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ABSTRACT
High-speed atomic force microscopy (HS-AFM) is a powerful tool for studying the dynamics of biomolecules in vitro because of its high
temporal and spatial resolution. However, multi-functionalization, such as combination with complementary measurement methods, envi-
ronment control, and large-scale mechanical manipulation of samples, is still a complex endeavor due to the inherent design and the compact
sample scanning stage. Emerging tip-scan HS-AFM overcame this design hindrance and opened a door for additional functionalities. In this
study, we designed a motor-driven stretching device to manipulate elastic substrates for HS-AFM imaging of biomolecules under controllable
mechanical stimulation. To demonstrate the applicability of the substrate stretching device, we observed a microtubule buckling by straining
the substrate and actin filaments linked by α-actinin on a curved surface. In addition, a BAR domain protein BIN1 that senses substrate cur-
vature was observed while dynamically controlling the surface curvature. Our results clearly prove that large-scale mechanical manipulation
can be coupled with nanometer-scale imaging to observe biophysical effects otherwise obscured.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0111017

I. INTRODUCTION

Atomic force microscopy (AFM)1 has been widely adopted in
various fields of academic research and industrial examinations for
decades. While the development of AFM enabled observations of a
wide variety of surfaces with resolution down to the atomic level, the
imaging speed of several minutes per frame limited investigations
to static samples. The emergence of high-speed AFM (HS-AFM)
changed this paradigm by improving scanner design,2–4 system feed-
back bandwidth,5–7 and introducing miniaturized cantilevers.8 As
a result, sub-second real-time imaging with the nanometer-scale
resolution has been realized and allowed the observation of highly
dynamic samples with single-molecule resolution.9 Combining the
merits of low force perturbations10 and fast scanning, HS-AFM

became the go-to instrument not only for studying single-molecule
dynamics but also for soft and delicate materials such as cells11 and
hydrogels.12 In addition, the large number of images acquired by
HS-AFM also enabled unprecedented high-resolution imaging of
proteins by localization methods.13

The HS-AFM usually employs a compact and rigid sample
scanner for X-, Y-, and Z-directions, keeping the cantilever sta-
tionary.14 While this setup leads to an improved system bandwidth
compared to that of conventional AFMs, integration with a sub-
strate manipulator or optical instruments is complex. Because the
complications arise mainly due to the necessary small dimensions
of the sample stage for rapid movement, a tip-scan type HS-AFM
was developed.15 In contrast to the sample-scan HS-AFM, the
tip-scan HS-AFM implements a piezo-actuated tip scanner and a
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controllable dichroic mirror for tracking the cantilever-deflection-
detection laser to the cantilever movement. Alternative to using
an optics system for cantilever tracking, self-sensing cantilevers
made of piezoresistive materials16 or tuning forks17 can convert
the cantilever motion into electrical signals. However, the spring
constant of the self-sensing cantilever is usually high for applica-
tion to fragile biomolecules. Fixing the laser module with the probe
module18 can eliminate the tracking problem, but also suffers the
feedback bandwidth due to its increased size. As the tip-scanning
configuration allows the sample stage to be stationary, it is possible
to combine with other microscopic methods such as total inter-
nal reflection fluorescence microscopy15 and tip-enhanced optical
imaging,19 and further would be expected to incorporate complex
systems such as mechanical manipulation stage as described further
in this work.

A major advantage of AFM over other microscopies is its func-
tional flexibility. Not only surface topography but also conductivity,
surface potential, and mechanical properties—among others—can
be mapped on the nanometer scale. In particular, mechanical prop-
erty measurements with AFM have gained attention and have
become an indispensable tool in nano- and micromechanics.20,21

AFM-based nano- and micromanipulation techniques22,23 are part
of the modern nanomechanical toolbox and provide an additional
surface-focused perspective.24,25 While direct probing of surface
mechanical properties with AFM is commonly used, it is also pos-
sible to apply large-scale deformations to the sample and monitor
the changes in topography and surface mechanical properties. In
a recent example of conventional AFM combined with large-scale
substrate manipulation, Liu et al. reported polymer microdomain
reorganization and localized changes in modulus.26 To investigate
the effect of the mechanical strain of elastomers in wearable devices,
Cortelli et al. investigated the conductivity of the fracture gold
layer on the elastomer substrate.27 By combining localized con-
ductivity measurements with large-scale strain, it was revealed that
the tunneling effect permitted current to be transferred between
fragments.27 In the above-mentioned examples, conventional AFM
was employed that limits the application to static or quasi-static
effects. However, biological samples such as proteins are rarely
static but highly dynamic. Such samples necessitate the use of
HS-AFM when investigating the effects of mechanical deforma-
tion on their functions. In a recent example, bent microtubules
were pinned on inhomogeneous lipid bilayers and observed by
HS-AFM.28 It was revealed that the walking speed of the motor
protein kinesin is modulated by the microtubule curvature.
However, the curvature of microtubules could not be changed in a
well-controlled manner, limiting the accessible observation range to
randomly found curvatures.

