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The spatial resolution and force sensitivity of frequency modulation atomic force microscopy (FM-
AFM) in liquid have been dramatically improved in the last a few years. It is now possible to image
individual atoms and molecules at a solid/liquid interface with a subnanometer-scale resolution and
a piconewton-order loading force. This capability enabled the direct visualization of hydration layers
and mobile ions on a lipid bilayer and [-strands constituting an amyloid fibril. These striking results
highlighted the significant potential of FM-AFM in biological research. Here, I summarize the techno-
logical innovation that brought about this progress and review biological applications of FM-AFM in

liquid.

1. Introduction

Frequency modulation atomic force microscopy (FM-AFM) was introduced by Albrecht et
al. in 1991 for operating dynamic-mode atomic force microscopy (AFM) in ultrahigh vacuum
(UHV) environments.!) Operation in a UHV environment allows us to investigate atomically
clean and well-defined surfaces of various materials.?) The force sensitivity of FM-AFM is
greatly enhanced by operating FM-AFM in a vacuum chamber owing to the high Q factor of
cantilever resonance in vacuum. These factors, together with advancements in instrumenta-
tion, made it possible to achieve true atomic resolution in UHV on various surfaces including

34) metals,”% metal oxides,” alkali halides® and organic materials.?)

semiconductors,

A decade after the first demonstration of true atomic resolution by FM-AFM,*%) it has be-
come routine to carry out atomic-scale imaging by FM-AFM in UHV. Various FM-AFM-based
techniques for surface property measurements have also been developed, including Kelvin-
probe force microscopy,m) scanning capacitance force microscopy,ll) and magnetic exchange

2) Precise and stable control of the tip position using the feedforward drift

force microscopy.!
compensation technique has also made it possible to manipulate a single atom at room tem-
perature.'® The use of a quartz tuning fork sensor and small oscillation amplitude has enabled
subatomic-scale imaging,'¥) which encouraged scanning tunneling microscopy (STM) users to
introduce a simultaneous STM/FM-AFM setup into their systems.'?)

In contrast to the advancement of FM-AFM in UHV, its applications in air and liquid have
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been limited. There are several reasons for this. The original motivation for using FM-AFM
was to operate dynamic-mode AFM in vacuum for enhancing the force sensitivity and inves-
tigating atomically clean surfaces in a well-defined environment.!) Thus, it has not been clear
whether the force sensitivity required for true atomic-resolution imaging can be obtained, and
whether a cantilever can be stably oscillated with a self-excitation circuit in low-Q environ-
ments (i.e., in air and liquid). Particularly in liquid, contact-mode AFM has been widely used
for visualizing molecular-scale arrangements of membrane proteins.!®) Therefore, unless clear
advantages of FM-AFM over contact-mode AFM are experimentally demonstrated, it will be
difficult to encourage users of contact-mode AFM or researchers in nanobioscience to employ
FM-AFM in their experiments.

The challenge of operating FM-AFM in liquid was initiated by Jarvis et al. in 2000.17)
Their work was motivated by an interest in probing the oscillatory solvation force presented
by the solvation layers formed at a solid/liquid interface. As an oscillatory solvation force has
a large force gradient, it was necessary to use FM-AFM with a stiff cantilever to avoid insta-
bility known as “jump-to-contact”. At this stage, it was still difficult to operate the tip-sample
distance feedback regulation on a frequency shift (Af) signal, so that a dissipation signal was
used instead. In 2002, Kobayashi et al. succeeded in operating the tip-sample distance feed-
back regulation on a A f signal in liquid using a custom-built phase-locked loop (PLL) circuit,
and presented an FM-AFM image of Au(111) surface obtained in water.!®19 Subsequently,
Okajima et al. also developed a custom-built PLL circuit and compared the amplitude and
frequency changes of a self-oscillating cantilever near the surface.2%:21) Although these pio-
neering works demonstrated that FM-AFM can be operated in liquid, the spatial resolution
of FM-AFM in liquid at this stage was not as high as that obtained by contact-mode AFM
or amplitude-modulation AFM (AM-AFM).

