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Membrane Models
The classical approaches to understand the properties of a lipid membrane as a 

thermodynamic system consider it as a close autonomous phase, i.e., its properties are 
independent of the adjacent media and ignore water as a component [1]. However, lipids 
are not in vacuum. Due to its unique properties as a structured liquid, lipid aggregates in 
bilayers sequestering a finite amount of water in its structure. This induces the formation 
of a region where lipids and water interrelate to give place a region with unique properties 
in terms of colloid physical chemistry criteria [2]. Water organizes lipids and the presence 
of lipids induces a water molecules reorganization following patterns different than pure 
bulk water. This cross relationship determines surface forces intimately linked to membrane 
response [3]. Thus, the consideration of the organization of water as a structural component 
of biological membranes has important implications in functional physiological responses 
considering them under thermodynamic, dynamic and kinetic criteria [4,5]. In particular, 
surface tension, dielectric permittivity and heat capacity can be named, all of them related to 
the formation of H bonds between water molecules themselves and with chemical residues 
along the membrane surface topology [6-9].

The Membrane State
In terms of thermodynamic variables, lipid phases can be changed thermotropically at 

constant water content or lyotropically i. e. varying water activity at constant temperature. 
Thus, a state of the membrane can be defined by a water activity/temperature pair. However, 
membranes are subjected to mechanical stress. In a model system, the immediate example 
is given by the lipids in a monolayer at different surface pressure. In natural membranes, 
the coupling with cytoskeleton affects also the lateral pressure of the lipids. This picture is 
more complex when proteins are involved. This last point raises the question of whether the 
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Abstract
The consideration of water as a structural component gives biological membranes specific thermodynamic 
properties that explain its responsive behavior when chased by physical and chemical perturbations. 
These properties are derived from the peculiar surface tension of pure water and its variation due to the 
presence of hydrogen bonds arrangements between water and membrane components that determine 
a complex surface free energy profile. A completer and more realistic picture should consider how the 
hydration properties are linked to mechanical forces with relevance in osmotic stress of cells and in the 
behavior lipid monolayers. In the present work, the mechano-chemical coupling of surface pressure with 
water activity in a lipid interphase is explored as a way to mimic the thermodynamic response of the lipid 
interphase to bioactive compounds. As a result, the relaxation processes during the action of bio effectors 
are described in terms of water organization around the lipid residues such as acyl chains and polar head 
groups.
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membrane state can be defined for a membrane in a mechanically 
isolated system or, on the contrary, its coupling with the cytoplasmic 
media is a variable to take into account [10,11].

An extension of the view of the membrane as a non-autonomous 
system admits the correlation of the membrane by means of 
interfacial phenomena with the cytoplasmic events on one side 
and on the external perturbants (bio effectors) on the other, 
both relevant for cell behavior and response [12]. To understand 
biological response of cells in terms of thermodynamics properties, 
i.e. the effect of metabolic changes on membrane properties, it is 
necessary at a first stage, to define how the membrane is an adequate 
system for the interplay of perturbation-response variables.

Cell Membrane and Compartmentalization
Cell is a compartmentalized system, both structurally and 

kinetically speaking. In turn, the cell membrane is a complex system 
of lipids and proteins that confine the cell cytoplasm. However, 
its properties cannot be limited to its composition but also by its 
state in terms of external variables, such as temperature and media 
composition. In this regard, the fact that membrane is in contact 
with an active cytoplasm, makes those changes in metabolic stages 
affect membrane state. This can be long term effects (for instance 
the changes in lipid unsaturation during hydric or cold stress) but 
also during the metabolic process without affecting membrane 
composition. The messenger in this case can be the water exchange 
in a dynamic way [12].

Lipids are composed by hydrocarbon tails of different length, 
unsaturation and ramification and by different types of head groups. 
The hydrocarbon chain regions are mostly indistinguishable 
in terms of structure (they are unstructured oily phases) and 
the variation of their properties are changes in density due to 
temperature and its polar character due to its ability to solubilizes 

water. For instance, the polarization of a pure hydrocarbon phase 
such as octanol varies with the amount of water dissolved in it [13]. 
On the other hand, head groups of the phospholipids protrude from 
the phosphates by the presence of different polar residues that are 
soluble in water by the presence of H- bonds in different topological 
arrays such as choline, ethanolamine, serine, glycerol and inositol 
(Figure 1A).

