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Wepresent a structural and dynamical analysis of the influence of NaCl onmultilayer stacks
of phospholipids on a solid surface. To this end, multilayer stacks of phospholipids (L-α-
phosphatidylcholine, abbreviated as SoyPC) are investigated with neutron reflectometry,
grazing-incidence small-angle neutron scattering (GISANS) and grazing-incidence
neutron-spin echo spectroscopy (GINSES). We show both that the NaCl influence on
the structure is predominantly on water-head group interface and also, that the change in
dynamics is restricted to an associated change in the inter-plane viscosity. Using this
knowledge, it is possible to model the dynamical behavior of a phospholipid membrane in
response to a salt concentration of the solvent using only a single parameter, namely the in-
plane viscosity. The excellent agreement with our previously published model also strongly
supports the existence of a thermally excited surface mode in phospholipid membranes for
close-to-physiological conditions.
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INTRODUCTION

Phospholipids are a major constituent of the plasma membranes in the vast majority of biological
organisms. These membranes play a crucial role in a wide variety of important mechanisms and
properties from drug delivery [1] to permeability in cellular membranes [2]. In the case of the latter,
the interplay between dynamics and structure is of particular importance. The structure and
dynamics of phospholipid membranes has been the subjects of a wide array of investigations
ranging from light-scattering [2] and AFM studies [3] over X-ray scattering [4–10] to elastic [11–13]
and inelastic neutron scattering [14–17]. An overview of the interplay between structure and
dynamical behavior was published by Tanaka [18], and reviews focusing on neutron and X-ray
scattering were published by Rheinstädter and Fragneto [19], and Salditt [8]. Moreover, an overview
focused on grazing incidence methods on similar systems was given before [20].

In this study, we use elastic neutron scattering methods, reflectometry and grazing-incidence
small-angle neutron scattering (GISANS), to evaluate the structure of a phospholipid membrane
stack when NaCl is introduced to the solvent. NaCl addition introduces ions to the system and can be
understood as an approach to getting closer to physiological conditions. It can be used to separate
possible effects observed in unadulterated (i.e. in the absence of salt) in vitro experiments and
examine their applicability to real-life systems. A previous investigation on the effects of various salts
on the structure of lipid membranes found that the inter-lamellar spacing increases on addition of
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NaCl [21] However, in this work, we find that the overall
dimensions of the membranes remain stable and there is little
change in the bilayer thickness due to the salt concentration. We
attribute this difference to a different approach of data evaluation.
Hishida et al. used one single main peak position to determine the
bilayer thickness. Using inverse Fourier transform we are able to
show that an additional peak (Q � 0.05 Å−1), which appears for
higher NaCl concentrations at lower Q-values, is actually
connected to the changes at the phospholipid-water interface of
the bilayer. The same is true for the peak splitting (Q � 0.09 Å−1).
This more complicated reflectometry data probably cannot be
adequately analyzed by using only a single peak position.

In an earlier work, focusing on the grazing-incidence small-
angle neutron-spin echo spectroscopy (GINSES) technique [17],
we demonstrated the existence of a hitherto unknown surface
mode in a phospholipid membrane stack system which did not
include any salt. Here we extend this investigation to systems with
an NaCl-containing solvent, and examine the impact of the NaCl-
ions on the membrane. This surface mode we postulate in our
previous work is a long-range in-plane correlation, which is on
the order of a few hundred Angstroms (Q∼0.01 A−1) with an
energy transfer in the µeV range [16, 17, 22]. One of the questions
that we try to answer in this study is, whether this phenomenon is
only restricted to very pure phospholipid systems, or whether this
is a general phenomenon in phospholipid membranes, also at
closer to physiological conditions as described here.

The measurements presented here show that the effects of
NaCl concerning structure is mostly concentrated on the
interface between the phospholipid headgroups and the water
layer, while not fundamentally impacting on the membrane stack
nature of the samples.

Concerning the dynamical behavior such systems we show that
the description put forward in our previous manuscript for the pure
multilayer stack system also holds in case of NaCl introduction to
the system. Only the intramembrane viscosity changes. This finding
proves the existence of the previously shown surface mode being
present in the phospholipid systems. Furthermore, it increases the
predictive power of our model to systems, which are very close to
those found under physiological conditions.

