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H I G H L I G H T S

• We discuss the first proton field-cy-
cling NMR relaxation experiments in
elasticity enhanced additivated lipo-
somes.

• A new relaxation regime for the lipid
protons is observed for the first time.

• Dramatic changes as the additive
concentration is increased are re-
vealed in the nuclear relaxation dis-
persion.

• The bending elastic modulus can be
measured using the field-cycling NMR
technique.
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A B S T R A C T

We study the molecular dynamics of lipids in binary large unilamellar liposomes suspended in D2O composed of
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) or soy phosphatidylcholine (SPC) additivated with dif-
ferent percentiles of sodium deoxycholate (SDC). We use the fast field-cycling proton NMR relaxometry tech-
nique over a wide timescale and at diverse temperatures. A model previously validated in different formulations
is here employed for the relaxometric analysis of elastic vesicles. A new dynamical regime is observed for the
first time in additivated DMPC and additivated/non-additivated SPC liposomes. This surprising feature is dis-
cussed in terms of vesicle shape fluctuations, enhanced elasticity and lipid & additive diffusion within the
membrane. The continuum elastic theory is revisited for a better understanding of recent experiments and those
here presented. We address the point of deformability measurements across rigid permeable barriers versus
measurements of the bending elastic modulus in free-standing vesicles.

1. Introduction

The elastic properties of lipid membranes can be conveniently
characterized through the bending elastic modulus κ. Reliable and non-
invasive methods to characterize the elastic properties of membranes
are attractive for both fundamental research and industrial applications
[1,2]. Elasticity directly affects the deformability of a membrane,

morphological and shape transitions, fusion, lipid-protein interactions,
etc. It is also a critical property for the formulation of ultradeformable
liposomes, and of interest for the design of theranostic liposomes for
efficient drug delivery systems and/or different imaging contrast
agents. A new method for the measurement of κ in liposome membranes
based on the fast field-cycling nuclear magnetic relaxometry technique
(FFC) was recently presented [3]. Main advantages of this experimental
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technique are the absolutely non-invasiveness and the possibility to test
nano-devices like liposomes, polymeric vesicles, etc. of any size be-
tween just a few nanometers in diameter up to several hundreds of
nanometers. This technique can also provide valuable information on
the local and collective dynamics of the assembling molecules, and
through them, on the mesoscopic properties of the membrane.

Liposomes with enhanced membrane elasticity (such as mentho-
somes and transfersomes) appear as a promising alternative for drug
administration through transdermal route [4,5]. A potential advantage
over conventional routes is the avoidance of first pass metabolism,
which decreases drug bioavailability and generate undesirable side ef-
fects [6]. An ultradeformable liposome is a vesicle that has a highly
flexible (κ ≤ 2kBT) membrane, that can be used to transport a variety of
drugs through the natural pores of the skin, due to its ability to adapt its
shape to the conditions of the environment [7–10].

Many experimental techniques have been used for the character-
ization of vesicles membrane dynamics, but most of them are only
capable of monitoring a single aspect of the dynamics and/or a very
limited time scale. In contrast, fast field-cycling (FFC) nuclear magnetic
resonance relaxometry is sensitive to molecular and sub-molecular
motions over a comparatively wide timescale, typically ranging from
10−3 to 10−9 s. The technique has been successfully applied to study
the molecular dynamics in an extensive range of materials [11], and it
can be used to study hydrated sub-micron sized liposomes in suspen-
sion. The experiment involves the measurement of the spin-lattice re-
laxation rate (R1) as a function of the magnetic field strength (B0), and
hence 1H Larmor frequency: ν0 = γΗΒ0/2π, where γΗ is the 1H gyro-
magnetic ratio.

A physical model for interpreting the FFC 1H spin-lattice relaxation
rate dispersions of large unilamellar liposomes (suspended in D2O) has
already been discussed [12–14]. So far the model was validated for
liposomes of different sizes, at diverse temperatures, and composed of a
single component (DMPC or DOPC lipids) in the ld phase [12,13], and
DOPC-cholesterol and DMPC-cholesterol mixtures [3,14]. A striking
feature is that collective order fluctuations (OF) of the lipid molecules
are an essential dynamical process that must be taken into account in
order to consistently explain the observed relaxation profiles. Since the
associated OF relaxation mechanism directly depends on κ, its value can
be obtained from the data analysis. According to this model, the re-
laxation rate R1 can be described as:

= = + + +R ω
T

A J ω A J ω A J ω A( ) 1 ( ) ( ) ( )OF OF D D R R FM1
1 (1)

