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Foreword

Over the last three decades atomic force microscopy (AFM), a high-
resolution surface analysis technique, has become an invaluable
research method in labs around the world.

Since its introduction in 1986, the use of AFM in the investigation
of biological samples has grown steadily and the technique has
gradually developed into a complete toolbox for imaging soft
biological samples in liquid. The instruments developed around this
technique, commonly referred to as BioAFMs, enable the unique
investigation of samples ranging in size from single molecules,
viruses, and proteins to living cells and tissues.

Unlike other conventional microscopic techniques, such as
fluorescence and electron microscopy, AFM can easily be performed
under nearphysiological environmental conditions without the need
for further sample processing or modification. It enables the real-
time, high-resolution visualization of complex biological systems and
dynamic processes, as well as the comprehensive characterization
of their biomechanical properties.

Furthermore, the ability to easily combine AFM with advanced
optical microscopy leverages the advantages of immunolabelling
techniques to enable true correlative microscopy.



Introduction

Origins of Microscopy for Biological Sciences

Living cells and tissues are highly organized systems comprised

of functional and structural subunits ranging from single molecules
to macromolecular structures and organelles that are each vital for
life. The fascination for investigating biological matter dates back to
the first successful microscopic attempt to observe the cell walls
of plant cork by Robert Hooke in 1665!"". The first microscopic
observation of living cells (Spirogyra algae), however, is credited

to Antonie van Leeuwenhoek in 1674 . The optical microscope
used by van Leeuwenhoek had an approximate two-hundredfold
magnification®. Since then, various microscopy techniques have
been developed that surpass the resolution limit of conventional
optical microscopes, revealing continuously greater details in the
samples under investigation.

A fundamental leap in microscopy resolution was the invention of
the electron microscope in 1930 by Ernst Ruska and Max Knoll .,
This electron microscope was used by Ladislaus Marton from
1932-1934 to image the first fixed biological specimen, sundew plant
leaves ®. Then, in 1934-35, Eberhard Driest and Heinz-Otto Mller
imaged the first biospecimen, the wings and legs of a housefly ©.
Shortly after, Friedrich Krause imaged diatoms, epithelial cells, and
bacteria!” 8,

The principle of both optical and electron microscopy is based on

the interaction of either photons or electrons with a sample surface,
which, depending on the wavelength used, results in a different
resolution. However, in general, neither of these imaging technigues
deliver information on quantitative topography of the sample, making
them a two-dimensional imaging techniques .

The first three-dimensional nanoscale images were acquired in
1982 by Gerd Binnig and Heinrich Rohrer with a technique called
scanning tunneling microscopy (STM) "%, In STM, a sharp metal tip



is brought very close to the surface of a sample while an electrical
voltage is applied between the tip and the sample, causing electrons
to flow between them. This so-called tunnel current is a quantum
mechanical effect. By keeping the distance-dependent tunneling
current constant while scanning the tip over an area of interest, it

is possible to map the topography of the surface at the molecular

or even atomic scale. However, to use STM, the sample must be
conductive. This is a fundamental limitation for studying biological
matter, as the sample needs to be coated with a conductive material
in order to be imaged!"". Nonetheless, STM was used for the first
time in 1985 to image biological specimens by Baro et al. 2.

In 1986, the same year in which Binnig and Rohrer were awarded
the Nobel Prize in Physics for inventing STM, Binnig and his
colleagues replaced the original stiff STM tip with a flexible
mechanical cantilever, also known as probe, which led to the
invention of atomic force microscopy (AFM) 3! AFM is based solely
on the detection of the interaction forces between the sample
surface and a sharp tip attached to the outer end of a flexible lever
(mechanical spring), whereby the force-dependent deflection of the
lever is measured and quantified (see Figure 1).

The invention of the atomic force microscope not only overcame the
resolution limitations of optical microscopes, but also eliminated
the need for samples to be conductive. The development of probes
with nanometer-sized tip radii and precise XYZ-positioning systems
advanced the capabilities of AFMs to enable routine high-resolution,
3D topographic imaging and nanomechanical characterization of
biological samples.

