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Hydration structures at biomolecular surfaces are essential for understanding the mechanisms of the
various biofunctions and stability of biomolecules. Here, we demonstrate the measurement of local
hydration structures using an atomic force microscopy system equipped with a low-noise deflection
sensor. We applied this method to the analysis of the muscovite mica/water interface and succeeded
in visualizing a hydration structure that is site-specific on a crystal. Furthermore, at the biomolecule/
buffer solution interface, we found surface hydration layers that are more packed than those at the
muscovite mica/water interface. © 2010 American Institute of Physics. �doi:10.1063/1.3408289�

I. INTRODUCTION

Hydration structures at biomolecule/liquid interfaces are
closely related to highly ordered structures and biofunctions.
For example, the highly ordered structure of DNA molecules
is strongly dependent on relative humidity.1 In enzyme mol-
ecules, water molecules have an important role in stabilizing
their active site structure with hydrogen combinations.2

In analyzing 3D hydration structures which mean steric
water molecule distribution around atoms or molecules, neu-
tron diffraction analysis is one of the most commonly used
techniques because a large magnitude of neutron diffraction
is observed at hydrogen atoms. However, this method re-
quires a large crystal as a material, and crystallization is one
of the limitations for applying this technique to the in situ
measurement of hydration structures in various functional
systems.

In theoretical chemistry, various molecular theories such
as molecular dynamics �MD� simulation and the statistical-
mechanical distribution function theory of liquids have re-
vealed various microscopic pictures of solvation structures at
the solid/liquid interface. For example, Akiyama and Hirata3

showed the dependence of the type of hydration structure on
the configuration of surface atoms using the statistical-
mechanical theory of molecular liquids known as the refer-
ence interaction site model �RISM� theory. Kovalenko and
Hirata4 succeeded in describing a 3D hydration structure on a
metal surface by the 3D generalization of the RISM �3D-
RISM� theory.

Atomic force microscopy �AFM� has been used to inves-
tigate the solid/liquid interface. Jarvis et al. reported that
when the AFM tip is close to the solid surface at the solid/
liquid interface, the force measured by AFM oscillates with a
period equal to the diameter of the liquid molecule.5 Re-
cently, we have succeeded in developing frequency modula-

tion AFM �FM-AFM� with atomic or molecular resolution in
liquid.6 This development opened the door to structural biol-
ogy studies in physiologically relevant biological environ-
ments on the atomic or molecular scale. Furthermore, Fu-
kuma et al. reported an impressive image of a hydrated
surface as a topographic image obtained by FM-AFM with a
low-noise optical head.7 Hofbauer et al. also showed clear
images of each solvation layer.8 In these publications, no
images of the intermediate structure between layers in a ver-
tical direction were shown. In addition, cross-sectional struc-
tures of local hydration layers in the vertical direction9 have
not been fully investigated yet.

In this study, we demonstrate the visualization of cross-
sectional hydration layers in the vertical direction against the
solid surface with atomic resolution and show the relation-
ship between force distribution and water-molecule density
distribution at the interfaces calculated by 3D-RISM. Here,
we adopt a muscovite mica/water system as the target system
because it has been studied extensively. Among compounds
with hydrophilic surfaces, the mica substrate is useful for
removing toxic materials owing to its replacement and ab-
sorption capabilities. Industrially, it is used for removing sil-
ver iodide. Silver iodide works as the nucleus in cloud
seeding.10,11 The hydration structure on a muscovite mica
substrate is related to the swelling characteristics of mica as
a viscosity improver and a mold lubricant among its other
uses. To date, many groups have studied the various physical
characteristics of hydration structures on the muscovite mica
surface, and the existence of icelike structures has been
predicted.12–15

However, no local hydration structures at specific crystal
sites on mica surface have been fully investigated on the
atomic or molecular scale by in situ measurement. Recently,
using in situ measurement, Cheng et al. have shown the av-
erage vertical density profile of water molecules at the mica/
water interface by x-ray crystal truncation rod �CTR�a�Electronic mail: kimura@gold.kobe-u.ac.jp.
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scattering.16 The x-ray CTR scattering extending in the di-
rection perpendicular to the crystal surface provides struc-
tural information on the solid surface. Moreover, Park and
Sposito17 calculated the water molecule distribution at the
mica/water interface by MD simulation, and their results co-
incided with the density profile obtained by Cheng et al.16 In
this study, we focus on measuring local hydration structures
in specific crystal sites with atomic resolution. In addition,
we demonstrate the imaging of cross-sectional hydration
structures above bacteriorhodopsin �bR�, the protein con-
stituent of purple membranes, to relate the application of our
technique more closely to biological studies.