MATERIALS AND METHODS

Materials
The materials used in the experiments reported here are L-α-
phosphatidycholine, 95% (SoyPC) procured from Avanti Lipids,

NaCl obtained from SigmaAldrich and D2O (99.8 atom-% D)
from Deutero.

The sample preparation was identical in all cases, irrespective
of the experiments being performed. A solution of 5 g SoyPC
in 34 g of isopropanol (pA) was prepared. This was done at
room-temperature (RT) and the mixture was shaken for at
least 20 min. This always resulted in a clear solution with a
slight yellow tinge.

In parallel, a silicon (Si) block with a neutron-resonator was
prepared by cleaning it for at least 2 h in a 2% Hellanex solution.
The resonating structure improved the scattering characteristics
in for the GINSES measurements, without impeding those in the
case of neutron reflectometry or GISANS [23]. The resonator is
a layered structure of sputtered platinum and titanium, which
provides a constructive interference for neutrons within an
acceptable windows in terms of wavelength and incoming
angle. This increases the probability of interaction of the
neutrons with the sample. For the complete procedure, we
followed the well-established protocol of our previous
publications [13, 24].

In short, 12 ml SoyPC solution was solution cast onto the
silicon block and dried overnight at a pressure of 250 mbar
at room temperature to allow for ideal self-assembly
conditions.

TABLE 1 | Summary of samples used and their respective NaCl concentrations. If
no salt was added to the sample, it was measured in pure D2O.

sample D2O/mg Salt/mg Experiment

No salt N/A Reflectometry
1 M (M : mol/L) 44,450 2,340 Reflectometry, GISANS
2 M (M : mol/L) 44,280 4,680 Reflectometry, GISANS
No salt N/A GINSES
2 M (M : mol/L) 18,015 1894 GINSES

FIGURE 1 | Sketch of the applied scattering geometry: For reflectometry
the incoming wavevector ki and outgoing wavevector kf are identical. Hence,
the total scattering vector Q is an out-of-plane vector perpendicular to the
sample surface. For GISANS, a range of scattering angles are collected
on the detector and therefore there are both in and out-of-plane components
of the Q-vector, depending on the position on the detector. In case of the
GINSES measurement, ki and kf are strictly different (incoming angle 0.2°,
outgoing angle 8°) which leads to an in-plane component of Qin-plane �
0.0072 Å−1. However, since the active detector area of 10 cm width at 4 m
sample detector distance is involved into data collection the uncertainty of
outgoing angle is 0.25 mrad, which results in the uncertainty described in
the text.
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For the measurements, the prepared Si-blocks were fixed into a
sample holder that provided a confined, water-tight space above
the sample film on the surface. Finally, D2O containing the
appropriate salt concentrations (as indicated in Table 1) were
injected into the cell.

Sample Block and Geometry
A sketch of the sample block and the resulting geometry are given
in Figure 1. It is important to note that the neutrons always
impinge onto the phospholipid sample from the silicon side, at
the solid/liquid interface. This provides an excellent orientation
of the sample and a very smooth surface for the self-assembly of
the phospholipid layer stack.

In terms of orientation a distinction must be made between the
set-up for the GISANS and reflectometry experiments versus that
for the GINSES experiment. The GISANS and reflectometry
experiments were carried out on a single wavelength
instrument, using either a reflectometry geometry, where the
Q-vector is perfectly perpendicular to the sample surface or a
GISANS geometry where the incoming angle is fixed and therefore
a set of Q-values is probed, including lateral information. GINSES
on the other hand was performed on a time-of-flight instrument
with a wavelength spread of the incoming neutrons. Since the in-
plane Q-vector is defined by the difference between the incoming
and the outgoing angle of the neutrons, and the outgoing angle and
Q-values are a function of each other, this in-planeQ-vector carries
a systematical error of 2.5 · 10−4 Å−1 due to the pixel size of the
detector (3.75 cm pixels at 4 m sample detector distance). The
impact of this uncertainty can be seen by the shaded areas in the
GINSES data in Figure 2.

GISANS and Reflectometry
GISANS and neutron reflectometry measurements were
performed on the MARIA [25] reflectometer of JCNS at MLZ,
FRM2, Garching, Germany. The temperature was controlled by a
Julabo water thermostat. Temperature calibration was done by
calibrating the Julabo temperature to a direct measurement of the
temperature of the sample block. Incident angles for GISANS
were always αi � 0.2°, with a neutron wavelength of λ � 5 Å.