In this article, we report a uniaxial substrate stretching device
combined with the tip-scan HS-AFM. Several devices combined
with the AFM have been reported. De Jong et al. combined a
compact stretching device with an AFM;29 however, the strain is
not precisely controlled by a stepper motor or other actuators.
Hecht et al. designed a motor-driven bilateral stretching device
for studying cell mechanics.30 As no other flexure or actuator
is there to displace the device, the sample needs to be incu-
bated at the center, especially when subjected to a considerable
strain, for sample tracking. The tracking will become more compli-
cated if the stretching device unilaterally stretches the substrate.24

Compared to the reported combined instruments, our stretching
device is designed to have a compact size housed in a wide-range
piezoelectric sample scanner with symmetrical and precise stretch-
ing motion. Thus, we can navigate to the region of interest and
track it for molecule-level measurements without optical imaging.
This device allows us to apply an arbitrary strain to an elastic
substrate and, consequently, to samples adsorbed on its surface.
As proof of functionality, we observed microtubule buckling and
protein absorption on nanostructured surfaces with controllable
curvature.

II. STRETCHING DEVICE
The tip-scan HS-AFM used in this study was built based

on the previously reported model.15 The stretching device shown
in Fig. 1(a), described in detail in Sec. II A, is hosted on an
XY scanning stage that covers a wide range of 120 × 120 μm2

(SFS-120XY, Sigmakoki, Japan) [Fig. 1(b)]. The tip-scan HS-AFM
head is then placed on the XY scanning stage [Fig. 1(c)]. This
means that in addition to high-speed scanning with the tip scanner,
it is also possible to record wide-area images by scanning the stage,
although at a lower speed (typically, 5 minutes per image). Man-
ual micrometer heads are also used for coarse displacement of the
XY fine stage.

A. Mechanical design
The stretching device shown in Fig. 1(a) consists of three

major parts: a stepper motor with a power transmission mecha-
nism, a pair of clips for holding the elastic substrate, and a support
stage for the elastic substrate. A cross-sectional view of the model
is shown in Fig. 1(d). A stepper motor actuates the device, and
a screw mechanism converts the rotational motion into a linear
displacement. The stepper motor is controlled by homemade soft-
ware that sends digital pulses to the motor driver with an angular
resolution of 0.036○ per pulse. The linear displacement is con-
verted via the aforementioned screw mechanism, with a thread
pitch of 0.5 mm, to yield an overall displacement of 0.5 mm per
10 000 pulses. This linear motion via the transmission shafts and
the traction strings made by cotton yarn drives a pair of clips,
which clamp the elastic substrate and move it along the gliding
rails uniaxially and symmetrically. By applying even tension to the
substrate from both sides and positioning the AFM tip near the
center of the substrate, lateral movement of the observation area
due to the stretching is suppressed, resulting in easier imaging of
the same location. The stage was used to support the elastic sub-
strate to laterally constrain the clips with a gliding structure during
the movement. A thin layer of silicone oil was applied between
the stage and the elastic substrate to reduce undesired friction. The
detailed procedure for installing an elastic substrate to the stretching
device can be found in the supplementary material. The longitudi-
nal strain applied to the substrate is estimated from the elongated
length of the substrate divided by its initial length. For every 1000
pulses converted by the stepper motor into 50 μm linear displace-
ment via the screw mechanism, both clips are driven 50 μm toward
opposite directions from their original position. Consequently, the
substrate length elongated from 10 to 10.1 mm, or 1% strain equiv-
alently. The maximum strain to a 10 mm long substrate is 80%.

Rev. Sci. Instrum. 93, 113703 (2022); doi: 10.1063/5.0111017 93, 113703-2

Published under an exclusive license by AIP Publishing

D
ow

nloaded from
 http://pubs.aip.org/aip/rsi/article-pdf/doi/10.1063/5.0111017/16584557/113703_1_online.pdf

https://scitation.org/journal/rsi
https://www.scitation.org/doi/suppl/10.1063/5.0111017


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

FIG. 1. Mechanical design of the sub-
strate stretching device incorporated
in a tip-scan HS-AFM. (a) An over-
head view of the developed stretching
device. A transparent polydimethylsilox-
ane (PDMS) substrate is colored with
a red marker pen to improve visibility.
(b) The stretching device is incorpo-
rated on the wide-field XY stage scan-
ner, SFS-120(WA). (c) The compact
tip-scan HS-AFM head is then placed
above the presented stretching device.
(d) A cross-section view of the render-
ing model of the assembled stretching
device. A pair of clips that fixes the
elastic substrate (drawn blue) is driven
by the traction string (red). The stepper
motor connected to the screw mecha-
nism drives the traction string through
the transmission rods and string retainer.