Here T1 is the spin-lattice relaxation time, JOF(ω), JD(ω) and JR(ω)
are the spectral density functions corresponding to OF (due to shape
fluctuations of the vesicle), translational and rotational diffusion of li-
pids, respectively. Aj are the corresponding amplitudes reflecting the
strength of the relevant 1H-1H dipolar interactions, defined as (9/
8rj6)γ4ћ2(μ0/4π)2, where rj is the effective inter-proton distance for the
relevant dynamic process, γ the proton gyromagnetic ratio, ћ the Plank's
constant divided by 2π, and μ0 the vacuum magnetic permeability.
ω = 2πν0 and AFM is a frequency-independent term representing in-
ternal fast motions within the lipid molecules, which are not dispersive
in the explored frequency window (note that in this approach we do not
asses details of the internal individual lipid dynamics). The OF term,
that is sensitive to κ, can be written as [15]:
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where KB is the Boltzmann constant, T is the temperature, σ is the ef-
fective lateral tension, νL is the offset magnetic field due to the average
local field component along the quantization axis and τl is given by:

= + + −
+ + − + +

τ
ηr
κ

l l l
l l l l l l σ

(2 1)(2 2 1)
( 1)( 2)( 1)( )l

ν
3 2

2 (3)

In the last equation η is the viscosity of the solvent, rv the average
radius of the vesicles and lmax ≈ πrv/δ, where δ is the average distance
between neighboring lipid molecules. Details of the other spectral
densities and cross correlation couplings are not relevant for the present
discussion, and can be found in reference [12].

The main goal of this work is to analyze the lipid dynamics in
contrast with the elastic properties in additivated membranes with re-
duced stiffness (κ~ 2KBT). This is an important feature in view of the
growing interest in the study of different processes that are directly
related with membrane elasticity, especially if this can be done using
non-invasive and non-destructive techniques that may be used in a size
domain that is prohibitive to optical methods. Liposomes based on
lipid-detergent mixtures were prepared at different concentrations.
Specifically, we analyze experimental relaxation dispersions obtained
at different temperatures (303–328 K) for liposomes of radius of 50 nm,
composed of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) or
soy phosphatidylcholine (SPC) with sodium deoxycholate (SDC) added
to enhance the membrane flexibility, at concentrations of 3, 10 and
20 mol%.

As a part of this manuscript we include in the Supplementary
Material a revision of the main physical concepts involved in membrane
elasticity and instability, and we confront the concept of deformability
and determinations of the bending modulus κ from extrusion experi-
ments across solid pore membranes, with non-invasive determinations
of κ in non-perturbed free-standing vesicles at thermal equilibrium. In
addition, we analyze the potential effects of magnetic fields in de-
terminations of κ using NMR techniques. See Sections S1, S2 and S3 in
the Supplementary material.

2. Results and analysis

2.1. Validation of a new automatic fitting process for the analysis of the
measured dispersion curves

In order to progress in the study of elastic vesicles using the field-
cycling NMR technique we found important to validate a new auto-
matic procedure for the fitting of the model to the measured data here
proposed. This is an essential step in order to implement general criteria
that will be used in all the cases, with the parallel advantage of a much
faster analysis. However, in this procedure, a model is fitted to the data
using 7 parameters, thus raising the question of how meaningful that is
and how well different parameters would describe the data. It should be
stressed that we only consider this option after a step by step con-
struction of the model, based on existent dynamical processes as ob-
served and characterized using other experimental techniques. The
robustness of the model was tested for different situations and the
consistence of the resulting parameters where verified. The scanned
hyperspace of variables is defined by the most probable values for the
parameters (still, the system under study is well known, and some in-
formation can be obtained in the literature). Please observe that some
of the intervals for the parameters do not change substantially, in-
dependently of the lipid or the mixture. For a better understanding of
this point, the reader is invited to follow the analysis done in references
[12–14]. The validation procedure, described in detail in the supple-
mentary material, shows that the automatic fitting allowed us to suc-
cessfully reproduce previous results obtained through a manual opti-
mization of the model curves.

In Section S4 of the Supplementary material we compare new data
processed using the automatic procedure, with previous results ob-
tained for DMPC at 310 K. In Section S5 of the Supplementary material
we apply the new methodology to DMPC + cholesterol mixtures in
order to test the consistency and compare with previous results and
other repots obtained using different experimental techniques.
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2.2. Relaxation rate dispersion experiments in liposomes additivated with
SDC

2.2.1. Liposomes of DMPC + SDC
Experimental relaxation rate dispersion curves R1(ν0) for liposomes

of DMPC, with 0, 3, 10 and 20 mol% SDC, at 308 K are shown in Fig. 1,
and their optimal model curves are shown in Figs. 2, 3, 4 and 5, re-
spectively. Corresponding parameters are presented in Table 1. It is
possible to observe from Fig. 1 that there is no difference, within ex-
perimental error, between curves with 0, 3 and 10 mol% SDC. In con-
trast, the profile of DMPC + 20 mol% SDC liposomes has a noticeable
different dispersion.

