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ABSTRACT 

The imaging rate of conventional atomic force 
microscopy (AFM) is too low to capture the dynamic 
behavior of biomolecules. To overcome this problem, we 
have been developing various devices and techniques, 
including small cantilevers and high-speed scanners. The 
feedback bandwidth in the tapping-mode now exceeds 100 
kHz and hence the maximum possible imaging rate reaches 
25 frames per sec (fps). Importantly the tip-force exerting 
onto the sample is dramatically reduced. Thus, it is now 
possible to take video images of dynamically moving protein 
molecules in action without disturbing their function, 
including walking myosin V molecules along actin tracks.  
 
INTRODUCTION 

AFM [1] has been widely used to observe nanometer- 
scale objects under various environments. In AFM, a micro 
cantilever with a sharp tip at the free end plays an essential 
role in the imaging mechanism. The cantilever tip interacts 
with a tiny portion of the sample surface. The cantilever acts 
like an ‘objective lens’ in optical microscopy and the 
nano-scale tip-sample interaction is transmitted to the 
micro-scale cantilever. The interaction portion is varied over 
an imaging area of the sample by the xy-scanning of the 
sample stage or the cantilever tip while the tip-sample 
interaction force is maintained constant by the feedback- 
controlled z-scanning. A series of these operations over many 
surface portions requires a considerable time and therefore 
the imaging rate is quite low. In biological applications of 
AFM, this low imaging rate means that we can only observe 
stationary samples or considerably slow biological processes. 

Proteins are dynamic in nature and hence it is essential to 
observe their dynamic behavior to understand how they 
function. Single-molecule biology was thus founded more 
than 20 years ago [2-4]. The main technique used therein is 
single-molecule fluorescence microscopy. However, protein 
molecules themselves are invisible in the observations even 
using super-resolution fluorescence microscopy [5-7]. The 
structure of proteins has been studied by x-ray crystallo- 
graphy, electron microscopy, NMR, or AFM but the 
obtainable structures are essentially static. The concomitant 
observation of structure and dynamics is infeasible, which 
has been preventing us from comprehensive understanding 
how proteins function. 

To overcome this long-standing problem and make it 
possible to record the structure and dynamics of functioning 
protein molecules simultaneously, We have been developing 
high-speed AFM [8-20]. The recent significant improvement 
in its performance has been demonstrated in several 

bio-imaging studies [21-28]. Here, I present the theoretical 
basis for the feedback bandwidth and imaging rate, 
instrumentation, and some imaging studies of proteins in 
acion. 
 
FEEDBACK BANDWIDTH AND IMAGING 
RATE 

When a sample is scanned over an area of W × W with 
scan velocity Vs in the x-direction and N scan lines in the 
y-direction, the image acquisition time T is given by T = 
2WN/Vs. Supposing that the sample surface is characterized 
with a single spatial frequency 1/λ, then the feedback z-scan 
is executed with frequency f = Vs/λ to trace the sample 
surface. The feedback bandwidth fB of the microscope should 
be equal to or higher than f, and thus, we obtain the 
relationship T ≥ 2WN/(λfB) [20]. 

The feedback bandwidth is usually defined by a 
feedback frequency at which a closed-loop phase delay of π/4 
occurs in tracing the sample surface. The phase delay in the 
closed loop (φclosed) is approximately twice that in the open 
loop (φopen), provided the feedback gain is maintained at ~1 
[20]. The phase delay is caused by the limited response speed 
of devices contained in the feedback loop and by the time 
delay due to a below-mentioned ‘parachuting’ effect. By 
denoting the total time delay by Δτtotal, φopen is given by φopen 
= 2πfΔτtotal. The phase delay can be compensated by a factor 
of α (2-3) using the (P + D) operation of the proportional- 
integral-derivative (PID) feedback controller. fB is thus given 
by fB = α/(16Δτtotal) [20]. Hence, the highest possible imaging 
rate (Vmax) is give by Vmax = αλ/(32WNΔτtotal), when the 
sample fragility is not taken into account. To materialize, for 
example, an imaging rate of 25 fps for α = 2.5, λ = 10 nm, W 
= 200 nm, and N = 100, we have to achieve fB > 100 kHz and 
thus Δτtotal < 1.6 μs. 
 
