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Abstract

Macroscopic characterizations of hydrophobicity (e.g., contact angle mea-
surements) do not extend to the surfaces of proteins and nanoparticles.
Molecular measures of hydrophobicity of such surfaces need to account for
the behavior of hydration water. Theory and state-of-the-art simulations
suggest that water density fluctuations provide such a measure; fluctuations
are enhanced near hydrophobic surfaces and quenched with increasing sur-
face hydrophilicity. Fluctuations affect conformational equilibria and dy-
namics of molecules at interfaces. Enhanced fluctuations are reflected in
enhanced cavity formation, more favorable binding of hydrophobic solutes,
increased compressibility of hydration water, and enhanced water-water cor-
relations at hydrophobic surfaces. These density fluctuation–based measures
can be used to develop practical methods to map the hydrophobicity/philicity
of heterogeneous surfaces including those of proteins. They highlight that
the hydrophobicity of a group is context dependent and is significantly af-
fected by its environment (e.g., chemistry and topography) and especially
by confinement. The ability to include information about hydration water
in mapping hydrophobicity is expected to significantly impact our under-
standing of protein-protein interactions as well as improve drug design and
discovery methods and bioseparation processes.
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INTRODUCTION

Some of the common manifestations of hydrophobic effects are the immiscibility of oil and water,
low solubility of nonpolar gases in water, and beading up of water on Teflon-coated surfaces. It
is now well appreciated that in aqueous environments hydrophobic interactions are one of the
key drivers of many biological self-assembly processes, including protein folding, misfolding and
aggregation, micelle and membrane formation, and molecular recognition (1–4). This realization
stemmed originally from the remarkable similarity in the thermodynamics of transfer of nonpolar
solutes into water and that of protein unfolding (1, 5) and created an enormous interest in un-
derstanding hydrophobic effects from a molecular perspective. Following the seminal theoretical
work by Pratt & Chandler in 1977 (6), molecular theory and simulations initially focused on un-
derstanding of primitive hydrophobic effects, namely the solvation of small spherical solutes in
water and the water-mediated interactions between them (7–11).

Over the past two decades, many dimensions of this problem have been explored, and hydropho-
bicity has emerged as a multidimensional challenge for theory, simulations, and experiments (see
Figure 1). Studies on the effects of various thermodynamic variables such as temperature (10, 12–
16), pressure (17–19), and additives—salts (20–23), osmolytes (24, 25), stabilizers, and denaturants
(26–31)—on hydrophobic interactions in model systems have revealed a close correspondence
with the thermodynamics of biological self-assembly. This has resulted in a sustained interest in
understanding the many aspects of hydrophobicity.

From a fundamental perspective, the length-scale dependency of hydrophobicity is one of its
most fascinating aspects (32–35). Small and large solutes display remarkably different hydration
behavior. Although this phenomenon is not unique to water (36–38), arguably the effect is seen
most clearly for water because of its self-associating nature and the resulting large surface tension.
Small idealized hydrophobic solutes—hard spheres—are accommodated in the hydrogen-bonded
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Figure 1
A schematic highlighting the multidimensional nature of the challenge in understanding hydrophobicity.
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network of water with negligible perturbation and little or no enthalpic cost, but a large entropic
one. Hydration of such solutes is characterized by the statistics of cavity formation or density
fluctuations in bulk water (39). As the solute size increases, water molecules can no longer main-
tain their hydrogen-bonded network around the solute (34). Water thus dewets from the surfaces
of large solutes, which creates an interface that for hard-sphere solutes resembles a vapor-liquid
interface of water (32, 34). The gradual crossover in hydrophobic hydration with increasing solute
size is thus characterized by dewetting of the solute surface, a change in the hydration thermody-
namics from entropy to enthalpy dominated, and a change in the physics of hydration from one
dominated by spontaneous, molecular-scale fluctuations to one dominated by interface formation.

Elegant theory by Lum, Chandler, & Weeks (LCW) (33) provided a unified description of
the length-scale dependency of hydrophobicity and its consequences for the thermodynamics of
self-assembly (16, 40). Molecular simulations have confirmed that the gradual crossover from
small to large solute hydration behavior begins at nanoscopic length scales (35, 41, 42) and have
pointed to an intriguing connection between the crossover and the Egelstaff-Widom length scale
in liquids (41, 43). The nanoscopic nature of the crossover length scale implies that both small
and large solute hydration thermodynamics play a role in many biological self-assembly processes
that occur around this length scale.

Despite these advances, many challenges remain in obtaining a molecular-level understanding
and characterization of the hydration of realistic interfaces, especially those containing chemical
and/or topographical heterogeneities. To this end, significant strides have been made recently to
translate fundamental understanding from model systems to applications to complex heteroge-
neous surfaces of proteins and nanoparticles (44–54). In this review, we focus on these advances that
connect molecular and nanoscale phenomena to their macroscopic manifestations, and specifically
those that connect the behavior of water at interfaces to macroscopic measures of hydrophobicity.
We anticipate that this review will motivate experiments that can directly test some of the key
ideas underlying the conceptual framework presented here.

Finally, in addition to hydrophobicity, other measures exist to quantify the strength of in-
terfacial coupling (e.g., hydrodynamic or thermal). Recent simulation studies and experiments
indicate strong connections between these different measures. Understanding these connections
will require development of new theories that will lead to deeper insights into these interfacial
phenomena.