II. EXPERIMENTAL AND THEORETICAL METHODS

A. Hydration measurement by FM-AFM

Figure 1 shows a conceptual scheme of hydration mea-
surement by force mapping using AFM. The X-axis is the
surface direction, and the Z-axis is the vertical direction. The
AFM tip is close to the surface from the Z-direction, and an
interaction force-distance curve �F-Z curve� between the tip
and the surface is measured. A 2D distribution of interaction
forces is obtained by changing the X-coordinate of the F-Z
curve to the next position and repeating the F-Z curve mea-
surement. Then, the 2D distribution is pictured in XZ plane,
and the force is a function of X coordinate and Z one.

In 2D force mapping, we used an FM-AFM system with
a low-noise deflection sensor.6 The noise level derived from
the deflection sensor was about 20 fm /�Hz, and the Q factor
at the first resonance of the cantilever was typically about
10 in water and 1M KCl aqueous solution. In the
FM-AFM system, the cantilever was self-excited at its me-
chanical resonance frequency �f0�, and its frequency was
measured by an analog FM detector equipped with a voltage-
controlled xtal oscillator.18 In the experiment, f0 was about
130 kHz. Vibration amplitude was kept constant at
0.20 nmpp using an amplitude regulator circuit �constant-
amplitude mode�. In FM-AFM, the frequency shift ��f� of f0

is detected in the phase-locked loop. The positive and nega-
tive �f values of f0 are derived from repulsive or attractive
forces, respectively. In 2D force mapping, the 2D distribu-
tion of �f is measured by tip scanning. The 2D distribution
of �f is theoretically converted to the 2D force distribution
by the Sader and Jarvis method.19 In the hydration measure-
ment by FM-AFM, tip scanning speed is adjusted to be suf-
ficiently low compared with the relaxation time of water
molecules at the interface, which is checked by measuring
the hysteresis of the F-Z curve at the same X-coordinate. We
used a custom-built controller for scanning and data acquisi-
tion.

In our experiment, we cleaved a commercially available
muscovite mica substrate in pure water to avoid contamina-
tion by room air, and placed the substrate in 1M KCl aque-
ous solution. KCl is necessary for controlling Debye length
from the muscovite mica surface.

In another experiment, we prepared a bR sample as
follows. At first, 10 �l of 20 �M bR suspension was added
to 490 �l of preparation buffer �10 mM Phosphate Buffer
Saline �PBS�, 300 mM KCl, and pH=7.4�. After cleaving the
mica substrate in pure water, we dropped the above diluted
bR suspension onto the mica substrate and left it to stand for
about 1 h until the bR membrane attached to the mica sub-
strate. After these procedures, we rinsed the substrate with
the preparation buffer to remove bR membranes unattached
onto the mica substrate, and imaged it in buffer solution
�10 mM PBS, 500 mM KCl, and pH=7.4�.

B. Hydration structure calculation by 3D-RISM

In order to evaluate the hydration measurement using
force detection, we compared the force distribution with the
result of the 3D-RISM theory, which is the most advanced
theory of molecular liquids based on statistical mechanics. A
detailed description of the theory is given in previous
papers.4,20,21 The calculation was carried out for a double-
layer muscovite in pure water at a temperature of 300 K with
a number density of 0.033 313 Å−3. The 3D atomic coordi-
nates of muscovite were taken from an equilibrated structure
obtained from MD simulation.22 The interatomic interaction
parameters were taken from the Clay Force Field
�CLAYFF�.23 The partially linearized hypernetted chain
approximation,4 also known as the Kovalenko–Hirata �KH�
closure, was adopted in the calculation. The 3D-RISM/KH
equations were solved on a grid of 64�64�1024 points in a
cubic supercell of 17.9353�20.7320�204.8000 Å3 dimen-
sions under a periodic boundary condition. In the theoretical
calculation, the existence of the tip was not taken into
account.

