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CONS P EC TU S

I n a sense, life is defined by membranes, because they delineate the barrier between the living cell and its surroundings.
Membranes are also essential for regulating the machinery of life throughout many interfaces within the cell's interior. A large

number of experimental, computational, and theoretical studies have demonstrated how the properties of water and ionic aqueous
solutions change due to the vicinity of membranes and, in turn, how the properties of membranes depend on the presence of
aqueous solutions. Consequently, understanding the character of aqueous solutions at their interface with biological membranes is
critical to research progress on many fronts.

The importance of incorporating a molecular-level description of water into the study of biomembrane surfaces was
demonstrated by an examination of the interaction between phospholipid bilayers that can serve as model biological membranes.
The results showed that, in addition to well-known forces, such as van der Waals and screened Coulomb, one has to consider a
repulsion force due to the removal of water between surfaces. It was also known that physicochemical properties of biological
membranes are strongly influenced by the specific character of the ions in the surrounding aqueous solutions because of the
observation that different anions produce different effects on muscle twitch tension.

In this Account, we describe the interaction of pure water, and also of aqueous ionic solutions, with model membranes. We
show that a symbiosis of experimental and computational work over the past few years has resulted in substantial progress in the
field. We now better understand the origin of the hydration force, the structural properties of water at the interface with
phospholipid bilayers, and the influence of phospholipid headgroups on the dynamics of water. We also improved our knowledge
of the ion-specific effect, which is observed at the interface of the phospholipid bilayer and aqueous solution, and its connection
with the Hofmeister series.

Nevertheless, despite substantial progress, many issues remain unresolved. Thus, for example, we still cannot satisfactorily
explain the force of interaction between phospholipid bilayers immersed in aqueous solutions of NaI. Although we try to address
many issues here, the scope of the discussion is limited and does not cover such important topics as the influence of ionic solutions
on phases of bilayers, the influence of salts on the properties of Langmuir monolayers containing lipid molecules, or the influence
of aqueous solutions on bilayers containing mixtures of lipids. We anticipate that the future application of more powerful
experimental techniques, in combination with more advanced computational hardware, software, and theory, will produce
molecular-level information about these important topics and, more broadly, will further illuminate our understanding of
interfaces between aqueous solutions and biological membranes.
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Introduction
Structural and dynamical properties of membranes strongly

influence the function of biological cells, and, in their turn,

membrane properties strongly depend on the properties of

aqueous solutions at the membrane boundary. Therefore, it

is important to understand the character of these solutions at

the interface with biological membranes. Since biological

membranes represent very complex entities composed of a

mixture of lipid molecules, proteins, and carbohydrates, it is

advantageous to study properties of simple membranes

containing one or few phospholipid components. This model

has been also extensively used in the study of themembrane/

aqueous solution interface. Different experimental techniques,

such as, for example, small angle neutron scattering,1 X-ray

scattering,2 low temperature magic angle NMR,3 IR spectro-

scopy,4 and vibrational sum frequency generation spectro-

scopy5 were employed to study the phospholipidmembrane/

aqueous solution interface. On the theoretical side, given the

complex character of a model membrane/water interface,

most of the work employed simulation techniques, such as

molecular dynamics6,7 or Monte Carlo.8 As a result of this

effort, a large number of papers are available in the litera-

ture. Some of the issues discussed in the papers are de-

scribed in the reviews by Milhaud9 and Berkowitz et al.10

which depict the status of the field prior to and around 2005.

Since that time, substantial progress was achieved in the

study of the membrane/aqueous solution interface, both in

experiments and in simulations, due to the development of

more sophisticated spectroscopic methods and better hard-

ware for simulations. Recent work illustrates that a nice

symbiosis between simulations and experiment exists in

the field: computer simulations prompt experimental inves-

tigations, and new experimental data pose new challenges

to simulations. In what follows, we describe briefly progress

made in the study of the lipid bilayer/aqueous solution

interface with the emphasis on the latest developments that

took place in the last 5�6 years and that illustrate the

symbiosis between experiments and simulations.

Interfaces between Water and Phospholipid
Bilayers
Existence of water in the vicinity of the membrane surface