It can be seen that there is a very good agreement, within experi-
mental errors, between experimental and model curves for the three
SDC percentages (see Figs. 2–5). The numerical values of all parameters
are within the expected range according to literature [16–26].

The bending elastic modulus κ shows a slight tendency to decrease
as the percentage of SDC increases (see Table 1). The fact that κ do not
show a large variation is consistent with other studies where

deformability and microviscosity are analyzed in similar vesicles (here
we are silently assuming that any change in the membrane elasticity
will be reflected also in the microviscosity) [27].

The diffusion constant D shows a small increase with SDC con-
centration (see Table 1). This slight increase is correlated with a de-
crease in the bending modulus. Also, it is observed that the contribution
to the spin-lattice relaxation by diffusion process decreases as the per-
centage of SDC is increased (compare Figs. 2–5), which is a direct
consequence of the fact that the contribution corresponding to order
fluctuations becomes dominant at low frequencies. A surprising feature
can be observed in these figures: the crossing point between diffusion
and order fluctuations contributing relaxation mechanisms is shifting to
lower frequencies as the SDC concentration increases. In particular, for
20% of additive, where the R1 dispersion changes abruptly, this
crossing point shifts down by more than an order of magnitude (outside
the plot in the figure). In this limit, order fluctuations completely
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Fig. 1. Comparison of relaxation rate dispersion profiles of DMPC liposomes with 0, 3, 10
and 20 mol% SDC and average radius of 50 nm, recorded at 308 K. Observe the abrupt
change in the dispersion for 20 mol%. OFD and DD stands for “Order Fluctuations Driven”
and “Diffusion Driven” (see text for explanation).
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Fig. 2. Relaxation rate dispersion of DMPC liposomes with average radius of 50 nm, re-
corded at 308 K. Experimental points are compared with the optimal model curve (black
solid line). Model curve error is shown by the two dash lines beside the black solid line.
Contributions from each type of motion are included: translational diffusion (dash line),
order fluctuations (dot line), molecular rotations (dash-dot line), and fast motions (solid
grey line). The relevant parameters are given in Table 1. The arrow indicates the crossing
point between order fluctuations and diffusion processes.
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Fig. 3. Relaxation rate dispersion of DMPC + 3 mol% SDC liposomes with average radius
of 50 nm, recorded at 308 K. Experimental points are compared with the optimal model
curve (black solid line). Model curve error is shown by the two dash lines beside the black
solid line. Contributions from each type of motion are included: translational diffusion
(dash line), order fluctuations (dot line), molecular rotations (dash-dot line), and fast
motions (solid grey line). The relevant parameters are given in Table 1. The arrow in-
dicates the crossing point between order fluctuations and diffusion processes.
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Fig. 4. Relaxation rate dispersion of DMPC + 10 mol% SDC liposomes with average ra-
dius of 50 nm, recorded at 308 K. Experimental points are compared with the optimal
model curve (black solid line). Model curve error is shown by the two dash lines beside
the black solid line. Contributions from each type of motion are included: translational
diffusion (dash line), order fluctuations (dot line), molecular rotations (dash-dot line),
and fast motions (solid grey line). The relevant parameters are given in Table 1. The
arrow indicates the crossing point between order fluctuations and diffusion processes.
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dominate the relaxation dispersion in the low-frequency end of the
measured interval. We call this limit for the relaxation regime as the
“order fluctuation driven” (OFD), in contrast with the normal regime so
far observed in different lipids where diffusion is the dominant con-
tribution at low Larmor frequencies, that is “diffusion driven” (DD).

The rotational correlation time shows-up with a slight increase in
response to the SDC content (see Table 1). Finally, AOF and AR ampli-
tudes show no significant change with the addition of detergent. Ad-
ditionally, experiments with liposomes of DMPC with 3, 10 and 20 mol
% SDC, at 303, 318 and 328 K, were made. Experimental and model
dispersion profiles are shown in Section S6 of the Supplementary ma-
terial, and the corresponding parameters of the optimal model curves
are presented in Table 2. It is possible to note a slight tendency in D to
increase, while κ and τR decrease as temperature increases, at fixed
additive concentration. On the other hand, at constant temperature
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Fig. 5. Relaxation rate dispersion of DMPC + 20 mol% SDC liposomes with average ra-
dius of 50 nm, recorded at 308 K. Experimental points are compared with the optimal
model curve (black solid line). Model curve error is shown by the two dash lines beside
the black solid line. Contributions from each type of motion are included: translational
diffusion (dash line), order fluctuations (dot line), molecular rotations (dash-dot line),
and fast motions (solid grey line). The relevant parameters are given in Table 1. The
arrow indicates the crossing point between order fluctuations and diffusion processes
(now shifted to a much lower frequency, see text for explanation).

