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ABSTRACT. Hydration layers are ubiquitous in life and technology. Hence interfacial aqueous
layers have a central role in a wide range of phenomena from material sciences to molecular and
cell biology. A complete understanding of those processes requires, among other things, the
development of very sensitive and high-resolution instruments. Three-dimensional AFM (3D-
AFM) represents the latest and most successful attempt to generate atomically-resolved three-
dimensional images of solid-liquid interfaces. This review provides an overview of the 3D-AFM
operating principles and its underlying physics. We illustrate and explain the capability of the
instrument to resolve atomic defects on crystalline surfaces immersed in liquid. We also illustrate
some of its applications to imaging the hydration structures on DNA or proteins. In the last
section we discuss some perspectives on emerging applications in materials science and

molecular biology.



Interfacial aqueous layers either mediate or play a central role in a wide range of
phenomena including wetting, adhesion, corrosion or nanopatterning in material sciences,'”
protein stability, folding and molecular recognition in molecular biology3’4 or growth and
dissolution of minerals in geology.” Understanding those processes requires the development of
very sensitive and high resolution instruments. Those techniques should provide time-resolved
three-dimensional images of the interactions occurring between the molecules, atoms, and/or

ions forming the solid-liquid interface.

The force microscope (AFM) has transformed the imaging of surfaces by providing real
space and atomically-resolved maps of material properties in liquid, air or vacuum. Atomic
resolution, operation in different environments and the capability to image organic, inorganic and
biomolecules alike are key features of the AFM. Among the surfaces and systems characterized
at high resolution by the force microscope are crystalline surfaces and adsorbed molecules in
vacuum,”® polymers,”'' DNA,'*'* proteins,*"!” lipid layers,'® self-assembled monolayers,'® 2D

2021 5 metal-organic frameworks? in air or in liquid. In addition, the AFM has

layered materials
imaged protein-protein interactions,” the formation of protein assemblies’® or protein-cell
interactions in near-physiological environments.”> Despite its range of achievements, the AFM
has an Achilles’ heel. It lacks a genuine three-dimensional depth. This is about to change with
the development of the three-dimensional AFM (3D-AFM).? This instrument has made possible

to image the organization of the atoms, ions, solvent molecules and flexible molecular chains at

solid-liquid interfaces.

Figure 1 shows some atomically-resolved 3D images of the local hydration structures

observed on different surfaces such as mica (Fig 1a, b) or clinochlore (Fig. 1c). A scheme of the



surface-liquid-tip interface with the presence of solvent molecules and ions (Fig. 1d) and a

snapshot of a MD simulation are shown to illustrate the experimental configuration (Fig. le).

In 1983, Israelachvili and Pashley reported the first observation on the existence of
periodic hydration forces at a solid-liquid interface.”’ They used a surface force apparatus to
measure the forces between two macroscopic mica surfaces immersed in dilute electrolyte
solutions. Since then, a variety of experimental and theoretical methods have been applied to
study interfacial liquids, including the surface force apparatus,”®?° X-ray reflectometry,’** X-
ray absorption spectroscopy,” force spectroscopy,’ " first-principle and molecular dynamics
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calculations.

Those studies provide our current understanding of the structure of solid-liquid
interfaces. A liquid near a solid surface forms an interfacial layer where the molecular structure
is different from the organization of the liquid molecules in the bulk. The structure and dynamics
of the interfacial layer are controlled by the discrete character of the ions and solvent molecules.
However, a direct experimental observation of the three-dimensional structure of hydration
layers has remained elusive until the development of the 3D-AFM.*® The observation of
atomically-resolved hydration layers on a mica-water interface’® was either reproduced and/or
followed by similar observations on other interfaces.”™" The sensitivity and the spatial
resolution of the instrument have enabled to extend those observations to non-ideal surfaces such
as the ones represented by lipid membranes,* proteins*® or DNA.*® Those images highlighted a

key feature of 3D-AFM, its capability to visualize hydration structures on stiff crystalline

surfaces as well as on soft biomolecules.

There are other AFM approaches that claim some three-dimensional depth.”'” However,
those approaches should not be confused with the 3D-AFM method presented here. First, those

approaches aim to image sub-surface structures while 3D-AFM aims to image the organization



of liquid molecules above a solid surface. Second, the imaging mechanisms are different. Lastly,
sub-surface AFM methods cannot achieve atomic resolution. Similarly, the 2D zx maps of solid-
liquid interfaces generated by combining FM-AFM imaging and force spectroscopy® " should

be considered as sections of a full 3D-AFM image.

In the last 15 years several AFM-based methods such as topography imaging,'®'*"%

46468 and  z-x mapping (2D)****®7! have been applied to study a

force spectroscopy (1D)
variety of solid-liquid interfaces and properties. Those contributions have explored several
capabilities of AFM to characterize the adsorption of solvent molecules, water and ions on solid
surfaces. Many, if not all, the experimental advances achieved by 1D and 2D AFM methods can

be incorporated into the 3D-AFM set-ups. In a sense, the successes and limitations to study

solid-liquid interfaces at very high spatial resolution have prompted the emergence of 3D-AFM.

This review provides an overview and an outlook to 3D force microscopy by introducing
its most relevant instrumental features. Those features are discussed alongside with some
applications to understand the structure, dynamics, interactions and composition of aqueous
layers on crystalline surfaces, biomolecules or polymers. We also discuss the physical factors
that control the observation of atomic-scale corrugation in 3D images. In the process, we address
some long standing issues in AFM imaging in liquid. Does the observed contrast represents an

intrinsic property of the solid-liquid interface ? Does the tip induce the observed features?