with properties that differ from its bulk properties influences

the interaction of biomolecules, such as peptides and pro-

teins, withmembranes. The questions that experiments and

simulations need to answer are related to the issues of how

far the influence of the membrane surface propagates into

the water and what are the manifestations of such propaga-

tion. One of the earlier experimental measurements that

clearly displayed the role of interfacial water next to mem-

branes was the measurement of the hydration force.11 In

these initial measurements, it was determined that when

membrane surfaces approach each other at distances below

2 nm a repulsive exponentially decaying force acts between

membranes. Since the exponent of the decay, although

dependent on the type of phospholipid, was mostly in the

rangeof 0.2�0.3 nm, itwas suggested that the forcewas due

to the presence of water in the confined space between

membranes. As a result, this previously unobserved force

was called the hydration force. Later it was shown that the

repulsive force acting between membranes has three com-

ponents, each dominant in a different regime.12 At larger

distances (above ∼0.9 nm), the main contribution to the

force comes from undulation of the membranes; at short

distances (below ∼0.4 nm), the force is mostly due to steric

interactions between headgroups of the membranes. The

proper hydration force appears in the range between ∼0.4

and ∼0.9 nm, when two to three layers of interfacial water

are squeezed out upon membrane approach. Initial theore-

tical work on the hydration force had a phenomenological

character and later introduced more molecular features into

consideration.13 Given the complexity of the interface on

themolecular level, one should expect that simulations,with

their ability to take into account molecular details, will play

an important role in the understanding of the nature of the

hydration force. Initial simulations performed to study the

hydration force concentrated on the study of structural

properties of water next to phospholipid bilayers in order

to infer if these properties were consistent with the phenom-

enological theories and also, if possible, justify these

theories.14,15 The simulations showed that water next to

phospholipidmembraneswas different frombulkwater and

that phenomenological theories were too simplistic, but

they did not reveal the quantitative connection between

water structure and the hydration force. A direct calculation

of the force or the free energy change as a function of

distance between phospholipid bilayers was performed in

recent simulations. Grunze and collaborators, using grand

canonical Monte Carlo technique, calculated the depen-

dence of the pressure acting between lipid bilayer on the

distance between bilayers.16�18 They performed their cal-

culations for DLPE and DLPC bilayers to be able to explain

why DLPC has a much larger interbilayer separation at a

given pressure, compared to bilayers of DLPE. By separating

the pressure into components, they concluded from their
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calculations that in case of the DLPE bilayers the short-range

repulsion mainly originates from the direct electrostatic

lipid/lipid interactions of the headgroups from the opposing

leaflets, while in case of the DPPC bilayers the short-range

repulsion is mainly due to the lipid/water interaction.18

Large scalemolecular dynamics simulationswere employed

in thework of Gentilcore et al.19 to examine the origin of the

hydration force between lipid bilayers. They calculated the

free energy change as a function of distance between

bilayers and observed that the change, in agreement with

the experiment, was positive as the bilayers approached

each other. Estimates of enthalpic and entropic contribu-

tions into the free energy change were performed, and

according to these estimates the entropy got reduced as

the bilayer separation became smaller, while the enthalpy

increased. Therefore, it was concluded that the entropy

change was responsible for the repulsion character of the

total free energy. Note that the simulations were performed

in a canonical ensemble and therefore the amount of water

was not determined from the conditions of equal chemical

potential for water in the space between bilayers and bulk

water. In this respect, Monte Carlo simulations using grand

canonical ensemble have an advantage. Inspired by the

computational scheme used for the calculation of free en-

ergy changewhen two graphene platesmoved toward each

other,20 Eun and Berkowitz21,22 added to the graphene

plates phosphatidylcholine headgroups (creating so-called

PC plates) and used these plates as models of the bilayers.

The PC plates were immersed in a water bath, and the

distance dependent free energywas calculated as the plates

were moving toward each other. (See Figure 1 for the

illustration of themodel, as the figure shows the system setup

imitated the conditions of the grand canonical ensemble.) It

was observed that the free energy increased as the PC plates

approached each other, and that the free energy curve could

be fitted by three exponents, each corresponding to a

different range of interbilayer space, indicating existence

of different regimes for PC plate repulsion. The small dis-

tance interplate regime corresponded to steric repulsion

between the headgroups. The large distance regime corre-

sponded to the removal of bulk-like water, although bulk-

like was still different from the true bulk water.22 The mid-

distance regime, in the interval between∼0.7 and∼0.1 nm,

was determined to be the hydration force regime due to the

removal of interfacial layers of water. In this regime, the

exponent of the free energy decaywas∼0.3 nm, in the same

range as observed in experiment. The separation into en-

tropic and enthalpic components showed that the repulsive

interaction between the PC model bilayers was due to the

enthalpic effect, coming from the presence of electrostatic

charge/charge interactions between water and zwitterionic

headgroups. As amatter of fact, removing these interactions

produced attractive force between plates. The model that

Eun and Berkowitz considered is simple, and probably

suffers from some edge effects due to relatively small size

of the PC plates. Nevertheless, it was able to catch all the

prominent features of the “hydration” force, when structured

interface water is removed from the space between mem-

branes, including the range of the force, its decay exponent

and its magnitude.

Grand canonical Monte Carlo simulations do not suffer

from edge effects, but the accuracy of pressure measure-

ments is limited due to the precision of water chemical

potential control. As a result, reliable comparison between

simulations and experiments can be done only for the range

of small interbilayer distances. Very recently, Netz and colla-

borators developed a thermodynamic extrapolation (TE)

method that allows, using molecular dynamics simulations,

FIGURE 1. (a) Schematic diagram of our model system with associated
length scales. (b) Snapshotof thePCheadgroupplates. (c) Detailed structure
of the PC headgroup. Numbers in parentheses represent themagnitudes
of partial charges (in units of the elementary charge, e). Reprintedwith per-
mission from ref 22. Copyright 2010 American Chemical Society.
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determination of hydration pressure as a function of dis-

tance between infinite surfaces, thus avoiding edge effects.

In addition, the TE method does not suffer from problems

related to the control of water chemical potential. Netz and

collaborators performed a study of a hydration force acting

between smooth surfaces and also between lipid bilayers.

Good agreement with experiments was observed. It was

also observed that in the region where the proper hydration

force is dominant, the force shows a universal character.23

Computer simulation studies of water density at the

water/membrane interface showed that when the features

of the water density are properly resolved, it displays ex-

istence of oscillations and therefore layering of water.7,24

From such simulations, it was concluded that there exists a

layer of intrinsic water that penetrates the headgroup re-

gion, the layer of interface water, and following that layer

the water density displayed much smoother character with

water properties approaching bulk properties. Layering of

water next to phospholipid bilayers was recently observed

in the experiments. Fukuma et al.,25 using the frequency-

modulated atomic forcemicroscope technique, were able to

obtain the force profile next to supported gel phase DPPC

bilayer in phosphate buffer. They concluded that up to two

intrinsic hydration layers are present next to the phospho-

lipid bilayer surface.