CHARACTERIZING HYDROPHOBICITY AT THE NANOSCALE

Density Fluctuations as a Signature of Hydrophobicity

Large interfaces with low curvature lie at one end of the length-scale spectrum discussed above.
Macroscopically, hydrophobicity of such interfaces is characterized easily by measuring the contact
angle of a water droplet placed on the surface (55, 56). Such measurements are not feasible,
however, on interfaces of proteins or nanoparticles. Difficulties in defining and characterizing
hydrophobicity in such cases have been articulated in a recent perspective article in Science by
Granick & Bae (57). To this end, a molecular characterization based on the behavior of water at
interfaces is needed that will be generally applicable over a range of length scales, chemistries,
topographies, and heterogeneities.

Theory as well as simulations show that water dewets and forms a vapor-liquid-like interface
near large idealized solutes or near interfaces that interact with water via repulsive interactions
(32, 33). This might suggest the local density of water (or the extent of its depletion) to be
a convenient molecular measure of hydrophobicity. Realistic interfaces, however, always exert

www.annualreviews.org • Hydrophobicity of Interfaces 149

A
nn

u.
 R

ev
. C

he
m

. B
io

m
ol

. E
ng

. 2
01

1.
2:

14
7-

17
1.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 R
ow

an
 U

ni
ve

rs
ity

 o
n 

01
/0

3/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



CH02CH08-Garde ARI 8 May 2011 12:12

some attractive (dispersive) interactions on water. Furthermore, they are rarely atomically flat.
How different then is the above description near realistic interfaces? And specifically, how does
the water phase respond to varying degrees of surface hydrophobicity (quantified macroscopically
through straightforward contact angle measurements)?

Experimentalists have used an array of techniques, such as X-ray (58–62) and neutron scattering
(63–66), ellipsometry (67), and thermal conductivity (68), to probe aqueous interfaces. Although
a consensus appears to be emerging (57, 58, 61, 62, 68) that the width of the depletion region
near realistic hydrophobic surfaces is small, less than the size of a water molecule, contradictory
experimental data continue to appear that report the width to be as large as 10 Å (69). One origin
of the difficulty in measuring the water density profile in the subnanoscopic vicinity of an interface
is simply the resolution of current experiments. However, based on theoretical understanding
(34) and state-of-the-art simulation data (44), we argue that the density of water near a realistic
interface constitutes a poor molecular measure of its hydrophobicity.

Molecular dynamics (MD) simulations of the hydration of interfaces spanning a range of hy-
drophobicity demonstrate this point clearly (44). Figure 2 shows water density profiles normal
to surfaces of self-assembled monolayers (SAMs) with solvent-exposed head groups ranging from
hydrophobic (-CF3 and -CH3) to hydrophilic (-OH and -CONH2). Placing nanodroplets of water
on these surfaces in independent simulations confirmed that, as expected, the surfaces do span a
broad range of hydrophobicity with water droplets beading up on the -CF3 and -CH3 SAMs and
spreading on the -OH and -CONH2 surfaces (70). In contrast, density profiles in almost all cases

Z
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–OCH3

(1.45)

–CONHCH3

(1.43)

–CH2CN

(1.23)

–OH

(1.13)

–CONH2

(1.37)

–CF3 –CH3

1.5

1.0

g(z)

0.5

0.0
1 nm

–CF3 –OH

Hydrophilic

Figure 2
Density profiles of water normal to self-assembled monolayers spanning a range of hydrophobicity (44).
Water molecules layer next to all surfaces, and various measures of vicinal density (e.g., height of the first
peak, interface width) display little correlation with the hydrophobicity of the surfaces, although
independent simulations (70) show that the contact angle of water on these surfaces closely tracks
experimental measurements.
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show layering of water, with local density (e.g., the height of the first peak) displaying no apparent
correlation with macroscopic expectations (i.e., contact angle). An appropriately defined width of
the interface (or depletion width) was found to be smaller than the size of a water molecule and
showed only a weak correlation with the contact angle (44).

The layering of water at all interfaces and the lack of correlation between the local density and
the interface hydrophobicity might appear surprising and counterintuitive at first, but significant
theoretical and simulation work suggests that it is not. First, by deblurring the molecular structure
at an oil-water liquid-liquid interface (71) or carefully defining an instantaneous vapor-liquid
surface and measuring the density of water along its normal (72), layering becomes evident even
though these interfaces are considered to be featureless. Layering at metal vapor-liquid interfaces
is well known; it was first predicted theoretically (73) and then confirmed later by experiments (74).
Also, for vapor-liquid interfaces of Lennard-Jones fluids at low temperatures, Katsov & Weeks
(75) have shown that in the absence of capillary wave fluctuations, the intrinsic density profile
(determined by excluded volume interactions) displays significant layering effects. In other words,
layering of water at realistic hydrophobic surfaces is not surprising, but expected.

Second, and more importantly, solute-water attractions play fundamentally different roles in
the hydration of small and large length-scale solutes (76–79). On the one hand, around small
solutes, packing effects dominate (34, 80), and addition of dispersive attractions has relatively
small effects on the vicinal density of water (78, 81). On the other hand, the interface of a large
repulsive solute (or a wall) with water is significantly dewetted and vapor-liquid-like. At such an
interface, perturbative ideas based on the classic Weeks-Chandler-Andersen (WCA) picture of
liquids fail to capture the effects of solute-water attractions (80, 82). The reference vapor-liquid
interface is soft and can be translated with little free-energetic cost. As a result, the local density of
water is highly sensitive to attractions (or external fields) (76, 78). Even relatively weak attractions
have been predicted to pull the interface closer (34), and the mean solvent density may no longer
characterize the hydrophobicity of an interface, but the fluctuations in density might (34, 51).
That is, although a realistic hydrophobic-water interface appears different from a vapor-water
interface, significant similarities in the local water structure, and especially fluctuations, can still
be expected.