The situation was dramatically changed in 2005. Fukuma et al. developed a multi-
environment FM-AFM with true subnanometer resolution imaging capability in vacuum, air
and liquid.2?) The first true molecular- and atomic-resolution FM-AFM images obtained in

123) and a muscovite mica2?

liquid were presented by imaging a polydiacetylene single crysta
in water, respectively. This dramatic progress in the FM-AFM performance in low-Q environ-
ments was brought about by three major improvements in its instrumentation and operating
conditions. These key factors are described in detail in §2. In 2006, Fukuma et al. developed
a custom-built liquid-environment FM-AFM with improved performance.??) The developed
FM-AFM was applied to subnanometer-scale investigations of biological systems,26-28) which
highlighted the distinctive advantages of FM-AFM over conventional AFM techniques in lig-
uid. These biological applications are reviewed in §3. While these recent experiments demon-

strated the applicability of FM-AFM to biological research, they also revealed the existence of

remaining issues that have yet to be solved to make this technique more practical and useful.
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These issues and their possible solutions are discussed in §4.

2. Instrumentation

The spatial resolution and force sensitivity of FM-AFM in liquid were dramatically im-
proved in 2005,2? leading to the first demonstration of true atomic resolution imaging by
FM-AFM in liquid.?¥ There are three major differences in instrumentation and operating
conditions between the high-resolution liquid-environment FM-AFM?225) and a typical liquid-
environment AFM. In this section, these key features of the liquid-environment FM-AFM are
described.

2.1 Cantilever stiffness

The typical spring constant (k) of a cantilever used in a typical liquid-environment AFM is
in the range of 0.01-1 N/m while that in the high-resolution liquid-environment FM-AFM?2: 25)
is in the range of 2040 N/m. The high cantilever stiffness allows stable and precise control
of the vertical tip position at atomic-scale contact and noncontact regimes. This capability is
essential for true atomic-resolution imaging and other applications such as atom manipula-
tion.?)
From the equipartition theorem, the root-mean-square (rms) amplitude of cantilever ther-

mal Brownian vibration dzp is given by

5ZBZMkBTT, (1)

where kg and T are Boltzmann’s constant and the absolute temperature, respectively. For
the cantilevers with £ = 0.4 and 40 N/m, the values for dzp are respectively 100 and 10 pm.
The typical corrugation height of atomic- and molecular-scale features in FM-AFM images
is in the range of 10-100 pm.2? Thus, the accuracy of control over the vertical tip position
required for true atomic-resolution imaging is approximately 10 pm. To satisfy this condition,
it is necessary to use a relatively stiff cantilever (typically k£ > 20 N/m).

Note that it is possible to reduce the thermal vibration amplitude by making gentle contact
between a tip and a surface such as in contact-mode AFM. However, this results in a loss of
control over the vertical tip position at the atomic-scale contact/noncontact regimes and
gives rise to a large lateral friction force during imaging. These issues make it difficult to use
contact-mode AFM for true atomic-resolution imaging and nondestructive imaging of isolated
biomolecules.

A high stiffness cantilever is also required for preventing instabilities known as “jump-to-
contact”. As the cantilever approaches a surface, the force gradient gradually increases. Once

the force gradient exceeds k, the cantilever suddenly jumps to contact the surface. Thus, the
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Table I. Typical parameters for a stiff cantilever used in FM-AFM and a soft cantilever used in

conventional AFM in liquid.

k fo  Q 6z |Felmn (PN)  n.p(f0)
(N/m) (kHz) (pm) (B =100 Hz) (fm/v/Hz)
Typical stiff cantilever 30 130 8 12 3.9 74
Typical soft cantilever 0.1 5 1.5 200 2.7 2813

criterion for preventing jump-to-contact in contact-mode AFM is given by

OFs| (2)

8z max
where Fig is the tip-sample interaction force.

In the case of dynamic-mode AFMs such as AM-AFM and FM-AFM, jump-to-contact

k >

can be prevented by satisfying a condition given by either eq. (2) or
kA > |Es|max7 (3)

where A denotes the cantilever oscillation amplitude. Therefore, jump-to-contact can be pre-
vented using a cantilever with a high k or oscillating a cantilever with a large A. However, as
is discussed later, a small A is desirable for obtaining high spatial resolution. Thus, to perform
atomic-scale imaging without instabilities, a stiff cantilever (typically & > 20 N/m) oscillated
with a small A should be used.

The minimum detectable conservative tip-sample interaction force (|F¢|min) in FM-AFM

with the small amplitude approximation is given by2?)