It is well-known that bulk liquid water's peculiar proper-

ties are determined by its hydrogen bonded network.26

Water molecules at the interface with phospholipid bilayers

have some of their water�water hydrogen bonds replaced

with water�headgroup hydrogen bonds, specifically with

carbonyl oxygen�water hydrogen bonds and phosphate

oxygen�water hydrogen bonds.27 This change should in-

fluence both structural and dynamical properties of interfacial

water. Computer simulations indicated that the strength of

hydrogen bonds follows the order: water�phosphate O >

water�carbonyl O > water�water.24 They also indicated

that for waters close to bilayers the number of hydrogen

bonds is reduced fromabulk valueof∼3.7 onaverage to the

value of∼3.2, but the reduction in bond number is compen-

sated by energetically stronger bonds.24 Infrared spectros-

copy measurements confirm these conclusions.4 Based on

the infrared spectroscopy data, Binder also concluded4 that

water next to membranes is in some way reminiscent of

supercooled water at�25 �C. Binder used arguments from a

mixturemodel of water (for a nice review ofmixturemodels

of water, see the recent book by Ben-Naim28). According to

this model, water consists of dynamically transforming

domains of two different types: (i) lower density domains

where water molecules are part of a more highly ordered

hydrogen bonding network and (ii) higher density domains

where water is in a less ordered network. The peculiar

temperature dependent effects observed for water in bulk

are explained by changes in the fraction of water belonging

to different domains. Binder argues that IR spectroscopic

measurements show that the fraction of ordered water

domains is increased at the lipid surface, as it would when

we supercool water. As of today, no evidence of such a

mechanism at work is obtained from computer simulations,

although they do show some decrease inwater density next

to bilayers, but this canbeattributed to the “dilution”ofwater

by the headgroups.

If water next to lipid surfaces is different from bulk water,

should not we see some substantial changes in its dynamic

properties? Because the water�lipid headgroup hydrogen

bonding is stronger, should this result in the slow-down of

the translational diffusion of water? Indeed, computer simu-

lations showed that the lateral diffusion coefficient for water

at the water/lipid bilayer interface is reduced.24,29,30 Recent

molecular dynamics results confirmed that translational

dynamics of water at the interface with (DPPC) lipid mem-

brane is slowed down.31 Moreover, these simulations also

show that the motion is not simply diffusive; it displays a

ballistic character at short time scales (within 40 fs). At longer

time scales, within 5 ps, interfacial water displays subdiffu-

sive character (i.e., in the relationship connecting mean

square displacement and time, Ær2æ ∼ DtR, R is less than 1).

Computer simulations also predicted the slowing down of

the orientational motion of water at the water/lipid bilayer

interface as measured by the decay of the dipole�dipole

correlation function. Bhide and Berkowitz found that some

of the waters that get trapped in the interior pockets created

by the headgroups contribute a long-time component into

this decay, extending the reorientional relaxation time of

water by a factor of ∼100 compared to bulk water.32 When

the simulations were done for water next to frozen lipid

groups, the relaxation slowed down by a factor of around

30�40 due to a coupling between themotions of water and

slow motion of the headgroups. It needs to be emphasized

that these prolonged relaxation times are due to the pre-

sence of watermolecules that spend a long time deep inside

the interface. Most of the water molecules move quickly

between different interface regions, and therefore, although

display a slowing down of their rotational motion, the

slowing-down is not that substantial (with the orientational

relaxation time just a few times larger than that in bulk).32

Simulations showed that the reason for slower dynamics
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displayed by the interfacewater is due to the presence of the

strong hydrogen bonds betweenwater and the headgroups.

It is proper to mention here that the nature of orientational

dynamics of water, even in bulk, was understood only re-

cently. Previously, it was assumed that water orientational

relaxation occurs through rotational diffusion, but studies

performed by Laage and Hynes showed that relaxation

occurs through themolecular jumpmechanism (MJM) when

watermolecules switch hydrogen bonding partners through

jumps.33,34 Simulations showed that the MJM is also applic-

able in the case of orientational motion of water at the

interfacewith lipids.35 They also showed that the decay time

of the orientational correlation function increases as the

degree of lipid hydration decreases, as was observed in the

nonlinear ultrafast spectroscopic experiment performed by

Zhao et al.36 This decrease was assigned to the reduction

in the number of partners for the jump motion, since

the number of water�water hydrogen bonds decreases as the

hydration level decreases. Often, the time dependence of the

orientational correlation function is fitted by a sum of two or

three exponents and physical meaning is assigned to these

exponents. It was inferred from simulations that the values

of the exponents depend on the length of time for which the

correlation data are available35 and, therefore, one has to be

careful when dealing with fits to correlation functions.

In our opinion, we are still lacking clear understanding of

water properties at the surfaces of biomembranes and at the

surfaces of biomolecules such as proteins and DNA. Recent

experimental work that uses more advanced spectroscopic

techniques, such as ultrafast vibrational pump�probe

spectroscopy,36 two-dimensional infrared spectroscopy,37

and other surface-specific spectroscopy techniques,5,38 illu-

strated the power of thesemethods to supply detailed, time-

resolved information on water structure and dynamics.