3D-AFM METHODS



In 3D-AFM, the tip is scanned in a synchronized and sequential way in the 3D interfacial
space. During each vertical displacement, the force exerted by the tip F is recorded to generate a
3D force map. Several 3D tip scanning and force detection methods have been proposed to

realize the 3D-AFM concept (Fig. 2).

3D tip motion. The simplest method is to take multiple force versus z-distance curves at 2D-
arrayed xy positions (Fig. 2a). However, in this 3D approach the imaging is very slow. Hence
image distortions caused by the tip or sample drifts are difficult to avoid. This problem is
particularly serious for subnanometer-scale resolution experiments. In 2002, Holscher et al
presented the first atomically-resolved 3D force mapping on a NiO (001) surface in vacuum.”

By operating the AFM at low temperatures and using a moderate pixel resolution (32 x 32 x 256

pix’), they achieved an acceptable imaging rate (80 min/volume) with little image distortion.

An alternative approach to obtain atomic-scale 3D force maps was proposed by Schwarz’s
group in 2009. This method takes multiple 2D constant height images with different z offsets
(Fig. 2b).” However, this approach is extremely slow. It took about 40 h to capture a 3D image
on a graphite surface with a high pixel resolution (256 x 119 x 60 pix®). The correlation existing
between the 2D images of the surface allowed them to estimate with accuracy the influence of

the drifts and compensate for them.”

In liquid, non-linear drifts effects are much more evident than in vacuum. The absorption
of the liquid by either the substrate or the walls of the liquid cell, sample and/or substrate causes
considerable and continuous changes in the relative separation (drifts) between tip and sample
surface. Thus, the acquisition of a 3D image at a rate slower than 1 h/image is not acceptable for

most solid-liquid applications. In 2010, Fukuma et al presented the first atomic-scale 3D force



mapping of a solid-liquid interface by modulating the z tip position with a fast sine wave during
the slow lateral tip displacement (Fig. 2¢).?® During the scan, the tip-sample distance averaged
over the z modulation cycle is regulated such that the average value of the main feedback
parameter (e.g. frequency shift and oscillation amplitude) is kept constant. This simple and
continuous tip trajectory of the z modulation method improved the imaging speed (53 s/volume,
64 x 64 x 155 pix’) and simplified the experimental setup. Therefore, this method is currently
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widely used by several research groups combined with various force detection schemes.”™

Force detection. Dynamic operation and detection modes have been predominantly used for
performing subnanometer-scale 3D force measurements in vacuum and liquid. This is mainly
because a static mode detection (contact mode AFM) does not allow to measure with accuracy
the force versus z distance curve in the presence of a force gradient larger than the cantilever
spring constant. Among the dynamic detection methods, frequency modulation (FM) detection””
77 is widely used for 3D-AFM measurements However, other dynamic-mode detection methods
such as amplitude modulation (AM)”*** and bimodal AFM®' have also been successfully applied
to image 3D solid-liquid interfaces. In 2013, Fukuma and Garcia’s groups implemented a
bimodal AFM configuration for visualizing the 3D hydration structures on mica and GroELs.*®
In 2014, Kuhnle’s group imaged 3D hydration structures on calcite using AM detection*’. Thus,
3D-AFM operation is compatible with the main dynamic AFM modes (AM, FM and bimodal
AFM). The advantages and disadvantages of the different dynamic modes are still under debate.

804 However, the above examples illustrate that 3D-AFM can incorporate most of the advanced

features of dynamic AFM operation to facilitate the imaging of hydration layers.

Cantilever excitation. Acoustic, magnetic and photo-thermal excitation methods have been

applied to excite the microcantilever in liquid.** * Photo-thermal excitation offers the best



balance between the stability and applicability.85 It also generates canonical resonance curves
that can be directly compared with the theory and allows for accurate measurements of the force.

Thus, photothermal excitation have significantly contributed to the expansion of 3D-AFM.

Noise and bandwidth. Measurements of the distribution of hydration forces with subnanometer-
scale resolution require a force detection method that has locality and a very high signal-to-noise
ratio (SNR). The subnanometer-scale locality is achieved by oscillating a cantilever with a small
amplitudes (< 0.5 nm).***® Several In addition, other factors have contributed to improve the
SNR in 3D-AFM. The spring constant of the cantilever (k) should be sufficiently larger than the
force gradient (ki) of the attractive sections of the force curve. For an oscillatory hydration force
profile, ki can be as high as 2-3 N/m. Thus, k£ should be higher than 20-30 N/m. This feature is
not only necessary for preventing the tip adhesion to the surface but it is also needed for an
accurate conversion of the experimental observables (frequency, amplitude or phase of the
cantilever oscillation) into force values. In addition, the minimum detectable force (Fiin) should
be smaller than ~10 pN. This last requirement is almost the same as in 2D atomic-resolution

imaging.