Theoretical expectation of enhanced water density fluctuations near hydrophobic interfaces
is borne out quantitatively by simulation data. Figure 3a,b shows the time dependency of water
molecules in a large cuboid observation volume located near hydrophobic (-CH3) and hydrophilic
(-OH) interfaces, as obtained from equilibrium MD simulations. The average numbers of wa-
ter molecules are similar and do not discriminate the two surfaces, as expected from Figure 2.
However, larger fluctuations are apparent near the hydrophobic (-CH3) surface. For small,
methane-sized spherical observation volumes, the entire distribution, p(N), of the number of water
molecules in that volume can be measured using equilibrium MD simulations. Figure 3d shows
that p(N) distributions are wider (indicating enhanced fluctuations) near hydrophobic surfaces
and gradually become narrower (indicating quenching of fluctuations) with increasing surface
hydrophilicity.

Obtaining the entire p(N) distribution in a large observation volume is not feasible in a typical
MD simulation but can be achieved using the umbrella sampling method employed by Patel et al.
(48). The full distributions more clearly highlight the enhancement of density fluctuations near
hydrophobic solutes, which is reflected in the fat tails of p(N) distributions, especially for large
observation volumes (see Figure 3e). The non-Gaussian nature of these low-N tails underscores
the softness of hydrophobic-water interfaces, which are reminiscent of the vapor-liquid interface
of water. Collectively, these recent studies point to local density fluctuations, and not the average
density, as a robust measure of the hydrophobicity of the underlying surface.
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Figure 3
Fluctuations in water density characterize interface hydrophobicity. (a,b) Time series of the number of water molecules in a
2.5 × 2.5 × 0.3 nm3 cuboid observation volume (see panel c) at a hydrophilic (-OH) and a hydrophobic (-CH3) surface, respectively.
(d ) Probability distributions for observing N heavy atoms, p(N), in a small spherical observation volume (r = 0.33 nm) next to various
self-assembled monolayer (SAM) surfaces and in the bulk solution (44). (e) p(N) distributions in much larger 2.4 × 2.4 × 0.3 nm3 cuboid
observation volumes next to hydrophobic and hydrophilic surfaces obtained using the umbrella sampling method of Patel et al. (48). In
large observation volumes, p(N) becomes significantly non-Gaussian with low-N fat tails near hydrophobic surfaces but near
hydrophilic surfaces remains essentially identical to p(N) in the bulk solution. (Panel e is courtesy of Amish Patel. Copyright c© 2010
American Chemical Society.)

Compressibility of the Hydration Shell Water

Density fluctuations are intimately linked by statistical mechanics to both compressibility and pair
correlations of water (83, 84). Enhancement of density fluctuations next to hydrophobic inter-
faces suggests enhancement of the local compressibility of water in the vicinity. Indeed, recent
simulations of spherical hydrophobic solutes in water show that for nanoscopic solutes with radii
of 1–2 nm, hydration shell compressibility—calculated either using density fluctuations or from
the pressure response of the hydration shell density—can be several times that of bulk water. The
addition of solute-water attractions quenches fluctuations and reduces the hydration shell com-
pressibility (Figure 4a) (85). The first hydration layer of various SAMs also displays similar charac-
teristics (53) (Figure 4b). The compressibility of the interfacial water layer next to the hydrophobic
-CH3 SAM is roughly three times that of bulk water, and the compressibility approaches the value
for bulk water for -OH-terminated SAMs. Giovambattista et al. (49) and Bratko et al. (86) have
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Figure 4
Compressibility, χhyd, of hydration shells of various solutes or interfaces obtained using the pressure
derivative of local water density. (a) χhyd around simple, spherical nonpolar solutes from Sarupria et al. (85).
As the solute size increases, χhyd increases, but is quenched by addition of solute-water attractions. The
arrow indicates increasing solute-water attractions. (b,c) χhyd of various self-assembled monolayers and
protein surfaces [hydrophobin (HYD), lysozyme (LYZ), staphnuclease (SNS)] from Acharya et al. (53). For
SNS, χhyd around two unfolded (UF) conformations are also shown in panel (c). (d) A snapshot of the folded
and one of the unfolded conformations of SNS. For ease of comparison, all data are normalized by the
compressibility of pure water (4.5 × 10−5 bar−1).

studied the compressibility of water confined between hydrophobic plates and have reported values
higher than those for bulk water, highlighting the softness of the hydrophobic-water interface.

Hydration shell compressibility of proteins is of interest because it quantifies an important
contribution to the response of the volumetric properties of proteins to hydrostatic pressure.
Additionally, the connection between density fluctuations and hydrophobicity highlighted above
may be used to characterize protein surfaces. At a broad level, one might ask, how hydropho-
bic/philic is the overall protein surface? Comparing the hydration shell compressibility of a few
proteins with that of smooth, homogeneous SAM surfaces, Acharya et al. (53) find that, globally,
the hydration shell of a folded globular protein is as compressible as that of a hydrophilic -OCH3

SAM (Figure 4c). When a protein unfolds, the hydration shell compressibility increases and be-
comes comparable with that at a hydrophobic -CH3 SAM. This is consistent with the increased
exposure of hydrophobic residues of proteins upon unfolding. Also, it provides additional insights
into pressure denaturation of proteins, in which higher pressures stabilize (unfolded) states with
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higher hydration shell compressibility and lower partial molar volume (87). Later in this review
we show that what is hydrophobic on a protein’s surface will depend on the local environment,
i.e., the context matters, which will be important in mapping of protein surface hydrophobicity at
a higher resolution.