SMALL CANTILEVERS  

The response time of a cantilever τc is expressed by τc = 
Qc/(πfc), where Qc and fc are the quality factor and resonant 
frequency of a cantilever, respectively. To shorten the 
response time, we need a high fc and a small Qc. Not only the 
response time but also the time required to measure the 
cantilever oscillation amplitude is one of factors causing a 
feedback delay. The minimum time for measuring the 
amplitude τd is given by 1/(2fc) Thus, the cantilever’s 
resonant frequency is the most important element in 
increasing the feedback bandwidth. The resonant frequency 
fc and the spring constant kc of a rectangular cantilever with 
length L, width w, and thickness d are respectively given by 



 
Fig. 1. SEM images of small cantilever (a) and EBD tip (b).

 
Fig. 2. Feedback Q-control system for damping unwanted 
vibrations of the z-scanner.
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where E and ρ are the Young’s modulus and density of the 
material used, respectively. For given kc, w, and material, fc 
increases in inverse proportion to (Ld)1/2. Therefore, we have 
to fabricate short and thin cantilevers to simultaneously 
achieve a high resonant frequency and a small spring 
constant [29].  

We developed small cantilevers collaborating with 
Olympus [8, 30]. The most recent small cantilevers made of 
Si3N4 are ~6 μm long, 2 μm wide, and 90 nm thick (Fig. 1a), 
resulting in fc in air 3.5 MHz, fc in water 1.2 MHz, kc ~0.2 
N/m, and Qc in water 2-3 [20]. Therefore, τc andτd in water 
are 0.66 μs and 0.42 μs, respectively. Somewhat larger 
cantilevers (BL-AC10DS-A2, Olympus: fc in air 1.5 MHz, fc 
in water 600 kHz, kc ~0.1 N/m) are already commercially 
available (Atomic Force F&E GmbH).  

In addition to the advantage in achieving a high imaging 
rate, small cantilevers have other advantages. The total 
thermal noise only depends on the spring constant and the 
temperature. Therefore, a cantilever with a higher resonant 
frequency has a lower noise density. In addition, shorter 
cantilevers have higher optical beam deflection (OBD) 
detection sensitivity, because the sensitivity follows Δθ/Δz = 
3/(2L), where Δz is the displacement and Δθ is the change in 
the angle of a cantilever free-end. A high resonant frequency 
and a small spring constant result in a large ratio (fc/kc), 
which grants the cantilever high sensitivity to the gradient (k) 
of the force exerted between the tip and the sample, because 
the force gradient shifts the cantilever resonant frequency by 
approximately –0.5kfc/kc. Therefore, small cantilevers with 
large values of fc/kc are useful for phase-contrast imaging and 
frequency-modulation AFM. 
 
CANTILEVER TIP 

The tip apex radius of the small cantilevers developed by 
Olympus is ~17 nm, which is not sufficiently small for the 
high-resolution imaging of biological samples. We attach a 
sharp tip on the original tip by electron-beam deposition 
(EBD) in phenol gas [20]. A piece of phenol crystal 
(sublimate) is placed in a small container with small holes 
(~0.1 mm diameter) in the lid. The container is placed in a 
scanning electron microscope (SEM) chamber under a 
low-vacuum condition, and cantilevers are placed 

immediately above the holes. A spot-mode electron beam is 
irradiated onto the cantilever tip, which produces a needle on 
the original tip at a growth rate of ~1 μm/min. The newly 
formed tip has an apex radius of ~25 nm and is sharpened by 
plasma etching in argon or oxygen gas (Fig. 1b), which 
decreases an apex radius to ~4 nm in the best case. However, 
it is still an ultimate goal that cantilevers with a sharp tip are 
fabricated in a single process since piece-by-piece 
attachment of an EBD tip is time consuming and increases 
the production cost.  
 
OTHER DEVICES 
Piezoactuator-based Scanner 

The response time of the z-scanner is expressed by τs = 
Qs/(πfs), where Qs and fs are the quality factor and resonant 
frequency of the z-scanner, respectively. The resonant 
frequency is almost determined by the z-piezo used and by 
how hold it. As fs and the maximum possible displacement 
are inversely related, fs is almost determined by how much 
displacement is required. We use a piezoactuator (3×3×3 
mm3) with a maximum displacement of 2 μm and fs ~ 400 
kHz and hold it at the four rims parallel to the displacement 
direction [19]. This holding can keep fs unchanged, although 
the usable maximum displacement is reduced to the half of 
the original value. 

To damp unwanted vibrations of the z-scanner and 
thereby reduce τs, we developed a feedback Q-control 
method that uses a mock z-scanner (an LRC circuit) which is 
characterized by a transfer function similar to that of the 
z-scanner [10]. The output of the mock z-scanner responds to 
the piezo driving signal in a way very similar to the 
displacement of the z-piezo and hence can be used to 
generate a damping signal which is added to the driving 
signal (Fig. 2). Using this damping method, we have 
achieved τs ~ 0.64μs. 