Thus, lipid head groups impose particular (and probably 
well defined) water arrays through the polar head groups and its 
charges and cannot be ignored in the definition of the system [3]. 
Energetically, the presence of water populations as independent 
or correlated sites of different strength and orientation of H 
bonds implies electrical, mechanical, thermal properties of water 
rearrangements affecting the interaction of bio effector with the 
membrane. The different hydration regions may configure sites 
energetically and kinetically distinguishable for compounds´ 
insertion triggering cooperative and synergistic processes [14].

In this regard, it would be necessary to dilucidate which is 
the water organization imposed by the different lipids and which 
are thermodynamically significant to give place to membrane 
responses and also adaptability.

The Membrane Interphase as a Bidimensional 
Solution

Water organized in layers of around 20A thick at each side 
of the bilayers conforms an excluded volume that constitutes a 
barrier for permeant solutes and a repulsion force for peptides and 
proteins [7,14-18]. This region can be described as a bidimensional 
solution of hydrated polar groups immersed in water (Figure 1B). 
In a simplified scheme, the tetrahedral array of bulk water should 
distort or deform differently according to the nature of the surface 
next to it.

Figure 1:

A.	 Different lipids protrude its Polar Part to Water (PA) Phosphatidic Acid, (PE) Phosphatidylethanolamine; (PC) 
Phosphatidylcholine; (PG) Phosphatidylglycerol (PI) Phosphatidyl Inositol.

B.	 The Interphase region. Polar groups are imbedded in water. Circles denote strongly bound water and dark 
blue region the second shell of hydration. Water in between the chains has been avoided for simplicity.
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The protrusion of lipid polar head groups of different nature 
can bind water molecules in different arrangements. The phosphate 
and carbonyl groups impose a region in which water binds and 
organizes in specific patterns by H bonds. Beyond the carbonyl 
groups water faces nonpolar surfaces in which the strength of H 
bonds between water molecules are reinforced. These two regions 
are energetically and entropically different.

Therefore, two kinds of water can be distinguished: hydration 
water bound to PO2 and CO and loose water in a second hydration 
shell that penetrates into the first hydrocarbon groups. Due to 
the different chemical groups protruded to the water phase, it 
is expected that water would be differently organized in terms 
of orientation and strength of H bonds and hence energetically 
different region would be expected. The different groups of the lipid 
molecules act as hydration sites and organize water in different 
structures that force new H-bond arrangements, such as phosphate 
groups in which water molecules should orient with its positive 
ends (protons), carbonyl groups with electron pairs oriented in 
120°, and hydrophobic groups (choline and hydrocarbon chains). 
This gives place to the surface free energy that drives the insertion 
processes, i.e., its response to external bio effectors.

Responsive Membrane. A thermodynamic View

Figure 2: Extrusion (vertical green arrows) and uptake 
(vertical yellow arrows) of water due to expansion 

(yellow horizontal lines) or contraction (green horizontal 
lines) of the lipid membrane. An osmotic balance can 
trigger expansion (hypotonic media) or contraction 

(hypertonic media).

Vice versa, mechanical forces acting on the bilayer 
(coupling with an elastic macromolecule) can be caused 
either by influx (yellow vertical) or efflux of water (green 
vertical). In these cases, energy must be provided by a 

chemical reaction.

In physical terms, the response is simply the decrease of a 
free energy, globally or localized. It may have enthalpic and/or 
entropic contributions. Following these criteria, the interactions 

of bio effectors with membranes implies water exchange and 
displacement from the membrane sites to reduce tensions in the 
hydrogen bond or increase entropy. Concomitant to these changes, 
membrane parameters as area per lipid and surface density are 
forced to change. A thermodynamic analysis shows that water 
exchange can be produced by membrane expansion or compression, 
due to mechanical forces or osmotic stress [19] (Figure 2).