GISANS and conversely grazing-incidence x-ray scattering
(GISAXS) have been established since long as valuable tools for
the investigation of surfaces and interfaces [20]. Due to the
shallow incident angle (below or close to the critical angle of
total external reflection) there is a large footprint of the beam,
which allows that a large area average is made. In comparison to
reflectometry, where the information may be extracted for
similar average surface areas, GISANS and GISAXS analyze
also non-specular intensities, which probe in-plane
correlations, such as patches along the surface, to be
investigated.

GINSES
GINSES measurements were performed at on the SNS-NSE [26]
neutron spin-echo spectrometer of JCNS at SNS, ORNL, Oak
Ridge (TN), USA. Temperature was controlled by a Julabo with a
temperature sensor directly connected to the Si-sample block.
Also here, the incident angle was set to αi � 0.2° as well. The exit
angle was 8°, which leads to an in-plane scattering vector of
Qin−plane � sin(αf − αi

/

2) × Qtotal � 0.0072 Å−1.
There are two aspects for using a grazing incidence geometry for

neutron spin-echo spectroscopy (NSE): 1) Since incoming and

FIGURE 2 |GINSES data for sample without (left panel) salt and a sample with a 2 MNaCl concentration in the solvent (right panel). The black lines represent the
data either calculated from fits in our previous publication [17]. The shaded areas represent the confidence areas using the uncertainties for the in-plane Q. The extremely
good correspondence, even without a fit (see text) corroborates our earlier and current use of the Romanov layer model and the existence of the surface mode shown in
our previous publications. The very fast decay for short times in the case of a 2 M NaCl concentration we attribute to a facilitated sliding of the membrane layers
against each other for short times.

Frontiers in Physics | www.frontiersin.org May 2021 | Volume 9 | Article 6282193

Jaksch et al. NaCl Influence on Phospholipid Membranes

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


outgoing angle are not identical, very small in-plane Q-values are
accessible (see Figure 1), which are usually hidden to NSE, due to the
rather large primary beam, and the detectors usually not being able to
work under full beam conditions. The other reason 2) is to exploit the
same advantages in surface scattering as GISANS and GISAXS,
namely averaging over a large surface area and thereby enabling
the investigation of films and interfaces. The authors gave an
extensive overview of the technique in a previous publication [23].

Inverse FFT
The inverse FFT analysis used in the present data analysis is based
on a self-written code by the authors using the approaches
presented by Stroud and Li [27, 28]. While the resulting fits
reproduce the data extremely well, due to boundary condition
effects this method obtains most of the resulting neutron
scattering length density (SLD) data directly from the area
around the peaks. Accordingly, although the shape of the

individual multilayer is well reproduced, no information about
the layer-to-layer distance is included. This information is then
obtained by the classical use of the peak position.

RESULTS

The results are split in sections for GISANS/reflectometry and
GINSES to make a distinction between structural and dynamic
behavior, which is investigated with the different measurements.
As an overall observation it can be stated that the stacked, lamellar
nature of the phospholipidmembranes, as was reported also in earlier
investigations, is rather stable. The investigated salt concentrations of
1 and 2M NaCl do not drive the system into a non-lamellar phase.

Reflectometry
Representative neutron reflectometry data is shown in Figure 3
and Figure 4. The most apparent feature is that for the 1 M salt

FIGURE 3 | Reflectometry data of SoyPC samples with 1 M (left panel) and 2 M (right panel) NaCl in the D2O solvent. The black lines represent fits obtained by
inverse FFT analysis, while the red lines represent Gaussian fits to determine the correct peak positions. The curves are shifted along the intensity axis for clarity of the
representation.

FIGURE 4 | Reflectometry data for different NaCl concentrations at
physiological temperatures. The curves are shifted along the intensity axis for
clarity of the presentation.

FIGURE 5 | Double layer distances d from reflectometry data over
temperature. The error bars are vanishingly small for the 1 M NaCl
concentration.
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concentration there is little distortion of the primary peak (Q ≈
0.09 to 0.1 Å-1) of the lamellar order, while in case of the 2 M
concentration, this peak is split into two peaks (Q ≈ 0.09 Å-1 and
Q ≈ 0.12 Å-1). Moreover, an additional peak appears closer to the
primary beam position in case of 2 M (Q ≈ 0.05 Å-1).

