength. In addition l is the 
length of the precession coil, B is the magnetic field, and x 
is the direction of the neutron beam. Experimentally, the 
change in polarization is measured at the sample position, 
which is directly related to the normalized intermediate scat-
tering function, S(Q,t) , as a function of Fourier time.

Applying an integrative approach, by combining the NSE 
data together with small-angle X-ray scattering (SAXS) 
results and solid-state NMR spectroscopy, we can obtain a 
comprehensive picture of how sterols control or affect the 
bending elasticity of lipid membranes. Initially the electron 
density profiles (Fig. 8a) obtained from the SAXS data are fit 
to yield the phosphate-to-phosphate (p–p) thickness, giving 
a direct measure of the bilayer structural dimensions. For di-
monounsaturated DOPC bilayers, the addition of cholesterol 
yields a progressive increase in the p–p distance, showing 
the occurrence of a greater bilayer thickness (Fig. 8a). The 
concomitant reduction in the area per phospholipid indi-
cates bilayer condensation due to cholesterol that has been 
extensively documented for saturated lipid bilayer systems 
(vide supra). Above we have concluded from solid-state 2H 
NMR data that closer bilayer packing (less free volume), 
corresponds to a larger bilayer area elastic modulus (KA) 
and greater bending rigidity (κ) for the unsaturated DOPC 
bilayer. Hence for the unsaturated DOPC and POPC bilayers, 
the findings are generally consistent with the previous results 
for saturated lipids (Martinez et al. 2002b).

In neutron spin-echo spectroscopy, the relaxation rates 
are directly related to the bending elasticity through the Zil-
man–Granek theory, in which model-free observations of 
slower NSE decays are associated with bilayer stiffening. 
The reduced NSE data set yields the normalized intermedi-
ate scattering function S(Q,t)/S(Q,0) for discrete q-values 
within the accessed q-range, where t is the Fourier time 
(Fig. 8b). The time-independent (yet q-dependent) relaxa-
tion rate is analyzed in terms of bending fluctuations, as 
predicted by Zilman and Granek (ZG). Signatures of such 
undulatory motions are manifested in relaxation spectra with 
stretched exponential decays given by (Zilman and Granek 
1996):

In the above formula, A is the amplitude of the fluctuations 
and the parameter ΓZG is a Q-dependent decay rate which 
directly relates to the bending rigidity modulus. Stretched 
exponential decays of this form are typically observed in 
NSE relaxation spectra of vesicular lipid membranes. The 
underlying physical reason has to do with the collective 
membrane dynamics, e.g., these deformations are governed 
by membrane elastic properties, such as the bending rigidity 
modulus, � . Early NSE measurements have provided direct 

(10)SZG(Q,t) = A exp
[
−
(
ΓZGt

)2∕3]
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experimental evidence that membrane bending undulations 
follow an elastic sheet model (Yamada et al. 2005).

Extraction of the bending rigidity modulus in these meas-
urements uses refinements of the original ZG theory (Wat-
son and Brown 2010), which take into account the interleaf-
let friction to interpret the relaxation rates in terms of the 
effective bending modulus, 𝜅̃ . In this notation, 𝜅̃ is related 
to the bilayer bending rigidity, � , by 𝜅̃ = 𝜅 + 2d2km where 
km is the monolayer area compressibility and d is the dis-
tance between the neutral surface and the bilayer midplane 
(Watson and Brown 2010). Fits of the intermediate scatter-
ing functions using Eq. (10) yield the decay rate, Γ(Q) at 
the various individual Q-values (Fig. 8b). With increasing 
cholesterol mole fraction the NSE decays become progres-
sively slower (Chakraborty et al. 2020), which is indicative 
of bilayer stiffening due to the presence of cholesterol, con-
sistent with the results of NMR spectroscopy.

For the case of bending fluctuations, the ZG relaxation 
rate (Hoffmann et al. 2014; Nagao et al. 2017) reads:

where �s is the solvent viscosity, kB is the Boltzmann con-
stant, and T is the temperature on an absolute scale. In this 
formula, the neutral surface (where the cross-sectional area 
per lipid molecule remains constant) is considered to be at 
the interface between the hydrophilic head group and the 
hydrophobic fatty acid chains. With this approach, values 
of the bending rigidity moduli � have been reported for 
various phospholipid membranes in liquid-disordered (ld) 
and liquid-ordered (lo) states. A direct measurement of 
membrane mechanics on nanoscopic scales thus becomes 
possible (Arriaga et al. 2009b; De Mel et al. 2020; Gupta 

