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Molecular dynamics simulations of the interaction between polyhydroxylated compounds and
Lennard-Jones walls: preferential affinity/exclusion effects and their relevance for bioprotection

Daan P. Geerke1, Wilfred F. van Gunsteren and Philippe H. Hünenberger*

Laboratory of Physical Chemistry, Swiss Federal Institute of Technology Zürich, ETH, CH-8093 Zürich, Switzerland

(Received 1 October 2009; final version received 5 March 2010)

Molecular dynamics simulation is used to investigate the interaction of methanol (MET) and the polyhydroxylated cosolutes
(CSLs) ethylene glycol (ETG), glycerol (GLY), glucose (GLU) and trehalose (TRH) in aqueous solution with the surface of
rigid Lennard-Jones walls. The walls are designed to represent simplified models for biomolecular (membrane, protein)
surfaces and include three functionalisation variants: (i) non-polar (NP, no functionalisation); (ii) semi-polar (SP, surface
hydroxyl groups); and (iii) highly polar (HP, positive and negative surface charges). The simulations are performed to
investigate, in a simplified context, the preferential affinity/exclusion properties of the different CSLs (compared to water),
which are relevant for the phenomenon of bioprotection by polyhydroxylated compounds. The simulations are carried out at
three different temperatures (300, 475 and 600 K), and a comparison with simulations involving pure water or the pure liquid
CSLs MET, ETG and GLY is also undertaken. In aqueous solution, all CSLs considered evidence preferential affinity
(compared to water) for the NP and SP walls. This effect increases in magnitude with increasing CSL size, and is due to the
favourable driving force associated with the replacement of multiple water molecules at the wall surface by a single
polyhydroxylated CSL molecule (the partial substitution occurring without a significant change in the number of
wall-solution hydrogen bonds). The preferential affinity is significantly reduced for the HP wall (for MET, ETG and GLY,
preferential exclusion is actually observed). This change is probably related to the higher efficiency of water (compared to
the CSLs) in terms of electrostatic solvation (higher dielectric permittivity), and provides an interpretation for the
observation that polyhydroxylated CSLs appear to show preferential affinity for the surface of membranes, but preferential
exclusion for the surface of proteins.

Keywords: molecular dynamics simulation; aqueous solutions; polyhydroxylated cosolutes; surface effects; preferential
affinity or exclusion

1. Introduction

The cell membrane is the first component of a cell to

interact with external solutes. The presence of cosolutes or

cosolvents (CSLs) in the extracellular (aqueous) environ-

ment or in the intracellular medium can alter the

physicochemical properties of this membrane, which

may in turn affect the functioning of membrane proteins

such as ion and water channels [1,2], or the resistance of

the cell to potentially damaging conditions [3–5]. As a

result, the modulation of membrane properties by CSLs

and, in particular, by small mono- and polyhydroxylated

compounds (both further collectively referred to as

polyhydroxylated compounds for simplicity), is involved

in several processes of high biological, technological and

medicinal relevance [6]. Sugars play a central role in the

ability of organisms to survive extreme conditions of

dehydration, temperature, pressure, oxygen deprivation or

salt concentration [3–5]. Alcohols or other small organic

molecules are commonly used as anaesthetic agents [7–9].

Glycerol (GLY) and ethylene glycol (ETG) are frequently

used as cryoprotective agents to minimise cellular damage

in freezing technologies [10,11]. All these phenomena

appear to involve, among other effects, a modulation of

the properties of cell membranes by the CSL molecules

[1–11].

The mechanisms whereby sugars stabilise membranes

as well as other biomolecules under harsh conditions

remain nowadays a matter of debate. In the case of

dehydration resistance, three main hypotheses have been

put forward. The water-replacement hypothesis suggests

that sugars show preferential affinity (compared to water)

for biomolecular surfaces [12–21], partially substituting

water molecules in forming hydrogen bonds (H-bonds)

with the polar and charged surface groups. In the case of

lipid membranes, this H-bonded scaffold would be

responsible for maintaining the spacing between the lipid

headgroups and preserving the membrane in the liquid-

crystalline phase throughout the dehydration–rehydration

cycle [12,13,15,16]. In contrast, the water-entrapment

hypothesis (mainly documented in the context of proteins

[22,23], but also recently suggested in the context of

membranes [24]) proposes that sugars are preferentially

excluded (compared to water) from biomolecular surfaces
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and, instead, concentrate residual water molecules close to

the biomolecule. This residual water concentration would

be responsible [25] for the preservation of the biomole-

cular solvation and native properties, even at very low

water contents. Finally, the vitrification hypothesis

suggests that sugars found in anhydrobiotic systems

protect biomolecular structures through the formation of

amorphous glasses, thereby reducing structural fluctu-

ations and preventing mechanical disruption [26–31].

During the last few years, a combined view has also

emerged that water replacement and vitrification might be

simultaneously required to achieve bioprotection

[3,4,14,21,30,32–36]. However, especially in the case of

proteins [22,23,25,37–39], but also in the case of

membranes [24,40,41], this view is not unanimously

accepted.

Interestingly, computer simulation studies of proteins

[42–47] and membranes [6,45,48–54] surrounded by

aqueous sugar solutions have suggested different modes of

interaction of sugars with the two types of biomolecular

surfaces. While most protein simulations [42–47] showed

preferential exclusion of the sugar molecules from the

biomolecular surface (providing support to the water-

entrapment hypothesis), most studies concerning mem-

branes [6,45,48–54] showed preferential affinity of the

sugar molecules for the biomolecular surface, with the

partial replacement of water molecules in establishing

H-bonds with the lipid headgroups (providing support to

the water-replacement hypothesis).

This difference may tentatively be rationalised by

considering the recent suggestion that the dielectric

properties of the outer region of a water-soluble protein

are nearly identical to those of its aqueous environment

[55]. In contrast, the effective dielectric permittivity of the

surface region of a membrane is typically assumed to be

significantly lower than that of the solvent [56]. Although

some care must be taken when interpreting estimates for

local dielectric properties [57], it is probably reasonable to

regard protein surfaces as being more polar than

membrane surfaces, also when considering that the former

surfaces present a significant density of side chains with

net charges, while the latter ones typically embed neutral

or zwitterionic headgroups. Accepting the existence of

such a difference in surface polarity, one may relate

observed dependencies of preferential affinity/exclusion

effects to the composition (polarity) of the biomolecular

surface.

In the case of membranes, the clustering of the sugar

molecules at the membrane surface was also found in

simulations to induce a marginal increase in the area per

lipid and in the extent of disorder within the bilayer.

The comparison of simulations involving different sugars

did not reveal striking differences in their influence on the

membrane properties [48,53]. However, the imposition of

stress on the bilayer (e.g. elevated temperature or negative

lateral pressure) was found to have a strong influence on

the way sugar molecules interact with the lipid headgroups

[49,53,54], as demonstrated by the observed increase in

the number of sugar–lipid H-bonds and in the degree of

bridging of the lipids via H-bonded sugar molecules.

The suggestion that the physiological effects of

alcohols and other anaesthetics are (at least in part) due

to the modulation of membrane properties is supported by

the apparent lack of specific receptor sites for these

molecules in the cell [58]. A non-specific interaction is

also consistent, e.g. with the characteristics of ethanol

intoxication, where a relatively high concentration is

required to produce a response, above which the response

is enhanced upon further increasing the concentration.