Water Structure in the Hydration Shell

The structure of water in the hydration shell of hydrophobic solutes and at interfaces is expected
to be intimately connected to hydrophobic hydration thermodynamics (88). Water structure is
characterized by various inhomogeneous n-particle correlation functions, e.g., translational and
orientational solute-water correlations characterize the one-particle density of water in the field
of solute interactions. The quantities of interest here—density fluctuations, or alternatively, com-
pressibility of a fluid in a given volume—are related to two-particle inhomogeneous fluid-fluid
correlations (85). How are the enhanced compressibility or fluctuations at hydrophobic interfaces
manifested in changes in water-water correlations?

For simplicity, we focus on water-water correlations in planes parallel to the interface. At a
vapor-liquid interface (or near a hard wall), the in-plane water-water correlations display two key
differences relative to bulk water-water correlations. First, the short-range correlations—which
are governed by the competition between hydrogen bonding and excluded volume effects—are
enhanced. Second, correlations are truly long range, spanning the length of the entire system
and described by capillary wave fluctuations (Figure 5a,b) (89–91). As attractions between the
interface and water are dialed in, longer-range correlations are quenched (Figure 5d), as is the
case near a hydrophobic -CH3 surface (not shown). However, the short-range behavior near a
-CH3 surface (Figure 5b) or at other model hydrophobic surfaces (Figure 5d) is remarkably
similar to that at a water-vapor interface with a significantly enhanced first peak. These results
suggest that although the local density of water is bulk-like or higher at hydrophobic interfaces,
water-water correlations over nanoscale distances display characteristics that are quite similar to
those at a vapor-water interface.

We argue, therefore, that experiments focusing on measurements of density fluctuations or
water-water correlations could provide valuable information with regard to characterizing hy-
drophobic interfaces. Vaknin and coworkers (92) recently measured the structure factor of water
at vapor-water interfaces. Doing similar measurements at solid-water interfaces would be chal-
lenging, especially given that most long-range correlations are quenched at realistic hydrophobic
surfaces. To this end, perhaps, the use of superhydrophobic surfaces will provide a convenient
starting point, as longer-range correlations are not expected to be quenched at such surfaces.

We briefly comment on water orientations as another aspect of water structure at interfaces.
Orientational preferences of water molecules at hydrophobic interfaces were first reported in a
seminal paper by Lee et al. in 1984 (93). Over the past decade, significant experimental work has
focused on orientations and hydrogen bonding at vapor-water and hydrophobic interfaces using
sum frequency generation (94–98), NMR, and various spectroscopic studies (99–101). Simula-
tions show that in the 3–4-Å thick interfacial region, water dipoles lie predominantly parallel to
the interface (4, 93, 102), whereas in the low-water-density tail, water molecules increasingly tend
to give up one of their hydrogen bonds, as pointed out originally by Lee et al. (93). These dan-
gling hydrogen bonds have been observed experimentally at vapor-water and oil-water interfaces.
Recently, Ben Amotz and coworkers (99) have pointed to the similarity of orientational features
for water near molecules as small as pentanol and near more extended surfaces. Thus, orienta-
tions of water may, in principle, uniquely characterize hydrophobic interfaces. However, strong
orientational preferences are observed only in the thin (∼3 Å) interfacial region, and at realistic
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Figure 5
Water-water correlations in the interfacial plane. (a) Schematic showing the water slab at the interface in
which transverse water-water pair correlations are measured. (b) Transverse correlations in bulk water, at a
vapor-liquid water interface, and at -CH3 and -OH surfaces (44). (inset) The long-range part of the
water-water pair correlation function, gww(r), at a vapor-water interface and in bulk water. (c) Schematic of a
smooth wall interacting with a 9–3 potential with water. The strength of the wall-water interaction is
characterized by the well depth, αε. (d ) Short- and long-range pair correlations at such smooth 9–3 surfaces
for various well depths, αε, where ε = 1 kJ mol−1. Correlations for systems with seven different values of α,
equal to 0 (vapor), 0.05, 0.10, 0.20, 0.40, 0.80, and 1.50, are shown. There are system-spanning correlations
at vapor-water and superhydrophobic surfaces (αε < 0.20 kJ mol−1). Addition of realistic attractions
quenches long-range correlations, but short-range correlations are enhanced even at realistic hydrophobic
surfaces (αε < 0.60 kJ mol−1) (R. Godawat, S.N. Jamadagni, S. Garde, unpublished data).

hydrophilic surfaces, orientations will depend on the specific surface chemistry, especially on the
presence of hydrogen bond donors and acceptors, which complicates the picture. On the other
hand, simulations suggest that the effect of a hydrophobic interface on density fluctuations extends
approximately a nanometer into the bulk phase (44, 48), which is longer ranged than the effects
on orientations.
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CONSEQUENCES OF FLUCTUATIONS FOR THE
PHENOMENA AT INTERFACES

Solute Binding

One important and direct consequence of increased fluctuations at hydrophobic interfaces is that
formation of a cavity (i.e., N = 0) is easier near the interface than in the bulk. Because the
excess chemical potential of a hard sphere solute is related to the cavity formation probability via
μex