Table 1
Parameters corresponding to optimal model curves of relaxation dispersions using Eq. (1)
for DMPC LUVs with 0, 3, 10 and 20 mol% SDC and average radius of 50 nm, recorded at
308 K (see Figs. 2, 3, 4 and 5). Here Ndata is number of measured points along the dis-
persion, Nmanual is the number of manually discarded data points, N+1avg_curve second
elimination of data points (automatic), Δ a number between 0.1 and 0.25, α a number
equal or less than Δ/3 and AVG a factor of convergence. See Section “Experimental and
methods” for details.

DMPC with different detergent content

Parameter Model value

mol% SDC ± 10% 0 3 10 20
Ndata 25 30 30 30
Nmanual 0 2 0 0
N+1avg_curve 0 2 1 0
Δ 0.155 0.187 0.182 0.180
α 0.061 0.062 0.090 0.090
κ [J] × 10−20 3.1 ± 0.6 2.5 ± 0.4 2.1 ± 0.2 1.5 ± 0.1
AOF [s−2] × 109 0.8 ± 0.2 0.6 ± 0.1 0.7 ± 0.1 1.5 ± 0.1
τD [s] × 10−5 3.6 ± 0.4 3.3 ± 0.3 2.8 ± 0.3 2.6 ± 0.8
D [m2/s] × 10−12 8 ± 1 9 ± 1 11 ± 2 12 ± 5
AD [s−2] × 109 1.3 ± 0.3 1.0 ± 0.3 0.4 ± 0.1 0.2 ± 0.2
τR [s] × 10−8 2.0 ± 0.6 2.6 ± 0.4 2.0 ± 0.3 3.5 ± 0.5
AR [s−2] × 108 0.4 ± 0.1 0.5 ± 0.1 0.7 ± 0.1 1.6 ± 0.2
AFM [s−1] 6.8 ± 0.6 7.0 ± 0.5 6.4 ± 0.4 8 ± 1
AVG 0.06 0.08 0.066 0.088
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(303, 318 or 328 K), same tendencies are observed in terms of SDC
content.

2.2.2. Liposomes of SPC + SDC
Experimental relaxation rate dispersion curves and their optimal

model curves for SPC liposomes, with 0 and 20 mol% SDC, at 305 K are
shown in Figs. 6 and 7, respectively. Corresponding parameters are
presented in Table 3. A very surprising feature is that in this case, even
in the absence of additive, the low-frequency relaxation dispersion
follows an OFD regime, in similitude to DMPC + 20 mol% SDC profiles
(compare Fig. 5 with Figs. 6 and 7). There is a very good agreement
(within experimental errors) between the model curves and data for
both additivated and non-additivated liposomes (see Figs. 6 and 7). The
numerical values of all parameters are within the expected range ac-
cording to literature [16–26].

The bending elastic modulus κ shows a slight tendency to decrease
as the percentage of detergent increases (see Table 3). The fact that κ do
not show a large variation is consistent with other studies reporting
minor changes in the membrane microviscosity [27].

The rotational correlation time τR slightly decreases in response to
the additive content (see Table 3), while AOF and AR amplitudes show
no significant change with additive concentration. In contrast, the dif-
fusion constant D shows a small increase with detergent content (see
Table 3). An OFD regime is evidenced independently of the SDC con-
centration, and the diffusion contribution to the spin-lattice relaxation
turns irrelevant as the percentage of detergent is increased (compare
Figs. 6 and 7). This effect is reflected in anomalous variations of AD and
big errors associated to D and τD. This essentially means that lipid
diffusion is not an effective relaxation mechanism anymore, and ex-
perimental curves might be analyzed in terms of a simplified model
excluding this contribution. Therefore, a simplified version of the model
was used to describe the measured dispersions, as shown in Figs. 8 and
9, by only considering order fluctuations, molecular rotations, and in-
tramolecular fast motions. No significant variations in the parameters,
within experimental errors, are observable in comparison with the full
model Eq. (1). Moreover, κ and τR can be determined with higher ac-
curacy using the simplified model (see errors in Table 3).