In dynamic-mode AFM the ultimate value of Fi, is determined by the thermal vibration
of the cantilever. It does not significantly depend on the force detection scheme. In the case of

FM-AFM, Fpi, with the small amplitude approximation is given by87

P [4kk,,TB )
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where kg, T and B are Boltzmann’s constant, absolute temperature and the measurement

bandwidth; fo and Q are the frequency and quality factor of the cantilever resonance. This



equation shows that Fy,;, is determined by the cantilever parameters and the bandwidth. Equation
1 shows that there is a trade-off between Fi,i, and B. To achieve a force of 10 pN with a standard
cantilever (e.g., NCH from Nanoworld or AC160 from Olympus), the bandwidth should ~100
Hz or less.*” This requirement is sufficient for obtaining 2D images at 1 image/min. However,
3D imaging at 1 image/min requires a bandwidth higher than 1 kHz even for a pixel size of 64 x
64 pix*. Therefore, the 3D image obtained with a standard cantilever would not capture all the
features of the hydration structure. To overcome this limitation, it has been proposed to use ultra-
small cantilevers®’ (e.g., USC from Nanoworld or AC55 from Olympus) with a resonant
frequency fo (fundamental mode) in the megahertz range. As seen from Equation (1), a higher fy
provides either a better SNR or enables the use of a wider B. For example, the USC cantilever
provides Fii, values of 1.4 pN and 10 pN, respectively, for B of 100 Hz and 5 kHz. The
improvement of the signal-to-noise ratio offered by ultra-small cantilevers has been
demonstrated experimentally by comparing the force curves obtained on mica in water with the
NCH and USC cantilevers.®” However, 3D imaging at ~1 image/s as it is predicted for those

cantilevers has yet to be demonstrated experimentally.

In general, 3D-AFM imposes more stringent requirements on Fy,;, or B than 2D-AFM
due to the need of using higher acquisition rates. However, the technical demands for improving
the imaging speed are not as high as expected from the significant increase of the data
acquisition rate. In 2D-AFM, the image distortion caused by the delay in the tip-sample distance
feedback cannot be easily corrected by the post processing. In contrast, distortions in 3D-AFM
image caused by the delay in the measurement system can be corrected as they do not depend on

the feedback error.



HYDRATION LAYERS ON CRYSTALLINE SURFACES

The first application of 3D-AFM in liquid was the imaging of the interface formed between a
cleaved muscovite mica surface and an aqueous solution (phosphate buffered saline (PBS)
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solutions)™

(Fig. 1a). At that time, mica was the standard sample to test atomic-resolution
imaging in liquid by AFM. In addition, mica is one of the most widely investigated minerals as a
prototype of various clay minerals. Thus, the understanding of its interfacial structures at the

nanoscale has significant importance in several fields such as mineralogy, tribology and

nanoscale measurement technology.

Fukuma ez al 3D-AFM images”®*® were compared with the data obtained previously by X-ray
reflectometry’® and simulations.” They attributed the observed layer-like contrast to the
hydration layer and the dot-like contrasts to the adsorbed water molecules on the surface. This
result gave an important insight into the discussion on the co-existence of “ice-like” and “liquid-
like” water molecules at the mica-water interface. In 2013, Kobayashi et al obtained a 3D force
image in 1 M KCI solution and confirmed its similarity to the 3D water density map calculated

by using the 3D reference interaction site model (RISM). ***+%°

Those pioneering works highlighted the potential of 3D-AFM for imaging hydration
structures in 3D, however, they also raised some fundamental questions regarding the
measurement principle and the spatial resolution. Some issues were focused on the influence of
the tip structure, the tip hydration and the interfacial ions on the measured force distribution. In
other words, to what extent the observed hydration structures are intrinsic to the surface instead
of being induced by the tip?. Another relevant issue concerns the capability of the instrument
itself to get atomic resolution images in liquid. To address those issues required detailed

comparisons between experiments and simulations. However, the mica-water interface is not



necessarily the simplest system to be modelled in an atomistic simulation. On one hand, the one
fourth of the surface Si*" ions are substituted by AI’* ions. This exchange leaves the mica surface
negatively charged at local sites. On the other hand, the pH-dependent surface protonations
induce complicated surface charge distributions. These difficulties motivated the search for

another model system to study solid-liquid properties.

Calcite. Calcite (CaCOs) is one of the most abundant carbonate minerals on the Earth and its
growth and dissolution influences the global carbon cycle, climate and landforms. Thus, the
calcite-water interface has been widely investigated in mineralogy and environmental sciences.
In addition, as calcite is sparingly soluble in water, the cleaved calcite surface is automatically
renewed to present an atomically clean surface in aqueous solution. Thus, the calcite-water
interface has been intensively investigated by AFM since the early days of the AFM
development’'. In contrast to the mica-water interface, the calcite surface has a uniform
stoichiometry and regular charge distribution. Therefore, atomistic simulations of calcite are

easier to perform than those for the mica-water interface.

To avoid additional complexities, the first simulation model did not include any ions.
Thus, a direct comparison between the simulation and experiments required to perform 3D
measurements in pure water. At that time, it was empirically known that atomic-resolution
imaging in an ionic solution was more reproducible and stable compared to imaging the same
surface in pure water. The reason for this difference is not fully understood, however, , there are
some explanations. In an experiment, water cannot be perfectly pure because it contains traces of
ions. Thus, ions exist at the interface but their distribution and dynamics are not well-defined. In
contrast, in an ionic solution (> 100 mM), the Debye length becomes less than 1 nm and the

interface is much more well-defined. In addition, the reduced Debye length supresses the long-
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range force applied to the cantilever and the tip sidewalls. These factors could explain the
improved stability and reproducibility observed in 3D-AFM experiments performed in salt

solutions.