In order to analyze the double layer thickness, we analyzed
the peak positions of for the 1 M salt concentration and the
peak position of the corresponding forward peak for the 2 M
concentration. Both the peak positions and the resulting double
layer thicknesses d ( d � 2π/Qmax

, where Qmax is the position of
the peak maximum) are given in Figure 5. The 1 M salt
concentration is consistently slightly thicker (compares to
60 Å in the case of pure water at 37°C [13]) at about d �
68 Å vs. d � 64 Å for 2 M NaCl. The consistent change over
temperature follows a phase diagram as already measured for
the samples without salt, exhibiting the stacked tail region
below 25°C, a coexistence phase of liquid and stacked tails
above 20°C and a fully gel like/liquid tail region above 30°C,
which also very well compares to literature values for similar
samples without salt.

The more complex structure at the 2 M salt concentration
necessitated an inverse Fourier transform algorithm for analysis
of the reflectivity data. Previous attempts to use the Parrat
algorithm for the data analysis only worked for the condition
1 M, but were unsuccessful in finding a solution that was both
algorithmically stable, in combination with the physical
assumptions about the SLDs and thicknesses in the model, as
well as describing the data fairly well. The resulting SLD profiles are

shown in Figure 6. From those data it is apparent the thickness of
the single lipid layer is constant with respect to temperature. The
most pronounced difference is visible for the water/lipid interface,
where the headgroup of the phospholipid is located. There a
pronounced step is visible for the 2M NaCl sample at low

FIGURE 6 | SLD profiles determined from reflectometry data via inverse FFT analysis; (A): 2 M, lowest and highest temperature zoom-in. The water area (D2O SLD
� 6.3 10−6 Å−2) is shaded blue, the area where chlorine ions are enriched is shaded green, the area where sodium ions interact with the phospholipid head groups,
causing a temperature dependent coordination is shadedmagenta and the area of the hydrocarbon tail (C10H22 SLD � −0.49 ·10−6 Å−2); (B): 2 M all temperatures, (C): all
concentrations 1 and 2 M at 16.4°C, salt-free at 37°C; (D): all concentrations 1 and 2 M at 37.1°C, salt-free at 37°C. Upper limit in all cases is 6.3 10−6 Å−2 for D2O
and −0.49 10−6 Å−2 for the pure hydrocarbon tails of the phospholipids. Curves are shifted against each other for better visibility.

FIGURE 7 | Representative GISANS images of samples with 1 M NaCl
(A: 16.4°C and B: 37.1°C) and 2 M NaCl (C: 16.4°C and D: 37.1°C).
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temperatures, while there is an additional undulation in case of
high temperatures. The 1 M NaCl sample and the sample without
salt do not exhibit this additional step, but have a single step
between the SLD of the phospholipid andwater region respectively.

GISANS
In addition to the reflectometry measurements probing structure
information along the surface normal, GISANS measurements
allow to probe in-plane features [29]. Such in-plane features could
hint at an additional order or a phase transition in the in-plane
direction. Representative GISANS data are shown in Figure 7.

In the GISANS data, the only off-specular features are Debye-
Scherrer rings. This observation clearly indicates, that apart from
a slight disordering of the membrane stack in-plane, there is no
structure formed upon the addition of NaCl salt. The additional
secondary peak slightly above the primary lamellar peak is more
pronounced at low temperatures. For 1 M salt concentration it is
hard to be distinguished and only visible at low temperatures,
while it is more pronounced and visible at all temperatures for the
2 M salt concentration. In addition, the secondary lamellar peak is
visible. This secondary peak is extremely weak, but still an
excellent guide to find the correct lamellar distance. For such
a weak peak, splitting is impossible to see, so we use it only to
identify the primary peak position, which otherwise is challenged
by the additional splitting. This approach also helps to identify
the correct peak position for the reflectivity data, which is
apparently the one at lower Q-values. The distances extracted
from vertical line cuts of the 2D GISANS data (Figure 8) confirm
the distances obtained from the reflectometry data.

One difference between the reflectometry and vertical line cut
data is the relative intensity of the secondary peak, which we
attribute to the peak-splitting caused by SLD-variations close to
the head-group of the phospholipids. Due to the different
collimation conditions for reflectometry and GISANS the
interplay between those two peaks is considerably more
complex in the GISANS case, where an overlap of the two
peaks occurs due to no collimation slits after the sample. This

leads to a slight apparent shift of those peaks, as well as to a
difference in relative intensity when compared with the peak at
lower Q-values.