However, the exact mode of action of alcohols (and other

anaesthetic agents), as well as the hypotheses invoking

lipids as the prime target in these processes, remain a

matter of debate [58,59]. The interaction of alcohols

with lipid membranes presents a peculiar characteristic,

the so-called biphasic effect [60]. Depending on the

concentration range, short-chain aliphatic alcohols have an

opposite influence on the main gel-to-liquid-crystalline

phase transition temperature Tm of membranes. At low

concentrations, Tm decreases with increasing alcohol

concentration, whereas at high concentrations, the

opposite trend is observed. The biphasic effect was

explained by the formation of an unusual interdigitated gel

phase at high alcohol concentrations, where lipid

molecules from the opposing monolayers interpenetrate

[61]. The biphasic effect [60,61] as well as direct

measurements [62 – 68] and computer simulations

[6,69–74] of the influence of short-chain aliphatic

alcohols on bilayer properties all suggest that these

molecules show preferential affinity (compared to water)

for the membrane surface. The intercalation of the alcohol

molecules between the lipid headgroups [62–64,66]

results in an increase in the effective headgroup volume,

inducing a lateral expansion in the interfacial region

[65,67,68]. When this expansion is important enough, the

energetically unfavourable void spaces within the bilayer

interior can be removed through interdigitation of the lipid

tails [61–68,75–77]. Longer chain alcohols may induce a

different response, presumably because their aliphatic

chains are also able to intercalate between the lipid tails

[78]. In line with the general tendency of alcohols to

significantly increase the headgroup spacing, an increase

in the disorder (decrease in the order parameters) of the

lipid hydrocarbon tails is observed when alcohols are

added to lipid bilayers in the liquid-crystalline phase

[63,64,66] (provided that the system does not undergo

transition to the interdigitated gel phase). This disorder

increase is caused by a reduction in the packing constraints

imposed on the lipid tails. Direct interactions between the

alcohol molecules and the lipid headgroups have also been

observed in simulations in the form of H-bonds between
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the alcohol hydroxyl groups and both the phosphate and

ester groups of the lipids [6,73,74], in agreement with

experimental observations [65,66].

Similar to short-chain aliphatic alcohols, ETG and

GLY can induce (at sufficiently high concentrations) the

formation of interdigitated phases in phospholipid bilayers

[79–82]. Multilamellar liposomes can be formed in pure

GLY with similar properties (spacing between bilayers,

main transition temperatures, heat capacities and enthal-

pies) to those formed in pure water (WAT) [79]. Such

liposomes can also be formed in pure ETG [79]. ETG in

aqueous solution has also been shown to present a biphasic

effect [81] and to promote an increase in the disorder of the

lipid tails [83,84] for bilayers in the liquid-crystalline

phase. A number of studies have suggested that GLY

interacts directly, through H-bonds, with the lipid head-

groups [85,86]. However, a recent calorimetric investi-

gation has concluded that GLY is preferentially excluded

from the membrane–water interface [87], in apparent

disagreement with the previous experimental studies. In the

case of proteins embedded in aqueous GLY solutions, both

preferential affinity [21] of the triol (compared to water)

for the protein surface and preferential exclusion [88] of

the triol (compared to water) from the protein surface have

been suggested by independent experiments. To our

knowledge, only a few simulation studies [6,89–91] have

investigated the interaction of ETG and GLY with

biomolecules. Two of these [6,90] indicated a preferential

affinity of ETG or GLY for the surface of a membrane,

whereas the third one [91] indicated a preferential

exclusion of GLY from the surface of a protein.

In spite of numerous experimental and theoretical

investigations (see above), a complete understanding of the

molecular mechanisms responsible for the modulation of the

properties of lipid bilayers and other biomolecules by

polyhydroxylated CSLs is still lacking. In a previous

theoretical study [6], we used molecular dynamics (MD)

simulations to investigate in a systematic fashion the

interaction of methanol (MET) and the polyhydroxylated

CSLs ETG, GLY, glucose (b-D-glucopyranose, GLU) and

trehalose (a,a-trehalose, TRH) with a hydrated dipalmitoyl-

phosphatidylcholine (DPPC) bilayer in the liquid-crystalline

phase at 325 K. The comparison was performed at constant

effective concentration of CSL hydroxyl groups. The results,

along with available experimental data, led to the

formulation of two distinct mechanisms for the interaction

of polyhydroxylated compounds with lipid bilayers: the

alcohol-like mechanism and the sugar-like mechanism.

The alcohol-like mechanism (active for MET and

ETG) involves preferential affinity of the CSL (compared

to water) for the superficial region of the bilayer interior,

and is driven by the hydrophobic effect. It results in a

lateral expansion of the membrane, a disorder increase

within the bilayer and a partial substitution of water by

CSL molecules at the H-bonding sites provided by the

membrane, predominantly at the level of the ester groups.

The sugar-like mechanism (active for GLU and TRH)

involves preferential affinity of the CSL (compared to

water) for the bilayer surface (leading to the formation of a

coating layer), and is driven by entropic effects. It results

in the absence of significant lateral expansion and disorder

increase within the bilayer, and in a partial substitution of

water by CSL molecules at the H-bonding sites provided

by the membrane, predominantly at the level of the

phosphate groups. It also involves the bridging of lipid

molecules via H-bonded CSL molecules, a phenomenon

that may have implications in the context of membrane

stabilisation by sugars [6]. Note that H-bonding itself is

not viewed as a driving force for these two mechanisms

[6], which only involve the (partial) substitution of

water–lipid by CSL–lipid H-bonds, the sum of the two

remaining essentially constant, irrespective of the nature

and concentration of the CSL.

The goal of the present work is to provide further

insight into the mechanism of interaction of polyhydroxy-

lated CSLs with lipid bilayers in the context of simplified

interface models. More specifically, the bilayer is replaced

here by a rigid wall composed of a lattice of positionally

constrained Lennard-Jones particles LJP. This wall may

present either a non-polar (NP; unaltered LJPs), a semi-

polar (SP; partial hydroxylation of the surface LJPs) or a

highly polar (HP; partial ionisation of the surface LJPs)

surface. It is exposed either to aqueous solutions of the

different CSLs (MET, ETG, GLY, GLU or TRH), to the

different pure liquid CSLs (MET, ETG and GLY only) or

to WAT. In the case of aqueous CSL solutions, the

comparison is performed at constant effective CSL oxygen

atom concentration. This permits to investigate specifi-

cally the effect of the configurational (geometrical and

stereochemical) restrictions imposed by a given molecular

framework on the capacity of the CSL H-bonding groups

to interact with the wall. Note that this choice differs

slightly from the one used in our previous work on

CSL–membrane interactions [6] (constant effective CSL

hydroxyl group concentration) because, unlike the head-

groups of a DPPC bilayer, the functionalised LJPs in the

surface layers of the SP wall can function not only as

H-bond acceptors but also as H-bond donors. Explicit-

solvent MD simulations of these systems on the

nanosecond time scale are performed at constant volume

and at three different temperatures (300, 475 or 600 K).

Because the walls are fully rigid, precluding any lateral

expansion, intercalation of the CSL molecules between the

surface LJPs (mimicking the lipid headgroups) is nearly

impossible. For this reason, the alcohol-like mechanism

should be essentially inactive in these systems, thereby

permitting a specific investigation of preferential affinity

caused by the sugar-like (entropy-driven) mechanism.

In addition, rigid walls present the advantage over more

realistic phospholipid membranes that they do not undergo
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slow internal processes, so that possible convergence

problems are essentially eliminated in the present

simulations.

2. Methods

2.1 MD simulations

All MD simulations were carried out using the GRO-

MOS96 program [92,93]. The force-field parameters used

in the present work were as follows: the SPC model of

Berendsen et al. [94] was used for water; the B3 model of

Walser et al. [95] for MET; the G04 model of Geerke and

van Gunsteren [96] for ETG; the model of Geerke as

reported by Pereira and Hünenberger [6] for GLY; and the

GROMOS 45A4 force-field parameters of Lins and

Hünenberger [97] for GLU and TRH. Although these

force-field parameter sets have been developed by different

authors, they all consistently follow the parameterisation

philosophy underlying the GROMOS biomolecular force

field [92,98], including compatibility with the SPC water

model, i.e. they were calibrated against experiment to

reproduce key thermodynamic properties of the pure

substance and of its aqueous mixtures. The force-field

parameters used for the LJPs of the walls (as well as the

oxygen (OSP) and hydrogen (HSP) atoms of the surface

hydroxyl groups for the SP walls) are provided in Table 1.

