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Abstract. We employ molecular dynamics simulations to study the hydration properties of Dipalmi-
toylphosphatidylcholine (DPPC) bilayers, both in the gel and the liquid crystalline states. We show that
while the tight hydration centers (PO and CO moieties) are significantly hydrated in both phases, the
gel-fluid transition involves significant changes at the second hydration shell, particularly at the buried
region between the hydrocarbon tails. Thus, while almost no buried water population exists in the gel state
below the carbonyls, this hydrophobic region becomes partially water accesible in the liquid crystalline
state. We shall also show that such water molecules present a lower H-bond coordination as compared
to the molecules at the primary hydration shell. This means that, while the latter are arranged in rela-
tively compact nanoclusters (as already proposed), the buried water molecules tend to organize themselves
in less compact structures, typically strings or branched strings, with a scarce population of isolated
molecules. This behavior is similar to that observed in other hydration contexts, like water penetrating
carbon nanotubes or model hydrophobic channels or pores, and reflects the reluctance of water to sacrifice

HB coordination.

Introduction

Water is the essential solvent that stabilizes the struc-
ture of cell membranes and proteins. Although several ev-
idences are available confirming that water is a component
of membrane structure, its possible functional role has not
been considered in detail on thermodynamic and modelis-
tic grounds [1]. Most of the processes in biological mem-
branes have been analyzed under the paradigm that the
lipid bilayer, formed by a hydrocarbon core hidden from
water and polar head groups facing the aqueous phase,
is a static, low dielectric slab impermeable to ions and
polar solutes [2,3]. On the other hand, membranes have
been proposed as responsive structures in the sense that
they may “react” to the presence of different compounds
in the aqueous media adjacent to the membrane (effec-
tors) [4]. However, in this picture water is not considered
as a necessary component of the membrane involved in
its response to physical chemical changes in the surround-
ing media. Instead, the proposal that water may be the
key to modulate global and specific interactions between
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biomolecular surfaces can be justified on biological and
physicochemical grounds. The biological reason is given
by the fact that water should be present in living systems
in a liquid state. Although cells and tissues can be pre-
served dry in the presence of compounds that mimic wa-
ter, restoration of liquid water is essential for cell growing,
metabolism and signal response [2,5,6]. From the physic-
ochemical view point, such requirement stems from the
fact that water is the only compound that is able to buffer
free energy changes due to its high surface tension. Taken
together, both reasons imply that water is a dynamic con-
stituent in membranes that may act as anthenna for bi-
ological signals to control activities of membrane-bound
enzymes and to trigger cell recovery and survival in stress
processes [7]. This hypothesis is based on the fact that the
thermodynamic activity of water at the lipid-water inter-
face determines the surface pressure (surface tension) of
the lipid interface. Modulation of surface pressure via wa-
ter activity may affect the interaction of aminoacid motifs
found in peptides and proteins acting as signals or effec-
tors on cell membranes and the activation or inactivation
of interfacial enzymes [8,9].