In 2015, Foster and Fukuma’s groups reported a combined experimental and simulation
study on the structure of hydration layers on calcite’”. They presented a subnanometer-resolution
3D image obtained in pure water by using an ultra-small cantilever with a resonance frequency
of ~3.5 MHz. This frequency was more than 20 times higher than the standard cantilever (~150
kHz). Hence those cantilevers provided a much better sensitivity and an averaging effect of
intrinsically stochastic processes at a solid-liquid interface. They compared the 3D images
obtained by simulation and experiments. The resemblance between the theoretical and the
experimental results provided the theoretical basis to explain the imaging of subnanometer
hydration structures with a nanoscale tip having a hydration structure on its own (see below for

details).

Beyond standard solutions. The above contributions established mica and calcite as the model
surfaces to investigate various interfacial structures and their correlation with hydration
structures by 3D-AFM. Thus, the majority of the subsequent works were performed on these
surfaces except for a few cases. Some contributions have been focused on investigating the role
of ions adsorbed on or embedded in the surfaces and their influence on the hydration structures
formed above them. Garcia’s group performed 3D force measurements on a mica in a nearly
saturated KCl (Fig. 1b) or NaCl solution (3-5 M) and found subnanoscale contrasts with an
extraordinary large vertical extent (~3-4 nm).*® By comparing the experimental results with
classical fluid density functional simulations, they attributed the observed well-ordered structures

to the alternating cation and anion layers with substantial amount of water included. In a
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subsequent contribution, Martinez-Jimenez and Garcia classified the force-distance curves from
the 3D force image obtained on a mica in 200 mM KCI solution in two types.” The classification
enabled them to identify the positions of individual K" ions adsorbed on a mica surface.”
Similarly, Songen et al compared the 3D force images obtained on calcite and dolomite
[CaMg(COs3),] crystals and discussed the differences observed in the force curves taken on the
Ca’" and Mg”" ions and their correlation with the hydration structures.”* In another contribution,
3D force images were taken on an atomic-scale defect at the calcite surface immersed in water.”
The comparison between the experimental results and the simulations revealed the existence of
irregular hydration structures associated with point defects. In the meanwhile, Miyazawa et al
reported”®some differences between the 3D force images obtained on a fluorite surface (CaF,) in
pure water and those obtained in a supersaturated solution of CaF,. The differences observed in
the 3D-AFM images were explained in terms of the changes of the hydration structure caused by

the interfacial ions.”® Other studies investigated the changes of the hydration structure on a

calcite surface in supersaturated solution of CaCOj induced by adding Mg®" or polypeptides.”’

Lately, 3D-AFM has been applied to study more complicated interfacial structures on
crystalline surfaces. Yamada’s group investigated the hydration structures formed on a
heterogeneously-charged interface.”® They obtained 3D force images at the boundary between
the positively charged brucite-like layer and a negatively charged talc-like layer at the cleaved
surface of a clinochlore (Fig. 1¢). The images revealed the different hydration structures on each
regions as well as at the boundary between them. The same experimental group has also studied
the dependence of the 3D hydration structures on the surface structural dimensions from 0 to 2
degrees of freedom’ Recently, Schlesinger and Sivan reported 3D-AFM images of layers of

condensed gas molecules adsorbed on hydrophobic surfaces.'”
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HYDRATION LAYERS ON BIOMOLECULES AND LIPIDS

The presence of water is a prerequisite for life on Earth. The majority of biomolecules (proteins
and DNA among them) are inactive in the absence of water. Thus, the interaction of water

molecules with proteins (hydration) is critical for their stability and function.**'"!

Imaging at high resolution the hydration structure of a biomolecule on an aqueous environment
is more demanding than performing those measurements on a crystalline surface. On one hand,
the effective Young’s modulus (stiffness) of a protein could be 3 to 4 orders of magnitude
smaller than the one of crystalline surface such as mica.'” This implies that under the same
AFM operational parameters, namely the force, larger deformations are produced on the
biomolecule and on its hydration structure than on the crystalline surface. On the other hand, the
surface symmetries of a crystal favors the adsorption water molecules by forming regular

patterns that facilitates their visualization.

Currently 3D-AFM has been applied to measure hydration layers on GroEL patches,*
DNA’"'" as well as on lipid layers.*> These examples illustrate the capabilities of 3D-AFM to
provide real space images of the hydration structure and the local electric double layer of

biomolecules.

Proteins. Figure 3a shows xy and xz frames of AFM images obtained on a patch of GroEL
proteins in buffer.*® The xz frame was extracted from a 3D-AFM image. Each individual xz
frame was acquired in 0.66 s while the whole 3D-AFM image was acquired in 42 s. The xz cross-

sections show the alternation of light and dark stripes that are modulated by the contour structure
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of the GroEL protein'™ (~

14 nm) (bottom panel in Fig. 3a). The red discontinuous line marks
the outer most surface of the protein. The pattern of light-dark stripes has a width of 0.31 nm, a
value close to the diameter of a single water molecule (~0.28 nm). This is indicative of the
presence of interfacial hydration layers on top of the proteins. In this example, the observable
that enables the imaging of the hydration layers is the amplitude of the tip’s oscillation. The
values of the amplitude in the light stripe associated with the 1** hydration layer is about 90 pm
while the amplitude in the nearby dark region is of 80 pm. Those values means that the
instrument should be able to detect changes in the amplitude of about 5 pm. Those very small
values indicate the high level of instrumental sensitivity needed to perform 3D-AFM

experiments on biomolecules. The above images were obtained by operating the 3D-AFM with

an amplitude modulation feedback.