Three types of walls were considered, differing in their

surface properties: a NP; a SP; and a HP wall. The three

types of wall share a common basic framework consisting

of seven layers (along the z-axis) of 16 £ 16 LJPs (in the

xy-plane), in a rigid cubic lattice with lattice spacing

rLJP – LJP ¼ 0.21 nm, resulting in a total wall dimension of

3.36 £ 3.36 £ 1.47 nm3. Note that a relatively high density

of LJPs in the wall was selected, so as to prevent the

penetration of the water molecules into the surface layers

during the simulations. In the NP wall, all LJPs were

assigned a zero charge, and no surface modification was

applied. In the SP wall, one-half of the 2 £ 16 £ 16 surface

LJPs were functionalised by hydroxyl groups, alternating

functionalised and unfunctionalised LJPs for closest

neighbours. These hydroxyl groups are rigid and anchored

to the wall such that the LJPZOSP bond is oriented

perpendicularly to the surface layer (along the z-axis),

i.e. they possess a single (dihedral angle) degree of

freedom. The selected spacing between the hydroxyl

groups of the SP wall (0.297 nm between nearest-

neighbour hydroxyl oxygen atoms) is similar to the

corresponding nearest-neighbour distance in pure WAT

(0.278 nm) [99] and pure MET (0.275 nm) [100]. In the HP

wall, one-half of the 2 £ 16 £ 16 surface LJPs were

assigned a net charge of þ1e or 21e, alternating charged

and uncharged LJPs for closest neighbours, and positive

and negative charges for closest charged neighbours.

The simulations were performed under periodic

boundary conditions (at constant volume), based on

reference boxes of dimensions Lx £ Ly £ Lz with

Lx ¼ Ly ¼ 3:36 nm, containing one copy of the above

wall (now becoming a set of parallel walls periodic along

the z-axis, each of which being of infinite extent in the x-

and y-directions) along with either an aqueous CSL

solution, a pure liquid CSL (MET, ETG and GLY only), or

pure WAT. The composition of these systems and the

corresponding Lz values are reported in Table 2 for the

different systems. The values of Lz were chosen in such a

way that the approximate solution volume is equal to the

average volume obtained from an independent constant

pressure simulation of the corresponding aqueous mixture

or pure liquid in the absence of the Lennard-Jones wall

(note that Lz is slightly larger for the SP wall, to account

for the extra volume occupied by the additional hydroxyl

groups at the surface). The CSL and/or water molecules

were initially placed at random positions and with

random orientations in the reference box, in such a way

that they were not overlapping with each other or with

wall particles.

Table 1. Force-field parameters used for the LJPs of the walls,
as well as for the OSP oxygen and HSP hydrogen atoms of the
surface hydroxyl groups for the SP wall.

Particle Parameter Value Units

LJP C
1=2
6 0.09805 (kJ mol21 nm6)1/2

C
1=2
12 5.162 1023 (kJ mol21 nm12)1/2

q 0.000a e
0.266b e

^1.0c e
rLJP – LJP 0.21 nm

OSP C
1=2
6 0.04756 (kJ mol21 nm6)1/2

C
1=2
12 1.100d 1023 (kJ mol21 nm12)1/2

1.227e 1023 (kJ mol21 nm12)1/2

q 20.674 e
rLJP – OSP 0.143 nm

HSP C
1=2
6 0.000 (kJ mol21 nm6)1/2

C
1=2
12 0.000 1023 (kJ mol21 nm12)1/2

q 0.408 e
rOSP – HSP 0.100 nm
rLJP – HSP 0.1988 nm

Notes: The parameters listed are the square-root Lennard-Jones coefficients (C
1=2
6

and C
1=2
12 , to be used with a geometric-mean combination rule [92]), the atomic

partial charges (q) and the (constrained) distance between two bonded atoms of a
given type i and j (ri2j). The walls are composed of seven layers (along the z-axis) of
16 £ 16 LJPs (in the xy-plane) in a rigid cubic lattice with lattice spacing rLJP – LJP.
For the NP wall, all LJPs are unfunctionalised and uncharged. For the SP wall, one-
half of the 2 £ 16 £ 16 surface LJPs are functionalised by OSP–HSP hydroxyl
groups (alternating functionalised and unfunctionalised LJPs; rigid bond distances
and bond angles, orientation of the LJPZOSP bond constrained to be perpendicular
to the wall surface; only one freely rotating dihedral angle). For the HP wall, one-
half of the 2 £ 16 £ 16 surface LJPs are charged (alternating charged and uncharged
LJPs for closest neighbours, and positive and negative charges for closest charged
neighbours). All atoms (LJP, OSP and HSP) within a wall are excluded from
Lennard-Jones interactions with each other. Note also that hydrogen atoms (wall
and system) are not involved in van der Waals interactions.a NP, SP and HP walls

except surface layers. b SP wall surface layers (functionalised LJP only). c HP wall

surface layers (charged LJP only). d For interactions between OSP and carbon atoms

in the system. e For interactions between OSP and oxygen atoms in the system.
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In all subsequent energy minimisations and MD

simulations, the LJPs and, in the case of the SP wall, the

OSPs were positionally constrained. The simulations were

performed at constant volume and at three different

temperatures of 300, 475 or 600 K. After a steepest-

descent energy minimisation, initial velocities were

assigned from a Maxwell–Boltzmann distribution at the

appropriate temperature. After an equilibration period of

107 MD steps, production runs of 5 £ 106 steps were

carried out, in which data for analysis (energies, atomic

coordinates) were written to file every 5000 steps.

All MD simulations relied on integrating Newton’s

equations of motion based on the leap-frog algorithm

[101], with time steps of 2, 1.5 and 1.4 fs, at 300, 475 and

600 K, respectively (leading to production runs of 10, 7.5

and 7 ns, respectively). The temperature was maintained at

the appropriate average value using the weak-coupling

method of Berendsen et al. [102] (with a coupling time of

0.1 ps). In the case of the aqueous CSL solutions, the

degrees of freedom of the CSL and water molecules were

coupled to two separate baths. Bond lengths were

constrained to their minimum energy values using the

SHAKE algorithm [103] with a relative geometric

tolerance of 1024. Non-bonded interactions were handled

using a twin-range cut-off scheme [104]. Within a

short-range cut-off radius of 0.8 nm, interactions were

evaluated every time step based on a pairlist that was

updated every five steps. The intermediate-range inter-

actions up to a long-range cut-off radius of 1.4 nm were

evaluated simultaneously with each pairlist update, and

assumed constant in between. To account for the mean

effect of electrostatic interactions beyond the long-range

cut-off radius, a reaction-field correction [105] was

applied using an effective relative dielectric permittivity

of 50.

2.2 Analysis

The analysis was performed in terms of: (i) the normalised

probability distribution function paðzÞ of species a

(CSL or WAT) along the direction normal to the wall

(z-axis); (ii) the excess surface fraction f aðdcÞ of species a

within a cut-off distance dc from the wall surface;

(iii) estimates for the standard (Helmholtz) free energy

DA8
a, energy DU8

a and entropy DS8a associated with the

bulk-to-surface equilibrium for species a (for a selected

value of dc; aqueous CSL solutions only); (iv) H-bonding

between species a and the wall (SP wall only); and

(v) orientational preferences of the CSL molecules close to

the wall (aqueous CSL solutions only). For the CSLs,

quantities (i)–(iii) represent averages over all carbon

atoms of the molecule. For WAT, these quantities refer to

the oxygen atom of the water molecule.

The normalised probability distribution paðzÞ of a

species a along the z-axis was evaluated according to

paðzÞ ¼
Lz 2 lz

Na

XNa

i¼1

kdðziðtÞ2 zÞlt; ð1Þ

where Na is the total number of sites allocated to species a

(CSL, all carbon atoms; WAT, oxygen atom) in the

computational box; Lz is the box size along the z-axis;

and lz is the estimated wall thickness along the z-axis

(Table 2). In this equation, the function ziðtÞ represents the

z-coordinate of the ith site at time t; d is the Dirac delta

function; and , · · · . t denotes (infinite) ensemble (time)

averaging. The value of ziðtÞ was selected within a period

Lz, such that z ¼ 0 and z ¼ Lz correspond to the middle

planes of a wall and of its next (parallel) periodic image

along the z-axis, respectively. Because paðzÞ essentially

vanishes for z in the intervals [0, 1
2
lz] and ½Lz 2

1
2
lz; Lz�, this

function is normalised to an (approximate) average value

Table 2. Composition of the simulated systems (reference box).

