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a b s t r a c t

Salt-induced change in the structure of water molecules inside multi-lamellar vesicles is experimentally
studied with terahertz time-domain spectroscopy. The complex dielectric constant of 1, 2-ditetradeca
noyl-sn-glycero-3-phosphocholine model membranes dispersed in NaCl solution with different salt con-
centrations are measured. Structure of water molecules in the solution is characterized from the mea-
sured dielectric constant using Debye relaxation model. Combined with small-angle X-ray scattering
observation, it is found that salt-induced change of water structure, especially fast water fraction, show
strong correlation with the increase in nanometer-scale multi-lamellar repeat space. This suggests that
water could be critical in nanometer-scale membrane-membrane communications.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

In living organisms, critical biological processes such as mem-
brane fusion and secretion take place in salt solutions containing
various ions. The influence of the ions on structural change of
membranes, which is an inevitable step during the processes [1],
has been extensively studied using model membranes. For exam-
ple, ions can trigger aggregation and fusion [2,3] of vesicles and
phase separation of lipid bilayers [4,5]. The striking effect of ions
to membrane structure has highlighted that lipid-ion interactions
are important in biological processes.

Another excellent example showing the salt-induced structural
change of membranes is swelling of multi-lamellar vesicles (MLV)
in salt solutions [6]. The addition of salts to MLV modifies the force
balance maintaining the structure, and the modification can be
sensitively observed in the change of multi-lamellar repeat dis-
tance D with small-angle X-ray scattering (SAXS). Petrache et al.
[6] quantitatively explained that swelling is induced by weakening
of van der Waals attraction between lipid layers by measuring D
depending on salt concentrations. In this explanation, effect of
water molecules inter-spacing lipid layers was considered to have
minor effect due to much shorter range of hydration (1�2 Å [7])
than typical D (50–70 Å [8]).

While another researchers [9,10] agree that van der Waals
interactions play a role, some report suggested [10] that the

increase in the hydration force with the addition of salt has also
to be taken into account. More importantly, recent study [11]
reported that salt-specific lamellar swelling cannot be explained
without considering water effect. Also, there are evidences show-
ing that different hydration state is found in the phase transition
of the lipids [12,13], which imply the correlation between water
and membrane�membrane interactions. However, there is no
clear evidence correlating the hydration state of lipids and
membrane-membrane interaction in nanometer-scale space.

Terahertz (THz) spectroscopy has been proved to be a powerful
technique for characterizing nanometer-scale long-range hydra-
tion water around various biomolecules [14–16] including lipid
bilayers [17]. Also, recent study investigated changes of the nm-
sized hydration layer during the course of hydrophobic collapse
using time-resolved THz spectroscopy [18]. In the present study,
we experimentally investigate the salt-induced change in water
structure inside MLV with THz spectroscopy. Combined with SAXS
observation, we show that salt-induced change of water structure,
especially fast water fraction, is correlated with multi-lamellar
spacing increase in nanometer scale.

2. Materials and methods

DMPC lipids used in this study were purchased from Avanti
Polar Lipids, Inc. (Alabaster, AL) in powder form and were used
without further purification. The NaCl solution was purchased
from Sigma-Aldrich. The powder samples were fully hydrated
with pure water or the NaCl solutions to form 117 mM lipid

http://dx.doi.org/10.1016/j.cplett.2016.07.031
0009-2614/� 2016 Elsevier B.V. All rights reserved.

⇑ Corresponding author.
E-mail address: dahyechoi7@gmail.com (D.-H. Choi).

Chemical Physics Letters 659 (2016) 164–168

Contents lists available at ScienceDirect

Chemical Physics Letters

journal homepage: www.elsevier .com/locate /cplet t

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cplett.2016.07.031&domain=pdf
http://dx.doi.org/10.1016/j.cplett.2016.07.031
mailto:dahyechoi7@gmail.com
http://dx.doi.org/10.1016/j.cplett.2016.07.031
http://www.sciencedirect.com/science/journal/00092614
http://www.elsevier.com/locate/cplett


concentration to avoid unusual properties from arising in the par-
tially hydrated condition [19]. The solutions were vigorously vor-
texed to form MLV.