HS = −kbT ln[p(N = 0)], such solutes will bind favorably to hydrophobic surfaces and provide
an alternative microscopic measure of interface hydrophobicity. Remarkably, the free energy of
binding correlates almost linearly with macroscopic wettability (Figure 6a). Such a correlation
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Figure 6
How interface hydrophobicity affects the binding of various solutes. (a) Excess chemical potential of purely
repulsive Weeks-Chandler-Andersen solutes at various self-assembled monolayer (SAM)-water interfaces
relative to their chemical potential in bulk water as a function of the macroscopic wettability of SAMs [data
points indicated by black circles are from Godawat et al. (44)]. A linear correlation with surface wettability is
seen, as the slope increases with solute size. The binding free energy of an attractive alkane-like hydrophobic
25-mer polymer is also shown [data points indicated by blue squares with a linear fit also in blue are from
Jamadagni et al. (46)]. The red circles in (a) indicate values estimated at a water-vapor interface (cos θ = −1)
(44, 46). (b,c) The simulation schematic and potentials of mean force (PMFs) for the binding of the polymer
to various SAM surfaces. The minima in the PMFs in panel c correspond roughly to the location of the
SAM-water interface.
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is not restricted to hard sphere probe solutes. Hydration free energies of realistic hydrophobic
solutes have contributions from cavity formation and from van der Waals interactions. The latter
contribution depends mainly on the density of the surrounding medium, which does not change
significantly at the interface of two condensed systems. As a result, the binding of a hydrophobic
polymer, a more realistic solute, also displays a linear relation with macroscopic wettability (46).
The polymer binds strongly to hydrophobic surfaces; as the surface becomes more polar and
hydrophilic, the strength of binding reduces until water-mediated interactions repel the polymer
from the most hydrophilic surface (Figure 6b,c), which is qualitatively similar to experimental
observations on proteins (56, 103). Schwartz and coworkers (104, 105) have recently pioneered
the use of total internal reflection fluorescence microscopy to monitor the binding of individual
surfactants or proteins to solid-liquid patterned surfaces or liquid-liquid interfaces. Although the
resolution of patterns that can be detected is several micrometers, with advances in experimental
technology, extension to the nanoscale regime may be possible. It would indeed be exciting if
future experiments can test simulation results on the linear relationship between binding free
energies and surface wettability.

Conformations of Flexible Molecules

Interfaces provide an inhomogeneous environment for flexible molecules and can significantly
affect their conformational preferences. For example, hydrophobic polymers, which collapse into
an ensemble of globular structures in water, when present at a hydrophobic surface adopt flat,
quasi-2D pancake-like structures (45, 46). With increasing hydrophilicity of the interface, stable
conformations gradually bead up, becoming globular near the most hydrophilic surfaces, similar
to their behavior in bulk water.

Unfolding of proteins at the most hydrophobic vapor-liquid interface of water is well known
(106, 107). Peptides or heteropolymers containing a sufficient number of hydrophobic groups will
be pinned down to a flat hydrophobic surface (or to a vapor-water interface) and will adopt quasi-
2D conformations. Recent work suggests that such interfaces (as well as those of nanoparticles)
may nucleate β-sheet structures or aid fibril formation (108–115). Thus, bias toward flat struc-
tures, aided by intra- or intermolecular hydrogen bonding, may serve to stabilize β- or fibril-like
structures. Given that cell interiors contain a large density of interfaces, more focused investiga-
tions of the role of hydrophobic interfaces in nucleating or promoting amyloid fibril formation
are needed.

Dynamics

Both translational and rotational dynamics of water in the vicinity of hydrophobic solutes and inter-
faces have been investigated by experiments (116–119) and simulations (120–123). Experimental
studies indicate a moderate slowdown in reorientational dynamics of water near hydrophobic so-
lutes that has been confirmed by simulation studies (120). Qualitative connections between the
slowdown of hydration dynamics and the negative entropy of hydration have been suggested (124).
Near extended hydrophobic surfaces, enhanced fluctuations and a positive entropy of hydration
suggest that water dynamics there could be faster than near hydrophilic surfaces. Simulations
show that the translational diffusivity of water near a hydrophobic surface (e.g., a -CH3 SAM)
is comparable with that in bulk water but decreases significantly near hydrophilic (e.g., -OH
SAM) surfaces (46, 125). In hydrophilic confinement, Castrillon et al. (121) observe a slowdown
in both translational and rotational dynamics of water. They find that the effect of the interface on
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rotational dynamics is limited to a region approximately 0.5 nm from the surface, whereas that on
translational dynamics persists over a larger region (∼1 nm).

Similar to water, we found that for hydrophobic polymers, the translational diffusivity is higher
and conformational dynamics are faster at a hydrophobic interface relative to in the bulk water
phase (45, 46). These observations of faster dynamics near extended flat hydrophobic surfaces
imply that water as well as nonpolar solutes slide faster at hydrophobic interfaces, an observa-
tion consistent with fast water transport through carbon nanotube interiors, where significant
hydrodynamic slip is observed (126–129).

Connections to Thermal Transport and Hydrodynamics

The hydrophobicity of an interface—whether characterized macroscopically by droplet contact
angle or microscopically by density fluctuations, solute binding, or water correlations—represents
one measure of coupling between water and a surface. Other measures of interfacial coupling also
exist; for example, the thermal conductance of an interface [the inverse of the so-called Kapitza
resistance (130)] is high when the two phases are strongly thermally coupled. Interfacial thermal
conductance can be obtained using nonequilibrium MD simulations (70), which for -OH and
-CH3 SAM surfaces (in Figure 2) show quantitative agreement with experimental measurements
(68). Furthermore, simulations of heat transfer at a range of SAM-water surfaces show that the
interfacial thermal conductance varies linearly with the water droplet contact angle, indicating
connections between interfacial thermal transport and wetting and hydrophobicity (70).