GINSES
In the GINSES measurements, we compare measurements of
SoyPC membrane stacks without NaCl in the D2O solvent, and
those with a 2 M NaCl concentration.

The respective data is shown in Figure 2. Both experiments
were performed at physiological temperatures (37°C) and, apart
from the presence of salt in the solvent, identical conditions with a
scattering vector of Q � 0.106 Å-1 and an in-plane scattering vector
of Qin-plane � 0.0072 Å-1. It is immediately apparent that the most
prominent feature is the fast decay below τ � 1 ns for the sample
with the 2M salt concentration. We are able to fit the data with
exactly the same parameters as in our previous publications for
both samples [16, 17]. This evaluation was based on a theory by
Romanov et at [30] and treated themembrane stack as a number of
elastic layers close to a solid substrate, where wave modes govern
the dynamic behavior of the membrane.

Romanov et al. solved the coupled equations of motion for
infinitely thin membranes adjacent to a solid substrate, based on
the assumption of a smectic liquid crystal, where thermal
fluctuations (displacement forces), restoring forces and
coupling between the membranes were considered. The
coupling between the membranes was effected by elastic and

FIGURE 8 | Vertical line cuts of the 2D GISANS data, taken at Qy � 0 for 1 M (left panel) and 2 M (right panel) NaCl concentration. Black lines are Gaussian fits to
extract peak positions. Curves are shifted along the intensity axis for clarity of the presentation.

TABLE 2 | Parameters used to calculate curves for the GINSES description. Only
viscosity is fitted. Within the errorbars, the remaining parameters returned to
the given values taken from the previous publication.

parameter No salt (reproduced
from previous paper)

2 M NaCl

B/Pa 3.4 106 3.4 106

γ/N m 0.01 0.01
η3/Pa s 0.00765 0.0023 ± 0.00044
κ/kB T 22.4 22.4
d/Å 60 60

Frontiers in Physics | www.frontiersin.org May 2021 | Volume 9 | Article 6282196

Jaksch et al. NaCl Influence on Phospholipid Membranes

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


viscous forces, which then related to the bulk viscosity and
compressibility. NB, the bulk viscosity is different from the
layer sliding viscosity η3, which was the layer sliding viscosity
of the membranes along each other.

The only parameter that changed between the two fits is the in-
plane viscosity η3. All other parameters were directly taken from
our previous publication and are shown in Table 2. These
parameters were not fitted, however if left free reverted to
similar values. Thus, the difference in dynamic behavior can
be attributed solely to a change in the viscosity of the system along
the membrane surface. The value of η3 � 0.0023 Pa s is
approximately a third of the value for the salt-free system.

DISCUSSION

We investigated the influence of NaCl salt concentration on the
structure and dynamical behavior of phospholipid membrane
systems (SoyPC) using neutron reflectometry, GISANS and GINSES.

Concerning the structure, the major impact of introducing
NaCl into the system happens around the headgroup of the
phospholipids. While for 1 M salt concentration the splitting
of the primary lamellar peak is still difficult to be distinguished
in the reflectometry data, in GISANS the splitting is more
prominent, due to the different collimation conditions. We
attribute this splitting to the onset of enrichment of ion-
counter ion pairs along the head groups of the phospholipid.

Increasing the NaCl concentration to 2M leads to a very
prominent peak splitting and we find an enrichment of ion-
counter ion pairs at the interface between the phospholipid and
the D2O. This finding is corroborated by the temperature behavior
of the SLD-undulation at the interface. Themuch smaller ions are a
lot more mobile at higher temperatures, leading to a more
distinctive ion-counter ion pair at higher temperatures causing a
sharper contrast than at lower temperatures. A similar behavior has
been observed in MD-simulations, where the sodium ions were
mostly located at the head group of the phospholipid and the
chlorine ions were mostly located in water directly adjacent to the
phospholipid layer and did not change the overall structure of the
membrane [31, 32]. The increase of the layer thickness upon
addition of NaCl to PC multilayers, as reported in another
study, cannot be confirmed by our data [21]. We assume that
the change in thickness was attributed to the choice made which of
the two split peaks was chosen for a simple single peak to double
layer thickness correlation in the previous work. In the present
work, however, we show that this splitting can be attributed to the
difference in structure of the interface, due to the NaCl ion-counter
ion pairs at the head groups of the phospholipids, and that it is not
necessary to include an additional assumption about double layer
distance to interpret the data, which is continuously evolving with
temperature in a manner consistent with literature [33–35]. The
change in thickness as can be expected from the phase changes
(essentially a phase transition of the tail groups from liquid
crystalline to liquid) is as pronounced (approx. 4 Å in each
instance) as is the effect of the NaCl concentration.