In pure water, molecules in the surface lose the tetra-
hedral coordination they have in bulk water, giving place
to a high surface tension as a result of non-compensated
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hydrogen bonds. This uncompensation creates an excess
of surface free energy that decreases when lipid molecules
are added to the surface to form a monolayer. At a surface
pressure of 4245 mN /m phospholipid monolayers collapse
and this excess disappears turning the interphase unre-
sponsive to effectors added to the subphase. The critical
surface tension in monolayers (cut off pressure) at which
no response in terms of surface pressure changes are ob-
served when enzymes, proteins or lytic components are
added underneath the monolayer has been related to the
excluded volume of water around the head group that
has no solvent properties. This excluded volume of the
lipids is ascribed to the primary hydration shell of the
head groups which can be displaced only by H-bond com-
pounds that mimic water structure, such as sugars and
polyols after drastic procedures of dehydration [10,11]. In
contrast, changes in surface pressure are observed by the
addition of aminoacids, peptides or proteins to the sub-
phase if monolayers are at lower surface pressures with re-
spect to that of collapse. The lowering of surface pressure
at which the response is produced implies the presence of
an excess of water beyond that primary hydration shell
of the phospholipids. This water population identified as
second shell is water confined beyond the hydration shell
of the phospholipid head groups [7,11,12]. The relevance
of water organization at this level is not known and pos-
sibly it may be a link between stressed states governed
by lateral pressure in the membrane as a mechanochem-
ical device and by osmosis [13]. The response in surface
pressures below the critical one is expected to be related
to the particular organization of the water molecules hy-
drating the membrane [8,14]. To feature these states, the
membrane should be defined as a thermodynamic system.
This is to say that the hydration levels should be consid-
ered in the generation of regions with an excess of surface
free energy that would be responsible for triggering the re-
sponse to biological effectors [4,15]. The thermodynamic
state of this second shell hydration water can be charac-
terized by the water activity determined by the activity
coefficient which depends on the structural organization
of the hydrogen bonds the water molecules establish be-
tween themselves and with the lipid groups. Such water
arrangements in restricted environments (defined in time
and space, and according to their H-bond coordination)
would conform informational units that may be involved
in membrane response. Due to the great variation in lipid
composition giving place to versatility, one would expect a
number of water configurations giving place to versatility,
cooperativity and synergisms [10]. A similar proposal has
been made for proteins [16,17] and water clusters neces-
sary for preserving living structure has been proposed as
dessicons [18].

In a previous paper, it was observed by Fourier Trans-
form Infrared spectroscopy that the bands corresponding
to bulk water were modified in the presence of membranes
in the gel state and membranes in the liquid crystalline
state [19]. The deconvolution of the water bands denoted,
at least, five populations of water species. At a first ap-
proximation it is possible to assign each band to waters
forming 0, 1, 2, 3, 4 hydrogen bonds. However, each band
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is broad enough to interpret that several configurations
of water with the same number of H bonds contribute to
them. These water populations can be the average of those
formed between water themselves and with the membrane
groups [19]. This would account for multiple arrangements
of H bonds around a mean value of energy. Whether these
configurations are H bonds between water molecules them-
selves facing hydrocarbon regions or with residues such
as CO or PO is a matter of study. In this regard, the
water bands were correlated with a redistribution of hy-
drated and non-hydrated carbonyl groups [20]. This indi-
cates that changes in the hydration of the lipid moieties
are concomitant with changes of the water arrangements
at the adjacence of the membrane. However, how many
water molecules are involved in each configuration is ig-
nored.

On the basis of the above expounded scenario, it be-
comes essential to gain a detailed insight on water orga-
nization at the lipid/water interphase by classifying wa-
ter molecules in each residue of the lipids (both at the
hydrophilic and hydrophobic regions) and clasifying the
hydrogen-bond coordination of such water molecules so
as to determine the way in which membrane water ac-
cumulates excess free energy to drive the interaction of
effectors with the membrane.

Methologies
Simulation details

Dipalmitoylphosphatidylcholine (DPPC) bilayers were
simulated by means of AMBER]12 package [21]. The bi-
layer was composed of 128 DPPC molecules (64 per mono-
layer in a 8 x 8 arrangement). The initial separation be-
tween DPPC was 9A in a triangular arrangement. The
membrane was stabilized at 323 K for the liquid crystalline
state and at T' = 298 K for the gel state and solvated with
a total of 10443 TIP3P water molecules (which means
around 81 water molecules per lipid) in order to assure
that the system was fully hydrated. Solvation was done
along the Z axis and the system was subjected to peri-
odic boundary conditions along the (X,Y") plane. All the
atoms of the bilayer were fixed during minimization and
temperature and pressure stabilization. The minimization
was carried out in two steps, both at constant volume. In
the first step we minimize the solvent, keeping fixed the
membrane, and then release it and minimize the entire
system. After stabilizing the system temperature using
the Langevin thermostat and keeping fixed the bilayer, we
proceeded to equilibrate the dimensions and density of the
system. Then, all restraints were removed and the bilayer
was free to establish a lipid-lipid equilibrium distance. Af-
ter 50 ns equilibration, an area per lipid of around 62 A is
obtained for the bilayers at T' = 323 K, a result consistent
with experimental values [22]. Both equilibration and final
production data used a NPT assembly, with the SHAKE
activated for bonds with hydrogens.