Atomic force microscopy has come a long way since its introduction
in 1986 "%, Notable landmarks in the characterization of biological
matter include the first image acquired in liquid in 1987 ', the first
observation of a biomolecular process in 1989 "%, the first scientific
article on high-speed AFM in 199118 the first high-resolution protein
scan in liquid in 1994 1", the first paper to describe the use of AFM
in the study of protein unfolding in 1997 '8 and the measurement of
cell-cell adhesion in 200019,
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Comparison of Atomic Force Microscopy
with Other Microscopy Techniques

The three most common microscopy methods used in the study
of biological matter are optical microscopy, electron microscopy,
and atomic force microscopy. The operating principles, imaging
conditions, resolution, and sample preparation necessary for
each technique differ considerably. A brief overview of the main
characteristics and differences is outlined below.

Optical microscopy can be divided into multiple categories, the main
ones being bright-field, dark-field, oblique-illumination, fluorescence,
phase-contrast, confocal, deconvolution, differential interference-
contrast, and dispersion-staining microscopy. Over the past ten years,
superresolution technigues, a sub-category of fluorescence microscopy,
have gained particular interest as the resolution of superresolution
microscopy (around 10-20 nm) overcomes the diffraction limit of
classical optical microscopy (around 200 nm) 22211 A main advantage
of fluorescence labelling is its specificity, which facilitates the highly
sensitive identification of specific molecules of interest. However, this
mandatory sample treatment, particularly in living systems, is often
complex, time-consuming, and, in certain single-molecule scenarios,
not feasible without disrupting the function of individual proteins.

Electron microscopy is generally divided into two types: transmission
electron microscopy (TEM) and scanning electron microscopy (SEM).
Electron microscopy uses an electron beam to create an image,
replacing traditional optical lenses with electromagnets. The electron
beam interacts with the sample to produce an electron diffraction
pattern that is converted into an image. The very short wavelength of
the beam enables an approximate thousandfold increase in resolution
over classical optical microscopy. In order to be 'visible' to the
electron beam, biological samples must be stained or coated with

a conductive metal, which results in static snapshots of individual
proteins, cells, tissues, and molecular interactions. In addition,
electron microscopy operates under vacuum to reduce non-sample
related electron scattering, making it impossible to image biological
samples under physiological conditions.



Although efforts have been made to develop environmental electron
microscopy techniques capable of imaging unstained biological
specimens in solution, sample degradation is unavoidable due to the
strong electron dose required to achieve high contrast and spatial
resolution 122,

While atomic force microscopy was originally invented to visualize
atoms on solid interfaces ", it has gradually evolved into a technique
capable of measuring samples of almost any material in any
environment. It differs from both optical and electron microscopy
in that it does not “see” the sample, instead an AFM “feels” or
“probes” the surface. The simplicity of this approach enables the
3D visualization of molecules and living cells in their near native
environment.

The use of very sharp tips with optional chemical modifications
ensures a resolution on the nanometer scale, high enough to image
individual molecules, and comparable to high-resolution electron
microscopy. In addition, the use of calibrated probes enables

highly accurate force measurements and the comprehensive
quantitative characterization of both molecular interactions and the
nanomechanical properties of a sample.

AFM is an ideal tool for studying delicate and challenging, living
biological samples under near-native conditions. Minimal sample
preparation is required and the technique is minimally invasive,
allowing direct access to the sample. High-speed imaging
capabilities enable the investigation of dynamic cellular and
molecular processes 2%, In addition, the ability to combine atomic
force microscopy with other microscopy techniques (correlative
microscopy) and collect data from the exact same area of the
sample, harnesses the advantages of both techniques and delivers
complementary data.