Some researchers have been attempting to construct 
MEMS-based high-speed scanners. However, MEMS 
devices do not produce a large force and are apt to be 
influenced by the mass of objects (such as a sample stage) to 
be attached to. Thus far, this approach has not been 
successful. It is still an ultimate goal to create an actuator 
which can produce a large force and possesses a high 
extension coefficient. 
 
Parachuting and Dynamic PID controller 

It is difficult to make high-speed imaging compatible 
with low invasive imaging. In order for the oscillating 
cantilever tip to tap the sample surface with a small force, the 



 
Fig. 3. Feedback bandwidth vs. set point. Solid line, 
conventional PID control; broken line, dynamic PID 
control. Feedback bandwidth is also affected by the ratio 
of the cantilever free oscillation amplitude to the 
maximum sample height. The two sets of lines are aligned 
from the top to the bottom according to the ratio 5, 2, 1, 
and 0.5  

Fig. 4. Successive AFM images showing processive 
movement of M5-HMM in 1 μM ATP. 

set point (cantilever oscillation amplitude to be maintained 
during imaging) has to be set very close to the free oscillation 
amplitude. Under this condition, however, the tip often 
completely detaches from the sample surface at steep 
downhill regions of the sample (parachuting). Once detached, 
the error signal is saturated at a small level, and hence, it 
takes a long time for the detached tip to re-land on the surface, 
which significantly reduces the feedback bandwidth.  

We solved this problem by devising a PID controller 
with a capability to automatically change the PID’s gain 
parameters depending on the cantilever oscillation amplitude 
[14]. When the amplitude exceeds the amplitude set point, 
the gains are increased. The oscillation amplitude thereby 
quickly returns towards the set point before the error signal is 
saturated. Consequently, the feedback bandwidth becomes 
independent of the set point as long as the set point is smaller 
than ~0.95 (Fig. 3).  

BIOIMAGING 
In addition to the above mentioned techniques and 

devices, several techniques were further developed, 
including a technique to compensate for drift in the cantilever 
excitation efficiency [14] and an OBD detector with high 
bandwidth. As a result, the feedback bandwidth reached 
~110 kHz and the maximum possible imaging rate reached 
~25 fps for the scan range 240×240 nm2, 100 scan lines, and 
the spatial frequency of the sample surface corrugation 1/10 
nm-1. The peak tapping force exerting from the oscillating 
cantilever tip to the sample is about 30 pN. It sounds large 
compared to the force generated by motor proteins (~ a few 
pN). However, the mechanical quantity that affects the 
sample is not the force itself but impulse; i.e., force × force 
acting time. The resonant frequency of our small cantilevers 
is ~1.2 MHz and hence the force acting time is less than 100 
ns. So, the magnitude of impulse is very small. Hereinafter, 
we show results of high-speed AFM imaging of proteins. 
 
Walking Myosin V 

Myosin V (M5) is similar to muscle myosins but has 

unique properties (reviewed in [31]). This two-headed motor 
protein acts as a cargo transporter in cells. Each head consists 
of an N-terminal motor domain and a long neck, which is 
followed by a coiled-coil tail and terminated with a cargo 
binding domain. M5 moves processively along actin tracks 
taking ~36 nm steps, in a hand-over-hand manner (i.e., two 
heads alternate between leading and trailing positions on 
actin, just like ‘walking’. These features have been studied by 
fluorescence microscopy, and therefore, revealing the details 
of walking behavior and chemo-mechanical coupling is still a 
challenge. 

To observe walking M5 molecules, M5 has to be kept 
free from the substrate surface. We used a surface of 
mica-supported bilayer of electrically neutral phospholipids 
since the surface is resistant to non-specific binding of 
proteins. However, a small amount of a positively charged 
lipid was added to facilitate the weak sideways adsorption of 
tail-truncated myosin V (M5-HMM) onto the surface. 
Partially biotinylated actin filaments were immobilized on 
the surface using biotin-lipid and streptavidin. Fig. 4 shows 
images of M5-HMM moving processively with 36-nm steps. 
A processive run almost always continued to the full extent 
of each imaging range used (4–16 steps). The observed 
translocation velocity was 70% of previously reported values. 
This is due to the sample-surface interaction, not due to the 
tip-sample interaction. 