Combining such information with the data from simulations

and theoretical ideas will provide us with the complete

understanding of how “biological” water behaves.

Interfaces between Aqueous Solutions and
Phospholipid Bilayers
In biological systems, ions are always present in aqueous

solutions, and this presence plays a very important role. As a

matter of fact, complicatedmechanisms exist to regulate the

amount of ions in the extracellular and intracellular envir-

onment for the cells' proper functioning. The ionmembrane

interaction not only regulates the number of ions; it also

regulates the physical properties of the cell membranes. For

example, recent experiments showed that monovalent ca-

tions influence bending rigidity of the lipid membranes.39 It

was also observed that the force needed to puncture the

membrane increased with salt concentration.40

A large variety of ions is usually present in biological

systems; the ions can be either complicated biomolecules or

simple atoms, such as halides and alkali metals. In this

Account, we will concentrate on systems containing model

lipid membranes solvated in aqueous solutions of alkali

halide salts dissolved in water. Our choice is dictated by

the fact that a largest amount of experimental, simulation,

and also theoretical work was done for these systems. The

Poisson�Boltzmann equation, based on the mean-field

approach to ions and continuum description of water, can

be used as a first approximation to a description of complex

phenomena involving solvated ion/biomembrane interac-

tion. More detailed treatments are necessary to explain

observed ion specific effects, since this equation does not

distinguish between cations, such as Naþ or Kþ, or anions,

such as Cl� or Br�.

Ion specific effects in biological systems were first studied

by Hofmeister,41 who ordered salts based on their ability to

precipitate egg-white proteins from the aqueous solution.

Later experiments on a large variety of different salt�bio-

molecular systems demonstrated more general validity of

this sequence, and ions were arranged in two series, called

Hofmeister or lyotropic series. One series is for cations, and

one for anions. For halide anions, the strength to destabilize

proteins follows the sequence I�>Br�>Cl�>F�, that is, from

large sized “soft” ions to smaller sized “hard” ions. For alkali

metal cations, the sequence is opposite: from small “hard”

ions to large “soft” ions,; that is, the sequence is Liþ > Naþ >

Kþ. Although Hofmeister series were discovered long time

ago, the explanation of their nature is still not satisfactory.

Earlier studies on the subject of ion influence on model

lipid membrane properties concentrated on the effect of

cations, especially Ca2þ and Mg2þ, in view of biological

importance of these ions.42,43 More recently, systematic

studies on the influence of halide anions on lipid mem-

branes were performed.44�47 Again, as in the case of pure

water, a large variety of experimental techniques was em-

ployed to study lipid/aqueous solution interface. In addition

to the spectroscopic methods that were already mentioned

when we described the study of the pure water/membrane

interface, suchmethods as zeta potential measurements48,49

fluorescence measurements50 and calorimetric methods

were also used.49 The general consensus reached from the

experiments is that the strength of interactions between
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lipid membranes and halide anions or alkali metal cations

follow Hofmeister series in the order written above (i.e.,

for anions, the strength of interaction decreases from I� to

F�, and for cations from Liþ to Kþ).