Principles of Operation

Basic Working Principle

As mentioned above, atomic force microscopy uses a lever with
a sharp tip to sense the surface ?*. To control the horizontal and
vertical position of the lever above the surface, piezoelectric
actuators are used (that translate a voltage into a length scale) to
perform high-precision positioning or movement. One advantage
of piezoelectric actuators over other positioning techniques is the
resolution that can be archieved (down to the picometre range),
which makes high resolution AFM possible in the first place.

As it interacts with the sample, the cantilever bends either towards
or away from the sample, a movement that is recorded by a laser
beam that is deflected off the back of the cantilever onto a four
quadrant photodetector (Figure 1). The signal measured (voltage)
from the detector can be calibrated to reflect the actual spatial
deflection of the lever. Assuming that the lever acts like a spring, this
spatial deflection can be converted into a force using Hooke's law 125,

In general, the operation of an atomic force microscope can

be divided into two basic operating modes, namely AFM force
spectroscopy and AFM imaging. In force spectroscopy, the AFM
probe approaches a single point on the surface and a so-called force-
distance curve is recorded, whereby the deflection of the cantilever
is recorded as a function of the distance to the surface (see Figure
2E). In contrast, in AFM imaging, the sample surface is scanned line
by line with a sharp probe ¥, which is why AFM is also referred to
as scanning probe microscopy (SPM).

Commonly Used BioAFM Imaging Modes

Conventional imaging modes use a feedback loop to track the
topography of the sample. To do so, the feedback loop requires a
distance-dependent reference, or feedback signal, as input. This,
for example, can be the deflection of the cantilever which is used
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Most common BioAFM imaging modes.

(A) The most frequently used AFM mode is
intermittent contact (tapping) mode. Here the
cantilever is oscillated at an amplitude close to
its resonant frequency and the tip periodically
touches the sample surface.

(B) Contact mode (static mode) is used to
apply a pre-set cantilever deflection (setpoint)
to raster scan the surface without detaching
from the substrate.

(C) Force spectroscopy-based modes record
complete force curves (vertical application of a
pre-set force in an approach/retract regime) at
each pixel.

(D) A typical resonance curve of an oscillating
cantilever as a function of the excitation
frequency. At the resonance frequency, the
amplitude (blue) has a maximum value, while
the phase (orange) shows a characteristic
transition.

(E) Recording and consecutive analysis of

a complete force curve unlocks numerous
possibilities for extracting both topographical
and mechanical information from the sample
being analyzed.
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to control the distance of the probe above the sample surface by
maintaining the feedback signal at a fixed specified value (setpoint).
Conventional imaging modes differ depending on the feedback signal
used and can be categorized into two main categories: static and
dynamic (where the cantilever oscillates) modes.

In addition to conventional imaging modes, new modes have
evolved that use a different approach to determine the topography
of the surface. This section will provide a brief overview of the most
commonly used imaging modes in BioAFM and their application.

The most fundamental AFM imaging mode is contact mode, which
is a static mode. Here, the probe is permanently in contact with
the sample and its deflection is used as input for the feedback loop
which is kept constant (Figure 2B) while the tip moves across the
sample. Forces applied to the sample can be accurately quantified
during the measurement. However, as the tip is in permanent
contact with the surface, relatively high shear forces are exerted on
the sample during scanning, which means that contact mode is not
generally suitable for delicate biological samples. Contact mode is
typically used to study tightly packed, flat macromolecular structures,
such as two-dimensional protein crystals and membrane patches.