As observed above, the 36-nm advance was completed 
within one frame (146.7 ms); therefore, the molecular 
process occurring during a step could not be resolved. 
However, additional streptavidin molecules placed on the 
substrate surface as moderate obstacles to the advance 
allowed the visualization of this process (Fig. 5a, b). After 
trailing head detachment, the nearly straight leading neck 
swung from the backward orientation to the forward 
orientation, confirming the swinging lever-arm motion 
initially proposed for muscle myosin [32]. The detached 
trailing head rotationally diffused around the advancing 
neck–neck junction and then bound to a forward site on the 
actin filament, completing one step. Thus, the hand-over- 
hand movement, including the intermediate process, was 
directly visualized at high resolution. The captured images 
show that the forward movement is driven not by bending but 
by rotation of the leading head. The rotation seems to occur 
spontaneously after trailing head detachment, suggesting that 
intramolecular tension driving the leading head swing exists 
in the two-headed bound molecules. 

These molecular movies provide not only corroborative 
‘visual evidence’ for previously speculated or demonstrated 
molecular behaviors but also reveal previously unknown 
behaviors including ‘foot stomp’-like behavior in which 



 
Fig. 5. (a) Successive AFM images showing hand-over-hand 
movement in 1 μM ATP. (b) Schematic explaing the images in 
(a). The plus and minus signes indicate the polarity of actin. 

 
Fig. 6. AFM images showing structural changes in bR by 
photo-activation. (a, b) Cytoplasmic surface of bR under 
dark (a) and illuminated (b) conditions. White circles, trimer; 
gray circles, trefoil. The white bar in (b) indicates light 
illumination. (c, d) Schematic of the images in (a) and (b), 
respectively. The arrows indicate the directions of bR 
movement. (e, f) High- resolution images under dark (e) and 
illuminated (f) conditions. The single protrusion (arrow in e) 
is split into two (arrows in f).   

either of the heads briefly detaches from actin and then 
rebinds. The foot stomp indicates that force generation by the 
leading head occurs without transitioning in the chemical 
state (see the original paper for details). 

Photo-activated Bacteriorhodopsin 
The membrane protein, bacteriorhodopsin (bR), found in 

the purple membrane (PM) of Halobacterium salinarum, 
functions as a light-driven proton pump transferring protons 
across the membrane from the cytoplasmic side to the 
extracellular side (reviewed in [33, 34]). bR is comprised of 
seven transmembrane α-helices (named A-G) surrounding 
the retinal chromophore covalently bound to Lys216 via a 
protonated Schiff base. Upon absorption of light, photo- 
isomerization from all-trans to 13-cis conformation of the 
retinal takes place, followed by the primary proton transfer 
from the Schiff base to Asp85 that triggers a cascade of 
changes in the bR structure. A series of intermediates 
designated J, K, L, M, N, and O are defined by spectroscopy 
and M (M410) is the only intermediate containing a 
deprotonated Schiff base. While numerous structural studies 
of bR in the unphotolyzed or frozen activated states have 
been reported, dynamic structural changes of bR upon light 
illumination have been poorly understood because of the lack 
of techniques. 

We first attempted to visualize the dynamic structural 
changes in the wild type bR but could not do so even at 100 
fps as the photocycle is completed in 10 ms. Therefore, we 
used D96N bR mutant which has a long photocycle time (~10 
s) but retains the ability of proton pumping. Fig. 6 shows 
high-speed AFM images of the cytoplasmic surface of D96N 
under dark and illuminated conditions (532 nm green light, 
0.5 μW) [25]. Upon light illumination, the center of mass of 
each bR molecule moved outward by 0.7 nm and rotated 
counterclockwise around the trimer center by 7.4° (Fig. 6a-d). 
After the light is turned off, bR returns to the unphotolyzed 
state in a few seconds. The observed change is much larger 
than that suggested in previous studies. The overall position 
of each bR molecule does not change because of 
indiscernible alterations at the extracellular surface. 
Comparison of the AFM images of the cytoplasmic side with 
an atomic model of the unphotolyzed bR structure indicates 
that the outward movement of the center of mass is caused by 
the outward displacement of the E-F loop (Fig. 6e, f). 

As a result of the outward displacement of the E-F loop, 
three nearest-neighbor bR monomers, each belonging to a 
different adjacent trimer, transiently assemble (Fig. 6b, d). 

The triad of nearest-neighbor monomers is designated 
“trefoil”. This transient assembly in a trefoil alters the decay 
kinetics of the activated state. When only one bR monomer in 
a trefoil was excited under weak illumination, it decayed with 
a time constant of 7.3 s. When two or three bR monomers in a 
trefoil were excited under strong illumination, they decayed 
with a short or long time constant (2 s or 13 s). The decay 
time of each monomer depends on the order of its activation. 
The monomer that is activated latest among the activated 
monomers in the trefoil decays with the short time constant. 
On the other hand, the decay kinetics of the early activated 
monomers does not follow a single exponential, and the 
monomers decay with the long time constant on average. 
Thus, the monomer-monomer interaction in the trefoil 
engenders both positive and negative cooperative effects in 
the decay kinetics as the initial bR recovers. Consequently, 
the average rate of proton pumping by the activated bR is 
conserved independently of the light intensity. This is 
perhaps the reason why bR naturally exists in the form of a 
crystal in PM. 