Lipid bilayers. Figure 3b shows a 3D-AFM image of an interface of a lipid bilayer consisting of
phosphatidylcholine headgroups and acyl chains (DPPC) in a buffer solution®> (HEPES). The
headgroups are tilted with respect to the vertical direction (see scheme). The position of the
headgroups and the hydration layer are marked by arrows. In this example, the observable that
enables to detect the hydration layers comes from changes in the resonant frequency. Those
values once transformed into interaction forces correspond to about 100 pN on the lipid
headgroups, 60 pN on the layers where the water density is higher and about 4 pN in the bulk

liquid.

DNA. Sivan’s group developed a 3D-AM instrument operated in FM mode'®

to map water
density changes on a DNA molecule with a lateral spatial resolution of 1 nm.”® Figure 4c shows a

high resolution AFM image of a double-stranded DNA (B-DNA) and a model that highlights the
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major and minor grooves, and the phosphate groups along the backbone. There is a very good
correlation between the AFM image and the model. Figure 3d shows the hydration structure of a
section of DNA molecule. The regions with higher amount of water molecules appear in red.
Those regions are mostly located near the DNA grooves. The overall hydration structure on the
DNA remains quite stable after taken successive 3D-AFM images although some minor
variations are observed (compare panels in Fig. 3d). Those variations were attributed to changes
in tip structure during imaging. The spatial distribution of water was identified by plotting the
frequency shift of the tip as a function of the position in xyz. The regions with higher frequency

shifts are indicative of higher values in the density of water molecules.

ATOMIC RESOLUTION CONTRAST

True atomic-resolution images of surfaces, in particular those obtained by FM-AFM in

liquid,*® stimulated the development of simulation methods®” *!-1°¢-113

to interpret the atomic-
scale features observed in the experiments. Those theoretical contributions aimed to address
several complementary questions, among them, the relationship between the experimental

observable (force) and the water density or to explain the capability to generate atomic resolution

images in liquid.

Theories and simulations. In 2010, Harada and Tsukada®'% proposed to use of the 3D-RISM
theory” to simulate the force-distance curve measurements obtained in liquid. The 3D-RISM
method is a molecular theory of solvation that provides a solution of the density distributions by

solving some integral equations. Those results suggested that force profiles can be roughly
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explained by the overlap between the hydration structures on the tip and those of the sample
surfaces. The simulations were obtained by using a simplified tip model. At about the same time,

Watkins, Berkowitz and Shluger'"’

performed molecular dynamics (MD) simulations to
determine the force as a function of the distance between a nanoscale tip and a CaF, surface
immersed in water. The simulations used explicit atomic-scale models for the tip and the sample.
The simulations showed that force measured by the probe comes from the direct interaction of
the tip and the surface and the water mediated interaction associated with the water structure
around the tip and the surface. The water mediated interaction has three components, tip-water,
water-surface and water-water interactions. They also showed that the main features observed in
the force-distance curves are dominated by the water mediated interaction.'”” The direct tip-
surface interaction only becomes significant for tip-surface distances where the force has already
become strongly repulsive. The measured force represents a balance between the potential

energy gain and the entropic gain caused by the release of the interfacial water from the tip-

sample junction to the bulk.

In 2013, Reischl, Watkins and Foster proposed to use the derivative of the free energy profile
as a function of the tip-sample distance as the theoretical parameter to be compared with the
experimental force. They compared two methods for calculating free energy profiles from

atomistic MD simula‘cions,41

umbrella sampling and free energy perturbation. Both methods
provided equivalent free energy profiles but have different features in terms of efficiency and

constraints. The above contributions established the theoretical methodologies for simulating

one-dimensional force-distance curves F(z) in liquid.

The first full simulation of a 3D force map in liquid was performed by applying the 3D-RISM

method to deduce the forces exerted by a single-wall carbon nanotube on a mica surface in an
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environment of water molecules.'” These simulations provided force maps similar to those
obtained experimentally.”*>' However, the experimental results used for the comparison were
obtained in an ionic solution with a hydrophilic Si tip while the simulation was performed in
pure water with a hydrophobic carbon tip. In addition, at a mica surface, one-fourth of the Si
atoms are randomly replaced with Al atoms. Those factors prevented a detailed experimental and

theory comparison.

In 2015 it was reported a direct comparison between experimental 3D force maps and those
obtained by MD simulations of a calcite-water interface.”> The simulations and the experiments
were performed in pure water by using a hydrophilic tip. The simulations reproduced the
alternating peaks observed on Ca and COj sites. The conclusions were based on the analysis of
the changes in the hydration structure around the tip apex during the tip approach to the surface.
It was established that the events happening at the gap between the tip front atom and the surface
topmost atom are the ones that predominantly influence the subnanometer-scale variation of the
free energy of the system and, consequently, the force applied to the tip. The regions of the
nanoscale tip outside the gap might cause some minor changes in the background values of the
long-range force. Those regions could also disturb the hydration structure in a larger scale.
However, those effects hardly influence the subnanometer-scale contrast observed in the force.
These findings provided a qualitative answer to one of the most fundamental questions on the
imaging mechanism: why the subnanometer-scale contrast observed in 3D-AFM is similar to the

intrinsic 3D hydration structure (in the absence of the imaging tip).