Additionally, experiments using SPC liposomes with (20 mol%) and
without SDC were made at 313 K. Experimental data and model curve
are displayed in Figs. S15 and S16 while the corresponding parameters
of the optimal model curves are depicted in Table 3.

It is possible to note a slight tendency in D to increase and in κ and
τR to decrease as temperature increases, at fixed detergent content. On
the other hand, at 313 K, same tendencies are observed in all para-
meters as described for liposomes at 305 K, as detergent content in-
creases. The analysis without considering diffusion process for profiles
at 313 K was also carried out and it is shown in Figs. S17 and S18.
Corresponding parameters using simplified model are displayed in
Table 3. Again, no significant changes are observed in the parameters,
within experimental errors, when compared to those obtained using the
complete model, and the parameters κ and τR can be calculated with
higher accuracy when the simplified model is used (see errors in
Table 3).

3. Discussion

The lipid molecular dynamics of DMPC and SPC liposomes ad-
ditivated with SDC were successfully described using the model of Eq.
(1). All physical parameters showed the expected tendency as a func-
tion of temperature (for increasing temperature, a decrease of the
bending modulus and correlation times is expected, while minor dif-
ferences should be expected in the spectral density amplitudes). A
simplified version of the model was proposed to describe SPC liposomes
dispersions due to a remarkable OFD regime, turning the diffusion
contribution to spin-relaxation irrelevant compared to the order fluc-
tuation process. This tendency was also observed for DMPC additivated
liposomes at the higher concentration. A direct explanation for this
behavior might be that shape fluctuations enhances as detergent con-
tent increases, thus favoring order fluctuations over diffusion, as re-
flected in the proton spin-relaxation. A word of caution should be
mentioned at this point: this result does not mean that lipids do not
diffuse in the membrane, but thermal order fluctuations become much
more effective in relaxing the proton Zeeman energy than diffusion.

An enhanced elasticity should be reflected in a decrease of κ, as
observed. However, we see that in general changes in κ due to additive
concentration are less relevant to those originated in a change of tem-
perature. For instance, κ becomes independent on the SDC concentra-
tion as the DMPC + SDC mixture approaches the superelastic limit
κ ~ KBT (see Fig. 10 and Table 2). Moreover, we can see that for 318 K
and 328 K changes in κ with the SDC content are negligible. According
to the basic statements of the continuum theory (Section S1), this
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behavior may be interpreted as a deficient coupling of the additive and
the local curvature. Consequently, the curvature instability does not
manifest at the explored SDC concentrations and temperatures: hy-
drodynamic mode amplitudes are mainly governed by KBT while ζ2/
a ≪ KBT (for a large quantity of modes, see Eq. (S18)). However, we
may consider the abrupt switch of the nuclear relaxation to an OFD
regime as an early manifestation of such kind of instability. That is, the
proton magnetic relaxation is sensitive to pre-critical effects that are
still not reflected in the mesoscopic elastic behavior of the membrane.

In spite of the fact that SDC and SPC have been established as
standard components to prepare elastic liposomes in the literature, it
was not possible to observe large variations in κ as detergent content
increases up to 20 mol%. However, the observed changes as a function
of concentration are higher than those observed for the DMPC case, at
both temperatures (see Tables), suggesting a more efficient ζ in the case
of DMPC + SDC mixture. Other authors have reported great variations
(around 80%) in κ for additivated SPC liposomes using a nonionic

detergent (around 20 mol%) [25]. In contrast, SDC as used here is ionic.
This disagreement might be due to electrostatic effects [28]. In fact,
different membrane properties (permeability, elasticity, fluidity, etc.) of
phospholipid-detergent mixtures may depend on the ionic character of
the additive [29,30]. The electrostatic contribution to the elastic
properties of a mixture has been scarcely considered in the literature
[28]. The topic deserves a more careful examination.

Obtained values of κ for unadditivated DMPC can be compared to
the values obtained by other authors. In this work, the values obtained
at 303 K and 310 K do not change within errors, being about
3 × 10−20 J. The same behavior was observed using phase contrast
video microscopy, but a value four times larger have been reported
[21]. Differences may be attributed to both the sample preparation and
the used techniques. A more general discussion on this point can be
found in the literature [1,3,28,31–34]. Particular assumptions in the
theoretical models used to interpret data obtained with different

Table 3
Parameters corresponding to optimal model curves of relaxation dispersions using Eq. (1) with and without diffusion process for SPC LUVs with (20 mol%) and without SDC, and average
radius R0 = 50 nm, recorded at different temperatures (see Figs. 5-8 and S15–S18).