Although higher strain can be achieved by shortening the substrate
length and related dimensions, the higher strain also leads to a
pronounced surface wrinkle on the pristine elastic substrate,31 which
is not favorable to AFM imaging. When we applied a strain of 1%
to a 10 mm long substrate while imaging a region 2 mm away
from the substrate’s center along the stretching direction, we found
that the imaging region was displaced by 20 μm. While it is desir-
able to take measurements at the center position of the substrate
to restrain position shift due to stretching, it is impractical. As the
center position relies on substrate geometry and relative position to
the AFM probe, a feasible option for this issue is to limit the incre-
mental strain of each stretching step and adjust the relative distance
between the probe and the region of interest at each step. With a
sufficient imaging scope and careful alignment with the microme-
ter heads and the wide-field XY scanner, it is possible to conduct
observations of the same area at different strains without optical
image assistance.

B. Strain characterization on a square-patterned
elastic substrate

The strain in the nanometer- or micrometer-sized imaging
area can be different from the globally applied strain to the sample.

Therefore, we directly measured the local strain and further quan-
tified the Poisson effect by creating a regular square pattern on
polydimethylsiloxane (PDMS) by molding the TGQ1 standard
AFM calibration grating (NT-MDT, Russia). The TGQ1 grating
was fixed by a drop of nail polish on the petri dish as a pos-
itive mold. The PDMS was prepared by mixing the two com-
ponents of Sylgard 184 (Dow Corning, Japan) thoroughly at a
1:10 ratio. The resulting mixture was poured into the petri dish
with the immobilized TGQ1 so that the grating was immersed com-
pletely. The mixture was then degassed in a vacuum desiccator
for 30 min to eliminate bubbles. The PDMS was then cured in a
70 ○C dry oven for 4 h and cooled down in the oven overnight.
After cooling down, the PDMS was peeled from the TGQ1 sur-
face. Finally, the PDMS was trimmed down to 5 × 14 mm2 so
that the TGQ1 pattern was located at the center. The substrate
length between the clamps was 10 mm and was defined as the
unstrained length.

The TGQ1 negative mold was clamped on the device and
scanned at different longitudinal strains. The local strain was char-
acterized by determining the pitch change of the periodic square
pattern on the TGQ1 mold in the X and Y directions and the
depth of the squares. The imaging was performed in pure water
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at room temperature. The sample was stretched in 1 mm steps up
to 7 mm (0%–70% global strain) at 10 μm s−1 and then reversed
until the zero position was reached again. The cantilever used for
the imaging was a BL-AC10DS-A2 (Olympus, Japan) with dimen-
sions of 10 μm length, 2 μm width, and 130 nm thickness and
a bird beak at the free end. The nominal spring constant of the
cantilevers is 0.1 N/m. To prepare a sharp AFM probe, a carbon
pillar was grown at the free end of the cantilever via electron beam
deposition and then sharpened by plasma etching to obtain a radius
at the tip apex of about 2 nm.32 All images were recorded in tapping
mode. The cantilevers’ resonance frequency was typically 510 kHz,
the free amplitude was set to 4 nm, and the setpoint was 0.8 times
the free amplitude.

The selected topographies recorded at different applied strains
are shown in Fig. 2(a). The imaging areas were approximately main-
tained throughout the stretching and releasing. We can clearly see
that the square patterns are elongated along the strain direction
(vertical image direction; y) and conversely squeezed in transver-
sal directions (horizontal image direction; x) as the stretching is
increased. The original square pattern of TGQ1 has a periodic-
ity of 3 μm in the X and Y directions and a height of 20 nm

according to the product specification. By the AFM images recorded
with sample scan mode of the tip-scan HS-AFM, the negative mold
of TGQ1 gave X and Y direction periodicity of 2.88 ± 0.17 μm
and 3.03 ± 0.06 μm (mean ± standard deviation, N = 5), respec-
tively. The average depth of the patterns was 17.4 ± 0.6 nm
(N = 5). Figure 2(b) shows the strains ε in the X, Y, and Z direc-
tions measured from the pattern dimensions as a function of the
elongated length ΔL of the PDMS substrate. The strain ε in each
direction is calculated by dividing the elongated or compressed
length of the pattern dimensions by the respective initial values. The
longitudinal strain εy under the elongated length of 7 mm was 0.73,
whereas the transversal strains εx and εz were 0.24 and 0.23, respec-
tively. After unstretching the substrate to its initial length, εx, εy, and
εz were 1.5%, 1.9%, and 0.5%, respectively. These values are very low
and fall within the error margin of the strain measurement. The εy vs
elongated length ΔL can be fitted by a linear function with a regres-
sion coefficient of 0.998, indicating that we can linearly stretch the
elastic substrate along the longitudinal direction. Poisson’s ratios for
each direction (νyx = −εx/εy, νyz = −εz/εy) are plotted in Fig. 2(c).
The Poisson’s ratio of PDMS bulk material is typically between
0.4–0.5.33–36 When a low amount of strain (εy = 0.1) was applied,