(11)Γ

Q3
=

ΓZG

Q3
= 0.0069

kBT

�s

√
kBT

�

et al. 2019; Lee et al. 2010; Sharma et al. 2017; Woodka 
et al. 2012). Following this method, the calculated bending-
rigidity moduli shows ~ 3.5-fold relative increase for DOPC/
cholesterol membranes with 50 mol% cholesterol, i.e., �∕�0 
∼ 3.5 (Fig. 8c). Analogous results have been obtained for 
unsaturated POPC lipid membranes by neutron spin-echo 
measurements (Arriaga et al. 2009a, 2010), as seen for inter-
actions of cholesterol with POPC-d31 bilayers using solid-
state 2H NMR spectroscopy (Martinez et al. 2002a; Molugu 
and Brown 2016). Excellent agreement is found with the 
results of different biophysical techniques: solid-state 2H 
NMR spectroscopy, neutron spin-echo (NSE) spectroscopy, 
and molecular dynamics (MD) simulations of saturated and 
unsaturated lipid bilayers (Ashkar et al. 2021; Chakraborty 
et al. 2020) all support the essential features of the analysis 
(Ashkar et al. 2021).

Accordingly, from the results of neutron spin-echo 
(NSE) spectroscopy, solid-state NMR spectroscopy, and 
molecular dynamics simulations (Chakraborty et al. 2020), 
we infer that cholesterol stiffens both saturated and unsatu-
rated lipid membranes by well-established structure–prop-
erty relations of self-assemblies. Although solid-state 
NMR and NSE spectroscopy measure the temporal decay 
of the measured quantities, they both include the mean-
square amplitudes and decay rates (Ashkar et al. 2021). 
Clearly it is necessary to separate the mean-square ampli-
tudes from the membrane dynamics in the data reduction 
and analysis. The relaxations measured by NMR and NSE 
spectroscopy both depend on both structure and dynam-
ics and are related to elastic membrane constants, where 
the stiffening effects of cholesterol are consistent with the 
previous studies of saturated and unsaturated lipid mem-
branes (Bartels et al. 2008; Chakraborty et al. 2020).The 
results are explicable by a modified polymer brush theory 

Fig. 8   Neutron spin-echo (NSE) spectroscopy and solid-state  2H 
NMR relaxometry show nearly identical increases in bending modu-
lus of unsaturated lipid membranes with cholesterol mole fraction. a 
Electron density (ED) profiles along the membrane normal (z-axis) 
obtained from SAXS data for DOPC/cholesterol membranes, such 
that z = 0 denotes the center of the membrane. b NSE-measured inter-
mediate scattering functions on 50-nm vesicles of protiated DOPC 

membranes with 20 mol% cholesterol. Error bars represent ± 1 stand-
ard deviation. The lines are fits to the data using a stretched expo-
nential function. c Relative bending rigidity moduli (κ/κ0) calculated 
from nanoscale bending fluctuations sampled by NSE spectroscopy, 
solid-state  2H NMR relaxometry, and analysis of MD simulations. 
Adapted from Ref. (Chakraborty et al. 2020)



399Cholesterol Stiffening of Lipid Membranes﻿	

1 3

that relates the bending rigidity κ to the area compress-
ibility modulus KA in agreement with molecular dynamics 
simulations (Doktorova et al. 2019). Our interpretation dif-
fers from the previous experiments on microscopic scales 
that have led to somewhat different conclusions regarding 
the mechanical effects of cholesterol for lipids with dif-
ferent acyl chain unsaturation (Ashkar et al. 2021; Pan 
et al. 2009). As an explanation, we suggest there may be 
a length-scale and time-scale dependence of the mem-
brane elastic properties for unsaturated versus saturated 
lipid membranes (Chakraborty et al. 2020). Effectively 
the persistence length of the cholesterol-induced stiffen-
ing may be less in the case of more unsaturated lipids, e.g., 
due to nonideal mixing of multicomponent lipid systems. 
We have thus proposed that membrane elastic properties 
including bending rigidity κ scale with molecular packing, 
give rise to a universal stiffening of lipid membranes by 
sterols due to the natural selection of membrane biophysi-
cal properties (Ashkar et al. 2021).