The interactions between membranes and ions depend

strongly on the fine details characterizing ion location and

their distribution. This information is very difficult to obtain

directly from the experiments, especially the ones that

provide microscopically averaged information; however, it

can be obtained from computer simulations. A number of

different simulations were performed recently that focused

on the behavior of ions next to the phospholipid bilayer,

especially of halide anions and alkali metal cations.10,50�60

The simulations used different force fields and also different

ensembles, but most of the simulations reached similar

conclusions with respect to cation behavior: binding of

ions to the bilayer followed the order Liþ > Naþ > Kþ, the

same order as in the Hofmeister series. It was also observed

that Naþ ions bind inside the bilayer at the location of

carbonyl or phosphate oxygens. In the case of anions, earlier

simulations58 performed over a short time period showed

that a large sized anion binds more deeply in the bilayer

than Naþ or Cl�. Later simulations, performed over longer

time periods, but using a different force field, had not ob-

served such adeep penetration.50Nevertheless, they showed

that I�, in agreement with the Hofmeister series rule, pene-

trated deeper than Cl� into the membrane headgroup

region. In Figure 2, we display ion density profiles obtained

from simulations of four systems; each system contained a

DOPC bilayer immersed into a 1 M aqueous solution of

either NaCl, NaI, KCl, or KI salt.50 As we can see, when salt

contains Naþ cation, there is a substantial separation be-

tween the cation and anion distributions and ions create a

double layer. While Naþ penetrates the headgroup region

and has a preferred location somewhere around phosphate

oxygens or around carbonyl oxygens (depending on the

force field used), the peak of anion distribution is small and is

located at the interface between membrane and aqueous

solution where choline groups are located. Such creation of

an ionic double layer is not presentwhen the cation is Kþ. It is

very important at this point to emphasize that the results of

simulations on systems containing ions at the water inter-

face with other substances crucially depend on the force

field used in the simulation. It is possible that more refined

force fields will change the detailed results, especially details

about the degree of ion adsorption into the bilayer (we

learned that recent simulations, which used a different force

field for Kþ ion, predict its stronger adsorption into the

bilayer, which is in agreement with the recent isothermal

titration calorimetry measurements;49 Knecht, private

communication). In addition, as it was learned from the

previous simulation studies of aqueous clusters61 containing

ions and systems containing an aqueous solution/vapor

interface,62 it is important to include the electronic polariz-

ability effect into simulations, especially when systems

contain anions. Inclusion of polarizability enhanced hydro-

phobic tendencies of anions. How important is the inclusion

of polarizability into simulations containing lipid bilayer/

aqueous solution interfaces? Vacha et al. performed simula-

tions on DOPC bilayers in the KI aqueous solutions using a

force field that included polarizability.50 These simulations

showed that inclusion of polarizability results in a larger

penetration of I� ions into the headgroup region, which is

presumably more hydrophobic compared to water. Consid-

eration of hydrophobicity may provide some clue toward

understanding of ion behavior next to a lipid bilayer; an

additional clue can be obtained from considering the ion

pairing concept of “matching water affinities” proposed by

Collins.63 According to this concept, the tendency for ion

pairing in aqueous bulk solutions is highest for ions (charged

groups) of opposite charge and matching free energy of

hydration (i.e., small cations prefer small anions, while large

ions pair more with large ones). If we extend the application

of this principle to the interface between membrane and

water, we can conclude that cations such as Naþ would

prefer to pair with oxygens of the headgroups, while anions

such as I� would prefer to pair with the bulkier “softer”

FIGURE 2. Ion density profiles in four different 1 M salt solutions (NaCl,
KCl, NaI, and KI) next toDOPCmembrane. Density profiles of choline and
phosphate groups of the lipids are also included. Reprinted with per-
mission from ref 50. Copyright 2010 American Chemical Society.
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choline group. TheCoulomb interaction between salt anions

and cations also plays a role. A stronger Coulomb attraction

to membrane adsorbed Naþ ions explains why Cl� ions are

located closer to headgroups for the NaCl case, compared to

the KCl case.

We already mentioned that the study of interaction

between membrane surfaces immersed in pure water pro-

vides uswith information about properties ofwater between

such surfaces. What can a similar study tell us about the

properties of aqueous solutions enclosed between mem-

branes? Can it provide us with information about the loca-

tion of cations and anions in the solution? The answers to

these questions have a large practical value, since they will

help us in understanding such phenomena as cell/cell and

cell/vesicle interactions. To get the answers, Petrache and

co-workers64,65 and later Leontidis and co-workers45,46 per-

formed studies of interactions between neutral lipid bilayers

immersed in aqueous solutions. Petrache and co-workers

studied the interactions between DLPC bilayers immersed in

solutions of saltwith different KBr or KCl concentration. They

were able to fit the observed pressure�distance curve by

adding an electrostatic force to the three forces that are also

active in pure water: hydration, undulation, and van der

Waals. The electrostatic force acting between neutral bi-

layers is due to adsorption of ions to the bilayer. The partition

of ions between the bilayer and solution was taken into

account using a binding (charge regulation) mechanism.66

It was also assumed that salt changes the Hamaker para-

meter for the van der Waals interaction; the fit showed that

the Hamaker parameter was reduced up to 70% at large

salt concentration (1 M). The fit also displayed that Br� was

more adsorbed than Cl�, although still relatively weakly

binding to the bilayer, with a binding constant of 0.22 M�1.

Leontidis and co-workers studied interaction between DPPC

bilayers immersed in salt solutions of NaCl, NaI, NaNO3, and

NaSCN. In addition to measuring pressure�distance depen-

dence, they also measured headgroup area�pressure de-

pendence for their systems. Remarkably, they were not able

to achieve a good fit to their data by using the same level of

theory as used by Petrache and co-workers in cases of high

salt concentration (0.5 M) solutions containing anions such

as I� or SCN�. According to Leontidis and co-workers, our

state of understanding the lipid/water interface remains

unsatisfactory.

Our brief Account describing research on properties of

aqueous/lipid membrane interfaces shows that a nice ad-

vancement in this fieldwas achieved due to a fruitful coopera-

tion among experiment, theory, and computer simulations.

Nevertheless, we are still missing a full understanding of the

membrane/aqueous solution interface. Hopefully, further

progress in experimental techniques that allows for more

detailed measurements, advances in hardware and software

for simulations, and development of new theoretical ideas

will result in deep understanding of this important subject.

BIOGRAPHICAL INFORMATION

Max L. Berkowitz received his M.Sc. in Physics from the Novo-
sibirsk State University, Russia and his Ph.D. in Physical Chemistry
from the Weizmann Institute of Science in Israel. After his post-
doctoral studies, he joined the Department of Chemistry at the
University of North Carolina at Chapel Hill in 1983, where he rose
in the ranks from Assistant Professor to Professor. During the years
of his work in Chapel Hill, he studied, using molecular dynamics
simulation technique, properties of water and aqueous solutions in
bulk, in clusters, and at the interfaces. He also performed some
theoretical work on the qualitative aspects of quantum density
functional theory. The study of properties of hydration force acting
between phospholipid bilayers brought him to study properties of
biomolecular membranes. Presently, he is involved in the studies
of peptide�biomembrane interactions and studies of interactions
between nanoparticles immersed in aqueous solutions.