III. RESULTS AND DISCUSSION

A. 2D force mapping by FM-AFM

Figure 2 shows the experimental result. Figure 2�a�
shows an illustration of the model of the cleaved muscovite
mica surface and an AFM image of the muscovite mica sur-
face in KCl aqueous solution. Figure 2�b� shows the experi-
mental result of the imaging of cross-sectional hydration
structure in the vertical direction against the mica surface,

X

Z

FIG. 1. Schematic illustration of hydration measurement by force mapping
using AFM. In force mapping, the AFM tip is scanned one-dimensionally in
the Z-direction while monitoring frequency shift ��f� related to interaction
force �f�. After 1D scanning, the X-coordinate of the tip location is changed
to the next line in the aqua area. By repeating these procedures, we can
obtain a 2D �f distribution.
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which is schematically shown in Fig. 1. In Fig. 2�b�, the
longitudinal direction of the figure is the Z-direction perpen-
dicular to the surface, and the transverse direction is the
X-direction on the surface shown in Fig. 1. The AFM tip was
scanned 4.8 nm in the X-direction and 1.1 nm in the
Z-direction. The image contrast indicates the magnitude of
the frequency shift ��f� of cantilever mechanical resonance
frequency �f0�. The bright and dark contrasts reflect the posi-
tive and negative �f values, which reflect repulsive and at-
tractive forces, respectively. A bright area at the bottom of
the image indicates a strong repulsive force from the musco-
vite mica surface, and a 0.52 nm periodic bright contrast
corresponds to the muscovite mica surface area shown by the
dotted blue line in Fig. 2�a�.

The interaction force applied to the AFM tip is also in-
duced by hydration structures. In the vicinity of the surface
periodic white contrast, there is a periodic gray contrast lo-
cated at the valley of the white contrast, which is schemati-
cally shown by the blue area in Fig. 2�c�. At the mica sur-
face, hexagonal structures are partially electrically charged
because Si atoms of SiO4 in the basal mica plane are re-
placed by Al atoms at a ratio of 3:1 in the bulk. Water mol-

ecules interact with negative charges. Therefore, the gray
contrast in Fig. 2�b� indicates the existence of water mol-
ecules in the hollow area, which is the center of the hexagon.

Figure 2�d� shows another experimental result of 2D hy-
dration measurement in an area different from that shown in
Fig. 2�b�. The measured area is the dotted blue line area in
Fig. 2�a�. In this image, in the first water layer indicated by
the arrow, the hydration structure is not uniform in the sur-
face direction. This image is schematically shown in Fig.
2�e�. In Fig. 2�d�, two elliptical white contrasts are found at
the center of the two hollow areas, which is schematically
shown by the orange ellipse in Fig. 2�e�. The origin of these
site-specific contrasts is probably the configuration of potas-
sium ions on negatively charged hexagons at the mica sur-
face. In the second layer indicated by the arrow, there is an
inhomogeneous density distribution of water molecules in
the surface direction. This nonuniformity arises from the in-
homogeneous charge distribution. In Fig. 2�d�, we can see a
weaker dependence of water molecule density on the type of
crystal site in the third layer than in the second or first layer.

B. Comparison between FM-AFM and 3D-RISM

Figure 3 shows a comparison between the force �F� pro-
file obtained by AFM and the profile of the gradient of water
molecule density distribution �−dg /dZ�, which is calculated
from the water molecule density obtained by 3D-RISM. The
comparison between force and −dg /dZ is justified as fol-
lows. When the average two-body interaction between an
AFM tip and a water molecule is given as u�Z-r� �Z: tip
position; r: water molecule position�, the total potential en-
ergy �U�Z�� between the AFM tip and the surrounding water
molecules is described as U�Z�=��g�r�u�Z−r�dr, where � is
the bulk density of water molecules. The integration takes
the contribution of all water molecules around the AFM tip.
Since u�Z-r� is assumed to be a delta function, U�Z� is pro-
portional to g�Z� and the force applied to the AFM tip �F� is
proportional to −dg /dZ.