Calculation of the number of water molecules per lipid
was obtained after equilibration of the bilayers. This was
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Fig. 1. Snapshop of one of the simulation runs displaying the
lipid bilayer and the water molecules that are proximal (first
neighbors) to the lipid chains. For the sake of clarity, we omit
the rest of the water molecules of the simualtion box.

performed by counting all the water molecules whose dis-
tance to the lipid is lower than certain threshold value
(chosing a cut off of 4.5A). This procedure includes
molecules hydrating the exposed polar heads and also wa-
ter molecules that have penetrated the bilayer. The num-
ber of water molecules per lipid in the liquid crystalline
state at this temperature is 23.2 (while it amounts to
18.3 if we use a threshold of 4.0 A instead). This value
is consistent with experimental findings [23]. To further
classify water molecules we define water content around
lipid groups in a way such that each water molecule is ex-
clusively assigned to its first lipid neighbor group (thus,
a water molecule that might be considered neighbor to
more than one different lipid group according to a dis-
tance criterion, is here exclusively assigned to its closest
lipid group so as to be counted only once). For example,
each CH of the choline roughly has 6 water molecules in a
sphere of 4.5 A in the liquid crystalline phase, but only 2
are first neighbors while the others are first neighbors of
other groups. Figure 1 shows a snapshop of a simulation
run displaying both the lipids and their first neighbor wa-
ter molecules. All other water moleucles of the simulation
box are omitted for clarity.

Quantifying local hydrophobicity

A simple very appealing measure of local hydrophobicity
is provided by the quantification of water density fluctu-
ations [24,25]. Water density fluctuations at differently
functionalized self-assembled monolayers (SAMs) have
been characterized demonstrating that hydrophobic-like
surfaces present much larger density fluctuations than the
ones displayed by hydrophilic-like surfaces, thus provid-
ing a good quantitative measure of hydrophobicity [24,25].
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Normalized fluctuations of water number density, o2 /(N)?
in small observation volumes (where N is the number of
water molecules within such volume) are approximately
equal to 2u°* /KT, where p®* is the free energy of formation
of cavity of such radius [24,25]. Thus, a high value of the
normalized density fluctuations at a given place indicates
a favorable work of cavity creation at such place and, thus,
a high hydrophobicity. In this work, water density fluctua-
tions at the head groups of the phospholipid membranes in
comparison, density fluctuation on self-assembled (alkane-
like) monolayers (SAMs) functionalized in order to be hy-
drophobic or hydrophilic (chain heads with CHs or OH
groups respectively) are evaluated. At variance from the
previous settings where the alkyl chains were rigid [24-27],
in the present studies the chains will be flexible and, thus,
water density fluctuations within observation spheres cen-
tered at the heavy atoms of the groups of interest which
thus move with the atom are calculated. The probabil-
ity distributions for observing N water molecules, p(N),
within a small spherical observation volume of radius 4.0 A
centered at the C of the methyl heads of the hydropho-
bic SAMs, at the O of the alcohol head groups of the
hydrophilic SAMs [24-27] and at different heavy atoms of
the head groups of the phospholipid membranes are calcu-
lated. A high probability of having zero water molecules in
the observation domain, and thus a high value of density
fluctuations, implies an enhanced propensity for dehydra-
tion or high hydrophobicity.