The lateral shear force that occurs in contact mode can be
significantly reduced by using dynamic modes where the probe

is oscillated. This is typically achieved by applying a sinusoidal
excitation to the base of the cantilever at a frequency close to its
resonance frequency. As the oscillation amplitude and resonance
frequency of the cantilever exhibit a distance-dependent behavior,
caused by the interaction forces with the surface, they can be used
as a feedback signal. In particular, dissipative interaction forces
affect the damping of the oscillation amplitude, while conservative
interaction forces, such as van der Waals and Pauli repulsion, are
associated with a shift in the resonance frequency %6,

Amplitude-modulation, also known as tapping or intermittent-contact
mode, is the most commonly used dynamic imaging mode in life-



science applications. In this mode, the cantilever is oscillated at a
fixed frequency close to its resonance frequency and a constant
drive amplitude (see Figure 2A, D). The oscillation amplitude of the
cantilever is used as an input signal for the feedback loop. The low
lateral forces acting on the sample make the tapping mode ideal for
measuring delicate samples. Despite this, measuring the direct force
exerted on a sample and interpreting the collected data remains a
challenge. In addition, tapping mode can be difficult for beginners
to operate and requires a certain degree of AFM experience, in
particular when measuring challenging samples and when used in
fluids.
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In tapping mode, the force exerted on the sample depends on
the amplitude of the free oscillation of the probe. The smaller
the amplitude, the lower the forces acting on the sample.
However, very small amplitudes are unfavorable as they can
increase the lateral forces on the sample or the occurrence

of instabilities resulting from adhesion or capillary forces.

For this reason, careful tuning is required to find the optimal
imaging conditions for a particular sample and environment.

Although both contact mode and tapping mode produce images
of excellent quality and are widely used, they are not universally
applicable to all biological samples. Each mode has it's own
limitations, and beyond measuring topography, neither can
characterize the mechanical properties of the sample.

AFM force spectroscopy, on the other hand, can provide insight into
the mechanical properties of a sample, such as stiffness, adhesion,
etc., at a single point on the sample surface. This is achieved by
analyzing the force curve data with physical models, such as contact
mechanics models ?”. It is possible to create images from force
spectroscopy by recording numerous force curves within a grid
across the sample, a process known as force mapping. By analyzing
each force curve, it is then possible to determine, for example, the

13



topography in each pixel of the map. Force mapping, however, is a
relatively slow process and can easily take several hours to produce
a map with a reasonable number of pixels.

By implementing advanced high-speed electronics and an optimized
motion scheme to suppress oscillations of the cantilever, Bruker
succeeded in transforming force curve-based mapping into a
practical, more universal imaging mode called Quantitative Imaging
(Ql). Ql is a high-speed force measurement technique that captures
an entire force curve in every individual pixel of the image and
analyzes it in-situ. The jumping motion of the probe significantly
reduces lateral forces. In addition, Ql keeps the speed of the probe
constant during the force curve, which greatly simplifies analysis of
the data with physical models 28 29,
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As a result of the triggered acquisition of force curves, the Ql
mode no longer requires a classical feedback to generate the
image, which makes it an intuitive and easy-to-use imaging
mode. QI mode is particularly suitable for performing
nanomechanical measurements on challenging biological
samples, such as soft, sticky, or highly structured samples,
making it ideal for imaging, e.g, living cells and bacteria.

Bruker's proprietary PeakForce Tapping® mode is another example
of a newer type of imaging mode that also relies on force-based
imaging but uses a different approach to Ql. In PeakForce Tapping,
the Z-piezo is oscillated in a sinusoidal motion at a fixed amplitude
and at a frequency significantly below the resonance frequency of
the probe (off-resonant imaging). A force is exerted on the probe at
the lower turning point of the oscillation when it touches the surface.
This so-called peak-force is measured and used as an input signal
for the feedback loop, enabling the probe to follow the topography
of the sample ?8. By recording the deflection of the probe and

the Z-piezo position, a force curve can be reconstructed for each
oscillation cycle. This technique, known as PeakForce QNM®, allows
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Working principle of PeakForce Tapping.