MD simulations that include an explicit tip model play an essential role in understanding
the features observed in 3D-AFM images. However, it is unpractical to apply the same method

for analysing all the experimental data because those MD simulations demand large
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computational costs. In practice, the AFM data obtained in liquid are often compared with MD
simulations that do not introduce the tip.'”****!13116 However, the water density profiles derived

from simulations without a tip**#**®

and the 3D-AFM data, in particular, the force-distance
curves experiments are expressed in terms of different physical quantities.”® As a consequence,
those comparisons offer, at their best, a semi-quantitative description of the experiment. In
addition, even a qualitative comparison of the image contrast has uncertainty because it is not

clear whether the water density map should always show a spatial distribution similar to that of a

force map.

The solvent tip approximation. To address the latter issue, a simplified model of the
measurement system and a formula describing the relationship between the water density and the
measured force was needed. In 2013, Watkins and Reischl'® and Amano et al '* proposed
independently some expressions to link force and water densities. In particular, the solvent tip
approximation (STA) model was introduced.” In the STA model, the tip is approximated by a
single solvent molecule and the force applied to the tip F(z) is described by the following

equation'®

kyT dp(z)

o= o

2

z, kg, T and p denote distance between the vertical tip position, Boltzmann’s constant, absolute
temperature and water density, respectively. This equation allows us to convert the water density
maps obtained from MD simulations into force maps which can be compared with the

experimental 3D force maps.
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Comparison theory and experiments. The STA model introduces a very simplified
representation of the tip (a solvent molecule). This simplification with respect to a realistic tip
demands to verify its accuracy and limitations in practical applications. To address this issue,
Miyazawa et al performed a comparative study of three physical parameters of a 3D fluorite—
water interface.''” The side view of the fluorite (111) shows Ca*" and F ions (Fig. 4a). Among

the F~ ions some are higher F}, and other F;lower than the Ca”" ions.

The comparison involved the water density map obtained by the MD simulation p (x, y, z)
(Fig. 4a), the force map Fsr4 (x, y, z) obtained by the STA model (Fig. 4b), and the experimental
3D force map F,y,(x, y, z) (Fig. 4c). To simplify we only present the comparison in a xz plane.
Similar qualitative features appear in both p and Fsr4 such as the layer-like distributions of S4
(density map) and F4 (force map). Again, a good qualitative agreement appears in some
localized distributions of water molecules (S1-S3) and forces (F1-F3). However, a closer
inspection reveals that the water density map does not exactly show the same contrast than the
force maps (e.g. S3’ in Fig. 4a and F3’ in Fig. 4b). Those differences arise when there is a low
density spot in the hydration structure due to the atomic-scale surface corrugations. On the other
hand, the Fsta map has a good agreement with the Fex, map in both the layer-like distribution
(F4) and the localized distributions of F1-F3 (Fig. 4c). Overall, the correlation observed between
the Fsr4 (x, z) and Fy,(x, z) maps is higher than the one showed by any of the force maps and the
water density. Figure 4d illustrates that the 3D force maps depend on the solvent concentration.

This dependence has yet to be simulated by MD.

Force-distance curves. To appreciate the usefulness and limitations of the STA model to
interpret the atomic-scale contrast obtained in 3D-AFM images, let’s explain the main regions of

a generic force-distance curve obtained by 3D-AFM (Fig. 5a). The force-distance curve shows
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an oscillatory behaviour that alternates regions of attractive and repulsive forces until the tip
establishes a mechanical contact with the surface. From then on the force becomes increasingly

repulsive by approaching the tip.

Figure 5b shows a realistic scheme of the surface-liquid-tip interface deduced from MD
simulations for the different regions of the force-distance curve. In the image, TO refers to tip
apex atom; T1 to the water molecule adsorbed on TO; S1 refers to the water molecule attached to
the sample surface. Figure Sc shows the representation of the same interface as given by the STA

model.

In a real experiment, a hydrophilic tip is typically used and hence the local hydration peak
under the tip apex plays a critical role in the contrast formation. MD simulations show that in
regions marked as (i), (ii), (iii) and (iv) in Fig. 5a, the variations in the force applied to the tip
within the subnanometer-scale range are predominantly caused by the variations in the force
applied to the hydration peak under the tip apex atom. This is nearly equivalent to the force
calculated by the STA model, where an AFM tip is modelled as a single solvent molecule. Thus,
Fsr4 shows a good agreement with Fey,. From this relationship, it is also clear that the STA
model does not work when the last water layer between the tip and the sample is removed

(region (v ) in Fig. 5a and b).

In an experiment two different situations could happen regarding the last hydration layer. If
the hydration structure and the tip apex structure are both relatively stable, a hydration layer
remains confined between tip and surface (scheme (v) in Fig. 5b). The force gradually increases
due to deformation of the sample and the confinement of S1. The STA model can describe this

situation. However, if the tip apex structure is more flexible, the last water layer could be
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removed by decreasing the tip-sample surface separation. This leads to a decrease of the force
(scheme (v) in Fig. 5b). By keeping pushing the tip towards the sample, a direct repulsive force
between the tip front atom and the surface atom will appear. In such a case, a MD simulation that

includes the tip is necessary to describe properly the 3D-AFM experimental maps.

Equation 1 is valid to transform water density values into forces. However, the inverse
conversion, this is, to transform force profiles into the water density profiles enhances
significantly the errors contained in the experimental force values. More specifically, in an
experiment the dependencies of the frequency, the amplitude and/or the phase shift versus
distance are recorded and converted into force profiles. The force reconstruction process

involves an integration of the observables along the tip’s trajectory.''®'%

The integration
generates some numerical errors. In addition, to get the density by inverting Eq. (2) involves to
deal with an exponential function and to perform another integration. Thus, even a slight dc

offset on the experimental data will be extremely enhanced in the water density profile. For those

reasons, the inverse conversion is not recommended.