NP, HP walls SP wall

System nO NCSL NWAT mCSL (mol kg21) mO (mol kg21) Lz (nm) lz (nm) Lz (nm) lz (nm)

Aqueous CSL
MET 1 300 1400 11.89 11.89 7.5446 1.83 7.6610 1.92
ETG 2 150 1400 5.947 11.89 7.0376 1.83 7.1540 1.92
GLY 3 100 1400 3.965 11.89 6.8896 1.83 6.8970 1.92
GLU 6 50 1400 1.982 11.89 6.7806 1.83 6.7704 1.92
TRH 12 25 1400 0.991 11.89 6.6540 1.83 6.8970 1.92

Pure CSL
MET 1 925 7.5446 1.83 7.6610 1.92
ETG 2 609 7.0376 1.83 7.1540 1.92
GLY 3 452 6.8896 1.83 6.8970 1.92

Pure water
WAT 1 1748 6.7806 1.83 6.7704 1.92

Notes: The parameters listed are the number of oxygen atoms per CSL molecule (nO), the number of CSL (NCSL) and water (NWAT) molecules in the box, the solution molality
mCSL (number of moles of CSL divided by the mass of water), the effective CSL oxygen atom molality mO ( ¼ mCSL £ nO), and the box length Lz and estimated wall thickness lz
in the z-direction (perpendicular to the wall). The different entries correspond to aqueous solutions of the CSLs MET, ETG, GLY, GLU or TRH, to the pure CSL liquids (MET,
ETG and GLY only) or to WAT, in the vicinity of either a NP, a SP or a HP wall.
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of 1 over the interval ½1
2
lz; Lz 2

1
2
lz�, i.e.

1

Lz 2 lz

ðLz21
2
lz

1
2
lz

paðzÞ dz <
1

Lz 2 lz

ðLz
0

paðzÞ dz ¼ 1: ð2Þ

This choice of normalisation, although slightly approxi-

mate, was made because it should lead to profiles

independent of the wall thickness (for large enough lz) and

surface characteristics independent of the solution volume

(for large enough Lz 2 lz). In practice, the d-function in

Equation (1) was approximated by a binning function of

width Dz ¼ 0.02 nm and the infinite ensemble (time)

average replaced by a (finite and discrete) trajectory

average over the entire production time, leading to

a corresponding histogram approximation for paðzÞ.

The value of lz was set to 1.83 nm for the NP and HP

walls, and to 1.92 nm for the SP wall (Table 2). These were

estimated empirically as optimal compromise values for

the different systems, types of sites and temperatures from

the zero point of the density profiles. Deviations from

these compromise values were always below 0.09 nm and

can be neglected.

For the description of excess surface properties, it is

convenient to introduce the notations bulk(dc) for the

interval ½1
2
Lz 2

1
2
dc;

1
2
Lz þ

1
2
dc� and surf(dc) for the union of

the intervals ½1
2
lz;

1
2
lz þ dc� and ½Lz 2 ð1

2
lz þ dcÞ; Lz 2

1
2
lz�.

To determine the excess surface fraction f aðdcÞ of species

a for a given cut-off distance dc from the wall surface, the

average numbers of particles na;surfðdc) within surf(dc) and

na;bulkðdc) within bulk(dc) were calculated according to

na;surfðdcÞ ¼
Na

Lz 2 lz

ð
surfðdcÞ

paðzÞ dz ð3Þ

and

na;bulkðdcÞ ¼
Na

Lz 2 lz

ð
bulkðdcÞ

paðzÞ dz: ð4Þ

The excess surface fraction f aðdcÞ of species a was then

calculated according to

f aðdcÞ ¼
na;surfðdcÞ2 2na;bulkðdcÞ

na;surfðdcÞ þ 2na;bulkðdcÞ
: ð5Þ

Three limiting cases for f aðdcÞ are: (i) full exclusion from

the wall (paðzÞ ¼ 0 over surf(dc)); (ii) inert behaviour

relative to the wall (paðzÞ ¼ 1 over surf(dc) and bulk(dc));

and (iii) full affinity to the wall (paðzÞ ¼ 0 over bulk(dc)).

In these cases, one has

f aðdcÞ ¼

21 full exclusion

0 inert behaviour

1 full affinity:

8>><
>>:

ð6Þ

The standard (Helmholtz) free energy DA8
a associated with

the bulk-to-surface equilibrium for species a was

estimated by assuming a two-state process (based on a

selected value for the cut-off distance dc from the wall

surface; aqueous CSL solutions only). Because the

solutions considered are relatively concentrated and

because it was convenient to treat CSL and WAT on the

same footing, a reference state based on mole fractions xa
(rather than molalities ma, more commonly used in

solution chemistry) was adopted. In this case, DA8
a is

defined as the free energy for transferring 1 mole of

species a from a bulk solution at infinite dilution to the

surface region at infinite dilution, extrapolated to a

reference mole fraction xa ¼ 1 in both regions assuming

ideal solution behaviour. Assuming that ideal solution

behaviour approximately holds in the finite concentration

regime considered in the simulations, one may write for

the chemical potential ma in the two regions

ma;bulk ¼ m8
a;bulk þ RT ln xa;bulk ð7Þ

and

ma;surf ¼ m8
a;surf þ RT ln xa;surf : ð8Þ

At equilibrium (simulation conditions), one should have

ma;bulk ¼ ma;surf ; ð9Þ

so that

DA8
a ¼ m8

a;surf 2 m8
a;bulk ¼ RT ln

xa;bulk

xa;surf

: ð10Þ

The involved ratio can be calculated as (for a given dc)

xa;bulk

xa;surf

¼

Ð
bulkðdcÞ

dz paðzÞÐ
bulkðdcÞ

dz ½pCSLðzÞ þ pWATðzÞ�

�

Ð
surfðdcÞ

dz½pCSLðzÞ þ pWATðzÞ�Ð
surfðdcÞ

dz paðzÞ
: ð11Þ

The corresponding entropy change DS8a (at constant

number of particles and volume) can be estimated through

values of DA8
a at two different temperatures as

DS8aðTÞ < 2
DA8

aðT þ 1
2
DTÞ2 DA8

aðT 2 1
2
DTÞ

DT
ð12Þ

and the corresponding internal energy DU8
a (at constant

number of particles and temperature) through the Gibbs

equation as

DU8
a ¼ DA8

a þ TDS8a: ð13Þ

In principle, because a two-state equilibrium is considered,

the values of DA8
a (as well as DS8a and DU8

a) calculated
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in this way should be unaltered if the standard state is

changed to the (more common) reference state based on a

solution of unit molality (although the corresponding

values of m8
CSL;bulk and m8

CSL;surf would be). Note that the

calculation assumes ideal-mixture behaviour, so that the

resulting values should be regarded as crude estimates

(especially at high CSL concentrations). A more accurate

determination would require complementary investi-

gations in the dilute regime.

Another quantity of interest is the free energy change

DexcA
8
CSL associated with the exchange reaction

1 CSL ðbulkÞ þ nO WAT ðsurfÞ! 1 CSL ðsurfÞ

þ nO WAT ðbulkÞ; ð14Þ

where nO is the number of oxygen atoms in a single CSL

molecule (Table 2). This quantity can be easily calculated

as

DexcA
8
CSL ¼ DA8

CSL 2 nODA
8
WAT: ð15Þ

Similar equations also hold for the corresponding entropic

and energetic contributions DexcS
8
CSL and DexcU

8
CSL.

The average number of H-bonds formed between the

wall surface and the CSL or WAT molecules was

monitored (SP wall only). A H-bond was assumed to

be present for a hydrogen–acceptor distance smaller

than 0.3 nm and a donor–hydrogen–acceptor angle larger

than 1358.