The cantilever is oscillated in a sinusoidal motion by the
Z-piezo of the AFM (dashed white line) well below its
resonant frequency. At the lowest point of the oscillation
(point C), the interaction with the surface deflects the
cantilever. The force exerted on the tip in th is called the
peak force and is used to control the distance between
tip and sample surface.



the characterization of various surface properties, such as stiffness,
adhesion, and deformation, in a single measurement 129,

PeakForce Tapping does not require the cantilever tuning

necessary in Tapping mode and is particularly easy to use, even

for inexperienced AFM users. Forces exerted on the sample in
PeakForce Tapping can be extremely low: down to 10 pN. It s,
therefore, particularly suitable for studying fragile or sensitive materials
with high resolution. Compared to Ql, PeakForce can operate at higher
frequencies, which enables faster data acquisition. However, feedback
parameters must be taken into consideration and adjusted for.

A significant advancement was achieved with the introduction of
Bruker's PeakForce-Ql mode, which combines the capabilities of the
PeakForce Tapping and QI modes to enable precise, real-time curve
monitoring and high-speed nanomechanical imaging of biological
samples %,

Feedback Loop

As mentioned above, many AFM imaging modes use a feedback
loop to track the topography of the sample with the AFM tip.
Understanding how the feedback loop works is, therefore, essential
for achieving the best image quality and optimal surface tracking.

In atomic force microscopy systems, the feedback loop is normally
implemented using a proportional-integral-derivative (PID) control
loop mechanism. This PID controller is fed with a distance-
dependent (feedback) signal, such as the displacement or amplitude
of the cantilever oscillation, which is continuously compared with

a desired, fixed setpoint. The difference between the two values,
referred to as the error signal, is continuously minimized by the
PID control loop. As soon as an error signal is detected, the probe
is moved accordingly in Z to compensate for the error. The travel
distance is determined by a formula that is influenced by three
separate control parameters: the proportional (P), integral (I) and
differential (D) gain. For simplicity, the differential gain is often
ignored in contemporary AFM systems.



Careful adjustment of the P- and |-gains is crucial for accurate
tracking of the sample topography. If the gains are too low, the
resulting response will be slow and the surface will appear to be
blurred. Gains that are too high, on the other hand, can cause the
feedback loop to oscillate. As the gains are dependent on the sample
stiffness, setpoint, and cantilever resonance frequency, they should
be readjusted whenever one of these parameters changes.
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According to the feedback theory, there is an optimum ratio
between the |-gain and P-gain. To find this ratio and determine
the optimum gains, it is advisable to proceed as follows: First
increase the I-gain until the feedback loop starts to oscillate,
and then decrease it again until the oscillation stops. Perform
the same procedure with the P-gain. Repeat these steps,
alternating between the I-gain and P-gain, until it is no longer
possible to increase the gains without oscillations occurring.

The image quality is also affected by the imaging speed and applied
setpoint. If a sample is scanned too quickly, even the fastest PID
control cannot accurately track the topography of the surface. The
maximum imaging speed also depends on the height of the sample
and, most importantly, the feedback control bandwidth. Similarly,

in biological samples, the force applied is typically kept as low as
possible. This, however, can ultimately slow down the feedback
control.

The feedback bandwidth is influenced by a number of delays
inherent in the components of the feedback control system. These
include the time required to measure the cantilever oscillation
amplitude (in tapping mode), Z-scanner reaction time, and response
time of the cantilever ¥ 3" Recent developments that reduce delays
in each of these components have been critically important in
increasing scanning speeds in high-speed AFM setups.

17
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Instrumentation and Factors
to be Considered During Imaging

Cantilever Stiffness and Stylus Geometry

Atomic force microscopy uses a probe that interacts with the surface
under investigation. Probes are predominantly manufactured by an
etching process and are typically made of either silicon (stiff probes)
or silicon nitride (soft probes). Figure 4A shows an SEM image of

a standard AFM probe with the tip pointing upward in the center
right of the image. The lateral dimensions of the cantilever beam are
typically in the micrometer range, while the outer tip radius is usually
in the range of 2 to 50 nm. By varying the lateral dimensions and

the thickness of the probe, its stiffness can be controlled. However,
since the stiffness of the cantilever beam is strongly dependent on its
thickness, which is difficult to control accurately in the etching process,
the stiffness of commercially available probes can vary widely and
must be calibrated in the AFM if forces are to be measured.