SPC at different temperatures and with different detergent content

Parameter Model value

Model with diffusion Model without diffusion

mol% SDC ± 10% 0 0 20 20 0 0 20 20
T ± 1 [K] 305 313 305 313 305 313 305 313
Ndata 30 30 30 30 30 30 30 30
Nmanual 0 0 0 0 0 0 0 0
N+1avg_curve 0 0 1 0 0 0 0 0
Δ 0.15 0.15 0.20 0.20 0.15 0.18 0.18 0.20
α 0.05 0.05 0.09 0.08 0.05 0.06 0.07 0.08
κ [J] × 10−20 6.3 ± 0.8 5.1 ± 0.5 4.3 ± 0.5 3.9 ± 0.3 5.8 ± 0.2 4.7 ± 0.2 4.0 ± 0.3 3.7 ± 0.2
AOF [s−2] × 109 3.5 ± 0.7 2.7 ± 0.5 2.2 ± 0.5 2.5 ± 0.2 3.8 ± 0.2 3.3 ± 0.2 2.0 ± 0.3 2.5 ± 0.2
τD [s] × 10−5 3.6 ± 1.5 3.2 ± 1.9 2.3 ± 1.7 1.8 ± 1.4 − − − −
D [m2/s] × 10−12 8 ± 5 9 ± 8 14 ± 13 19 ± 18 − − − −
AD [s−2] × 108 1.0 ± 0.6 1.0 ± 0.6 0.3 ± 0.4 0.4 ± 0.4 − − − −
τR [s] × 10−8 3.2 ± 0.6 2.1 ± 0.4 2.6 ± 0.5 1.8 ± 0.3 3.1 ± 0.3 1.9 ± 0.3 2.4 ± 0.3 1.8 ± 0.3
AR [s−2] × 108 1.6 ± 0.3 1.7 ± 0.2 2.4 ± 0.3 2.0 ± 0.2 1.7 ± 0.1 1.5 ± 0.2 2.8 ± 0.3 2.3 ± 0.3
AFM [s−1] 9.9 ± 1.1 7.3 ± 1.2 9.8 ± 1.1 7.2 ± 0.9 9.3 ± 1.0 7.2 ± 0.8 9.4 ± 1.2 6.5 ± 0.6
AVG 0.044 0.045 0.084 0.08 0.043 0.057 0.064 0.077
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tained from the simplified model without diffusion process (black solid line). Model curve
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experimental techniques, as different needs for the sample preparation,
may affect the obtained value. Even when NMR has the benefit of being
quite non-invasive, a deeper understanding of such differences must be
carefully considered in future work.

A word of caution should be expressed about differences between
proton and 2H and 13C NMR relaxation dispersions in unilamellar ve-
sicles. While our model predicts a flatter dispersion over 10 MHz cor-
responding to local internal fast motions of the lipids for protons, 2H
and 13C show a well-defined dispersion that is observable up to
100 MHz for 2H and 200 MHz for 13C [35]. In the lipids, protons are
mainly located in the aliphatic chains, and associated to CH2 and CH3
groups. At high frequencies fast local segmental fluctuations of the
protons belonging to these groups start to be efficient for the proton
relaxation. Protons undergo into rotations, librations and vibrations
with a lower restriction in these groups. At low Larmor frequencies,
these fast fluctuations averages the dipolar interaction into a residual
“static” component that is modulated by highly correlated collective
motions and/or diffusion. In contrast, direct CeC interactions are
negligible since 13C has a much lower natural abundance. Inter-chain
CeC interactions are supposedly very scarce for the same reason and
the high mobility of the chains. However, CeH interactions, due to the
topology of the chain and the higher mobility restriction of the carbon,
still has an effective residual dipolar coupling at higher frequencies that
is modulated by collective fluctuations. This would explain why carbon
13 is sensitive to a dispersion that extends up to the high frequency-end
of the measured data presented by NB, while we do not see such ex-
tension in protons. Concerning 2H, the quadrupolar moment of the
deuterons interacts with the surviving electric field gradient (EFG) of
the bond. Even when motional narrowing can be very effective in re-
ducing the quadrupolar splitting of the spectrum, clearly relaxation is
due to the fluctuating interaction of the quadrupolar moment and the
EFG. Similarly to the 13C case, here the dynamical average leaves a non-
zero averaged EFG, and the interaction becomes modulated by those
fluctuations surviving the dynamic average, due to their collective
nature (strongly correlated versus not-correlated motions). Since the
bond is directed towards a carbon, the fluctuation has the same power
spectrum of the case of the carbon-proton pair. Consequently, the
spectral density is also the same (as the authors claim in their manu-
script).