4kkgTB
Fc min = A 4
Febmin = 1| 222 ()

where B, fo, and @ are the measurement bandwidth, cantilever resonance frequency, and
cantilever Q) factor, respectively. This equation shows that the use of a cantilever with a
high k£ results in a reduction of force sensitivity. In practice, this effect is not necessarily
significant. A stiff cantilever tends to have smaller dimensions, higher fy, and higher @ than
a soft cantilever, which partially compensates for the reduction of force sensitivity due to
the high k. For the typical stiff and soft cantilevers shown in Table I, the values for |Fi|min
(B = 100 Hz) are 3.9 and 2.7 pN, respectively. Namely, the typical stiff cantilever has a
comparable force sensitivity to the typical soft cantilever but has a much smaller thermal

vibration amplitude and higher stability.

2.2  Cantilever oscillation amplitude

The typical value for A in conventional liquid-environment AFM is in the range of 5-

50 nm while that in liquid-environment FM-AFM?%2%) is in the range of 0.1-1 nm. Such a
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small amplitude operation of FM-AFM is known to enhance the sensitivity to short-range
interaction forces®?) and thereby improves spatial resolution in FM-AFM imaging.!¥

Fis includes long-range forces (e.g., electrostatic and van der Waals forces) and short-
range forces (e.g., chemical interaction and solvation force). To achieve true (i.e., nonaveraged)
atomic resolution in AFM, the short-range interaction between the tip front atom and the
surface atom or molecule must predominantly contribute to the feedback signal for the tip-
sample distance regulation (i.e., z in contact-mode AFM, A in AM-AFM, and Af in FM-
AFM). With a smaller oscillation amplitude in dynamic-mode AFM, a tip front atom can
stay in the short-range interaction regime for a longer time in an oscillation period. In the
short-range interaction regime, the influence of the long-range interaction force on the force
gradient is negligible compared with that of the short-range interaction force. Therefore, the
use of a small amplitude enhances sensitivity to the short-range interaction force and reduces
sensitivity to the long-range interaction force, leading to a higher spatial resolution.

On the basis of this idea, Giessibl et al. calculated the optimal A for high-resolution FM-
AFM imaging and reported that it is on the order of the decay length of the force component to
be detected.??) For short-range forces that are responsible for atomic-scale contrast formation,
the length is typically less than 0.5 nm, which accounts for the high spatial resolution obtained
by FM-AFM using a small amplitude (typically A = 0.1-1 nm).

In a vacuum environment, cantilever oscillation with such a small amplitude requires the
use of a very stiff cantilever (e.g., 1800 N/m) to avoid jump-to-contact.3?) In liquid envi-
ronments, the long-range forces, such as van der Waals and electrostatic forces, are greatly
reduced by the existence of solvent molecules. Thus, a cantilever with a spring constant of
10-40 N/m can be used without causing instabilities during imaging even with an A of less
than 1 nm. This advantage partially compensates for the disadvantage of having a low Q
factor in liquid. This is one of the major reasons that the spatial resolution obtained in liquid
is comparable to that obtained in UHV in spite of the large difference in Q factors obtained

in vacuum and liquid.

2.3 Cantilever deflection sensor

A cantilever deflection signal contains two major noise components: noise arising from the
thermal Brownian vibration of a cantilever and noise arising from the deflection sensor itself.
The power spectral density (PSD) of the deflection noise arising from the cantilever deflection
sensor (n.,) in typical liquid-environment AFM is in the range of 100-1,000 fm/v/Hz,? while
that in liquid-environment FM-AFM?2225 is in the range of 4-40 fm/ VHz. As FM-AFM
utilizes a deflection signal to produce a cantilever excitation signal as well as to detect Af,
the low-noise cantilever deflection signal is essential for stable cantilever self-oscillation with
a small oscillation amplitude (A < 1 nm) during high-resolution FM-AFM imaging.