Robert V�acha received his M.Sc. in physics from the Charles
University in Prague in 2005 and his Ph.D. in chemistry from the
Charles University and the Institute of Organic Chemistry and
Biochemistry of the Academy of Sciences. He was also enrolled
in the International Max Planck Research School for “Dynamical
Processes in Atoms, Molecules and Solids” in Dresden in
2007�2009. Since 2009, he works as a Postdoctoral Research
Associate in the Department of Chemistry, University of Cam-
bridge, and in 2010 he became a Junior Research Fellow of
Churchill College, Cambridge. As a student, he initially performed
research in the field of atmospheric chemistry, focusing on adsorp-
tion and behavior of atmospherically relevant molecules and ions
at the air/water interface. After that he studied more complex
interfaces, such as salt solutions in contact with proteins and
phospholipid bilayers. Presently, he studies, on a coarse-grained
level, the interaction of proteins with lipid membranes.

Both authors acknowledge collaboration with many people
involved in the study of this fascinating subject. M.L.B. is thankful
for the support from the National Science Foundation and the
Office of Naval Research. R.V. acknowledges the support from the
Chemistry Department of University of Cambridge and Churchill
College, Cambridge.

FOOTNOTES

*To whom correspondence should be addressed. E-mail: maxb@unc.edu.

REFERENCES
1 Rheinstadter, M. C.; Seydel, T.; Demmel, F.; Salditt, T. Molecular motions in lipid bilayers

studied by the neutron backscattering technique. Phys. Rev. E 2005, 71, 061908.



Vol. 45, No. 1 ’ 2012 ’ 74–82 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 81

Aqueous Solution/Lipid Bilayer Interfaces Berkowitz and V�acha

2 Nagle, J. F.; Tristram-Nagle, S. Structure of lipid bilayers. Biochim. Biophys. Acta, Rev.
Biomembr. 2000, 1469, 159–195.

3 Zhou, Z.; Sayer, B. G.; Hughes, D. W.; Stark, R. E.; Epand, R. M. Studies of phospholipid
hydration by high-resolution magic-angle spinning nuclear magnetic resonance. Biophys.
J. 1999, 76, 387–399.

4 Binder, H. Water near lipid membranes as seen by infrared spectroscopy. European
Biophys. J. 2007, 36, 265–279.

5 Chen, X. K.; Hua, W.; Huang, Z. S.; Allen, H. C. Interfacial Water Structure Associated with
Phospholipid Membranes Studied by Phase-Sensitive Vibrational Sum Frequency Gen-
eration Spectroscopy. J. Am. Chem. Soc. 2010, 132, 11336–11342.

6 Lopez, C. F.; Nielsen, S. O.; Klein, M. L.; Moore, P. B. Hydrogen bonding structure and
dynamics of water at the dimyristoylphosphatidylcholine lipid bilayer surface from a
molecular dynamics simulation. J. Phys. Chem. B 2004, 108, 6603–6610.

7 Pandit, S. A.; Bostick, D.; Berkowitz, M. L. An algorithm to describe molecular scale rugged
surfaces and its application to the study of a water/lipid bilayer interface. J. Chem. Phys.
2003, 119, 2199–2205.

8 Jedlovszky, P.; Mezei, M. Orientational order of the water molecules across a fully hydrated
DMPC bilayer: A Monte Carlo simulation study. J. Phys. Chem. B 2001, 105, 3614–3623.

9 Milhaud, J. New insights into water-phospholipid model membrane interactions. Biochim.
Biophys. Acta, Biomembr. 2004, 1663, 19–51.

10 Berkowitz, M. L.; Bostick, D. L.; Pandit, S. Aqueous solutions next to phospholipid
membrane surfaces: Insights from simulations. Chem. Rev. 2006, 106, 1527–1539.

11 Leneveu, D. M.; Rand, R. P.; Parsegian, V. A. Measurement of Forces between Lecithin
Bilayers. Nature 1976, 259, 601–603.

12 McIntosh, T. J.; Simon, S. A. Hydration and Steric Pressures between Phospholipid-
Bilayers. Annu. Rev. Biophys. Biomol. Struct. 1994, 23, 27–51.

13 Leikin, S.; Parsegian, V. A.; Rau, D. C.; Rand, R. P. Hydration Forces. Annu. Rev. Phys.
Chem. 1993, 44, 369–395.

14 Marrink, S. J.; Berkowitz, M.; Berendsen, H. J. C. Molecular-Dynamics Simulation of a
Membrane Water Interface - the Ordering of Water and Its Relation to the Hydration Force.
Langmuir 1993, 9, 3122–3131.

15 Perera, L.; Essmann, U.; Berkowitz, M. L. Role of water in the hydration force acting
between lipid bilayers. Langmuir 1996, 12, 2625–2629.

16 Pertsin, A.; Platonov, D.; Grunze, M. Direct computer simulation of water-mediated force
between supported phospholipid membranes. J. Chem. Phys. 2005, 122, 244708.

17 Pertsin, A.; Platonov, D.; Grunze, M. Origin of short-range repulsion between hydrated
phospholipid bilayers: A computer simulation study. Langmuir 2007, 23, 1388–1393.

18 Grunze,M.; Fedyanin, I.; Pertsin, A.Mechanism of short-range interfacial repulsion between
hydrated phosphatidylcholine bilayers: Comparison with phosphatidylethanolamine. Surf.
Sci. 2009, 603, 1937–1944.

19 Gentilcore, A. N.; Michaud-Agrawal, N.; Crozier, P. S.; Stevens, M. J.; Woolf, T. B.
Examining the Origins of the Hydration Force Between Lipid Bilayers Using All-Atom
Simulations. J. Membr. Biol. 2010, 235, 1–15.

20 Choudhury, N.; Pettitt, B. M. On the mechanism of hydrophobic association of nanoscopic
solutes. J. Am. Chem. Soc. 2005, 127, 3556–3567.