These processes can be resumed by the following relationship 
between surface pressure ( wµ∆ ) and water activity (aw) 
introducing the chemical potential (Δμw) in terms of water activity,

wµ∆ =-RT ln aw

and considering that the diffusion coefficients are related with 
the friction between the different components (water and lipids)

( ) ( )) /LW WW WL LL w wD D D D RTlnaπ = − + + Γ       (1)

where wΓ ! is defined as the surface water concentration. 
Diffusion coefficients are: water in water (DWW), lipid in lipids (DLL), 
water in lipids (DWL) and lipids in water (DLW).

The approach integrating the structural and thermodynamic 
properties of water provides a mean to understand its response 
properties. The relevance of the diffusion coefficient is manifested 
in the process of insertion of hydrophilic or amphyphilic compounds 
into the membrane. It is possible to measure the change in surface 
pressure during time after the addition of a bio effector to the 
subphase of a lipid monolayer (Figure 3A & 3B). In a similar way, 
the addition in the media of compounds that may permeate or 
insert in the membrane can be followed by the changes in turbidity 
caused by the change of the index of refraction of the particle due to 
changes in its density [20].

The kinetic profile of the processes observed in Figure 3B from 
an initial state ( i∏ ) given by a surface pressure/water activity 
value to a final one (∏ ) can be plotted in terms of the solution of 
the second Fick’s law (Figure 3C).

The changes in bio effector surface concentration (Γ ) follows 
the Ward and Tordai (1) equation:

  2 1 / 2 1/ 2 1/ 2bC D tΓ = ∏
where Cb is the bulk concentration, and D is the diffusion 

coefficient of the bio effector. The surface pressure can be expressed 
in terms of interfacial concentration (Γ ) by

 RTΠ = Γ
Then,

   2 1 / 2 1/ 2 1/ 2bRT C D tΠ = ∏
where ∏  = 3.1416, T is temperature in kelvin and R is the gas 

constant.

The plot of the kinetics of the process, shown in Figure 3C, 
gives different profiles according to the initial surface pressure. 
In fact, the different initial surface pressure determines different 
initial water activities that affects Γ . The kinetic pattern evolves 
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to a linear one when water activity decreases. It may be concluded 
that when water is decreased in the membrane by surface pressure 
the diffusion coefficient does not remain constant. This is probably 
due to the interplay of the cross-coefficients included in equation 1. 
Thus, it is likely that relaxation processes implied in the nonlinear 
response is related to the presence of water and its reorganization. 

Taken together, the relaxation process can be ascribed to water in 
the system confined between the lipids. In addition, the changes 
observed in the refractive index due to hypertonic shrinkage or 
hypotonic swelling indicates that changes of water after the lipid 
density. This may be related to the changes of water in between the 
hydrocarbon chains as denoted elsewhere [21].

Figure 3: Kinetics of permeant insertion in monolayers and bilayers.

A.	 Schematic picture showing the injection of a bio effector in the subphase underneath a lipid monolayer.

B.	 Kinetic progress of the monolayer surface pressure after the insertion of the bio effector at constant area.

C.	 Surface pressure square root of time for different initial surface pressures [1].

Conclusion
Lipid hydration and its effect on the physical chemical 

properties of lipid membranes has been a matter of discussion 
in membrane biophysics [21-24]. Lipid hydration is known to 
strongly affect molecular interactions in the headgroup region, 
and for that it is determinant of membrane response. The response 
of the membrane to attain a new equilibrium triggered by a bio 
effector is governed by a kinetics modulated by the presence of 
water levels and activities. In this regard, structural changes along 
the process ultimately related to water lipid arrangements can be 
speculated. Lipid membranes are important biological matrixes 
in which biochemical processes take place if they are considered 
in an integrate way in cell structure. The interdependence of 
the hydration degree and dynamics of water in cell structures 

and its participation in osmotic and hydric stresses seems to be 
fundamental in cell aging and several pathologies. Studies of the 
behavior of lipid membrane coupled to cytoplasmic-like media are 
required.
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