FIG. 2. Determination of the local strain during stretching a micropatterned PDMS substrate. (a) AFM images were taken with the stage scanner at successive 1 mm
stretching steps (left to right). The nominal dimensions of the pattern were determined from the unstrained substrate. Stretching was stopped after the PDMS substrate was
elongated by 7 mm. Sample-scan mode, 20 × 20 μm2, 450 × 450 pixels. While releasing the strain from 7 mm extension back to 0 mm, AFM images were also recorded at
the same intervals to confirm reversible deformation. (b) Strain vs substrate elongation in X-, Y-, and Z-directions. εz is shifted by −0.1. (c) The Poisson’s ratio νyx and νyz

both decrease as longitudinal strain εy increases.
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Poisson’s ratios, νyx = 0.49 and νyz = 0.44, were found to be close
to those of the bulk material. As the surface is textured by the regu-
lar square pattern, the Poisson’s ratio decreased as εy increased and
restored as εy decreased. The negative correlations between the lon-
gitudinal strain εy and Poisson’s ratio νyx, νyz are consistent with
previous observations of textured PDMS.37 In Fig. 2(a), a cupola
(indicated by a red arrow) can be seen developing during stretching,
and it was fully reverted when the stress was released. This suggests
that the cupola is related to the boundary disturbance exerted by
clamping initially and propagated to the center area. Further inves-
tigation of the cupola with nanoindentation might provide deeper
insight but is beyond the scope of this article. It is also obvious from
Fig. 2(a) that the squares are gradually transforming into rhombi
when the longitudinal strain exceeds 40%. However, the square
shape was resumed when the strain was released to 30%. The pat-
tern distortion is caused by the misalignment between the Y-axis of
the TGQ1 pattern and the strain direction.

III. BIOIMAGING
With the proposed device, we can mechanically manipulate

elastic substrates, such as PDMS or other copolymers, by stretch-
ing and releasing. At the same time, the characteristic change of
the substrate or the incubated biomolecules can be investigated
by tip-scan HS-AFM. Although PDMS is an ideal material for
molding complex microchannels or other elaborate geometries, its
surface’s intrinsically hydrophobic nature hinders the formation of
lipid bilayers38 and induces protein denaturation.39 To hydrophilize
the PDMS surface, several treatments are available such as plasma
etching,40 UV-O3 exposure,41 and acid treatment.42 These treat-
ments basically oxidize the PDMS surface and create a hydrophilic
silica-like layer that prevents nonspecific protein absorption and
improves lipid bilayer coverage. A side-effect of oxidation is that
the surface becomes stiffer than the bulk material.43 When applying
compressive strain to such an oxidized surface, the mismatch in
stiffness between bulk and surface will cause the surface to adopt
a rippled conformation.44 While the presented device can only apply
tensile strain, the pronounced Poisson effect of PDMS results in
significant compression normal to the direction of strain applica-
tion. In that case, surface ripples will appear and orient parallel to
the stretching axis.

While oxidation treatments are widely used to hydrophilize
PDMS surfaces, the drastic changes in surface topography under
stress may be undesirable depending on the application. In such
cases, the surface may be used as is in conjunction with bovine serum
albumin (BSA)45 or casein46 to hydrophilize the PDMS surface and
prevent nonspecific absorption. In addition, surfaces passivated by
BSA or casein can be a base for attaching other proteins47,48 or fur-
ther stack functional layers.49 The protein or linkers will transfer the
substrate’s strain directly to the sample, allowing strain application
to nanoscale samples via large-scale deformations while keeping the
surface flat.

A. Controlled microtubule buckling under
compressive load

Microtubules are the stiffest components in the cytoskeleton,
making them an important target for understanding cell mechanics.

In particular, the buckling behavior of microtubules has attracted
widespread attention.50 Several methods have been verified for
bending and buckling assays, including microtubules anchored by
axonemes for optical tweezer51 and hydrodynamic deformation,52

biotin–streptavidin binding,53 pinning by lipid defects,28 and kinesin
anchors on an elastic substrate.54 Here, we employed the latter
method, where kinesin was immobilized on an elastic substrate
to anchor microtubules. The cargo-binding domain of kinesin is
hydrophobic and can bind to hydrophobic PDMS surfaces without
surface treatment due to hydrophobic interactions. Then, micro-
tubules can be anchored with the microtubule-binding site of
kinesin on the opposite side to the cargo-binding domain. We used
recombinant kinesin-1 consisting of the first 573 amino acids.55

Casein (C3400, Sigma-Aldrich) was mixed with the kinesin solution
because casein can work as a blocking agent to prevent nonspecific
binding of the kinesin-1 to the PDMS substrate. Microtubules were
obtained by polymerizing tubulin purified from the porcine brain
at 37 ○C. To prevent the increase of dust due to agglomeration, the
experiments were conducted on the same day the microtubules were
polymerized.