Figure 3�a� shows F-Z curves on the Si or Al site and the
center of the hexagon shown in Fig. 2�d�, aligned with that
averaged in the whole area in Fig. 2�d�. All curves have
long-range attractive forces. This background force reflects
the integration of long range van der Waals forces around the
tip volume, and has no site specificity. At 0.7 and 1.0 nm in
the Z-distance axis, all curves have peaks that have the same
force. The less site-specific feature reflects a water molecule
configuration determined by the weak interaction between
water molecules and the bulk solid surface. Around 0.4 nm,
the peak or inflection positions of the three curves differ
from each other. Figure 3�b� shows a comparison with the
XY-averaged density gradients obtained by 3D-RISM, which
is used to calibrate the F-Z profiles. �Details are given in the
Appendix.�

Figures 3�c� and 3�d� show a comparison of the force
profiles above the Si or Al atom and the center of the hexa-
gon, respectively, where potassium ions do not attach, along
with the corresponding theoretical density gradient profiles.
In the theoretical calculation, no potassium ions are included
in the aqueous phase. It is clear that the positions of the first
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FIG. 2. �a� Schematic illustration of muscovite mica �001� surface structure
and FM-AFM image of muscovite mica in water. Hexagonal structures are
clearly observed. �b� 2D hydration structure measured by FM-AFM. Peri-
odic structures at the muscovite mica surface and water molecule layers
above the surface line, schematically shown by the blue dotted line in Fig.
2�a�, are clearly imaged. At the muscovite mica/water interface, the water
molecule layer penetrates into the center of the hexagon schematically illus-
trated in Fig. 2�c�, and its penetration has the same periodicity as muscovite
mica. In the upper layers, fluid water molecule layers are observed and they
show a smaller correlation with the surface structure. �d� 2D hydration struc-
ture measured by FM-AFM in another area. In some hollow areas �center of
hexagon on tetrahedral sheet, which is a cleaved mica surface�, the water
molecule layer penetrates the center of the hexagon, and in other hollow
areas, white elliptical white contrasts surrounded by dark contrasts, sche-
matically illustrated in Fig. 2�e�, are imaged. The contrast is likely to be a
K+ ion or a hydrated K+ ion complex adsorbed on the surface.
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and second inflection points found in the force profile have a
good correspondence to those found in the density gradient
profiles. The absolute value of force shows no correspon-
dence with the gradient of water molecule density because
background long-range force depends on tip shape, and it
also shows no crystal site dependence. Thus, the site-specific
force profiles obtained at the muscovite mica/1M KCl aque-
ous solution interface correlate with the gradient of water
density profiles.

C. Application to biomolecules

As a typical application to studying the structure of bio-
molecules, we show an experimental result of the 2D hydra-
tion measurement of a bR protein membrane. In the archaeo-
bacterium Halobacterium salinarum, bR forms a hexagonal
crystal structure in the cell membrane, as shown in Fig. 4�a�
and has a lattice spacing of 6.2 nm. Its precise structure, on
the atomic scale, has been measured by electron and/or x-ray
diffraction analysis. A bR monomer consists of seven
�-helixes, with three monomers forming a trimer. In the
purple membrane, the bR membrane has two sides: the cy-
toplasmic and extracellular sides. In this study, we investi-
gated the hydration structure on the cytoplasmic side. Figure
4�b� shows the result of the 2D hydration measurement. At
the bottom of the image, a lattice spacing of about 6.3 nm is
observed. At the protein/buffer solution interface, we found
three quasistructural water molecule layers whose intervals
are 0.11, 0.14, and 0.20 nm in this order from the solid sur-
face. Under the first layer, a low-density region of water
molecules, which is shown as a dark-contrast region above
the surface white contrast, uniformly spreads over the entire
area. Moreover, the interval between layers increases in the
upper area from the surface, which reflects a weak interac-
tion with the solid surface and a short correlation time of
water molecules in the upper layer.