Results

In fig. 2, water populations around membrane groups in
the gel (black bars) and in the liquid crystalline (grey
bars) state are compared. Direct inspection shows that
all the lipid groups increase their hydration in the liquid
crystalline state as compared to the gel state. The overall
number of water molecules per lipid is 23.2 for the liquid
crystalline state while it amounts to only 10.0 molecules
for the gel state. It is thus evident that there is a rela-
tive difference in water content between the two phases
at the head group region with different magnitudes at the
cholines, the phosphate and carbonyl oxygens. However,
the most important changes are found at the regions close
to the carbonyl groups (but not at the carbonyl them-
selves), identified as the second hydration shell and the
buried water region. The relative difference in water pop-
ulation between gel and liquid crystalline states at these
non-polar regions is very significant. Namely, the water
content at the O and C atoms from O4 to O6 and from
C3 to C5 is drastically reduced in the gel state as com-
pared with the liquid crystalline state. More notably, this
figure shows that virtually no water population is found
for all the carbon atoms from C6 to C16 in the gel state,
while a non-negligible water content is exhibited by these
atoms in the liquid crystalline state. This means that while
almost no buried water population exists in the gel state,
the hydrocarbon chains become partially water accesible
in the liquid crystalline state. However, the water content
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Fig. 2. Populations of water molecules around lipids in the gel (dark gray bars) and in the liquid crystalline state (light gray

bars).

0.8

Fig. 3. Distribution of H bonds around the different head
groups (P(Ng)) in the liquid crystalline (top) and gel (bottom)
phases: Dark continuous line for O3, dark dotted line for O2,
gray continuos line for O8 and gray dotted line for O7 groups
of atoms.

is low, thus indicating only partial hydration and transient
water molecules.

In fig. 3 the distribution of hydrogen bonds of water
molecules in the different lipid groups in both the liquid

crystalline and gel states is analyzed. It is observed that
two H bonds are found for the oxygens of the phosphate
(from the roughly 6 water molecules that are found around
each phosphate within a distance of 4.5 A) Thus, both
oxygens of the phosphate group of the lipid chain saturate
their H-bond capability and possess two kinds of water
molecules: directly bound by H bonds and non-bonded
molecules. In turn, the carbonyl group of the sny chain
forms only one H bond with water molecules, while the
CO of the sn; chain is mostly not hydrogen bonded and
thus, is not significantly hydrated. This is consistent with
experimental findings [20]. The similarity of the curves in
both the liquid crystalline and gel states speaks of the fact
that the H-bonded water molecules are not lost upon the
liquid to gel transition.

In fig. 4a we show how the different water species (ac-
cording to the types of H bonds they form) are distributed
in the groups of the membrane both above and below the
transition temperature. The sequence WPC indicates the
number of H-bonds the water molecule forms with other
water molecules, PO and CO, respectively. For instance,
100 denotes one H-bond with water and none with PO
and CO; 210 indicates two H-bonds with water, one with
PO and none with CO; 301 means three H-bonds with
water, none with PO and one with CO, and so on. It is
observed that most of the water molecules form three H
bonds with other water molecules (300 species). A lower
number of water molecules form 2 or 4 water-water H
bonds. Finally, a much lower amount of water molecules
bound to phosphates (110, 210 and 310 species) is found. If
we classify water molecules by the total number of hydro-
gen bonds they form (regardless these H bonds are water-
water or water-lipid H bonds), the lipid hydration water
would present a distribution very similar to that of bulk
water (data not shown). This distribution would be dom-
inated by the water molecules at the polar head groups,
since the population below the CO moieties is low. In turn,
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Fig. 4. Different water species distributed around the different groups of the membrane, indicated according their H-bond
partners. The sequence is called WPC, where the three digits indicate the number of H-bonds it forms with other water
molecules, PO and CO, respectively. For instance, 100 denotes one H-bond with water and none with PO and CO, 210 indicates
two H-bonds with water, one with PO and none with CO, 301 means three H-bonds with water, none with PO and one with
CO, and so on. Black bars: Liquid crystalline state; light gray bars: Gel state. a) For the whole hydration water. b) For the water
molecules hydrating the phosphates. ¢) Water around the carbonyls. d) Buried water (beyond the carbonyles). e) Examples of
configurations of water nanoclusters and strings around the lipid chains.