First, kinesin solution was diluted to 100 nM by BRB80 buffer
(80 mM PIPES, 1 mM EGTA, 1 mM MgCl2, pH 6.8) contain-
ing 0.2 mg/ml casein. A pristine PDMS substrate (5 × 14 mm2)
was fixed on the stage of the stretching device with a distance
of 10 mm between the end of the clamps. The PDMS substrate
was then elongated until the distance between the clamps was
15 mm. Then, the kinesin/casein solution was dropped on the
preloaded PDMS surface to cover the PDMS surface with kinesin.
After 20 min incubation, the sample was washed thoroughly by
the BRB80/casein solution to remove residual kinesin-1 and casein
molecules. Finally, the microtubule solution was incubated on the
kinesin-covered PDMS surface for 30 minutes and rinsed with
BRB80 containing 20 μM paclitaxel. The BRB80, including pacli-
taxel solution, was also used as the imaging buffer. An illustration
of the microtubule buckling assay is shown in Fig. 3(a). The micro-
tubules were compressed by releasing the preloaded PDMS substrate
with a step of 0.25 mm, which is approximated to 1.65% strain, at
a speed of 25 μm s−1. The direction of strain application is paral-
lel to the Y-axis of the AFM image. All images were acquired by
sample-scan mode. Some topography features found on the PDMS
surface on the images taken with 30 × 30 μm2 at 400 pixels shown
in Fig. 3(b) were used to navigate the sample stage and maintain the
imaging scope. As can be seen in the images before and after the
compression, the number of microtubules anchored on the PDMS
substrate is reduced after the compression. This is likely because
buckling of the microtubule decreases the anchor points with the
substrate, resulting in detachment. In addition, mechanical stress by
the compression may have induced microtubule depolymerization.
We can also see that many of the microtubules remaining on the
substrate after compression were ruptured. Figure 3(c) illustrates the
bending of a single microtubule during the compression. The micro-
tube with a slight curve at the initial condition is bent even at 1.65%
compression, and as the compressive strain is increased, the bending
radius is clearly decreased. Figure 3(d) depicts the relation between
bending radius and strains. At 3.3% strain, the bending radius was
estimated to be 2000 nm by fitting a circle to the microtubule’s shape.
As expected, the bending radius decreased with increasing strain and
was found to be 740 nm at 10% strain. When the strain reached
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FIG. 3. Buckling of microtubules due to compression of PDMS substrate. (a) Illustration of the experimental setup. (b) Wide-area AFM images taken by the stage scanner
before and after the substrate compression. Topography features encircled in cyan dashed circles were used to identify the identical microtubule throughout the experiment.
Red arrows indicate other microtubules ruptured under compressive load. (c) Typical AFM images of the buckled microtubule recorded by sample stage scanning from
0%–13.3% compressive strain. (d) Bending radius along a microtubule as a function of applied strains.

11.7%, the bend radius became so small that the local deformations
caused the microtubule to kink and break. At this point, the micro-
tubule started to depolymerize partially, and the damage was found
to have spread further at 13% strain.

The above microtubule buckling assay demonstrates the con-
trollability of the curvature of microtubules with the stretching
device. Furthermore, as the experiment was conducted on the
HS-AFM, we anticipate studying the curvature-related mechanical
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characteristics56 as well as motor protein affinity by HS-AFM
imaging with nanomechanics measurement.

B. Binding between actin filaments and α-actinin
on a curved surface

Actin filament (F-actin) is also a part of the cytoskeleton, but
unlike the rigid microtubules, F-actin is soft and flexible.57 When a
cell experiences external stress, the F-actins are reorganized, accom-
panied by the increased binding affinity of the cross-linker protein,
α-actinin, during the process.58 Here, we demonstrate an exemplary
application of the stretching device to study the binding between
α-actinin and actin filaments under strain.

To observe the cross-bridging of F-actins by α-actinin, F-actins
must be moderately mobile while adsorbing to the substrate. Hence,
F-actins were anchored onto the substrate via a lipid bilayer in this
experiment. In order to form a lipid bilayer on a solid substrate, the
surface must be hydrophilic. As mentioned above, hydrophilizing
the PDMS surface hardens the surface, which enables us to create a
ripple structure by applying mechanical strain.

The PDMS surface was hydrophilized by ion bombardment
(PIB-10, Vacuum Device Inc., Japan) for 5 s. The PDMS substrate
was then fixed on the stage and had an initial length of 10 mm
between the clamps, and stretching was performed at 10 μm s−1.
The PDMS surface with strain-dependent topography was imaged
by sample-scan mode with 2 × 2 μm2, 135 × 135 pixels, as shown in
Fig. 4(a). Strains applied in the Y direction resulted in pronounced
surface rippling in the transversal direction. The ripple structure had
a certain angle with respect to the stretching direction. The angle
increased as the applied strain increased. We believe this is caused
by the substrate’s longitudinal axis not being perfectly aligned with
the stretching direction. This is the same reason why the square
pattern transforms between square and rhombic shapes. A periodic
pattern with the average peak-to-peak height Hp-p of 2 nm appeared
only when the strain raised above 20%, as depicted in Fig. 4(b).
The Hp-p below 20% strain was not discernible and increased as
the strain increased. The wavelength of the ripples reached 402 nm
at 35% strain and gradually decreased to 307 nm at 60% before
slightly rising again to 356 nm at 70% [Fig. 4(c)]. On the other
hand, the Hp-p of the ripples increased with strain, up to 67 nm
at 70% strain applied.