A more sophisticated conversion theory based on the statistical mechanics of liquids has been
proposed.'” In this method, the tip is modelled as a hard rod ended in a hemispherical apex. The
experimental verification of the method has been reported only for 1D force-distance curves.
Although this conversion takes much longer time than that by the STA model, future
improvements in the computational technology and the implementation method will enable its

application to a full 3D data.

True atomic resolution. The capability of 3D-AFM measurements to resolve a point defect in
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solution was first addressed theoretically'”' and later tested experimentally.”> Atomistic
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molecular dynamics and free energy calculations predicted the capability of the AFM to imaging
vacancies and ionic substitutions in the calcite surface in water. Specifically, the imaging of
point defects such as Ca or CO; vacancies and a Mg substitution. This prediction has been
confirmed experimentally.” Séngen et al compared the 3D force maps obtained by simulations
with the 3D-AFM images around a point defect and confirmed that the defect can disturb the
hydration structure with a lateral extent of approximately one unit cell.”” Furthermore, the
experimental 3D force data obtained around the defect was subsequently analysed by Li ez al '**
using an information technology tool referred as the graph-bootstrapping method, where the

force profiles constituting the 3D image were automatically categorized to show atomic-scale

irregularities.

CONCLUDING REMARKS

Three dimensional AFM has enabled the imaging of hydration structures on several solid-liquid
interfaces. Two features set this method apart from other techniques devoted to study solid-liquid
interfaces. First, 3D-AFM provides sub-1 nm spatial resolution images of the interface. Second,
it has a genuine 3D depth. The latter feature enables the imaging of the average positions of ions
and solvent molecules across the interface. The method has already revealed uncharted
properties of some solid-liquid interfaces. At high molarities, the interface of mica and aqueous
solutions of NaCl or KCI exhibit an organization that extends several nm into the salt solution.
3D-AFM has also revealed insights on how atomic resolution is achieved in a liquid. It also
revealed that stable hydration layers can be formed even on a soft biological surfaces where the

surface structures are thermally fluctuating.***® Those features underscore a wide range of
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potential applications in tribology, catalysis, molecular and cell biology. For example, it could
be used to address the molecular origin of the Hofmeister series effect or how the solubility of
proteins is affected by the interactions of ions, polar residues and water molecules.'* It could be
also applied to determine which type of cations enter the grooves of the DNA. However, the
expansion of the 3D-AFM into those areas faces several scientific and instrumentation

challenges.

The majority of 3D-AFM studies have been performed on hydrophilic interfaces. The emergence
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of materials and devices that involve the use of 2D layered materials which in many cases

are hydrophobic has introduced additional solid-liquid interfaces for 3D-AFM studies.

Imaging speed. Currently, the acquisition of an image of a 5 x 5 x 2 nm’ volume takes about 90
s. This time should be reduced significantly to track the motion and interactions of ions, solvent
molecules and small nanoparticles with different solid surfaces. The incorporation of very small
cantilevers with high resonant frequencies together with technologies developed for high speed

AFM imaging'?®'?’

can be useful to reduce the acquisition time. In particular, the recently
developed high-speed FM-AFM has enabled true atomic-resolution imaging at ~1 frame/s in
liquid."® Such technologies could enable the generation of time-resolved 3D images of various

solid-liquid interfacial phenomena such as the dynamic changes of the hydration structures and

the ion distribution caused by the crystal growth or self-assembly.

z-depth. The largest z-depth achieved in a 3D-AFM image was of 10 nm.** Most commonly,
3D-AFM images involve 1 nm depths. Those z-depths are well suited to study the adsorption of
ions and solvent molecules on atomically flat surfaces. However, they are very small to apply

3D-AFM to imaging the hydration structures of non-flat systems such as nanostructured
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surfaces, isolated proteins or cells. Increasing the z-depth is also important for applying 3D-AFM
to the investigations on 3D distributions of flexible molecular chains such as intrinsically

disordered domains of proteins.

Data processing and size. The computer memory needed to save a 3D image is larger than the
one needed to store a standard AFM image. The 3D data has been increased by the number of
pixels of z-depth. In addition, the incorporation of fast acquisition methods will generate a large
number of images that will demand the use of powerful computers which are uncommon in
AFM. The size and the storage of the 3D files could be simplified by using parametric
approaches such as the one implemented in bimodal AFM'? and/or by introducing big data

130
tools.

Theory and experiments. The interpretation of the 3D features observed in some atomically-
resolved 3D-AFM images has been made possible by the introduction of powerful MD
simulations and the force-water density conversion theory. However, there is still gap between
the knowledge provided by current theoretical models and the experimental observations. The
theoretical contributions have been mostly focused on the measurements performed in pure water
on a rigid and uniform surface. Therefore, many issues still remain to be investigated on the
measurements under more complicated conditions. Some major issues include the theoretical
treatment of ions and their influence on the force contrast; to include flexible surface and tip
structures. To address these problems, the feedback between theory and experiment must be
expanded beyond image resolution to other realms such as big data processing and feedback

operation modes.
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Combination with other probe methods. A full 3D characterization of solid-liquid interfaces

requires the characterization of different charge screening and electrochemical processes. The

131 132,133

capabilities of 3D-AFM can be enhanced by incorporating electrostatic ~ and Kelvin probe

methods.
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High molarity
RbCl (aq.)