DISCUSSION 
MESM and High-speed AFM 

Historically, attempts to increase the AFM imaging rate 
were initiated in 1991 by Quate and colleagues [35]. They 
aimed at fast inspection or lithography of a wide range of 
surfaces of hard materials, rather than at observing 
biomolecular processes. Images (a few μm scan range) of a 
metal-semiconductor transistor were taken at 3.3 fps in the 
constant-height mode (no feedback scan in the z-direction) 
[35]. This study proceeded towards the development of 
cantilevers or cantilever arrays with integrated sensors and/or 
actuators [36, 37] but fabricating these cantilevers was only 
possible in relatively large dimensions, resulting in low 
resonant frequencies and large spring constants. Insulation 
coating of the integrated cantilevers for the use in liquids 
further lowered the resonant frequency.  



However, it is still an ultimate goal to fabricate small 
cantilevers with self-sensing and self-actuation capabilities 
in water as well as a high resonant frequency and a small 
spring constant. Such cantilevers not only simplify the 
structure of a high-speed AFM apparatus but also have a 
potential to further increase the imaging rate. At present, in 
our high-speed AFM, the imaging rate is mainly limited by 
the resonant frequencies of small cantilevers and z-piezo- 
actuators. The reason for the limited resonant frequency of 
small cantilevers is that a cantilever has to have a certain 
lowest limit in the dimensions for the compatibility with the 
OBD detection. Self-sensing cantilevers may be able to 
overcome the dimension limit. 

Conventional piezoactuators extend only ~0.1% of their 
length. This means that we have to use a piezoactuater with a 
certain length that meets a maximum displacement required 
for the z-scanner, which determines the available highest 
resonant frequency as a matter of course. It is a challenge to 
discover new piezo materials with much higher extension 
coefficients. Alternatively, it may be possible to fabricate 
new actuators by MEMS techniques. 
 
Future Prospects of High-speed Bio-AFM 

Although high-speed AFM capable of imaging dynamic 
biomolecular processes has been at last materialized, a 
variety of high-speed AFM apparatuses are still needed for 
biological research; high-speed recognition AFM, 
high-speed non-contact AFM, high-speed diaphano-AFM, 
and ultra high-speed non-contact AFM. For example, we 
desire to observe dynamic biomolecular processes that occur 
on the live cell surfaces and dynamic processes of organelles 
that occur in the interior of live cells.  

Cell membranes are extremely soft, particularly those of 
eukaryotes. Therefore, when a cantilever tip makes contact 
with a cell membrane, the cell is largely deformed before a 
detectable change in the deflection or oscillation amplitude 
of the cantilever appears. Moreover, cell membranes are 
highly fluidic and hence membrane proteins that are not 
assembled or not anchored to cytoskeletons in the 
cytoplasmic side are highly mobile. Therefore, we need ultra 
high-speed non-contact AFM. 

Recently, scanning near-field ultrasound holography 
(SNFUH) has been developed for high-resolution sub- 
surface imaging [38]. A high-frequency acoustic wave 
(frequency f1) is launched from under the sample stage, and 
this wave then propagates through the sample. Materials 
embedded in the sample with different elastic 
modulus/density rations modulate the phase and amplitude of 
the propagating acoustic wave. When the resonant frequency 
of the cantilever fc is comparable with f1, the modulated 
acoustic wave can be directly detected by the cantilever. 
When f1 >> fc, another acoustic wave with a frequency f2 (|f1 – 
f2| ~ fc) is launched from the cantilever base. The non-linear 
tip-sample interaction generates an acoustic wave with a 
frequency |f1 – f2|, and therefore, the cantilever is excited by 
the generated acoustic wave. SNFUH has a potential to 
image intracellular structures. At present, however, this 

method can only image artificial solid particles introduced in 
cells because of limited contrast for intracellular organelles 
[39]. To gain high contrast for intrinsic cellular materials, we 
need very high frequency acoustic wave. To observe 
dynamic events occurring in the interior of cells, we 
additionally need a fast and high-sensitive phase detector. 
Again, MEMS techniques will be able to contribute to the 
materialization of high-speed diaphano-AFM by fabricating 
very high frequency acoustic devices. 
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