We attribute the more pronounced difference between low
and high temperature concerning the structure close to the head

group-water interface, which is nearly negligible for 1 M NaCl
concentration and only visible for the 2 M NaCl concentration to
the more pronounced coordination as reported by Böckmann
et al. [31]. Not only does this make a the more pronounced
wriggling (instead of the nearly box-like profile for 1 M NaCl) at
2 M NaCl better understandable, but also the temperature
sensitivity, since the coordination as such is a transient state
and therefore more sensitive to thermal excitation.

The GINSES results corroborate the findings from our previous
publication, in that without additional fitting the case of the salt-
free sample can be reproduced within the experimental
uncertainty. In addition, by only adjusting the in-plane viscosity
η3 to a lower value, the measurements of a sample with a 2MNaCl
concentration are reproduced very well. This compares to bulk
values from literature, where the viscosity of pure water also
changes upon the addition of NaCl from 1.002 Pa s to 1.250 Pa s
for a 2M salt concentration [36]. Thus, it can be seen, that even
though the viscosity for bulk water increases, the interface effect
seems to dominate, such that the sliding of the membranes against
each other is facilitated by the ion-ion interaction and the in-plane
viscosity decreases. In addition, a higher coordination as reported
by Böckmann et al. [31] for higher NaCl concentrations improves
the in-plane ordering, which might facilitate the sliding of two
membranes against one another. Since the bulk viscosity of water is
changing a lot weaker than the in-plane viscosity, and in the
opposite direction, we assume this a structural effect due to the
influence of the ordering of the membranes.

This allows also to understand the interplay between the dynamics
and the structure of the sample. Since the NaCl ion-counter ion pairs
are located at the water-phospholipid interface they can also be
expected to have a profound impact of the viscosity of these layers
against each other. Essentially, they decrease the resistance of the
water layer against sliding along the phospholipid layer.

Due to experimental limitations (each GINSES curve takes
3–4 days without setup) we are not able to test this behavior as a
function of temperature, but from the present data it seems reasonable
to assume that the location and interpenetration of the phospholipid
headgroups and the ion-counter ion pairs change their mobility in the
surface as they also change their spatial arrangement.

Summarizing, this study shows both the influence on the
structure of phospholipid membranes upon the addition of NaCl
salt. The principal effect of salt addition is the incorporation of ions
close to the headgroup-water interface, which is to be expected, since
there they find the highest charge density in the overall system. This
is in line with the very short ranged dipolar field of the zwitterionic
head group that is barely shielded by NaCl ions on long ranges but
has short range compensations [37] compared to isolated ions in the
Debye-Hückel [38] theory (κ−1 � 2.2 Å). So the only effect of the
NaCl ions is on the viscosity of the water and only weakly changes
the dipole field effect on the bending rigidity in contrast to simply
charged head groups [39, 40]. This can be understood as the small-
scale analogue of rough surfaces sliding against each other. As soon
as the roughness of the surface is overcome by a lubricant, even if this
effect is small compared to the overall thickness, there is a profound
impact on the overall system.

This behavior has also been observed in MD simulations [31].
Such a change in the structure, and the location of the ions, then
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lead to a distinctly different dynamic behavior. The previously
postulated dynamic surface mode is still present and can be
reproduced in our newer measurements. Moreover, by changing
only the in-plane viscosity and keeping all other parameters
constant, the behavior of the membrane can be correctly
described. This finding strongly supports both the existence of
the surface mode and their description and treatment using the
Romanov theory.

It is interesting to speculate, what impact this surface mode has
on the in vivo behavior of biological membranes. Since this surface
mode seems to be universally present and the Romanovmodel also
develops predictive powers. The extent to which suchmodes play a
role in the functioning of living organisms is intriguing and
warrants and requires substantial further research.
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