It is also worth to mention 31P relaxation experiments using a
sample-shuttling field-cycling approach [36]. Using a free-model ap-
proach to explain the measured dispersions in diverse vesicles and
micelles formulations, the authors conclude that collective motions are
unlikely to couple to relative phosphorus-proton motion with the re-
quired amplitude, and that they are not needed to explain the observed

results [37]. According to this result, 31P relaxation is not a good
choice to assess the elastic properties of the membrane.

4. Conclusions

We have shown the potentiality of the FFC-NMR technique for the
study and characterization of elastic liposomes. The technique allows
addressing details of the molecular dynamics of the lipids over a wide
timescale, with the simultaneous possibility of measuring the elastic
bending modulus κ. The specific advantage of the experiment is the
ability to provide information on membrane rigidity and lipid lateral
mobility from the same measured dispersion, in a non-invasive/non-
destructive way.

We report a new relaxation dispersion regime that has never been
observed before in liposomes, as a consequence of adding an ionic
detergent to DMPC, and even without additive in SPC. Variations in κ
are moderate in response to the additive concentration up to 20 mol%
for the both studied cases. However, we observe dramatic changes in
the way diffusion and order fluctuations affect the proton spin-lattice
relaxation as SDC concentration is increased. In particular, the con-
centration dependence of κ close to the superelastic limit disappears for
the DMPC + SDC mixture. Changes in κ in terms of SDC concentration
are higher for SPC compared to DMPC. In contrast, changes in κ as a
function of temperature are more relevant in both cases.

A previously validated model that explains the observed relaxation
dispersion based on the molecular dynamics of lipids has been successfully
used in this study. This model allows estimating the bending elastic
modulus κ of liposome membranes non-invasively. A simplified version of
this model was proposed in cases where order fluctuations became the
dominant relaxation mechanism al low Larmor frequencies (we call it OFD
regime). This feature turned to be more evident for the SPC+ SDC mix-
ture than for the DMPC+ SDC case. No significant variations were ob-
served in physical parameters, within experimental errors, as compared to
those obtained using the complete model, and they can be calculated with
higher accuracy when the simplified model is used.

5. Experimental and methods

5.1. Automatic analysis of relaxation rate dispersions

We introduce an automatic method to interpret the experimental
relaxation rate dispersions R1 of protons in unilamellar liposomes using
the model given by the Eq. (1). That is, a method used to obtain the
optimal model curve that better describes the experimental data. This is
important to standardize the systematic analysis of the measured dis-
persion curves, while saving a huge amount of time (as previously
employed in the manual analysis).

Three relevant physical parameters (κ, τD, τR) [12], three amplitudes
(AOF, AD, AR) and one constant (AFM) emerge from the model. There-
fore, it could be said that it is necessary to determine the values of seven
parameters to calculate the optimal curve. In previous works the pro-
cedure to get that optimal curve was based on fixing the relevant
physical parameters within their most probable intervals using litera-
ture values [12–14], and then on minimizing the sum of the squared
differences between the simulated curve and the experimental data
manually. This approach worked very well although it was not very
efficient because of being a time consuming procedure. Therefore, in
order to implement an automatic methodology to treat data from dif-
ferent samples with a single criterion, the following systematic ap-
proach was adopted:

1) Manual elimination of experimental points Nmanual that are clearly
outside the tendency of the experimental curve, that is, those which
are distinguishable by being out of the statistical dispersion of points
along the measured relaxation rate dispersion. Remaining points are
R1i
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Fig. 10. Comparison of κ as a function of temperature for different concentrations of SDC
in DMPC. The system approaches the superelastic limit as temperature increases. The
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2) Random assignment of values for all the aforementioned parameters
within their most probable intervals, considering the following in-
itial restriction:
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(4)

where R1i
mod represent the model R1 values at the frequencies ν0i, re-

spectively. Δ is a number (usually between 0.1 and 0.25) calculated for
each experimental curve and it was defined as follows:
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3) Calculation of the fitting curve using the following convergence and
optimization criterion:
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where α is a number that is less or equal to Δ/3 (usually between 0.04
and 0.1).

4) Second elimination of experimental points N+1avg_curve using the
next condition:
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fitting data (7)

where σiexp is the experimental error corresponding to R1i
exp and σifitting

represents the error corresponding to R1i
mod.

5) Calculation of the new fitting curve using (Ndata − N+1avg_curve)
points under the conditions given by the Eqs. (4) and (6).

6) Steps 4 and 5 are repeated if necessary.