To create a surface suitable for F-actin adsorption, a lipid
bilayer with the following composition was prepared at a gravimet-
ric ratio: 70% 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
(80355C, Avanti) and 30% 1,2-dipalmitoyl-3-trimethylammonium-
propane (DPTAP) (890870, Avanti).53 DPPC is charge neutral, while
DPTAP is positively charged. Therefore, the adsorption affinity of
negatively charged F-actin for lipid bilayers can be controlled to
some extent by the DPTAP content.59 5 μL of DPPC/DPTAP lipid
solution was incubated on the hydrophilized PDMS surface at 70 ○C
for 20 min and then washed thoroughly with pure water. The sub-
strate was mounted to the stretching device afterward. A solution of
F-actins polymerized from G-actin (AKL99, Cytoskeleton, Inc.)60

was incubated on the lipid bilayer-covered substrate for 10 min and
flushed with the imaging buffer (20 mM Imidazole, 25 mM KCl,
2 mM MgCl2, 1 mM EGTA, and 1 mM DTT). As tip-scan
HS-AFM images shown in Fig. 4(d), actin filaments were found
abundantly on the lipid bilayer. After applying 30% strain

along the Y direction, surface buckling was induced, and the
lipid bilayer together with the attached F-actins followed the
topography.

To observe the strain dependence of α-actinin binding to
F-actins, α-actinin was injected into the imaging buffer to a
final concentration of 50 nM under different strain conditions.
Figure 4(e) shows clipped images demonstrating α-actinin cross-
bridging F-actins recorded by tip-scan HS-AFM with the imaging
rate of 0.2 s/frame (Movie 1; Multimedia view, × 2 playback).
The HS-AFM images show that the α-actinin indicated by the
arrow is stable during the imaging, while some are dynamically
bound and dissociated. Figure 4(f) shows the typical HS-AFM
images of α-actinin bound to F-actins on the flat substrate and a
rippled substrate under 40% strain. We found that α-actinins
bound to F-actins adsorbed on the curved substrate, i.e., F-actins
under mechanical stress due to bending, in a much denser and
more ordered fashion than on the unstrained substrate. The aver-
age distances between adjacent α-actinins for the flat and curved
substrates were 14.5 and 9.0 nm, respectively, as estimated from
the HS-AFM images shown in Fig. 4(f). Detail about the esti-
mation can be found in Fig. S1. Previous studies have suggested
that the binding affinity of α-actinin to F-actin under tension is
enhanced,56 consistent with our initial results. Although the detailed
molecular mechanisms underlying the phenomena observed here
require further investigation, the combination of the stretching
device and HS-AFM has been demonstrated to be useful in
studying the mechanosensitive dynamics of actin-binding proteins
to F-actin.

C. Membrane curvature sensing of BIN1
Bridging Integrator-1 (BIN1) is a protein also known as myc

box-dependent interacting protein 1 and amphiphysin-2. BIN1
can sense the curvature of the lipid61 and participates in endo-
cytosis and membrane trafficking. Several diseases are related to
the anomalous behavior of BIN1, such as centronuclear myopathy
(CNM)62 and Alzheimer’s disease.63 We here observed curvature-
dependent binding dynamics of BIN1 by tip-scan HS-AFM on a
lipid bilayer surface with controllable curvature created using a
stretching device.

Although oxidization treatment yields a hydrophilic layer on
the PDMS surface, as described above, the negatively charged sur-
face was unsuitable for creating a homogeneous layer of nega-
tively charged lipids needed for interaction with BIN1. To improve
the vesicle adhesion and fusion on the surface, we treated the
oxidized PDMS with (3-aminopropyl) triethoxysilane (APTES) to
create a positively charged surface suitable for negatively charged
lipid bilayer formation.64 The detailed procedure to create the
substrates is as follows: A new PDMS substrate was covered by
masking tape with an opening of 4.5 mm diameter and trans-
ferred into the UV ozone cleaner (Ossila, UK) and treated for 1 h.
After the UV-O3 treatment, the surface not covered by the mask
was immediately immersed in 0.1% APTES for 1 min and thor-
oughly flushed with pure water. To observe the binding of BIN1,
the following lipid mixture was prepared according to literature65