From a hydrodynamic perspective, the extent of stick (or slip) at an interface is another way to
characterize interfacial coupling. Extensive simulations of water at diamond-like solid surfaces by
the Netz group (125, 131) have shown that the magnitude of slip increases with increasing sur-
face hydrophobicity. Collectively, these studies suggest qualitative connections between various
methods of characterizing the extent of coupling between water and a solid surface. Developing
theories to make these connections more quantitative will be an interesting and important direc-
tion to pursue (e.g., see Reference 125 and references therein for theoretical arguments connecting
hydrodynamic slip to interfacial interactions and the contact angle). For thermal transport, de-
veloping a theory that takes into account interfacial solid-fluid interactions, in addition to bulk
property mismatch, would constitute an important advance.

APPLICATIONS TO HETEROGENEOUS INTERFACES
AND TO PROTEINS

Chemically Heterogeneous Flat Surfaces

How does the presence of a small number of hydrophilic groups affect the hydrophobicity of a
background hydrophobic surface (and vice versa)? This is, perhaps, the first important question to
consider regarding simple chemically heterogeneous surfaces. It can be addressed quantitatively
using spatially resolved density fluctuation–based measures of hydrophobicity. Using a coarse-
grained lattice gas description, Willard & Chandler (132) showed that isolated hydrophilic sites
quench density fluctuations locally and pin the interface. Acharya et al. (53) considered effects of
single head-group mutations in SAMs—one -OH group in a -CH3 background and vice versa—on
density fluctuations of water in the vicinity. They showed that density fluctuations not only identi-
fied the single mutations (Figure 7) but highlighted a striking asymmetry: A single -OH head group
strongly quenched fluctuations in its vicinity in the -CH3 background, whereas a single -CH3 negli-
gibly enhanced fluctuations in the -OH background. Extending these studies to larger hydrophobic
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Figure 7
(a) Snapshot of surfaces with a hydrophobic (-CH3) heterogeneity in a hydrophilic (-OH) background (top)
and vice versa (bottom). (b) Spatially resolved (inverse) fluctuations in a methane-sized spherical observation
volume of radius 0.33 nm next to the surfaces in panel a show the asymmetry in how hydrophilic and
hydrophobic heterogeneities affect density fluctuations. The information theory formalism for the hydration
of small solutes relates density fluctuations to the excess chemical potential of hard sphere solutes,
μex

HS ≈ kb T 〈N 〉2/2σ 2 (39, 173). Thus, the vertical axis is roughly equal to twice the methane-sized hard
sphere excess chemical potential at the interface in kbT units. (c) Reciprocal of density fluctuations at the
center of a contiguous patch containing n = 1, 2, 3, 4, 5, 7, 9 -CH3 groups in an -OH background surface
(blue) and vice versa (red ). From Acharya et al. (53).

patches, Acharya et al. (53) showed that a contiguous domain of seven to nine -CH3 groups (∼1–
1.5-nm diameter patch) is needed in the hydrophilic -OH background before its hydrophobicity
(as measured by fluctuations) is comparable with that of a homogeneous -CH3 surface (Figure 7).

This patch-size dependency in 2D space is qualitatively analogous to the length-scale depen-
dency of hydrophobic hydration (33). The hydrophobicity of the CH3 patch becomes independent
of the patch size when it becomes large enough that water molecules can no longer maintain hy-
drogen bonds across the domain. Vicinal fluctuations then approach those seen at a homogeneous
surface, resulting once again in a 1–2-nm crossover length scale. This 2D length-scale depen-
dency manifests itself in the nonadditivity of surface tension (i.e., failure of linear models) for
heterogeneous surfaces when the length scale of heterogeneity becomes subnanoscopic (133).

The hydration of chemically heterogeneous systems has received considerable attention in the
context of confined systems using both coarse-grained (134) and atomistic simulations (50). “Water
under confinement” has attracted enormous interest in the past decade (49, 50, 52, 135–138)
because of its implications for a variety of important phenomena, including protein interactions,
association, and aggregation; the specific role of water in cavities (139–142); and water phase
behavior and transport through pores (126, 143, 144). Confinement can amplify the effects that
would be observed at isolated surfaces. For example, the tendency to dewet an isolated hydrophobic
surface is amplified, which leads to observation of capillary evaporation or a drying transition under
hydrophobic confinements (50, 134). Also, adding a few hydrophilic groups to the surfaces can
significantly reduce capillary drying (50, 134). How heterogeneous chemistry, patterning, and
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topography affect the behavior of water under nanoscale confinements and its effects, in turn, on
the association of surfaces will continue to be a rich problem for future studies.

Proteins

To map the hydrophobicity/hydrophilicity pattern of protein surfaces, hydropathy scales are
frequently used (145, 146). These scales rank amino acids on the basis of their transfer free
energies from nonpolar to aqueous phases. Trout and coworkers (147) have shown that an
improved description is obtained by weighting the hydropathy scales with simulation-averaged
solvent-exposed surface area. However, the problem that different scales do not necessarily agree
in their ordering of amino acid hydrophobicity, or are quantitatively different when the ordering
matches, remains. The results of Acharya et al. (53) and others (50, 132), however, point to the
more difficult problem of context dependency (i.e., the importance of the local environment) in
determining the effective hydrophobicity of a chemical moiety and highlight limitations inherent
to context-independent descriptions.