Finally, orientational preferences of the CSL mol-

ecules close to the wall were evaluated by monitoring

distribution profiles (Equation (1)) separately for sites a

corresponding to the carbon or oxygen atoms of the CSLs

(aqueous CSL solutions only).

3. Results

The normalised probability distribution functions paðzÞ for

the species a (CSL, all carbon atoms; WAT, oxygen atom;

Equation (1)) in the simulations involving aqueous CSL

solutions in the presence of the three types of wall (NP, SP

and HP) are displayed in Figures 1–3 for the three

temperatures considered (300, 475 and 600 K, respectively).

In most cases, the distribution profiles are, as expected,

symmetrical relative to the point z ¼ Lz=2, suggesting that

the corresponding ensemble averages are converged. As an

independent test for convergence, distribution profiles

were also calculated separately for 10 successive

trajectory blocks along the different simulations and,

considering the final distributions that are symmetrical, no

systematic differences or drifts in the curves were

observed for the successive blocks (data not shown).

However, for the simulations involving a HP wall, in

particular at the two lowest temperatures and for the

largest CSL molecules (the two sugars), a significant

extent of asymmetry in the profiles (as well as a significant

variability among the 10 block-averaged profiles)

indicates an incomplete convergence of the simulations.

Figure 1. Normalised probability distribution functions paðzÞ (Equation (1)) at T ¼ 300 K for the carbon atoms of the MET, ETG, GLY,
GLU or TRH molecules (solid lines) and for the oxygen atom of the WAT molecules (dotted lines), corresponding to aqueous CSL
solutions in the vicinity of a NP, SP or HP wall. The origin (z ¼ 0) corresponds to the centre of the wall.
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In the simulations at 300 K, the presence of the HP wall

actually induces the appearance of empty spaces (bubbles)

in the simulation box. This behaviour most likely results

from very strong electrostatic interactions between the

solution and the charged LJPs of the wall, inducing a

transition to a glassy state. For these reasons, the results

Figure 2. Normalised probability distribution functions paðzÞ (Equation (1)) at T ¼ 475 K for the carbon atoms of the MET, ETG, GLY,
GLU or TRH molecules (solid lines) and for the oxygen atom of the WAT molecules (dotted lines), corresponding to aqueous CSL
solutions in the vicinity of a NP, SP or HP wall. The origin (z ¼ 0) corresponds to the centre of the wall.

Figure 3. Normalised probability distribution functions paðzÞ (Equation (1)) at T ¼ 600 K for the carbon atoms of the MET, ETG, GLY,
GLU or TRH molecules (solid lines) and for the oxygen atom of the WAT molecules (dotted lines), corresponding to aqueous CSL
solutions in the vicinity of a NP, SP or HP wall. The origin (z ¼ 0) corresponds to the centre of the wall.
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of the simulations with the HP wall at 300 K are not

considered further in this analysis. The corresponding

results at 475 and 600 K are reported, but should be taken

with some caution in the case of the sugar solutions

considering the significant asymmetry of the paðzÞ profiles

(Figures 2 and 3).

At the three temperatures, the considered polyhy-

droxylated CSLs systematically show an increased density

(peaks around z ¼ lz=2 and z ¼ Lz 2 lz=2) at the surface of

a NP or a SP wall, while WAT presents a decreased

density (dips around z ¼ lz=2 and z ¼ Lz 2 lz=2). In other

words, all CSLs show preferential affinity (relative to

water) for the NP and SP walls, i.e. the solution in the

surface region is more concentrated in CSL compared to

the bulk. In some cases (especially for the smallest CSLs),

multiple CSL density peaks (typically a higher first peak

and a lower second peak) are observed close to the wall

surface, revealing some layering effect. Preferential

affinity appears to be particularly strong for the sugar

CSLs. In this case, the concentration of sugar molecules in

the surface region may result in a (nearly) complete

depletion of CSL molecules from the bulk region. This

depletion is essentially complete for TRH at the two

lowest temperatures considered.

The situation is inverted in the case of the HP wall.

Here, it is water that presents an increased density (peaks

around z ¼ lz=2 and z ¼ Lz 2 lz=2) in the immediate

vicinity of the wall, while the CSLs present a decreased

density (dips around z ¼ lz=2 and z ¼ Lz 2 lz=2).

At intermediate distances, the situation is somewhat

more complex. For the small CSLs, a layering effect

can also be observed (small density peaks beyond the

water peak). For the sugar CSLs, the CSL distributions are

also heavily biased towards the wall surface, with broad

peaks extending over a distance of 1–2 nm from the wall.

The latter observation may rather result, however, from a

kinetic effect (e.g. formation of a glassy matrix and

‘dragging’ of the sugar molecules along with the motion of

the water molecules towards the wall surface) than from a

thermodynamic one (these simulations are unlikely to

have reached equilibrium; see above). Here also, the

concentration of water molecules in the surface region

may result in a partial depletion of water molecules from

the bulk region (value of pWAT(z) significantly below 1 in

this region).

The values of the excess surface fraction f aðdcÞ

(Equation (5)) for the species a (CSL, all carbon atoms;

WAT, oxygen atom) in the simulations involving aqueous

CSL solutions in the presence of the three types of wall

and at the three temperatures considered are reported

graphically in Figure 4. A positive value of f aðdcÞ for a

given species (CSL or WAT) indicates a higher

concentration of the corresponding species in the surface

region relative to the bulk (with a limiting value of 1 for

full affinity, i.e. the species is only found in the surface

region). Conversely, a negative value indicates a lower

concentration of the corresponding species in the surface

region relative to the bulk (with a limiting value of 21 for

Figure 4. Excess surface fraction f aðdcÞ (Equation (5)) as a function of temperature T for the carbon atoms of the MET, ETG, GLY, GLU
or TRH molecules and for the oxygen atom of the WAT molecules, corresponding to aqueous CSL solutions in the vicinity of a NP, SP or
HP wall. The different lines correspond to different cut-off distances dc from the wall surface: 0.85 nm (CSL only, dashed line); 1.30 nm
(CSL, solid line; WAT, dot-dot-dashed line); or 1.60 nm (CSL only, dot-dashed line). A horizontal thin dotted line is drawn as well to mark
the zero value.
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full exclusion, i.e. the species is entirely absent from the

surface region). Finally, a value of zero is expected for a

species that is inert relative to the surface (i.e. bulk and

surface concentrations of this species are identical). Note

also that the parameter f aðdcÞ is constructed in such a way

that it is independent of the wall thickness and solution

volume (in the limit of large enough systems), and thus

represents a property that only depends, for a given type of

wall and at a given temperature, on the nature of the

species (CSL or WAT) and the bulk concentration of the

CSL solution (for a given choice of the cut-off parameter

dc). As evidenced by the results of Figure 4 for the CSL

species, the qualitative results of this analysis are not

affected by the selected value of dc, and the quantitative

differences also remain limited. For this reason, the

discussion will be made with reference to a single cut-off

value dc of 1.30 nm (this value is sufficient to encompass

the paðzÞ distribution peaks at the wall surface for all

systems, except in the case of the TRH solutions at the HP

wall), and f aðdcÞ will simply be written as fa in this case.

In agreement with the previous discussion for paðzÞ

(Figures 1–3), the systems involving NP and SP walls are

characterised by positive values of fCSL and negative

values of fWAT for all aqueous CSL solutions and at all

temperatures. This shows again that all types of CSL

evidence preferential affinity (compared to water) for these

two types of walls. The two quantities systematically

increase in magnitude upon increasing the size of the CSL

molecule, and systematically decrease in magnitude upon

increasing the temperature. The differences between the

NP and SP walls are also relatively small, i.e. these two

types of walls appear very similar with respect to the

property monitored.