The properties of the probe, such as stiffness and tip shape, have an
enormous influence on measurements and require careful selection
depending on the experiment. Choosing the appropriate probe stiffness
can be difficult and may require some trial and error, but there are some
general rules. In force spectroscopy experiments, in particular, the
stiffness of the probe must match the stiffness of the sample. Using a
probe that is too stiff on a soft sample leads to very large indentations
that will possibly damage the sample before sufficient deflection of
the lever is detected. On the other hand, if the probe is too soft, an
adequate indentation into the sample cannot be achieved and it is not
possible to derive mechanical information from the data.

In AFM imaging, selection of the probe stiffness depends not only
on the sample stiffness, but also on the imaging mode itself. In
general, soft samples are imaged with soft probes that gently scan
the sample surface without deforming or indenting it. However, it
may be necessary to select a stiffer probe when investigating, in
particular, sticky samples or working in air where capillary forces
occur, to overcome the adhesion of the sample.
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Figure 4

Appearance of different commercial AFM probes and illustration of the tip convolution effect.

(A) Appearance of a standard probe. The actual cantilever is attached to a larger chip (left) and the
tip is pointing upwards (center right). (B) Bruker's SAA-SPH probe with a spherical tip for accurate
mechanical characterization of soft samples. (C) Bruker's specialized PFQNM-LC-V2 probe
combines a high aspect ratio tip with an enlarged tip radius of about 60 nm that is particularly well
suited for AFM imaging of living cells. (D) lllustration of the convolution effect between the AFM
tip and the surface. The topography acquired with the AFM (blue line) results from a convolution
of the AFM tip with the features of the surface.
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AFM images are strongly influenced by the geometry of the tip and
result from convolution of the AFM tip with the surface features
(Figure 4D). The smaller the surface features are compared to the
dimensions of the AFM tip, the less accurate the resulting image

of the sample will be. When performing high-resolution imaging,
such as sub-molecular resolution measurements, it is advantageous
to use probes with tips as small as 1-2 nm (radii of curvature).
However, although such probes are commercially available, they are
comparatively expensive and pick up contamination easily, especially
when working in liquids. Furthermore, they can break very easily,
leading to unreliable characterization of surface topography and the
necessity to frequently change the tip.

When working with living cells, it is advisable to select tips with

a larger radius of at least 30 to 60 nm to reduce stress (pressure)
between the tip and the cell surface. When measuring tall, highly
structured cell surface features, it is also recommended to use
tips with a high aspect ratio, the ratio of the height of the tip to

its width. Bruker's newly developed PFFQNM-LC-V2 probe (Figure
4C) combines a high aspect ratio with a tip radius of approximately
60 nm, making it the ideal probe for cell surface measurements.

The mechanical characterization of surfaces using AFM force
spectroscopy requires a well-defined tip shape or geometry to obtain
the most accurate results from the analysis models. Of the various
tip shapes available, a spherical shape has proven to be the most
reliable for such applications, not least because the pressure on the
sample can be controlled by using spheres of different diameters,
which is invaluable for the characterization of very soft samples. For
these specific applications, Bruker has released a series of probes
with spherical shaped tips (Figure 4B) and different diameters.
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During imaging, particularly in liquid, tips can become
contaminated, go blunt, develop a “double” tip, or take

on an asymmetric shape, rendering these measurements
unreliable. When this happens, the AFM tip should be
replaced immediately. Although it is possible to clean a
cantilever - numerous cleaning protocols are available - after
cleaning, it is necessary to ensure that the shape and size of
the cleaned tips are still intact using an AFM calibration grid.
These measurements are very time-consuming and, in most
cases, only confirm that the tip cannot be reused.