figs. 4b and 4c¢ and 4d discriminate the behavior for the
regions around the tightly hydration centers (phosphates
and carbonyls) and for the buried region (the carbon tails
below the CO), respectively. Figures 4b and 4c are con-
sistent with previous simulation results [28,29]. It is in-
teresting to note that water molecules buried between the
hydrocarbon chains below the carbonyls present a lower
H-bond coordination. However, the negligible population
of 000 (that is, uncoordinated molecules) implies that wa-
ter molecules are arranged in (low H-bond coordination)
clusters at such region but do not penetrate in isolation.
At the tight hydration centers (CO and PO) the H-bond
coordination is higher, a fact consistent with the recent
finding of water nanoclusters at such regions [30]. Thus,
our results confirm the existence of such relatively com-
pact water nanoclusters at the tight hydration centers.
However, we also find here the existence of less compact
(strings or ramified strings) nanoclusters at the buried
region within the hydrocarbon chains. Figure 4e depicts
some instances of such kind of objects. While no simple
topological description of such kind of “objects” is possi-
ble given the disordered environments of the lipid chains,
we do find a different behevior at the polar lipid moi-
eties and at the hydrophobic tails. It is clear form fig. 3b

that around the phosphates the two most prevalent hy-
drogen bond configurations are given by water molecules
with three hydrogen bonds (HB): three water-water HBs
(WPC = 300) and two water-water and 1 water-phosphate
HBs (WPC = 210). This is compatible with relatively
compact arrangements as in the regions around the phos-
phates depicted in fig. 4e. However, below the carbonyls
(fig. 4d; the buried water or water molecules deeper inside
the bilayer facing the hydrocarbon chains) the configura-
tion that predominates is WPC = 200: water molecules
hydrogen bonded to other two water molecules. This is
consistent with a string-like organization (branched are
also found in certain cases and imply the existence of a
WPC = 300 molecule, which has lower but non-negligible
probability). These kinds of strings are evident in fig. 4e
for water molecules that have penetrated below the car-
bonyls (short chains of 2, 3 or 4 water molecules in the
examples shown).

In fig. 5, local hydrophobicity is quantified by means
of water density fluctuations [24-27] at the head groups
of the phospholipid membranes. For comparison, density
fluctuations on self-assembled functionalized hydrophobic
or hydrophilic alkane-like monolayers (SAMs) were also
calculated. Specifically, the probability distributions for



Page 6 of 9

Y

N
4

-

-
Y
-
-
-

Eur. Phys. J. E (2016) 39: 94

Fig. 4. (Continued.)

observing N water molecules, p(N), within a small spheri-
cal observation volume of radius 4.0 A centered at different
heavy atoms of the head groups of the phospholipid mem-
branes is displayed in such figure. Different probabilities
for exhibiting zero water molecules in the spherical domain
are observed for the different groups. Phosphate oxygens
(02 and 03) are the most hydrophilic moieties of the lipid
bilayer with a hydrophilicity similar (or even higher) to the
hydrophilic SAM. The C4 carbons are the most hydropho-
bic groups presenting density fluctuations similar to the
ones of the hydrophobic SAM while the rest of the groups
display an intermediate behavior. As evident from such
figure, the different oxygens present different hydrophilic
degrees, as also happens for the comparative hydrophobic
behavior of different carbonaceous groups. A first lesson
emerging from this figure is, thus, that the hydrophobic-
ity of a given group can vary significantly depending on
its local environment, where both the local chemistry and

geometry can play a role. The gel state presents slightly
more hydrophobic environments, particularly at regions
deeper inside the membrane.

Discussion

A résumé of the water increase and H bond populations at
each membrane groups is given in table 1. The total num-
ber of water molecules per lipid in the liquid crystalline
state is nearly two-fold larger than in the gel state. The
number of water molecules directly bound to the different
groups can be inferred from the calculation of H bonds,
a value that amounts to 5 water molecules. Thus, com-
paring the total number of water molecules in the liquid
crystalline state with those directly bound, it turns out
that there are 17 water molecules unbound to the lipid in
the second shell.