at a gravimetric ratio: 64% PS (840032C, Avanti), 2% PI(4,5)P2
(805155P, Avanti), 14% PE (840022C, Avanti), and 20% Choles-
terol (70000P, Avanti). The lipid solution was then diluted by a
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FIG. 4. Actin filaments crosslinked by α-actinin on locally curved PDMS surfaces created by ion bombardment. (a) The geometry of the surface ripples can be controlled
by applying the strain to the PDMS substrate. (b) The peak-to-peak height, Hp-p, and (c) wavelength of rippled surfaces were measured as a function of applied substrate
strains. (d) Deposited actin filaments conformed to the local surface curvature, making it possible to control actin bending. Tip-scan mode, 500 × 500 nm2 at 150 pix-
els per direction at 1 second per frame. (e) HS-AFM image of binding between α-actinin and actin-filaments taken with the tip-scan mode. Scan area, 135 × 64 nm2 at
101 × 48 pixels. Imaging rate, 200 ms/frame. (See Movie 1; Multimedia view, × 2 playback). (f) α-actinin binding at 0% strain (pointed by cyan triangles) and at
40% strain (pointed by red arrows). Imaging mode, tip-scan mode. Scan area, 180 × 140 nm2 at 136 × 73 pixels. Imaging rate, 200 ms/frame. Multimedia view:
https://doi.org/10.1063/5.0111017.1.
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FIG. 5. Strain-dependent topography of a supported lipid bilayer on the UV-O3/APTES treated PDMS substrate. (a) AFM images of the surface at strain values of 0%, 20%,
and 40%. Imaging mode, sample scan. Scan area, 2.5 × 2.5 μm2 at 250 × 250 pixels. The green arrows shown in (a) indicate cracks on the lipid bilayer. (b) Exemplary line
profiles normal to the ripples are indicated by red lines in (a). The profiles are shifted by 5 and 10 nm for 20% and 40% strain, respectively. (c) Curvatures of the ripple apex
are determined from line profiles. See the text for details of curvature calculation.

tris-based buffer to a concentration of 0.1 mg/ml and sonicated
for 15 s by a tip sonicator (NR-50M, Microtec Co. Ltd., Japan)
before usage. 5 μL of the lipid mixture containing PI(4,5)P2 was
incubated on the silanized PDMS surface at 55 ○C for 20 min and
washed thoroughly first with pure water and then with cytosolic
buffer (25 mM HEPES, 25 mM KCl, 2.5 mM Magnesium acetate,
0.1 M K-glutamate, pH 7.2). Figure 5(a) shows the lipid bilayer
almost entirely covering the PDMS surface except for partial cracks,
as indicated by arrows. Recombinant BIN1 K436X, which is a
mutant with enhanced membrane deformation capacity,63 was
diluted by the cytosolic buffer to 2.1 μM and injected into the AFM
observation buffer (same as the cytosolic buffer) to a final concen-
tration of 25 nM. The dynamics of BIN1 binding/dissociation were
observed by tip-scan HS-AFM by stretching the PDMS substrate to a
length of 12 mm (20% strain) and 14 mm (40% strain) from an initial
distance of 10 nm.

Applying stress along the Y direction, surface rippling along
the X direction was developed on the lipid-covering PDMS surface
[Fig. 5(a)]. The curvature of the surface was determined by solving
the equation of a circle with three points given on a line profile of a
ripple, including the apex and two neighboring points 20 nm away
(see Fig. S2). As demonstrated in Sec. III B, the curvature of the
lipid bilayer is controllable, as is evident from Figs. 5(b) and 5(c).
The average ripple curvature at 20% and 40% tensile strain applied

was 5.59 and 14.27 μm−1, respectively. Interestingly, the ripple
structure induced on the PDMS surface with the UV-O3 treatment
is smaller than that of the PDMS surface after the ion bombardment
described above, i.e., the amplitudes of the ripple structure of the
PDMS at 40% strain were about 40 and 10 nm after the ion bom-
bardment and the UV-O3 treatment, respectively. This is because the
hard layer formed on the PDMS surface by the ion-bombardment
hydrophilization is thicker than by UV-O3 treatment,66 indicating
that the amplitude of the ripple structure can be controlled by both
the method of hydrophilization and strain application. In addition,
the gentler ripple structure by UV-O3 treatment enabled producing
the large curvatures.

First, we attempted to observe the binding of BIN1 to the flat
lipid without stretching but were unable to confirm any apparent
binding [Fig. 6(a)]. This indicates that the interaction of BIN1 with
the flat lipid, even in affinity-enhancing CNM-associated mutant
K436X, is weak enough to be easily detached by disturbance from
the AFM tip, or the binding time is at least much shorter than
the time resolution of HS-AFM where we used the fastest imag-
ing rate of 0.1 s/frame. On the other hand, BIN1 binding was
clearly observed on lipid membrane surfaces with curvature even
at imaging speeds of 0.5 s/frame [Fig. 6(a)] (also see Movies 2 and
3; Multimedia view, × 2 playback). As an example of the inter-
action of BIN1 with a curved lipid surface, the clipped HS-AFM
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FIG. 6. Curvature-dependent binding of BIN1 K436X. (a) BIN1 bound to a surface under 40% strain with high local curvature, 20% strain with low local curvature, and a
flat surface. Imaging mode, tip scan. Scan area, 300 × 210 nm2 at 150 × 105 pixels. Imaging rate, 500 ms/frame. (b) Snapshots of the dynamic binding and dissociation
process of BIN1 to the highly curved surface at 40% strain. Imaging mode, tip scan. Scan area, 300 × 210 nm2 at 150 × 105 pixels. Imaging rate, 500 ms/frame. (See
Movies 2 and 3; Multimedia view, × 2 playback). (c) Within the same time, the dwell time of BIN1 was higher at the 40% strained surface compared to the 20% strained
surface (103 frames, N40% = 153, N20% = 137). Multimedia views: https://doi.org/10.1063/5.0111017.2; https://doi.org/10.1063/5.0111017.3.