The PSD of the deflection noise arising from the thermal Brownian vibration of a cantilever

5/27



Jpn. J. Appl. Phys. Regular Paper

(n.p) is given by

oo | 2ksT 1 5)
BN TfkQTL— (F/fo)22 + [f/(foQ)’

while n,, is typically white noise in the frequency range relevant to dynamic-mode AFM. In
dynamic-mode AFM, only the noise components in the frequency range from fo— B to fo+ B
influence FM-AFM performance. As B is typically less than 1 kHz, the deflection noise in the
frequency range is almost constant in liquid and is given by
2kpTQ

wfok

Therefore, to achieve the theoretically limited noise performance given by eq. (4), n.s

nzB(fO) =

(6)

must be reduced to a value sufficiently smaller than n.p(fy). For typical soft and stiff can-
tilevers with the parameters shown in Table I, the values of n.p(f) are 2.8 and 74 fm/v/Hz,
respectively. As shown here, a stiffer cantilever has a lower thermal noise peak and hence
requires a lower noise level of the deflection sensor to achieve the theoretically limited noise
performance.

The total PSD of a cantilever deflection signal (n,) is given by

nz = \/ "EB + ngs' (7)

From the ratio between n(fp) and n.5(fo), we can estimate the increase in the noise owing to
n,s as shown in Fig. 1. To suppress the noise increase to a value of less than 10%, n,s should
be less than 34 fm/ V/Hz for the typical stiff cantilever with the parameters shown in Table I.
The n,s values for conventional AFMs are typically larger than 100 fm/ vHz, giving a more
than 64% increase in the noise in FM-AFM. Therefore, the performance of dynamic-mode
AFM in liquid is not necessarily limited only by the Q factor but is often influenced by the
noise from the cantilever deflection sensor as well.

In 2005, Fukuma et al. presented the design of a low-noise optical beam deflection sensor
with n,4 values of 17 fm/ VHz in air and 40 fm / vHz in liquid?? and obtained true atomic- and
molecular-resolution images in liquid.2¥) The major improvement was brought about by the
use of laser power modulation at 300 MHz to suppress optical feedback and optical interference
noises.??) In 2006, Fukuma et al. made a further improvement by refining the optical design
and achieved n., values of 5.7 fm/v/Hz in air and 7.3 fm/v/Hz in liquid.?® Now, the design
is further improved and the present sensor has an n,s value of 4.7 fm/ VHz in liquid.?? Such
an ultralow-noise deflection sensor allows us to obtain the optimal noise performance limited
only by cantilever thermal vibration.

As discussed above, true atomic-resolution imaging in liquid with dynamic-mode AFM
requires the use of a stiff cantilever and a small oscillation amplitude, which in turn requires

a low-noise cantilever deflection sensor. These three factors are the major reasons for the
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dramatic improvements of FM-AFM performance in liquid.

3. Biological Applications

In 1993, Ohnesorge and Binnig reported the first true atomic-resolution images obtained in
liquid using contact-mode AFM.33) The technique has also been applied to the high-resolution
imaging of biological systems such as membrane proteins!® and lipid bilayers.*®) Through
these previous works, contact-mode AFM has been established as a high-resolution imaging
tool at solid/liquid interfaces. In 2005, Fukuma et al. introduced FM-AFM for obtaining true
atomic-resolution images in liquid.?*) Since there was already an established method (i.e.,
contact-mode AFM), it was very important to experimentally demonstrate the advantages
of FM-AFM in biological research. Compared with contact-mode AFM, FM-AFM has three
major advantages in imaging applications, which include the precise control of the vertical tip
position at atomic-scale contact/noncontact regimes, high spatial resolution, and capability
of imaging isolated molecules. In the following sections, biological applications of FM-AFM

highlighting these three major advantages are described.26-28)

3.1 Hydration layers

In contact-mode AFM, a relatively soft cantilever (kK < 0.1 N/m) must be used to ob-
tain sufficiently high force sensitivity, which hinders the precise control of the vertical tip
position at atomic-scale contact/noncontact regimes owing to the jump-to-contact. In the
case of liquid-environment applications, it is possible to modify the interaction potential by
adding salts to prevent the jump-to-contact; however, this can limit the application range of
contact-mode AFM in biology. In addition, soft cantilevers suffer from relatively large thermal
fluctuation, which limits the optimal accuracy of the control of the vertical tip position. In
contact-mode AFM, the dc deflection of a cantilever is detected and used for the tip-sample
distance regulation so that the dc drift of a deflection signal directly results in the dc drift
of the vertical tip position and loading force during imaging. In FM-AFM, the high-stiffness
cantilever prevents the jump-to-contact and suppresses thermal fluctuation. In addition, the
dc drift of a deflection signal hardly influences the A f signal, so that the vertical tip position
is stably controlled. This advantage of FM-AFM is highlighted in the following example.2%)