Density fluctuation–based characterization naturally accounts for how water responds to local
chemical and topographical context, as shown above. Siebert & Hummer (148) were the first to
apply these ideas to proteins. They used molecular simulations—test particle insertions as well
as probe-binding calculations—and inhomogeneous information theory to identify hydrophobic
binding sites on different regions of a soluble analog of the N-peptide coiled coil of gp41 (IQN17).
More recently, Acharya et al. (53) have used density fluctuation–based measures [e.g., binding
of hydrophobic probes (see Figure 8a)] to characterize the hydrophobicity map of the protein
hydrophobin-II. They find that one face of the protein, which hydropathy scales predict to be
rather hydrophobic, is weakly hydrophobic overall but contains a few strongly hydrophobic hot
spots (Figure 8b).

The practical success of density fluctuation–based measures for complex surfaces of proteins,
e.g., to identify binding sites for a particular hydrophobic ligand, will depend on the ability to

Hydropathy-scale mapping Fluctuation-based mapping

a b c

Figure 8
Mapping hydrophobicity of protein surfaces. (a) Schematic of a simulation of a protein in a solution
containing small hydrophobic probe solutes ( green spheres). By monitoring the concentration (or average
density) of the probe solutes at different locations on the protein surface, one can identify hydrophobic
patches. Other density fluctuation–based measures can also be implemented to obtain similar information.
(b,c) Comparison of how a hydropathy-scale approach and the one outlined in panel a, respectively, map the
hydrophobicity of the surface of hydrophobin-II. From Acharya et al. (53). Color scheme: red, hydrophobic;
blue, hydrophilic.
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quantify fluctuations in arbitrarily shaped observation volumes (of the shape of the ligand), to
account for attractive interactions, and to account for protein fluctuations. Also, experimental
verification of the predictions of density fluctuation–based characterization will be critical. In
principle, probe-based interrogation of heterogeneous surfaces by simulations is not unlike that
done experimentally in the multiple solvent crystal structures (MSCS) method, in which small
chemical probes bind to proteins identified by X-ray crystallography (149), or chemical force
spectroscopy, which uses a sensitive AFM tip with a chemical probe (150, 151). Studies along
the lines of a recent report that combined NMR spectroscopy, MD simulations, and chromatog-
raphy experiments (152) potentially provide powerful means to test density fluctuation–based
hydrophobicity measures for specific protein systems of interest.

Rough Surfaces

Most surfaces of practical interest are chemically and topographically heterogeneous, and it is
difficult to truly separate the effects of the two (153). Surface roughness has been long known to
affect wetting properties of interfaces (154, 155); for example, the complex microstructure of a
surface can lead to the lotus leaf effect, that is, the water repellency or superhydrophobicity and
self-cleaning properties of leaves (156). It was hypothesized that micrometer-scale features in a
hydrophobic surface will trap air (or vapor), thus creating a surface with a much higher effective
surface hydrophobicity [called the Cassie state (157)]. However, adding roughness to already
hydrophilic surfaces would further increase their hydrophilicity because water would wet the
interstitial space as well [the so-called Wenzel state (158)]. In other words, roughness is expected
to amplify the inherent character of the reference flat surface, be it hydrophobic or hydrophilic.

There has been significant effort to understand the effect of roughness on wetting using com-
puter simulations (159–163). The emphasis has been on understanding how well the above ideas
work when the roughness is in the nanoscale regime. To this end, for a Lennard-Jones fluid,
Grzelak & Errington (160) recently presented an extensive study of the dependency of contact
angles on surface roughness in the Wenzel regime. They showed that when the length scale of
heterogeneity is larger than approximately 20 fluid diameters (or 10 nm), Wenzel predictions are
near quantitative. Below that length scale, however, the Wenzel model overestimates the influence
of roughness; i.e., the surface does not become as solvophilic as expected by the Wenzel equation
when roughness is on the length scale of less than 10 nm (for argon fluid). We are not aware
of a similarly systematic study in the Cassie-Baxter regime. Surface roughness on atomic length
scales also did not seem to have significant influence on the wetting of different crystal faces by
Lennard-Jones fluids (161).

For water, simulation studies indicate that surface roughness can have strong effects on wetting
even at the nanoscale. Mittal & Hummer (162) show that for a 2D sinusoidal attractive surface,
the solid-water interfacial tension changes from negative for a smooth surface to large positive for
a rough surface with amplitude of ∼3 Å and wavelength slightly larger than 1 nm. This sensitivity
was attributed to the cost of deforming the hydrogen-bonded network of water to conform to the
corrugations of the surface. Daub et al. (163) have also reported significant sensitivity of water
droplet contact angle to nanoscale roughness for both hydrophobic and hydrophilic surfaces.
Finally, in addition to static measures of wetting, roughness is expected to critically influence
dynamics of fluids at interfaces, as reflected in contact angle hysteresis or contact line dynamics
(164) or in metastability of droplets in Cassie or Wenzel states (159). As challenges in the fabrication
of surfaces with well-defined features are overcome, a closer overlap in length and timescales in
experiments and simulations will enable significantly deeper understanding of the connections
between nanoscale surface topography and hydrophobicity.
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CONCLUSIONS AND FUTURE DIRECTIONS