The situation is again different when considering the

HP wall. Here, the aqueous solutions of the three smallest

CSLs (MET, ETG and GLY) are characterised by negative

values of fCSL and positive values of fWAT, the magnitude of

which is small and nearly independent of the CSL type and

temperature (475 vs. 600 K). Thus, these CSLs evidence

preferential exclusion (compared to water) for this type of

wall. In contrast, the sugar CSLs present positive values of

both fCSL and fWAT. However, the latter observation may

again result from an incomplete convergence of the

simulations involving sugar CSLs in the presence of a HP

wall (resulting from a very strong electrostatic interaction

between the ionic surfaces and the aqueous solution).

The values of the excess surface fraction f aðdcÞ

(Equation (5)) for the species a (CSL, all carbon atoms;

WAT, oxygen atom) in the simulations involving pure

liquid CSLs (MET, ETG and GLY only) or pure WAT in

the presence of the three types of wall and at the three

temperatures considered are reported graphically in

Figure 5. Here also, the qualitative results of the analysis

are not affected by the selected value of dc (the quantitative

differences also remain limited), so that only the cut-off

value dc of 1.30 nm will be considered and f aðdcÞ will

simply be written as fa in this case.

Figure 5. Excess surface fraction f aðdcÞ (Equation (5)) as a function of temperature T for the carbon atoms of the MET, ETG or GLY
molecules and for the oxygen atom of the water (WAT) molecules, corresponding to pure CSL liquids or pure WAT in the vicinity of a NP,
SP or HP wall. The different lines correspond to different cut-off distances dc from the wall surface: 0.85 nm (dashed line); 1.30 nm
(solid line); or 1.60 nm (dot-dashed line). A horizontal thin dotted line is drawn as well to mark the zero value.
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In contrast to the observations made previously for

the CSL aqueous solutions (Figure 4), fa is close to zero

for the four pure liquids and at all temperatures, indicating

the absence of a significant driving force for the

accumulation or the depletion of the surface region

(compared to the bulk). For the NP and SP walls, the fa
values are of the order of 0.03–0.10, the largest values

being observed for MET at the NP wall and at 300 K. In

this case, a slight driving force towards the surface region

probably results from attractive Lennard-Jones (dis-

persion) interactions with the densely packed LJPs of

the wall, which may be slightly more favourable than the

corresponding average dispersion interactions within the

bulk liquid. The influence of these short-range interactions

is not visible for the SP wall, where the liquid molecules

and LJPs are kept apart by hydroxyl groups. It is also not

visible for the other CSLs, where the larger size of the CSL

molecule prevents a high density of CSL carbon atoms

within the dispersion range of the wall, and for WAT,

which has no carbon atom (the water oxygen has

significantly smaller dispersion interactions). For the HP

wall, the fa values are somewhat more positive, of the

order of 0.08–0.12. This slight preference of the liquid

molecules for the surface region results from the strong

electrostatic interaction with the ionic surfaces.

The comparison of the results for the CSL aqueous

solutions (Figure 4) with those for the pure CSL liquids

(Figure 5) clearly shows that the trends observed in the

former case do not result from an intrinsic propensity of

specific molecules to accumulate in or deplete from the

surface region (relative to the bulk). Rather, they result from

a differential propensity of CSL and WAT to do so (relative

to the bulk CSL aqueous solution), i.e. from a preferential

affinity (NP and SP walls) or exclusion (HP wall) of the CSL

relative to WAT for the surface region.

The average numbers of H-bonds between the

hydroxyl groups of a SP wall and its environment, for

the simulations involving CSL aqueous solutions, pure

liquid CSLs (MET, ETG and GLY only) or pure WAT at

the three temperatures considered, are reported in Table 3.

In addition to the expected overall reduction in the

absolute numbers upon increasing the temperature, trends

are similar at the three considered temperatures and the

results will only be discussed considering the numbers

at 300 K.

The average number of H-bonds is highest (123) in the

simulation involving pure WAT. For the simulations of the

pure liquid CSLs, the corresponding numbers are lower

and increase in the sequence MET (34), ETG (85) and

GLY (90). These trends are not related to any noticeable

differences in the surface densities (relative to the bulk) for

the considered systems (Figure 5). Instead, they are related

to the effective molecular volumes associated with one

oxygen atom in the different liquids (in the bulk as well as

in the surface region). This effective volume can be

estimated using the data in Table 2 (i.e. as LxLyðLz 2 lzÞ

ðNCSL £ nOÞ
21, where Lx ¼ Ly ¼ 3:36 nm) and increases

in the sequence WAT (0.031 nm3) , GLY

(0.041 nm3) , ETG (0.049 nm3) , MET (0.070 nm3).

In other words, the number of H-bonds between the pure

liquids and the SP wall correlates in a simple way with the

number of oxygen atoms found in the surface region.

For the simulation of the CSL aqueous solutions, the

total number of H-bonds, as contributed by both CSL and

WAT molecules, remains about constant for all considered

solutions (100–113 at 300 K), and only 10–20% lower

than for pure WAT. The relative contribution of the CSL

molecules to this total number is about 35–45%, except

for MET (13%). Note that, at 475 and 600 K, this relative

contribution increases (nearly) systematically with the size

of the CSL molecule (the corresponding trend is not seen

at 300 K). In summary, compared to the pure WAT

situation, the CSLs in aqueous solution are seen to

substitute WAT molecules at about one-third to one-half

(only 13% for MET) of the H-bonding sites of the wall,

with a limited decrease (10–20%) in the total number of

H-bonds. These observations are qualitatively comparable

with previous simulation results in the context of

phospholipids membranes [6]. However, it should be

kept in mind that the present model system (SP wall)

is only an approximate representation for the surface

Table 3. Average numbers of H-bonds between the hydroxyl
groups of the SP wall and its environment (at 300, 475 or 600 K),
corresponding to CSL aqueous solutions, pure CSL liquids or
WAT, and considering the CSLs MET, ETG, GLY, GLU
(aqueous solution only) and TRH (aqueous solution only).

Aqueous solution Pure liquid

CSL WAT All All

T ¼ 300 K
MET 13 87 100 34
ETG 49 58 107 85
GLY 42 71 113 90
GLU 50 61 110 –
TRH 41 61 103 –
WAT – – – 123

T ¼ 475 K
MET 12 72 84 39
ETG 25 66 91 65
GLY 20 77 97 71
GLU 36 57 93 –
TRH 45 52 97 –
WAT – – – 109

T ¼ 600 K
MET 11 66 77 34
ETG 18 65 83 54
GLY 15 73 89 59
GLU 27 57 84 –
TRH 34 53 87 –
WAT – – – 99

Note: For the CSL aqueous solutions, the number of H-bonds specifically involving
CSL and WAT molecules is also reported separately.
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of a lipid membrane. In particular, the results may be

sensitive to the selected spacing between the regularly

spaced and isotropically oriented hydroxyl groups at the

wall surface. The noticeably lower total number of

H-bonds and extent of WAT replacement observed in the

case of MET is probably related to the much higher

effective volume associated with one oxygen atom in this

molecule (see above) which limits the number of MET

hydroxyl groups that can form H-bonds to the SP wall.

The thermodynamic parameters DA8
a, DU8

a and DS8a
characterising the bulk-to-surface equilibrium (Equations

(10)–(13)) for the species a (CSL, all carbon atoms; WAT,

oxygen atom) in the simulations involving aqueous CSL

solutions in the presence of the three types of wall and

at the three temperatures considered are reported in

Tables 4–6 (based on a cut-off distance dc of 1.30 nm for

defining the surface region). The corresponding

parameters DexcA
8
CSL, DexcU

8
CSL and DexcS

8
CSL for the

exchange reactions (Equations (14) and (15); i.e. the

reaction substituting nO water molecules by one CSL

molecule in the surface region, nO being the number of

oxygen atoms in the CSL molecule) are also reported. In

addition, the results for DA8
a are displayed graphically in

Figure 6.