Water molecules adjacent to biological membranes can potentially play an important role
in biological processes, particularly when they form hydration layers. If such hydration layers
exist, they should modify the local interaction potential at the water/lipid interface, which
can significantly influence the function of membrane proteins and molecular transport across
the membranes. FM-AFM has a unique capability of measuring local interaction potentials
with a nanometer-scale cross section, using a sharp tip as a force probe. This capability is ideal
for directly probing the interaction forces that nanoscale objects (e.g., proteins and solvated

ions) experience as they approach a membrane surface.
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Figure 2 shows an example of such applications: a Af vs distance curve measured on
a dipalmitoylphosphatidylcholine (DPPC) bilayer supported by mica in phosphate buffered
saline (PBS) solution.?6) The Af vs distance curves obtained on the DPPC bilayer typically
show an oscillatory force profile with one or two peaks. The separation of the two peaks
is 0.28 £ 0.05 nm on average. This distance corresponds to the size of a water molecule,
suggesting that the oscillatory force profile originates from the sequential removal of ordered
water molecules.

Tip-sample distance feedback regulation in liquid-environment FM-AFM is performed
based on the assumption that Af increases with decreasing tip-sample distance, such as in
the force branches indicated by arrows (i) - (iii) in Fig. 2(b). Accordingly, if the A f vs distance
curve shows an oscillatory profile, multiple feedback positions can exist for a single A f setpoint
as indicated by the circles in Fig. 2(b). Therefore, the tip can spontaneously jump between
these positions even if the setpoint is unchanged.

Figure 3 shows an example of such spontaneous jumps during FM-AFM imaging of the
DPPC bilayer in PBS solution.?9) In the image shown in Fig. 3(a), the tip is scanned from the
lowest terrace (terrace 1), which corresponds to the interface between the lipid headgroups
and solution. As the imaging progresses, the tip spontaneously jumps twice. Terrace 1 shows
a highly ordered arrangement of bright spots separated by 0.50 £ 0.05 nm along the stripes.
The first jump of 0.26 nm (terrace 1 to 2) results in subtle changes to the image although
discrete corrugations are still observed. The second jump of 0.23 nm (terrace 2 to 3) results in a
less-ordered contrast, although the image still shows molecular-scale corrugations. The heights
of the spontaneous jumps (0.29 £ 0.06 nm) agree well with the size of a water molecule and
the peak distance of the oscillatory force profile (0.28 + 0.05 nm). This result confirms that
the tip jumps between water layers and the individual layers are imaged with molecular-scale
corrugations of the lipid headgroups. The result shown here highlights the excellent control
of the vertical tip position in FM-AFM, which makes it possible to regulate the tip position

even on individual hydration layers weakly interacting with the surface.

3.2 Lipid-ion network

In contact-mode AFM, long- and short-range interaction forces are detected with the
same sensitivity. In FM-AFM, by reducing the cantilever oscillation amplitude, sensitivity to
the short-range interaction force is enhanced while that to the long-range interaction force is
reduced.?” Thus, FM-AFM using a small oscillation amplitude should give a higher spatial
resolution than contact-mode AFM. This advantage is highlighted by the following example
showing the unprecedented spatial resolution of 90 pm in liquid.2”)

Under physiological conditions, biological membranes are surrounded by an electrolytic
solution containing various metal cations. The effect of these cations on membrane struc-

ture and stability has been studied intensively using model lipid bilayers. The addition of
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35-37)

salts can trigger lipid bilayer phase separation, vesicle aggregation, and vesicle fusion

38,39) The striking effect of the ions on membrane structure has highlighted the im-

processes.
portance of lipid-ion interactions in biological processes. To date, spectroscopy experiments
have revealed that metal cations specifically interact with negatively charged moieties of the

40-43) These experiments, together with theoretical simulations,**) support

lipid headgroups.
the idea that individual ions may interact with multiple headgroups to form complex “lipid-ion
networks.” This concept has been used to explain the previously observed effects of the ions,
such as the enhancement of the mechanical strength of membranes?® and the reduction of the
mobility of the lipid molecules therein.*®) However, it has been very difficult to experimentally
investigate such lipid-ion networks owing to the lack of a viable method for visualizing local
lipid-ion interactions with Angstrom resolution. FM-AFM is an ideal tool for this purpose,
allowing direct investigation of the local lipid-ion networks formed at water/lipid interfaces.