21 Eun, C.; Berkowitz, M. L. Origin of the hydration force: Water-mediated interaction between
two hydrophilic plates. J. Phys. Chem. B 2009, 113, 13222–13228.

22 Eun, C. S.; Berkowitz, M. L. Thermodynamic and Hydrogen-Bonding Analyses of the
Interaction between Model Lipid Bilayers. J. Phys. Chem. B 2010, 114, 3013–3019.

23 Schneck, E.; Netz, R. R. From simple surface models to lipidmembranes: Universal aspects
of the hydration interaction from solvent-explicit simulations. Curr. Opin. Colloid Interface
Sci. 2011, 10.1016/j.cocis.2011.04.007.

24 Bhide, S. Y.; Berkowitz, M. L. Structure and dynamics of water at the interface with
phospholipid bilayers. J. Chem. Phys. 2005, 123, 224702.

25 Fukuma, T.; Higgins, M. J.; Jarvis, S. P. Direct imaging of individual intrinsic hydration layers
on lipid bilayers at Angstrom resolution. Biophys. J. 2007, 92, 3603–3609.

26 Ball, P. Water as an active constituent in cell biology. Chem. Rev. 2008, 108, 74–108.
27 PasenkiewiczGierula, M.; Takaoka, Y.; Miyagawa, H.; Kitamura, K.; Kusumi, A. Hydrogen

bonding of water to phosphatidylcholine in the membrane as studied by a molecular
dynamics simulation: Location, geometry, and lipid-lipid bridging via hydrogen-bonded
water. J. Phys. Chem. A 1997, 101, 3677–3691.

28 Ben-Naim, A. Molecular Theory of Water and Aqueous Solutions, Part I; World Scientific:
Singapore, 2009.

29 Rog, T.; Murzyn, K.; Pasenkiewicz-Gierula, M. The dynamics of water at the phospholipid
bilayer surface: a molecular dynamics simulation study. Chem. Phys. Lett. 2002, 352,
323–327.

30 Siu, S. W. I.; Vacha, R.; Jungwirth, P.; Bockmann, R. A. Biomolecular simulations of
membranes: Physical properties from different force fields. J. Chem. Phys. 2008, 128,
125103.

31 Debnath, A.; Mukherjee, B.; Ayappa, K. G.; Maiti, P. K.; Lin, S. T. Entropy and dynamics of
water in hydration layers of a bilayer. J. Chem. Phys. 2010, 133, 174704.

32 Bhide, S. Y.; Berkowitz,M. L. The behavior of reorientational correlation functions of water at
the water-lipid bilayer interface. J. Chem. Phys. 2006, 125, 94713.

33 Laage, D.; Hynes, J. T. A molecular jumpmechanism of water reorientation. Science 2006,
311, 832–835.

34 Laage, D.; Hynes, J. T. On the Molecular Mechanism of Water Reorientation. J. Phys.
Chem. B 2008, 112, 14230–14242.

35 Zhang, Z.; Berkowitz, M. L. Orientational Dynamics of Water in Phospholipid Bilayers with
Different Hydration Levels. J. Phys. Chem. B 2009, 113, 7676–7680.

36 Zhao, W.; Moilanen, D. E.; Fenn, E. E.; Fayer, M. D. Water at the surfaces of aligned
phospholipid multibilayer model membranes probed with ultrafast vibrational spectroscopy.
J. Am. Chem. Soc. 2008, 130, 13927–13937.

37 Volkov, V. V.; Palmer, D. J.; Righini, R. Distinct water species confined at the interface of a
phospholipid membrane. Phys. Rev. Lett. 2007, 99, 078302.

38 Bonn, M.; Campen, R. K. Optical methods for the study of dynamics in biological membrane
models. Surf. Sci. 2009, 603, 1945–1952.

39 Pabst, G..; et al. Rigidification of neutral lipid bilayers in the presence of salts. Biophys.
J. 2007, 93, 2688–2696.

40 Garcia-Manyes, S.; Oncins, G.; Sanz, F. Effect of ion-binding and chemical phospholipid
structure on the nanomechanics of lipid bilayers studied by force spectroscopy. Biophys.
J. 2005, 89, 1812–1826.

41 Kunz, W. Specific ion effects in colloidal and biological systems. Curr. Opin. Colloid Interface
Sci. 2010, 15, 34–39.

42 Akutsu, H.; Seelig, J. Interaction of Metal-Ions with Phosphatidylcholine Bilayer-Mem-
branes. Biochemistry 1981, 20, 7366–7373.

43 Eisenberg, M.; Gresalfi, T.; Riccio, T.; McLaughlin, S. Adsorption of Monovalent Cations to
Bilayer Membranes Containing Negative Phospholipids. Biochemistry 1979, 18, 5213–
5223.

44 Aroti, A.; Leontidis, E.; Maltseva, E.; Brezesinski, G. Effects of Hofmeister anions on DPPC
Langmuir monolayers at the air-water interface. J. Phys. Chem. B 2004, 108, 15238–
15245.

45 Aroti, A.; Leontidis, E.; Dubois, M.; Zemb, T. Effects of monovalent anions of the Hofmeister
series on DPPC lipid Bilayers part I: Swelling and in-plane equations of state. Biophys.
J. 2007, 93, 1580–1590.