images captured on the substrate under 40% strain application are
shown in Fig. 6(b). Most BIN1 molecules were stably bound near
the top of a lipid-covered ripple and less so at the sides and the
bottom, suggesting preferential binding to the positive curvature
region. In addition, the average numbers of BIN1 proteins bound
to the lipid surface per frame were 5.8 ± 1.7 and 1.8 ± 1.1 (N = 103
frames) at 40% and 20% strain, counted within a scanning area of
300× 210 nm2, respectively, confirming that BIN1 has a higher affin-
ity to surfaces with a larger curvature.61,67 The dwell time analysis of
BIN1 on the curved surfaces is shown in Fig. 6(c). The histograms
of dwell time were fitted with the single exponential decay func-
tion, giving the time constant τ for 20% and 40% strain surface of
1.83 ± 0.09 s and 3.77 ± 0.06 s, respectively. This indicates that
the difference in lipid curvature between 5.59 μm−1 (20% strain)
and 14.27 μm−1 (40% strain) induces an almost two-fold difference
in the affinity. In previous studies, the interaction between BIN1
and lipids could only be analyzed as a change in fluorescence

intensity due to the binding of BIN1 to different curvatures of the
lipid.61,67 In contrast, our system can directly measure the dynamics
of binding and dissociation depending on the lipid curvature at the
single-molecule level.

IV. CONCLUSION
In this article, we described an instrument that combines the

capability of uniaxially stretching elastomer substrates with simulta-
neous HS-AFM for studying nanometer-scale dynamics of biological
samples under mechanical stress. The uniaxial stretching system
developed can stretch an elastomeric substrate to approximately
twice its initial length with an accuracy of 50 nm per step. The
tip-scan HS-AFM allowed space around the sample and facilitated
the incorporation of the stretching device into the AFM stage.
Furthermore, using a scanner that covers a 120 × 120 μm2 range
enabled wide-area, low-speed AFM imaging and relatively easy
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compensation of positional changes caused substrate stretching.
We evaluated the performance of the stretching device using square
patterns molded in PDMS. It was possible to take AFM images of the
square patterns at the same location while applying strain and con-
firmed that the square pattern stretches linearly in the longitudinal
direction and simultaneously shrinks in the transverse direction due
to Poisson’s effect.

The applicability of HS-AFM with an incorporated stretching
system to biophysical problems was demonstrated by three
challenging experiments. First, in a microtubule bending
experiment, a compressive load was cumulatively applied via
kinesin anchors bound to the elastic substrate. Then, we succeeded
in inducing buckling and further fracture of microtubules by
applying strain to the substrate. In the second demonstration, the
binding of α-actinin to F-actin was investigated on a highly rippled
surface created by a combination of ion bombardment of PDMS
and the stretching device, with results suggesting that the strain
may increase the density of α-actinin cross-bridging F-actin due
to the bending.

Finally, by creating PDMS surfaces with gentle ripples by
UV-O3 treatment, we succeeded in observing the membrane
curvature-dependent binding affinity of BIN1. As a result, BIN1
binding to flat lipid membranes was not observed, indicating that the
binding affinity of the flat membrane is too weak to be detected by
our HS-AFM. In contrast, BIN1 is repeatedly bound to and dissoci-
ated from the curved membrane. The curvature-sensitive adsorption
of the BIN1 mutant K436X was confirmed with high-speed scan-
ning. Furthermore, the dwell time analysis of BIN1 on the curved
membrane showed a two-fold higher affinity to the membrane with
a curvature of 5.59 μm−1 to that of 14.27 μm−1.

With these three examples, we demonstrated that the com-
bination of substrate stretching with HS-AFM is a powerful tool
for nano- and micromechanical investigations of biological sam-
ples. To further extend the functionality, substrate stretching can be
coupled with nanomechanical measurements such as in-line force-
curve measurements.68 This would not only give insights into the
strain-dependent mechanical properties of biopolymers, such as
microtubules, but could also be applied to study how cells react to
external stimuli. Moreover, the applications are not only limited to
biophysical problems and could easily encompass materials science
of soft matter, where often time-dependent material properties, such
as viscoelasticity, are encountered.

SUPPLEMENTARY MATERIAL

Estimation of the average distance of adjacent α-actinins was
described in the text with Fig. S1. Curvature estimation of the rip-
pled structure was described in the text with Fig. S2. Determination
procedure of the clamp position at an elastic substrate was described
at the end of the supplementary material.
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