For the NP wall (Table 4 and Figure 6), the free energy

DA8
CSL is negative and increases systematically in

magnitude with increasing CSL size. It is moderately

sensitive to temperature except for the sugar CSLs, where

the value noticeably decreases in magnitude with

increasing temperature. At 300 K, DA8
CSL evaluates to

about 20.9, 21.8, 22.0, 25.4 and 214.5 kJ mol21 for

MET, ETG, GLY, GLU and TRH, respectively. This

indicates the presence of a driving force for the CSL

molecules towards the surface region under standard

conditions (i.e. ideal solutions at identical concentrations

in the bulk and surface regions). The corresponding

energetic contribution DU8
CSL, which arises from the

difference in interactions of the CSL molecules with the

wall LJPs vs. with other molecules in the bulk and which is

probably dominated by dispersion, is negative. The

corresponding entropic contribution 2TDS8CSL, principally

arising from the smaller volume accessible to the CSL

molecules in the surface region (compared to the bulk) as

well as from the more restricted molecular flexibility for

larger CSLs, is typically positive except for MET and ETG

(20.1 kJ mol21 at 300 K for both).

The free energy DA8
WAT for the NP wall is positive and

increases systematically in magnitude with increasing

CSL size. It is also moderately sensitive to temperature

except for the sugar CSLs, where the value noticeably

increases in magnitude with increasing temperature. At

300 K, DA8
WAT evaluates to about 1–3 kJ mol21 for the

different CSL solutions. This indicates the presence of a

driving force for the WAT molecules towards the bulk

region under standard conditions. The corresponding

energetic contribution DU8
WAT, arising from the difference

in interactions of the WAT molecules with the wall LJPs

vs. with other molecules in the bulk (probably dominated

by H-bonding), is positive (about 1 kJ mol21 at 300 K).

The corresponding entropic contribution 2TDS8CSL,

principally arising from the smaller volume accessible to

the WAT molecules in the surface region (compared to the

bulk), is typically also positive except for GLY

(20.1 kJ mol21 at 300 K).

It is now possible to compare the parameters for CSL

and WAT for the NP wall in the form of the exchange

parameters DexcA
8
CSL, DexcU

8
CSL and DexcS

8
CSL. At 300 K,

DexcA
8
CSL is always negative and increases systematically

in magnitude with the CSL size, evaluating to about 21.8,

24.8, 26.9, 221.2 and 249.0 kJ mol21 for aqueous

solutions of MET, ETG, GLY, GLU and TRH,

respectively. The corresponding energetic contribution

DexcU
8
CSL is negative, and the corresponding entropic

contribution 2TDexcS
8
CSL is typically also negative

except for GLY (0.6 kJ mol21 at 300 K).

In summary, the exchange reaction substituting nO

water molecules by a single CSL molecule in the surface

region of a NP wall is favourable, both energetically and

(except for GLY) entropically, for all polyhydroxylated

CSLs considered. The associated driving force also

systematically increases in magnitude with increasing

CSL size, and is particularly large for the sugar CSLs.

For the SP wall (Table 5 and Figure 6), the results are

qualitatively very similar to those for the NP wall. The free

energy DA8
CSL is also negative, increases in magnitude

with increasing CSL size and significantly decreases

in magnitude with increasing temperature for the sugar

CSLs only. At 300 K, the DA8
CSL values are very close

to the corresponding values for the NP wall, except for

the sugar CSLs, where they are more negative by about

1.5–3.5 kJ mol21. The corresponding energetic contri-

bution DU8
CSL is also negative. At 300 K, the DU8

CSL values

are very close to the corresponding values for the NP wall,

except for the sugar CSLs, where they are more negative

by about 3–5 kJ mol21. The corresponding entropic

contribution 2TDS8CSL is typically also positive except

for MET and ETG. At 300 K, the 2TDS8CSL values are very

close to the corresponding values for the NP wall, except

for the sugar CSLs, where they are less negative by about

1.5 kJ mol21.

The free energy DA8
WAT for the SP wall is also positive,

increases in magnitude with increasing CSL size and

significantly increases in magnitude with increasing

temperature for the sugar CSLs only. At 300 K, the

DA8
WAT values are all very close to the corresponding

values for the NP wall. The corresponding energetic and

entropic contributions DU8
WAT and 2TDS8CSL are also of

comparable magnitudes.

The exchange free energy DexcA
8
CSL for the SP wall is

also always negative and increases systematically in
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magnitude with the CSL size. At 300 K, the DexcA
8
CSL

values are all very close to the corresponding values for the

NP wall, except for the sugar CSLs, where they are more

negative by about 1.5–3 kJ mol21. The corresponding

energetic and entropic contributions DexcU
8
CSL and

2TDexcS
8
CSL are also of comparable magnitudes, except

for the sugar CSLs, where DexcU
8
CSL is more negative by

about 2–3.5 kJ mol21.

In summary, the exchange reaction substituting nO

water molecules by a single CSL molecule in the surface

region of a SP wall is favourable, both energetically and

entropically, for all polyhydroxylated CSLs considered, as

it was the case for the NP wall. The associated driving

force systematically increases in magnitude with increas-

ing CSL size, and appears to be very similar to that for the

NP wall, except for the sugar CSLs, where the driving

force is somewhat stronger (this change can be traced to a

slightly more negative DA8
CSL value). This driving force is

again particularly large for the sugar CSLs.

For the HP wall (Table 6 and Figure 6), the situation is

qualitatively different compared to the NP and SP walls.

Because the simulations at 300 K appear unconverged for

the sugar CSLs (Figure 1), the results at 475 K will be

discussed. In contrast to the NP and SP walls, the free

energy DA8
CSL is now positive for the small CSLs MET,

ETG and GLY (about 1 kJ mol21). It remains negative for

the sugar CSLs, namely 20.9 and 21.7 for GLU and

TRH, respectively, but with a magnitude lower by about

5–10 kJ mol21 (compared to the NP or SP walls at 475 K).

For the small CSLs, this indicates the presence of a driving

force for the CSL molecules away from the surface region,

while for the sugar CSLs, the driving force towards the

surface region is largely reduced compared to the NP and

SP walls. The corresponding energetic contribution DU8
CSL

is still negative and the corresponding entropic contri-

bution 2TDS8CSL is still positive. However, both terms are

much smaller in magnitude compared to the NP and SP

walls, the former being more significantly reduced

especially for the sugar CSLs, which causes the observed

trends in DA8
CSL.

In contrast to the NP and SP walls, the free energy

DA8
WAT for the HP wall is now negative for the solutions of

the small CSLs MET, ETG and GLY (about

21 kJ mol21). It remains positive for the solutions of the

sugar CSLs, namely 0.8 and 1.5 for GLU and TRH,

respectively, but with a magnitude lower by about

3 kJ mol21 (compared to the NP or SP walls at 475 K).

For the solutions of the small CSLs, this indicates the

presence of a driving force for the WAT molecules

towards the surface region under standard conditions,

while for the sugar CSLs, the driving force towards the

bulk region is significantly reduced compared to the NP

and SP walls. The corresponding energetic contribution

DU8
WAT is still positive but the corresponding entropic

contribution 2TDS8WAT is now negative for the solutions

of all CSLs, which causes the observed trends in DA8
WAT.

In contrast to the NP and SP walls, the exchange free

energy DexcA
8
CSL for the HP wall is now positive for the

small CSLs, namely 1.8, 1.6 and 3.0 kJ mol21 for MET,

ETG and GLY, respectively. It remains negative for the

Figure 6. Standard (Helmholtz) free energy DA8
a (Equations (10) and (11), using dc ¼ 1.30 nm) of the bulk-to-surface equilibrium as a

function of the temperature T for the carbon atoms of the MET, ETG, GLY, GLU or TRH molecules (solid lines) and for the oxygen atom
of the water (WAT) molecules (dashed lines), corresponding to aqueous CSL solutions in the vicinity of a NP, SP or HP wall. A horizontal
thin dotted line is drawn as well to mark the zero value.
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sugar CSLs, namely 25.7 and 219.5 for GLU and TRH,

respectively, but with a magnitude lower by about 20–

45 kJ mol21 (compared to the NP or SP walls at 475 K).