IV. CONCLUDING REMARKS

We have succeeded in visualizing 2D cross-sectional hy-
dration structures on the atomic or molecular scale at the
muscovite mica/1M KCl aqueous solution interface and bR
membrane/buffer solution interface. In our experimental re-
sults, we found that the type of hydration structure in the first
layer strongly depends on the surface atom or molecule con-
figuration and that the correlation with the type of surface
crystal structure is smaller in the second and third layers than
in the first layer. A comparison between FM-AFM and 3D-
RISM profiles revealed that AFM force profiles are related to
naturally established hydration structures at the solid/liquid
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interface. A more precise description between the force and
the density including the effects of tip size and shape should
be studied as a future work, and a precise conversion algo-
rithm from force to density is essential for more quantitative
hydration measurement.
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APPENDIX: CALIBRATION OF Z-AXIS BETWEEN AFM
DATA AND 3D-RISM DATA

In general, tip-sample distance defined by an AFM scan-
ner includes systematic error. One of the major reasons for
this distance error is the thermal expansion or shrinkage of
various mechanical parts of the AFM head. This error is
often observed as a 3D topographic distortion in AFM.
Therefore, tip-sample distance including this error should be
calibrated using a Z-length standard. As for the X- and
Y-directions, we can calibrate the X- and Y-scales by consid-
ering crystal lattice interval, which is determined by crystal
diffraction analysis. However, it is generally difficult to cali-
brate the Z-scale because the imaging area does not always
have a Z-length standard such as a single-atom step. In par-
ticular, in liquid environments, the step edge on a dissoluble
crystal is not always observed because its structural stability
strongly depends on the physical and chemical properties of
both solid and liquid. Therefore, in our solvation measure-
ments, we adopted a theoretically calculated density profile
of liquid molecules as a Z-length standard.

Here, we show how we calibrated the Z-scale of the
AFM scanner in this study. When we measure the tip-sample
distance �Z� dependence of applied force �F� toward the tip
at the solid/liquid interface, the obtained force-distance curve
�F-Z� is oscillating. In the principle of solvation measure-
ment by AFM, F is approximately proportional to the density
gradient of solvent molecules. The AFM tip senses a repul-
sive force at a local maximum position of the �−dg /dZ�−Z
curve, and correspondingly the F-Z curve has a local maxi-
mum or an inflection point. Therefore, if we have a reference
profile of the �−dg /dZ�−Z curve as a Z-length standard, we
can calibrate the Z-scale of the AFM scanner by comparing
the specific interval in the oscillating F-Z curve with the
corresponding interval in the reference profile. In this study,
we adopted the XY-averaged �−dg /dZ�−Z curve calculated
using the 3D-RISM theory as a reference profile.

The global van-der-Waals-force-like behavior found in
the F-Z curve apparently originates from the interaction be-
tween the solid surface and the whole area of the AFM tip,
whereas additional peaks or inflection points to the global
curve represent solvent-molecule layers. Thus, the rapid in-
crease on the far left indicates a repulsive force from the

solid surface, and the first small peak on the global attractive
force curve corresponds to the first solvation peak.

On the other hand, the upstroke of the �−dg /dZ�−Z
curve around the Z-origin is ascribed to the direct repulsive
interaction between solvent water molecules and the solid
surface, while the next large peak is assigned to the first
solvation peak. Since the source of the large force around
the Z-origin in the F-Z curve is different from that in the
�−dg /dZ�−Z curve, it is difficult to set the Z-origin by su-
perposition in this region. Thus, we adjusted the Z-origin by
the superposition of the first solvation peaks in the F-Z and
�−dg /dZ�−Z curves. Then, we scaled the interval between
the first and second solvation peaks in the F-Z curve so that
it became equal to the corresponding interval in the
�−dg /dZ�−Z curve.

The adjustment was carried out only for the
XY-averaged profile �Fig. 3�b��, and the determined calibra-
tions were applied to the site-specific profiles �Figs. 3�c� and
3�d�� without modification. Note that the agreements be-
tween the first and second peak positions of the site-specific
F-Z and �−dg /dZ�−Z profiles are therefore not an artifact of
this adjustment but imply that the F-Z profiles reflect the
site-specific solvation structure as the �−dg /dZ�−Z profiles
do.
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