Tip-Sample Interactions and Sample Deformation

When an AFM tip touches the surface of a sample, both the tip and
sample are subject to deformation. The larger the force applied to
the sample, the greater the deformation, which in turn is related

to the size of the tip-sample contact area®?. For this reason, it is
important to keep both the contact area and the forces acting on the
sample as low as possible to achieve the best possible resolution.
However, a certain minimum force must be exerted on the sample
to achieve the best possible contrast of the structures being imaged.
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To achieve sub-molecular resolution on protein samples

or DNA/RNA, it is advisable to maintain forces at around
50-100 pN during the measurements. Forces in this range
provide the best balance between the tip-sample contact
area and the minimum force required to distinguish between
sub-molecular features.

21
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To visualize the internal structure of living cells, such as the cell body,
cell membrane, cytoskeleton, or nucleus, it is necessary to apply
sufficient pressure on the cell to significantly indent the surface. This
can be achieved by applying higher forces in the range of

300-500 pN. Even at lower forces, the resulting images of soft living
cells do not reflect the true topography of the cell surface, as it is not
completely possible to prevent the tip from indenting the surface.
The actual surface topography can be determined using contact
point imaging, which is derived from force curve-based imaging
modes, such as Ql or PeakForce QNM. The contact point, i.e., the
point where the tip just touches the surface and the applied force

is almost zero (see Figure 2E), can be taken directly from the force
curves and displayed as an image 34,

Optimizing BioAFM Design
for Use in Life Science Applications

The scope of samples that can be studied with BioAFM and the
range of applications are very diverse, spanning from the imaging
of single molecules to the visualization of molecular interactions,
biomechanical characterization of living cells and tissues, and
preclinical research. For this reason, many factors must be taken
into consideration when choosing an AFM technique or mode for a
particular application. These include the sample environment (fluid/
air), imaging speed, handling flexibility, and the option to integrate
with optical microscopy techniques.

Combining AFM with Advanced Optical Microscopy

While AFM offers excellent resolution and direct access to the
sample, it lacks the ability to chemically characterize surface features
and the scanning area is limited (typically to 100 x 100 pm3?). These
limitations can be overcome by combining AFM with advanced
optical techniques, such as fluorescence microscopy.
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High-resolution image of puC19 DNA showing majorminor groove resolution (inset).

Image acquired using tapping mode in liquid and a Bruker FASTSCAN-D probe.
(Scan size: 875 nm x 875 nm, height range: 3.5 nm)
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Fluorescence-based optical techniques, in particular, allow the
identification of specific biomolecules, cellular structures, organelles,
or antigens via specific fluorescent labelling. The larger field of view
provided by optical technigues enables the identification of areas

of interest that can then be analyzed by the AFM. For this reason,
the combination of AFM with an advanced optical microscope

is now standard when imaging biological samples, as it delivers
complementary datasets and correlated measurements.

When choosing an AFM for correlative measurements, various
factors need to be taken into consideration, such as the type

of scanner and the optical design of the AFM head. In general,
atomic force microscopes are classified as either tip-scanners, in
which the AFM probe is scanned over a stationary sample, or as
sample-scanners, in which the sample is actively scanned under a
stationary AFM probe. In BioAFM, the tip-scanning configuration
provides significant advantages with regards to system versatility
and sample size. As the sample is stationary, tip-scanning systems
can accommodate much larger, heavier samples and are more
easily modified to enable integration with other techniques. The
tip-scanning design is also advantageous for applications where

the optical image of the sample needs to remain in focus during
the AFM measurement. This enables the simultaneous, timelapse
collection of both AFM and optical data ®® 38, In theory, this can also
be achieved using a sample scanning setup, the workflow, however,
is considerably more complicated, involving either interlaced
scanning (consecutive line-by-line acquisition with each technique),
imaging by each method one after another, or correlated movement
of both the sample and optical microscope lenses during imaging.
Each of these approaches, however, can lead to adverse effects such
as thermal drift, mechanical noise, or vibration, which are particularly
disruptive when studying dynamic biological processes or sensitive
molecules, and should be avoided at all costs.