Eur. Phys. J. E (2016) 39: 94

Page 7 of 9

Table 1. Distribution of water molecules and H bonds in membrane chemical groups of phosphatidylcholine bilayers in the
liquid crystalline state: I) O in the phosphate group; II) O carbonyl group (sni acyl chain); I1I) O carbonyl group (sn2 acyl
chain); IV) Methylenes of the choline; V) N-choline; VI) Methylenes of the ethanolamine; VII) Glycerol moiety; VIII) Total.

1 II 111 I\Y \% VI VII VIII
g Water molecules 2.8 0.3 0.2 2.6 0.8 1.3 1.7 9.7
= Water molecules 6.3 0.6 0.5 5.6 1.7 2.8 3.8 21.3
% Number of H bonds 4 1 - - - - 0 5
8
? Water molecules 4 1 B B B B 0 5
o 1st hydration shell
=
g | Water Molecules 2 1| o5 | 6 | 17 | 38 | 23 | 173
2nd hydration shell
0 0.25 05 0.75 1 —=c1 The phase transition affects the hydration centers such
1.0E+00 - ——C2 as PO and CO and also the region below the phosphate
—%-C3 groups and corresponds to water molecules in contact with
——C4 carbonyl groups and the hydrocarbon chains. This region
—_— — -CH could be defined as the second hydration shell beyond the
’ N first hydration shell of the phosphate (which is very tightly
z =01 bound) and it may be affected by the carbonyl groups ori-
= 02 ented at the water/hydrocarbon interface as reported by
1.0E-02 :gi FTIR [19,31]. Buried water would involve water affected
e by the hydrocarbon chains below the carbonyl groups (or
e deeper inside) [32].
1.0E-03 U/ - = «Hydrophilic The important conclusion with this result is that, be-
- = - Hydrophobic sides the increase in hydration number at the polar moi-
eties, the most notable change is due to water entering in
restricted spaces facing non-polar groups below the phos-
p—— cH ~,—cH phates and beyond the carbonyl groups (as clearly illus-
’ el —, N ~cq trated by fig. 2). This is completely in accordance with the
o1 _./og c2 increase in area per lipid and the total number of water
) 02 — 9"R-0e—p3 per lipid observed experimentally [1,22]. In other words,
1.0E-01 G —(,n 04 fig. 2 shows that the most significant relative differences
= c;;o» pao5 betweent the liquid crystalline and gel states involve wa-
1 ter molecules at the second shell, while primary hydra-
1.0E-02 tion waters remain roughly unchanged (CO and PO moi-
eties remain significantly H-bonded in both states). This
change in water species is concomitant with the surface
1.0E-03 pressure increase observed at constant area in the surface

N/<N>

Fig. 5. Hydrophobicity-hydrophilicity ratio for the lipid mem-
brane in the liquid crystalline state.

Congruent with the change in water bands observed by
FTIR when lipids go from the gel to the liquid crystalline
state [19], groups or regions that increase in one or two
water molecules from the gel to the liquid crystalline state
are PO, CO, C; and C; at the polar group. Thus, the area
per lipid increase reported by Nagle [22] and Disalvo [1] at
the phase transition is due to the incorporation of one-two
water molecules per group. This change in area involves a
tiny increase in terms of number of water molecules but,
in contrast, is extremely significant in terms of surface free
energy since its incorporation turns the membrane into a
responsive structure.

pressure/area per molecule isotherms, probably involving
intermediate and buried waters affected by the thermal or
mechanical expansion. Thus, the expansion of the inter-
chain region that accompanies the phase transition allows
for water penetration at the intermediate region, located
between the PO and CO moieties, and at the buried re-
gion, confined below the carbonyl chains.