Discussion

Cellular membrane properties entail lipid interactions with 
proteins, peptides, and sterols, and are deeply connected to 
the evolution of biophysical functions. Knowledge of how 
incorporation of these essential molecules affects acyl chain 
relaxations and collective lipid dynamics is required on 
the ps–ns timescales of protein conformational changes in 
relating biomembrane structure to function. Our integrative 
approach combining solid-state NMR measurements of lipid 
acyl chain relaxations and neutron spin-echo (NSE) studies 
of ps–ns membrane fluctuations brings out essential knowl-
edge of the functional dynamics underlying a wide range of 
biological phenomena. For instance, the ability to correlate 
segmental acyl chain relaxations near the interleaflet plane or 
near the water interface (accessed through solid-state NMR) 
with emergent membrane fluctuations (acquired through 
NSE) can shed light on the molecular mechanisms by which 
biological inclusions like proteins and sterols regulate col-
lective membrane dynamics and resultant functions. In the 
NMR studies, probe molecules that differentially sequester 
in different membrane compartments can be used to correlate 
local submolecular lipid relaxations with NSE investigations 
of collective fluctuations within selectively contrasted mem-
brane compartments (Nickels et al. 2015). Such synergistic 
investigations can provide much needed insights into the fun-
damental dynamic processes that are vital to our understand-
ing of biological functions going forward.

Our recent studies combining these two approaches have 
illuminated the need for understanding the effects of choles-
terol on the local elastic and viscoelastic properties of lipid 
membranes with various degrees of acyl chain unsaturation. 

Such investigations are key to comprehending the role of 
local membrane mechanics in a biological setting involving 
functions that occur on mesoscopic length and time scales 
of lipid–protein interactions, cell and organelle replication, 
viral budding, and membrane shape deformations. From the 
existing literature, there is a clear correlation in favor of an 
overall increase in membrane rigidity and molecular packing 
due to lipid interactions with cholesterol. The cholesterol-
induced variations in membrane mechanics as detected 
from various studies point us toward a general explanation 
of the underlying molecular interactions. Taken together, 
the various biophysical results give a more complete picture 
than with any single method, because of the likelihood of 
scale-dependent properties (Ashkar et al. 2021). Closer lipid 
packing (e.g., condensing effect due to cholesterol, less free 
volume) yields a greater energy cost of stretching or bending 
the bilayer. It is interesting that the stiffening effect due cho-
lesterol found for both saturated and unsaturated lipid mem-
branes follows the pathway of biosynthesis from lanosterol 
and retraces the molecular evolutionary history. The simul-
taneous increase in cholesterol-induced molecular packing, 
membrane viscosity, and bending rigidity (Chakraborty 
et al. 2020) indicates a molecular-level suppression of elas-
tic fluctuations that alters the local viscoelastic properties 
of the membrane for both saturated and unsaturated bilayers 
(Molugu and Brown 2016).

Local stiffening due to cholesterol in both saturated 
and unsaturated lipid membranes has clear biophysical 
significance with regards to lipid mixing in biological 
membranes, as originally considered by Erwin London 
et al. (Brown and London 1998; Veatch et al. 2008). We 
have proposed that the condensing effect of cholesterol 
together with its influences on both area and curvature 
elastic deformation all have their origin in closer molecu-
lar packing (less free volume and a reduction of molecular 
area at the lipid/water interface) (Chakraborty et al. 2020). 
Future extension to membranes with varying degrees of 
lipid unsaturation or multicomponent lipid mixtures can 
inform differences in the mechanical response of asymmet-
ric lipid membranes or domain-forming (raft-like) bilay-
ers (Brown and London 1998; Simons and Gerl 2010). 
Because of the abundance of cholesterol in eukaryotic cel-
lular membranes, these studies take on importance with 
regard to the actions of cholesterol in disorders of lipid 
metabolism associated with cardiovascular disease, cancer, 
and dysfunctions of G-protein–coupled receptors (GPCRs) 
and ion channels, as well the selective actions of antimi-
crobial peptides (Doole et al. 2022). In turn, biophysical 
properties due to lipid packing and membrane stiffening 
may have been selected during the molecular evolution 
of cholesterol from lanosterol, as recapitulated in its bio-
synthetic pathway. The bilayer stiffening due to choles-
terol may also be relevant to the formation of membrane 
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lipid rafts and the selectivity of antimicrobial peptides. In 
future applications to artificial cells and synthetic biology, 
we envision that demethylation of sterols affords a way to 
regulate bilayer curvature and flexibility and thus control 
cellular function. In addition, how cholesterol affects the 
actions of antimicrobial peptides as well as the maturation 
of viruses such as HIV and SARS-CoV-2 (coronavirus) 
remain as timely questions of urgent biomedical and bio-
physical relevance.
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