Figure 4 shows sequential FM-AFM images taken on the DPPC bilayer in PBS solution.
The images were taken at the interface between the primary hydration layer and the lipid
headgroups. The images show hexagonally packed surface groups separated by approximately
0.5 nm. Each surface group consists of two oval-shaped subunits separated by 0.1-0.3 nm. From
detailed analyses of the FM-AFM images and the simulation results previously reported, it was
concluded that the observed subnanometer-scale contrasts of the FM-AFM images represent
the spatial distribution of mobile ions interacting with the lipid headgroups. The pair of
subunits correspond to the enhanced distribution of Nat at the negatively charged oxygen
atoms in the phosphatidylcholine (PC) headgroups.

The sequential images reveal that some of the surface groups change their configurations
upon the formation or disappearance of lipid-ion networks. For example, subunit 1 (S1) is not
paired with another subunit in Fig. 4(a), while a pair of subunits 3 (S3) and 4 (S4) appears
in the next image [Fig. 4(b)] but with a darker contrast than the other subunits, suggesting
the lower height of this headgroup. It is likely that this particular headgroup was temporarily
at an irregular tilt angle due to the interaction between subunits 1 and 2 against the slight
height difference when the first image was taken.

The observed structural changes owing to the formation and disappearance of the lipid-ion
networks suggest that the negatively charged phosphate groups share the positive charge of
cations, by which an attractive electrostatic force is exerted on all the headgroups involved
in the network. The attractive interaction force mediated through such complex lipid-ion
networks should bind the headgroups together and enhance the global mechanical strength
of the membrane. In fact, it was reported that the addition of metal cations increases the
mechanical strength of the DPPC bilayer.*®) The FM-AFM images presented here reveal the
submolecular-scale origin of such an effect of ions on the mechanical properties of the biological

membrane.
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If we define “spatial resolution” as the closest distance between two features resolved in one
image, it is approximately 90 pm in this experiment.2”) This is the highest resolution obtained
in liquid so far, which highlights the improved spatial resolution of FM-AFM compared with

conventional AFM techniques.

3.8 Amyloid fibrils

In contact-mode AFM, scanning a tip in contact with the surface causes a large lateral
friction force. This has hindered nondestructive imaging of isolated molecules or macromolec-
ular assemblies weakly bound to a substrate. As the vertical motion of the cantilever in
dynamic-mode AFM markedly reduces the lateral friction force, FM-AFM is capable of imag-
ing molecular-scale surface structures of such isolated molecules and molecular assemblies.
This advantage was demonstrated by imaging amyloid fibrils in PBS solution as described in
the following section.?®)

Amyloid fibrils are formed from a variety of proteins that are normally soluble in aque-

47.48) Under certain conditions, the precursor proteins misfold to form amyloid

ous solution.
fibrils, which are typically 10-30 nm in diameter and up to several micrometers in length,
as shown in Fig. 5(a). The fibrils are insoluble [-sheet-rich structures that can form aggre-
gates known as amyloid deposits in tissues and organs. These deposits are found in a range
of neurodegenerative diseases such as Alzheimer’s, Parkinson’s, and Huntington’s diseases.*”)
Understanding the structure of amyloid fibrils is essential for elucidating the nucleation and
kinetics of fibrillation in relation to the pathogenic pathway of amyloidoses.

Figures 5(a) and 5(b) show FM-AFM images of amyloid fibrils formed from the islet amy-
loid polypeptide (IAPP) deposited on mica in PBS solution. IAPP fibrils are associated with
type-2 diabetes when deposited in pancreatic islets.*?) The image shows finely striped features
perpendicular to the fibril axis. The distance between adjacent stripes is approximately 0.5
nm. A previous X-ray diffraction study suggested the existence of a periodic structure along

50) Since this periodicity corresponds

TAPP fibril axes with a characteristic spacing of 0.47 nm.
to hydrogen bond spacing between the f(-strands [Fig. 5(c)], the periodic structure was at-
tributed to the alignment of the S-strands perpendicular to the fibril axis.?®) The fine stripes
observed in the FM-AFM image have comparable spacing aligned perpendicular to the fibril
axis. Therefore, the striped features are attributed to the (-strands of IAPP fibrils.