Figure 1. 3D-AFM images and models of solid-liquid interfaces. (a) 3D-AFM map obtained on a
mica surface immersed PBS. Adapted with permission from ref 88. Copyright 2010 Japanese
National Research Institute. (b) 3D-AFM map of mica immersed in a 6 M RbCI solution.
Adapted with permission from ref 48. Copyright 2016 Springer Nature. Here the z-depth is
obtained by plotting the changes in the tip’s phase shift as a function of the spatial coordinate
(x,3,2).(c) 3D-AFM force map of a clinochlore surface in a 100 mM KCI aqueous solution. The
3D image shows the local hydration structures at the boundary edges between two terraces.
Adapted with permission from ref 98. Copyright 2016 Springer Nature. (d) Schematic view of a
tip immersed in a liquid near a solid surface. The liquid includes solvent molecules (far less than
in a real experiment and ions. (¢) MD snapshot of a calcite-water-tip interface. The tip is
simulated by a calcite nanoparticle. The oxygen and the hydrogen of the water molecules are
depicted in red and white respectively. The calcium (green) and carbonates (red/ light blue) of
the calcite crystal are visible. Reproduced with permission ref 92. Copyright 2015 American
Physical Society.
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b 3D-AFM: 2D motion+z offset
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Figure 2. 3D-AFM tip scanning modes. (a). A 3D image is formed by moving the tip in z ata
fixed xy position (1D). Then, the process is repeated for different xy positions. (b). A 3D image is
formed by scanning the tip in a xy plane at a given z value. Then, the process is repeated for
different z values. (¢). A 3D image is formed by scanning the tip in xy while the tip-surface
distance z is modulated. Panels b-c are adapted with permission from ref 26. Copyright 2015
American Physical Society. (d) Full scheme of a 3D-AFM (2D tip scanning mode and z
modulation), cantilever excitation and detection and observables used to acquire a 3D image of a
solid-liquid interface. In this scheme the 3D-AFM is operated in the AM mode. Reproduced with
permission from ref 48. Copyright 2016 Springer Nature.
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Figure 3. 3D-AFM images of the hydration structure of some biomolecules and lipids. (a) Top
panel, AFM image (topography) of the surface of Image of a patch of GroEL molecules in liquid.
Middle, xz frame of a 3D AFM image of a GroEL-water interface. The red discontinuous line
marks the position of the GroEL surface. Adapted with permission from ref 46. Copyright 2013
Royal Society of Chemistry. Bottom, side views of the GroEL structure as obtained by

diffraction me‘[hods104 (protein data bank 1KPO). (b) Scheme and 3D-AFM image of a lipid-
water interface. Adapted with permission from ref 45. Copyright 2012 American Chemical
Society. (c) Scheme and AFM image of a B-DNA molecule. The major grooves and minor
grooves are resolved in the image. The top-facing phosphates are highlighted with white arrows
on the model and the AFM image. Scale bar: 5 nm. (d). Two hydration images of the same
section of a DNA molecule. Pixels shaded red indicate regions with relative high hydration
density values. Pixels shaded in blue indicate regions relative low hydration density values.
Panels ¢ and d are adapted with permission from ref 50. Copyright 2018 American Chemical
Society.
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Figure 4. zx slices obtained from 3D-AFM images of a fluorite-water interface. (a) Water
density map obtained by MD simulations. (b) Force map converted from (a) by applying the STA
model. (c) Experimental force map measured of a fluorite-water interface. (d) Experimental force
map measured of a fluorite-supersaturated solution of CaF,. A side view of the last layer of the
crystal structure of fluorite (111) is shown at the bottom of the panels. The Ca2+ (blue) and F
ions are indicated. The F ions above and below Ca2+ are indicated, respectively, as F, (yellow)
and F, (green). The symbols Sn and Fn (n=1,2,3,4) mark, respectively, different water density

and force distributions along the x coordinate. Data adapted with permission from ref 96.

Copyright 2017 IOP Publishing.
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Figure 5. (a) Scheme of the main features of an experimental force-distance curve measured in
liquid. Relevant regions of the force-distance curve are marked. (b) Interpretation of (a) in terms
of a realistic MD simulation. TO represents the tip apex atom; T1 is the water attached to TO and
S1 is the water adsorbed on the surface underneath TO. A rigid tip (Tip 1) gives rise to region (v)
while a flexible tip (Tip2) gives rise to region (v)". (c) Interpretation of the features shown in (a)
in terms of the STA model. A thick red arrow pointing towards the sample means an attractive
force (negative) while a thick red arrow pointing towards the tip indicates a repulsive force.
Panels (b-c) are adapted with permission from ref 117. Copyright 2016 Royal Society of
Chemistry.
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VOCABULARY

Force spectroscopy, a force microscopy-based method to determine mechanical properties from
a force-distance curve; force-distance curve is the representation of the force sensed by the
AFM tip as a function of the tip-surface distance; topography image (AFM), the image of the
height variations of a surface; 2D image (AFM), the representation of the force-distance curves
contained in a plane perpendicular to the surface; the hydration layer is characterized by a
layer-like distribution of the water density at the interface between an aqueous solution and a
solid surface. The organization of water molecules near a solid surface is different from that of
the bulk. The hydration layer could extend about 1 nm from the solid surface; bandwidth, the
width of the band of frequencies used to process an electronic signal. The information does not

depend on where the band is located in the frequency spectrum.
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