The corresponding energetic contribution DexcU
8
CSL is still

negative but the corresponding entropic contribution

2TDexcS
8
CSL is now positive for all CSLs, which causes

the observed trends in DexcA
8
CSL.

In summary, the exchange reaction substituting nO

water molecules by a single CSL molecule in the surface

region of a HP wall is favourable energetically but

unfavourable entropically for all polyhydroxylated CSLs

considered. The balance becomes increasingly favourable

with increasing CSL size. As a result, the small CSLs show

preferential exclusion while the sugar CSLs still show

preferential affinity, but with a strongly reduced driving

force compared to the NP and SP walls.

Finally, normalised probability distribution functions

paðzÞ evaluated separately for sites a corresponding to the

carbon or oxygen atoms of the CSLs in the simulations

involving aqueous CSL solutions in the presence of the

three types of wall (NP, SP and HP) are displayed in

Figure 7 for the simulations at 300 K (NP, SP) or 475 K

(HP). The corresponding profiles evaluated at the

other temperatures present similar qualitative trends

(data not shown). Note that the curves are only displayed

in the range [0; 1
2
Lz].

The relative peak positions in these two types of

profiles provide information on the orientational prefer-

ences of the CSL molecules close to the wall. The paðzÞ

profiles at the SP and HP walls exhibit a first CSL oxygen

peak at a smaller distance compared to the first carbon

peak. This indicates that the CSL molecules preferentially

orient their hydroxyl groups towards the (semi-)polar wall

surface, probably as a result of energetically favourable

electrostatic (H-bonding) interactions. In contrast, the

corresponding paðzÞ profiles for MET, ETG and GLY at

the NP wall suggest that these CSL molecules preferen-

tially orient their alkyl groups towards the NP wall surface.

Interestingly, however, the paðzÞ profiles for the sugar

oxygen and carbon atoms of GLU and TRH at the NP wall

do not hint at a similar preference, probably due to the

geometrical restrictions imposed by the molecular frame-

work of the sugars. The first peaks in the paðzÞ profiles

even suggest that the sugar oxygen atoms can be found

closer to the NP surface than the carbon atoms (especially

for TRH). Whether this qualitative difference between the

orientational preferences of sugars and smaller CSLs at NP

walls is meaningful (e.g. has implications in the context

of membrane bioprotection) will be investigated in

future work.

4. Conclusions

The interaction of polyhydroxylated CSLs with lipid

bilayers has been previously suggested (based on

simulation results along with available experimental

data) to result from the interplay between an alcohol-like

mechanism and a sugar-like mechanism [6]. In the present

study, the sugar-like mechanism was investigated more

specifically in the context of an interface modelled as a

rigid wall of LJPs. Three types of walls were considered,

namely walls with either NP (unaltered LJPs), SP (partial

Figure 7. Normalised probability distribution functions paðzÞ (Equation (1)) for the carbon atoms (solid lines) and the oxygen atoms
(dot-dashed lines) of the MET, ETG, GLY, GLU or TRH molecules, corresponding to aqueous CSL solutions in the vicinity of a NP or a
SP wall at T ¼ 300 K, and in the vicinity of a HP wall at T ¼ 475 K. Note that the curves are only displayed in the range ½0; 1

2
Lz�.
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hydroxylation of the surface LJPs) or HP (partial

ionisation of the surface LJPs) surfaces. These walls

were exposed either to aqueous solutions of the different

polyhydroxylated CSLs (MET, ETG, GLY, GLU or

TRH), to the different pure liquid CSLs (MET, ETG and

GLY only) or to pure water (WAT). The explicit-solvent

MD simulations of these systems, at constant volume and

at three different temperatures (300, 475 or 600 K), were

analysed in terms of preferential affinity or exclusion of

the CSL for the wall surface (compared to WAT), H-

bonding, preferential CSL orientation towards the wall

surface, and derived thermodynamic parameters (bulk-to-

surface equilibrium, exchange equilibrium). The main

results can be summarised as follows.

All polyhydroxylated CSLs considered show prefer-

ential affinity (compared to WAT) for the NP and SP

walls. This effect, which increases systematically in

magnitude with increasing CSL size, is related to the

favourable driving force of the exchange reaction

substituting nO water molecules by a single CSL molecule

in the surface region, where nO is the number of oxygen

atoms per CSL molecule. This process is favoured both

energetically (more favourable interactions of the CSL

molecules with the surface as opposed to within the bulk;

more favourable interactions of the nO water molecules

within the bulk as opposed to with the surface) and

entropically (one CSL molecule with restricted transla-

tional freedom vs. nO water molecules with increased

translational freedom). The free energy associated with

this exchange is particularly large for the sugar CSLs

(about 220 and 250 kJ mol– 1 for GLU and TRH,

respectively). The results for the NP and SP walls are very

similar, except for a somewhat increased driving force

(about 1.5–3 kJ mol21) for the sugar CSLs in the latter

case. In the case of the SP wall, the substitution of WAT by

CSL molecules in the surface region is only accompanied

by a moderate decrease (10–20%, largely independent of

the nature of the CSL) in the number of H-bonds between

the surface and its solution environment (comparing pure

WAT with aqueous CSL solutions).

These features are compatible with the sugar-like

mechanism [6], with the proviso that this mechanism

overlooked the favourable energetic contribution to the

exchange reaction (predominantly related to the transfer of

water molecules from the surface region to the bulk) and

attributed the associated driving force to entropy only. It is

also in line with the observation of preferential affinity of

sugars towards phospholipid membranes reported by

nearly all simulation studies to date [6,45,48–54], as well

as by many experimental studies [3,4,19,20,30,32–34],

although other experimental studies [24,40,41] support

preferential exclusion instead.

The results for the HP wall are qualitatively different

from those for the NP and SP walls. The small

polyhydroxylated CSLs considered (MET, ETG and

GLY) show preferential exclusion (compared to WAT)

for the HP wall. The sugar CSLs still show preferential

affinity, but with a much more limited driving force for the

exchange reaction. Intuitively, these changes may be

understood by the observation that the effective dielectric

permittivity of the surface region (i.e. its ability to solvate

surface charges) plays an increasingly important role upon

increasing the polarity of the wall. In turn, this effective

permittivity is likely to increase with the water content:

bulk liquid permittivities of WAT, MET, ETG and GLY at

298 K are 78.5 [106], 32.6 [107], 37.7 [108] and 45 [109],

respectively (GLY value at 291 K). In other words, a HP

wall will preferentially attract WAT molecules over CSL

ones, because WAT is most effective in terms of

electrostatic solvation.

The observation of a trend towards the reduction in the

preferential affinity (or even a shift towards preferential

exclusion) of polyhydroxylated CSLs for model surfaces

upon increasing the polarity of the surface is particularly

interesting in the context of the bioprotection phenom-

enon. As pointed out in the introduction of this article,

based on recent studies concerning the dielectric proper-

ties of the surfaces of membranes [56] and of water-

soluble proteins [55], and considering the typically high

density of charged amino acid side chains at the aqueous

interface of the latter, it is reasonable to regard protein

surfaces as being more polar than membrane surfaces.

Accepting the existence of such a difference between the

two types of biomolecules in terms of surface polarity, the

observed reduction in the preferential affinity of CSLs for

the Lennard-Jones walls upon increasing their surface

polarity could explain why combined experimental and

theoretical evidence tends to support a preferential affinity

of sugar molecules for membrane surfaces [6,45,48–54]

(see, however, [24,40,41]) and a preferential exclusion

of sugar molecules for protein surfaces [22,23,25,37–39,

42–47] (see, however, [14,17,18,21,35,36]).

Clearly, this work only represents a first step

towards the detailed characterisation of interfacial

effects relevant for the interaction of polyhydroxylated

CSLs with biomolecular surfaces (as involved in

bioprotection phenomena). Keeping the simplicity and

convergence advantages afforded by the use of model

walls, further work will involve more systematic

analyses of the effect of the CSL concentration as

well as of the wall polarity, curvature (i.e. considering

walls with non-planar surfaces) and functionalisation

(e.g. more realistic representation of a typical membrane

or protein surface).
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