The central question we have focused on in this review has been that of identifying molecular
signatures of hydrophobicity that correlate with macroscopic expectations. Such signatures are
important for characterizing the hydrophobicity of complex macromolecules with chemical and
topographical heterogeneities. The theory of hydration of idealized hydrophobic interfaces sug-
gests high sensitivity of water density at the interface to attractive interactions, which cannot
be described by standard perturbative treatments. Correspondingly, simulations show that the
vicinal density of water correlates poorly with hydrophobicity (44). Theoretical developments
suggested that water density fluctuations could serve as a potential informative measure of hy-
drophobicity (34, 51), and this expectation has now been borne out by several molecular simulation
studies (44, 48, 85). Density fluctuations are enhanced at hydrophobic interfaces and gradually
suppressed with increasing surface hydrophilicity. Cavity formation free energies or, alternatively,
the free energy of binding of hydrophobic solutes to an interface, quantities that are determined
by density fluctuations, display a monotonic (frequently linear) relationship with the macroscopic
contact angle (44). Enhanced fluctuations at hydrophobic interfaces are also reflected in related
statistical mechanical measures, namely local compressibility and water pair correlation functions.
The compressibility of hydration shells of simple spherical solutes (85) and of atomically detailed
SAM surfaces is several times higher than that of bulk water and decreases with increasing solute-
water attractions or surface polarity (53). Spatial resolution of density fluctuations can identify
isolated chemical heterogeneities (47, 53) and, importantly, highlights the context dependency of
the hydrophobicity of a chemical moiety. In the remainder of this section, we highlight promising
avenues for further research that build on the work reviewed so far.

Hydration Data Bank

The establishment of the Protein Data Bank (PDB) as a repository for crystallographic and NMR-
derived structures of proteins that is accessible to researchers all over the world has been pivotal in
today’s structural biology revolution. These structures, however, contain little or no information
about hydration water, which plays a key role in interactions of proteins in solution. Following
the work reviewed here on mapping chemically heterogeneous surfaces, we think that creation
of a similar Hydration Data Bank will have a transformative effect on biology and biochemistry.
Such a data bank can serve as a repository for information critical to characterizing the behavior of
hydration water—density fluctuations, structure, and dynamics—around proteins. With modern
computing resources and novel parallel processing paradigms (165), molecular simulations of
thousands of proteins could be performed and information about hydration water collected to
generate hydration maps. Such a database will be of tremendous value to researchers investigating
a variety of phenomena in which hydrophobic interactions play an important role, including
protein hydration (166), protein-protein interactions (167–171), bioseparation processes (152),
and drug discovery and design (172).

Confinement and Assembly

The inherent tendency to dewet a hydrophobic surface is amplified by confined environments.
Behavior of water under confinement is also relevant when two proteins or biological surfaces
come together. Understanding how the hydrophobicity of patches is affected by the geomet-
ric/confinement context and how that affects water-mediated interactions will not only be relevant
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to protein interactions but also may assist the design of particles with patches for recognition and
directed assembly.

Effect of Cosolvents and Additives

Cosolvents and additives are known to affect the solubility as well as interactions of hydrophobic
solutes in water (21–24). For example, typical salts suppress density fluctuations in their vicinity,
thereby expelling hydrophobic solutes from that region (173). Denaturants such as guanidinium
chloride and urea also affect hydrophobic interactions via direct interactions (27, 30). Clearly,
interfacial enhancement or depletion of additives will affect the behavior of water and especially
the density fluctuations in the interfacial region. This raises the interesting possibility that the
effective hydrophobicity of an interface, especially of patches on a heterogeneous one, can be
manipulated using solution additives. This is a promising direction for further research.

Dynamics at Interfaces

Simulations show that water diffusivity is higher at extended hydrophobic surfaces and is sup-
pressed near hydrophilic ones (46). Translational and conformational dynamics of flexible hy-
drophobic molecules also show similar trends (45, 46). Experimentally measuring conformational
dynamics of molecules such as peptides or polymers at interfaces using various fluorescence or
spectroscopic tools (174) could serve as a relatively direct probe of the dynamics and fluctuations
in interfacial environments. Also, density fluctuations leading instantaneously to formation of a
cavity or a high-density region is a many-body phenomenon. Whether these phenomena can be
driven externally by coupling to periodic pumping of energy (e.g., via driven oscillations of a flex-
ible interface), thereby amplifying and/or accelerating cavity formation, is not known (175) and
represents a rich direction to explore.

Coarse-Grained Simulations

To access large length scales and long timescales relevant to macromolecular assembly, interest
is growing in developing coarse-grained models for water and molecular systems (176–178) such
as those that represent water molecules using short-range and spherically symmetric potentials,
or even replace 3–4 water molecules with a single “bead” (177). Such models have been useful in
studies of the self-assembly of lipid bilayer systems or structural phase transitions in surfactant
systems (179, 180). The work reviewed here shows that capturing the nature of density fluctuations
and associated quantities will be important for hydrophobically driven assembly.

To this end, approaches at both ends of the spectrum, from highly coarse-grained methods—
e.g., applications of generalized mean field theory (181), LCW theory (33), and related efficient
numerical implementations (40)—to those containing more detailed (but computationally effi-
cient) models of water, will play a role. For the latter, a water model that preserves the atomic
description, associated hydrogen bonding and excluded volume, and a correct description of den-
sity fluctuations, but at the same time eliminates the need for calculating long-range electrostatics,
would be desirable. A Gaussian truncated water with associated corrections from local molecular
field theories represents a promising candidate (182, 183). Further validation of such water models
for a variety of interfacial systems, as well as efforts to incorporate them into MD engines such as
GROMACS (184, 185) or NAMD (186), will enable their use for studying much larger systems
than currently possible.
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