46 Leontidis, E.; Aroti, A.; Belloni, L.; Dubois, M.; Zemb, T. Effects of monovalent anions of the
Hofmeister series on DPPC lipid Bilayers part II: Modeling the perpendicular and lateral
equation-of-state. Biophys. J. 2007, 93, 1591–1607.

47 Aroti, A.; Leontidis, E.; Dubois, M.; Zemb, T.; Brezesinski, G. Monolayers, bilayers and
micelles of zwitterionic lipids as model systems for the study of specific anion effects.
Colloids Surf., A 2007, 303, 144–158.

48 Tatulian, S. A. Effect of Lipid Phase-Transition on the Binding of Anions to Dimyristoyl-
phosphatidylcholine Liposomes. Biochim. Biophys. Acta 1983, 736, 189–195.

49 Klasczyk, B.; Knecht, V.; Lipowsky, R.; Dimova, R. Interactions of Alkali Metal Chlorides with
Phosphatidylcholine Vesicles. Langmuir 2010, 26, 18951–18958.

50 V�acha, R.; Jurkiewicz, P.; Petrov, M.; Berkowitz, M. L.; B€ockmann, R. A.; Barucha-
Kraszewska, J.; Hof, M.; Jungwirth, P. Mechanism of Interaction of Monovalent Ions with
Phosphatidylcholine Lipid Membranes. J. Phys. Chem. B 2010, 114, 9504–9509.

51 Pandit, S. A.; Bostick, D.; Berkowitz, M. L. Molecular dynamics simulation of a
dipalmitoylphosphatidylcholine bilayer with NaCl. Biophys. J. 2003, 84, 3743–3750.

52 Bockmann, R. A.; Hac, A.; Heimburg, T.; Grubmuller, H. Effect of sodium chloride on a lipid
bilayer. Biophys. J. 2003, 85, 1647–1655.

53 Bockmann, R. A.; Grubmuller, H. Multistep binding of divalent cations to phospholipid
bilayers: A molecular dynamics study. Angew. Chem., Int. Ed. 2004, 43, 1021–1024.

54 Gurtovenko, A. A.; Miettinen, M.; Karttunen, M.; Vattulainen, I. Effect of monovalent salt on
cationic lipid membranes as revealed by molecular dynamics simulations. J. Phys. Chem. B
2005, 109, 21126–21134.

55 Gurtovenko, A. A.; Vattulainen, I. Effect of NaCl and KCl on phosphatidylcholine and
phosphatidylethanolamine lipid membranes: Insight from atomic-scale simulations for
understanding salt-induced effects in the plasmamembrane. J. Phys. Chem. B 2008, 112,
1953–1962.

56 Cordomi, A.; Edholm, O.; Perez, J. J. Effect of ions on a dipalmitoyl phosphatidyl-
choline bilayer. A molecular dynamics simulation study. J. Phys. Chem. B 2008, 112,
1397–1408.

57 Cordomi, A.; Edholm, O.; Perez, J. J. Effect of Force Field Parameters on Sodium and
Potassium Ion Binding to Dipalmitoyl Phosphatidylcholine Bilayers. J. Chem. Theory
Comput. 2009, 5, 2125–2134.

58 Sachs, J. N.; Nanda, H.; Petrache, H. I.; Woolf, T. B. Changes in phosphatidylcholine
headgroup tilt and water order induced by monovalent salts: Molecular dynamics
simulations. Biophys. J. 2004, 86, 3772–3782.

59 Lee, S. J.; Song, Y.; Baker, N. A. Molecular dynamics simulations of asymmetric NaCl and
KCl solutions separated by phosphatidylcholine bilayers: Potential drops and structural



82 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 74–82 ’ 2012 ’ Vol. 45, No. 1

Aqueous Solution/Lipid Bilayer Interfaces Berkowitz and V�acha

changes induced by strong Naþ-lipid interactions and finite size effects. Biophys. J. 2008,
94, 3565–3576.

60 V�acha, R.; Siu, S. W. I.; Petrov, M.; B€ockmann, R. A.; Barucha-Kraszewska, J.; Jurkiewicz,
P.; Hof, M.; Barkowitz, M. L.; Jungwirth, P. Effects of alkali cations and halide anions on the
DOPC lipid membrane. J. Phys. Chem. A 2009, 113, 7235–7243.

61 Perera, L.; Berkowitz, M. L. Structure andDynamics of Cl-(H2O)20 Clusters - the Effect of the
Polarizability and the Charge of the Ion. J. Chem. Phys. 1992, 96, 8288–8294.

62 Jungwirth, P.; Tobias, D. J. Ions at the air/water interface. J. Phys. Chem. B 2002, 106,
6361–6373.

63 Collins, K. D. Charge density-dependent strength of hydration and biological structure.
Biophys. J. 1997, 72, 65–76.

64 Petrache, H. I.; Kimchi, I.; Harries, D.; Parsegian, V. A. Measured depletion of ions at the
biomembrane interface. J. Am. Chem. Soc. 2005, 127, 11546–11547.

65 Petrache, H. I.; Zemb, T.; Belloni, L.; Parsegian, V. A. Salt screening and specific ion
adsorption determine neutral-lipid membrane interactions. Proc. Natl. Acad. Sci. U.S.A.
2006, 103, 7982–7987.

66 Ninham, B. W.; Parsegian, V. A. Electrostatic Potential between Sufraces Bearing Ionizable
Groups in Ionic Equilibrium with Physiologic Saline Solution. J. Theor. Biol. 1971, 31, 405.