The images shown here are the first subnanometer-resolution FM-AFM images of iso-
lated biomolecules obtained in liquid, The results demonstrate the possibility of FM-AFM to

visualize individual (-strands in real space in a physiologically relevant liquid environment.

4. Future Prospects
The performance of liquid-environment FM-AFM has markedly advanced over the last ten

years, which has enabled subnanometer-resolution imaging with a piconewton-order loading
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force at a solid/liquid interface. The biological applications shown here demonstrate that
FM-AFM is capable of probing and visualizing the local interactions between biomolecules
and the surrounding physiological environment (i.e., water molecules and ions) as well as the
structures of biomolecules themselves.

There are still technical issues and challenges to be overcome to make FM-AFM more
useful in practical studies of biological issues. The insufficient operation speed of FM-AFM
is one of the most serious problems. The improvement of operation speed is important not
only for visualizing dynamic processes but also for the high-resolution imaging of large areas
containing inhomogeneous complexes and also nondestructive high-resolution imaging of large
isolated biomolecules. These applications may not require a high frame rate but do require
a high feedback bandwidth. To date, FM-AFM has mainly been used in UHV, where the
majority of applications do not require a high feedback bandwidth. Thus, there still remains
considerable room for improvement and significant progress is expected in the near future.

Another important issue is the three-dimensional extent of the solid/liquid interface. As
shown in Fig. 3, multiple feedback points can exist at the solid/liquid interface owing to
the oscillatory force profiles presented by layers of solvent molecules. Although this may be
a useful tool for visualization of individual hydration layers, it can also make it difficult
to control the vertical tip position. This is not a simple technical issue as the solid/liquid
interface is inherently three-dimensional. This issue may be solved by employing the three-
dimensional imaging technique developed for applications in UHV at low temperature,®!)
together with the feedforward drift compensation technique developed for atom manipulation
at room temperature.52)

There are also many application areas that have not yet been explored fully, such as
biology and electrochemistry. So far, the latter has not been explored at all by FM-AFM.
This is partly because of the existence of electrochemical STM. However, there is emerging
interest in the electrochemical processes of organic and biological molecules in relation to
their applications to organic- and bioelectronics. Since these nonconductive molecules cannot

be imaged by STM, FM-AFM is expected to be a powerful tool in such application areas.
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Fig. 1. (Color online). Increase in deflection PSD at fy owing to ns.
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Fig. 2. (Color online). (a) Schematic model of a DPPC bilayer formed on mica investigated by AFM
in liquid. (b) Af vs distance curve measured on the DPPC bilayer in PBS solution, showing
oscillatory profile with two peaks. The smoothed line (solid) is obtained by averaging the raw data
(shaded) over the distance range of # 0.02 nm from each data point. (Reused with permission

from Fukuma et al.?®) Copyright 2007, Biophysical Society).
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Fig. 3. (Color online). (a) FM-AFM image of the DPPC bilayer in PBS solution showing spontaneous
jumps during imaging. Scan size: 8 x 8 nm?. Tip velocity: 120 nm/s. Imaging speed: 85 s/frame.
(b) Line-by-line flattened image of (a). Scale bar: 1 nm. Height range: 0.1 nm (black to white). Fast
and slow scan directions: left to right and top to bottom. The regions indicated by the numbers 1,
2, and 3 respectively correspond to terraces 1, 2, and 3 in (a). (¢) Line-averaged height profile of (b)
plotted along the slow scan direction. (Reused with permission from Fukuma et al.?®) Copyright
2007, Biophysical Society.)

Fig. 4. Sequential FM-AFM images of the same area of the DPPC bilayer in PBS solution. Height

range: 0.1 nm. Tip velocity: 120 nm/s. Imaging speed: 85 s/image. (Reused with permission from

Fukuma et al.?”) Copyright 2007, American Physical Society.)
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Fig. 5. (Color online). FM-AFM images of IAPP fibrils on mica in PBS solution (a) 800 x 800 nm?,
Af = —55 Hz, tip velocity: 1 ym/s. (b) 10 x 10 nm?, Af = +50 Hz, tip velocity: 195 nm/s.
(¢) Schematic model of the 3-strands. (Reused with permission from Fukuma et al.?®) Copyright
2008, Institute of Physics.)
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