Because phase behavior of lipid solution is critical to water
dynamics [12], we investigated phase behavior of lipid solutions
with differential scanning calorimeter (Discovery DSC, TA Instru-
ments). The system is composed of a measurement cell with a
refrigerated cooling system and a computer-based controller. Ref-
erence and sample pans were placed within the cell by an auto
sampler. The phase transition temperature of the lipid solutions
were measured between temperatures from 10 to 40 �C at a heat-
ing rate of 1 �C/min.

Complex dielectric constant of fully hydrated lipids were mea-
sured using a THZ TDS system (TAS7500SP, ADVANTEST Co.) with
an attenuated total reflection (ATR) module in the frequency range
from 0.3 to 1.2 THz. In the THz TDS system, temporal form of THz
wave is recorded with and without a sample. The temporal THz
waveform with the sample experience both amplitude decrease
and time delay compared to the waveform without the sample.
After Fourier transformation of the THz waveform, we can simulta-
neously obtain both the reflectance R(x) and phase shift u(x).
Therefore, the complex dielectric constant of the sample can be
calculated directly with the obtained parameters. The detailed cal-
culation to determine the complex dielectric constant of the sam-
ple is well explained in the literature [20]. Temperature was
attached to ATR prism to control and maintain the sample temper-
ature within ±0.1 �C.

The conductivity r of lipid solutions with ions was determined
by a conductivity meter (S230 SevenCompactTM conductivity, Met-
tler Toledo Inc.).

In order to check the repeat distance D of MLV used in the
experiment, SAXS experiment was performed using the 4C SAXS
II beamline at Pohang Accelerator Laboratory (PAL). The X-ray
energy is 18.360 keV, pixel size 0.0796 mm, and sample to detector
distance is 2 m. The repeat distance D was obtained from the peak
position q (=2p/D).

3. Results and discussions

We previously reported that phase of DMPC is critical to water
dynamics [12]. First, we check the ion-induced change in phase-
transition temperature of the lipid solutions with differential scan-
ning calorimeter (DSC). The shift is from 11.8 to 21.7 �C and from
23.0 to 25.5 �C for the pre- and main phase transition, respectively
(Fig. 1). We fixed the temperature to 28 �C, at which all of the sam-
ples are in fluid phases for all measurements.

Fig. 2 presents the complex dielectric constant of lipid solutions
with different NaCl concentrations. The real part of the dielectric
constant increases monotonously with NaCl concentration for all
frequency in the study, whereas the imaginary part of the dielectric
constant shows a rather weak dependence on the NaCl concentra-
tion at low frequencies, and displays a less significant increase
with NaCl concentration at high frequencies. The observed behav-
ior is similar to the frequency-dependent dielectric response of
pure NaCl solutions in the microwave region by Buchner et al.
[21] and in the terahertz region by Jepsen et al. [22]. In the fre-
quency region studied here (0.3–1.2 THz), the dielectric relaxation
of water molecules in pure liquid water and ionic solutions is well
described with the Debye model [22–24]. Because imaginary part
of the dielectric constant of DMPC film is almost zero and disper-
sionless in the frequency region investigated in this study
[12,17], we assume that the frequency dependent dielectric
response of the lipid solutions stems mainly from the dielectric
response of the water molecules with an additional contribution
of the ionic conductivity. In the terahertz region, there are several
active mode of water molecules including dielectric relaxation
mode which is the dominating one [25]. We restrict our frequency
range up to 1.2 THz to avoid additional contributions from bending
mode (�1.8 THz), hydrogen bond stretching mode (�5.4 THz) of
water molecules and ionic cage mode (�3.6 THz and �5.4 THz)
[26] to the dielectric response. We fitted the experiment data using
a model containing two Debye terms and ionic conductivity [22] as
follows (n = 2 in Eq. (1))

eðxÞ ¼ e1 þ
Xn

i
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1� ixsi

þ i
r
xe0

; ð1Þ

where si is Debye relaxation time, Si represents the dielectric
relaxation strength with the time constant si, e1 is dielectric con-
stant at the high-frequency limit, r is the ionic conductivity, and e0
is the permittivity of free space. In our fits, the parameters in the
model, e1, si, and Si were varied simultaneously but fixing the
independently measured conductivity r. The solid lines in Fig. 2
are fit to the experiment results.

Fig. 1. DSC curves of lipids dispersed in NaCl solutions with different
concentrations.

Fig. 2. Dielectric constant of lipids dispersed in solutions at different salinities.
Black solid lines are Debye fit to the data.
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