The present study demostrates that at the phase tran-
sition water molecules below the phosphates and near
the carbonyl groups correlate with the changes in the
hydrated /non-hydrated populations of carbonyl groups
at the water hydrocarbon interface found by FTIR [19,
33]. They would correspond to different water species in
its adjacencies suggesting a correspondence between wall
quality and water arrangements. It is concluded by the
hydrophilic-hydrophobic balance shown in fig. 5 that the
density fluctuations in this region implies an enhanced
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propensity for dehydration, a favorable work of cavity
creation at such place and, as a consequence, a high hy-
drophobicity [24,25]. Such high hydrophobicity regions
would be related to the organization of a few under-
coordinates water molecules (i.e. with a low number of
H bonds) determining a local excess in surface free energy
and, as well, a local affinity of the membrane for effectors
like aminoacid and peptide residues. Thus, the state of the
lipid membrane as a responsive structure would be related
to the presence of those water subpopulations with low H
bond coordination (excess free-energy water molecules).
The presence of non-compact clusters of water molecules
in the form of strings or branched strings at such region
is consistent with this scenario.

On quantitative grounds, fig. 2 denotes that from C12
to C18 and from C6 to Cl11, i.e. in all the extension of
the hydrocarbon chain, water is present in the liquid crys-
talline state while almost no water is found in the gel state.
This water is statistically distributed with an average of
less than one water molecule per CHs. It reflects the fact
that water is transient according to the fluctuations in the
chain conformations, which is in complete agreement with
FTIR results in which the CHy groups are connected be-
tween each other by interacting with short range forces
in the gel state and that above the transition temper-
ature the groups are isolated from each other by water
molecules [14,34]. Thus, energetics expressed in terms of
surface pressure is governed by the arrangements of water
subpopulations that in average may concert fewer H bonds
with other water molecules or with the lipid groups. Fluc-
tuations around these combinations would allow a mod-
ulation of the orientation of the carbonyl groups in the
lipid water interface and the exposure of the hydrophobic
region. For this reason, surface energetics have entropic
contributions due to formation/destruction of water clus-
ters and enthalpic contributions of H bonds interactions.
These effects have been described as classical and non-
classical hydrophobic interactions, respectively [35,36].

An interesting point emerges from the inspection of
fig. 4d. On one side, we can see that the spectrum of water
subpopulations in the buried region (below the carbonyls)
is displaced to the left as compared to the one for the full
membrane or for the tight hydration centers (PO and CO
moieties). This fact means that water molecules at the
buried hydrophobic region present a lower H-bond coordi-
nation and, thus, would represent species with an excess
free energy. The water subpopulation that dominates in
the liquid crystalline state at such region (we focus here
our attention on the liquid crystalline state, since the gel
state presents an extremely low water population at such
region) is 200, with lower values for 300, 100 and a very
low presence of 400 and 000 molecules. Thus, this region is
dominated by the presence of less compact objects (nan-
oclusters), consisting mainly of string-like objects (200 co-
ordination) or branched strings, with no significant popu-
lation of isolated molecules. At any given time, a low frac-
tion of lipids would present these string-like arrangements
below the more compact nanoclusters of the polar head
groups (which explains the fact that the water content
at such regions is low), while the length of such objects
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is variable. Additionally, and at variance from the situa-
tion for the more compact nanoclusters that are always
formed around all the polar head groups, these strings de-
velop occasionally at certain positions of the bilayer. We
note that a similar filling tendency has been found for
carbon nanotubes [37] and for pores and tunnels carved
in hydrophobic self-assembled monolayers [26,38], as we
have recently shown. In such contexts, it has been shown
that, due to its reluctance to sacrifice H-bond coordina-
tion, water penetrates in hydrogen-bond coordination (in
certain contexts in a string-like fashion) and not in iso-
lation [26,37,38]. Additionally, the breakdown of certain
H-bonds by thermal fluctuations has been regarded as a
drying inducing event in narrow pores or tunnels which
show alternation of filled and empty states [26, 38].

As the interaction of water molecules between them-
selves and with the hydrophilic or hydrophobic walls in-
volves H bonds of different energies according to the water
orientation and coordination, each structural change im-
plies a concrete number of connected and unconnected wa-
ters, that in turn determine the hydrophilic-hydrophobic
balance in the surface. In conclusion, these confined water
molecules would be accountable for the responsive prop-
erties of lipid membranes.
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