The validation and application of the method can be found in the
Supplementary material.

5.2. Liposome preparation

Large unilamellar vesicle (LUV) suspensions of 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) or soybean phosphatidylcholine
(SPC), were prepared using the same methodology as in previous works
[3,12–14]. Some of them were made with cholesterol (3 mol%) or so-
dium deoxycholate (SDC) (3, 10, and 20 mol%), where the detergent
SDC was used as edge activator for deformable liposomes. A lipid film
was prepared by dissolving lipid + cholesterol in 2 ml CHCl3, or lipid
+ detergent mixtures in CHCl3 + methanol. Once mixed, the solvent
was removed to yield the lipid film under a dry nitrogen flow. Lipid film
was then thoroughly dried by placing the flask on a vacuum pump for
3 h. Following hydration by adding 1.5 ml D20, the suspension was
exposed to 5 freeze-thaw cycles using liquid nitrogen and warm water
(313 K). After completing the thermal treatment, the suspension was
passed through an Avanti Polar Lipids (Alabaster - USA) mini extruder
containing polycarbonate membranes with a pore size of 0.1 μm. The
extrusion process was carried out above the main phase transition
temperature Tm. The average sizes of the obtained unilamellar lipo-
somes were determined using a Nicomp 380 High Performance Particle
Sizer (HPPS). Experiments were performed on liposome suspensions of
DMPC with 0 and 3 mol% cholesterol, DMPC with 0, 3, 10 and 20 mol%
SDC, and SPC with 0 and 20 mol% SDC, all of them in the liquid
crystalline phase. The average hydrodynamic radium was 50 nm in all
cases, and the employed temperatures were between 303 and 328 K
(± 1 K).

5.3. Relaxation rate dispersion experiments

1H relaxation rate dispersions were measured using a Spinmaster
FC2000/C/D Relaxometer (Stelar; Mede, Italy) for liposome samples of
1 ml. In all cases a polarization and acquisition magnetic fields of
0.375 T (equivalent to 15 MHz for 1H) were used. Profiles were mea-
sured within the frequency range from 30 kHz to 15 MHz (relaxation
magnetic field values). The relaxation rates, R1, were determined from
the magnetization recovery curves. Measured R1 values were not sen-
sitive to the time window over which the NMR signal was acquired
(after a 90° pulse). The spin relaxation process for all samples was found
to be mono-exponential, within errors, at all frequencies. The sample
temperature was controlled within± 1 K using the Spinmaster Variable
Temperature Controller (VTC). The VTC temperature measurement was
previously calibrated using a Cu–Al thermocouple glued into a 10 mm
NMR tube connected to a CHY 503 electronic thermometer.

It is worth mentioning that in our samples there are protons in li-
pids, in the detergent molecules (less than 12% of the total protons
population in the worst case) and eventually in HDO molecules formed
during the sample preparation. Like in the case of cholesterol mixtures,
SDC molecules follow lipids dynamics in first approximation when they
are intercalated into the lipid bilayer [14]. The contribution to the re-
laxation rate due to free molecules of HDO, as they belong to the bulk
water, is non-dispersive within the measured frequency range (and
therefore absorbed into AF). Associated HDO molecules that may ex-
change with the bulk, although an efficient relaxation mechanism, may
be considered as a second-order correction of the employed model (as
the concentration is very low). For the same reason, HDO molecules
having a long residence time on the lipid chains, can also be neglected
in a first approximation. At higher concentrations, the coupling of
bound HDO with lipid protons may offer an additional relaxation
channel. On the other hand, possible effects on the relaxation dispersion
due to detergent molecules that are not bound to the lipid bilayer were
analyzed, both in free-state (no aggregation) and after micellar ag-
gregation. Experiments showed that they are not dispersive in the
considered frequency range.

The automatic protocol for curve fitting previously described
showed to work properly, and obtained results are consistent with the
literature. The methodology resembles a least squares fitting procedure,
but in this case absolute differences between the model and experi-
mental values are minimized instead. This practice reduces the com-
puting time, while the final result is not critically dependent on this
choice. The model curve obtained with this methodology is actually a
sub-optimal curve considering that its calculation depends on the
random parameters taken in the first steps of the method. Nevertheless,
this simple approach was used since it is directly derived from the
manual procedure that has been used in previous works [12–14]. The
method may be improved by using genetic algorithms or more so-
phisticated mathematical tools, but they would also converge to sub-
optimal solutions, without major changes in the physical significance of
the result. In any case, the described approach should be refined in the
future, incorporating an efficient algorithm for the automatic elimina-
tion of experimental data points that are out of tolerance.
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