When combining AFM and optical data, the different physical sizes
of the images and non-linear distortions, such as lense aberrations,
must be taken into consideration. Recent advances in imaging
techniques and software have reduced the gap in resolution



Figure 6

A NanoWizard AFM integrated with an inverted optical microscope.
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between AFMs and optical microscopes ¥%, enabling users to overlay
and compare datasets from the two techniques. One such advance

is Bruker's DirectOverlay feature, a patented calibration method that
achieves perfect optical integration by precisely correlating AFM and
data from various optical techniques “". DirectOverlay utilizes the
accuracy of a modern AFM scanner to correct for the imperfections
associated with optical images, such as spherical aberrations, by
means of a calibration process > *!. Using DirectOverlay, advanced
optical microscopy data can be perfectly overlaid in the same viewing
window as atomic force microscopy data and viewed simultaneously.
It can be used with a wide range of advanced optical techniques,
including confocal microscopy, stimulated emission depletion (STED)
microscopy, structural illumination microscopy (SIM), and stochastic
optical reconstruction microscopy (STORM), etc. 141,

Enabling the Investigation of Molecular & Cellular Dynamics

When studying molecular and cellular dynamics, it is crucial to consider
the timescales of the biological processes involved. Events such as
cellular translocation, membrane vesiculation, cytoskeletal dynamics,
protein fibrillogenesis, or DNA kinetics occur on the timescale of
seconds and milliseconds. This requires tools capable of both high
spatial and temporal resolution. Over the past 15 years, impressive
advances have been made in the availability of ultra-small cantilevers
and AFM components, such as piezo actuatorbased sample scanners
and optical beam deflection (OBD) detectors. These tools have enabled
the study of high-speed single-molecule processes >#7, but their

small scan ranges of only a few micrometers in XY and less than a
micrometer in Z generally prevent them from being used to study living
cells & 49 Recent advances in fast, tip-scanning AFMs have, however,
facilitated the structural analysis of various dynamic cellular processes,
such as exocytosis, vesicle transport, cytoskeleton reorganization,

and cell migration, which occur on the timescale of seconds and
milliseconds ¥+ %0, The ability to resolve cellular events and structural
changes in the surface morphology is no longer fundamentally limited
by the conventional optical diffraction limit, and here too, combining

an AFM/BioAFM with optical/fluorescence detection systems is
advantageous 5",



Innovative Solutions for Larger Sample Areas -
Studying Tissue and Multilayer Cell Systems

Until recently, conventional AFMs could only be used to characterize
the nanomechanical properties of single molecules, cells, and

thin tissue sections ?”". However, the requirement to study larger
biological and clinical samples that are often inhomogeneous, rough,
and difficult to modify in their native state, has led to a host of
advances in AFM instrumentation 52,

Conventional AFM scanners are generally restricted to an XY scan
range of 100 pm x 100 um and 15 um in the Z direction. While this
configuration keeps the inherent positional noise of the piezoelectric
scanner to a minimum, thereby enabling high-precision imaging and
spectroscopy measurements, it is not suitable for studying larger
samples such as biomaterials, implants, and model organisms in
developmental biology (zebrafish, C. elegans, etc.). To cope with the
larger lateral dimensions of such samples, motorized stages have
been introduced that can effectively extend the XY scan range of the
AFM to several millimeters, by, for example, using a software tiling
feature which collects several scans or images over a larger area and
then combines them to form one large composite image.

The larger samples mentioned above, however, typically exhibit large
variations in height that exceed the Z scan range of a typical AFM.
For this exact purpose, Bruker has developed the HybridStage, a
stage that enables the mechanical characterization of such samples.
It combines a motorized stage with an integrated piezo-based

XYZ sample scanner and provides an optional scanning range

of up to 300 pm %354 The HybridStage is primarily designed for
force spectroscopy applications and enables the comprehensive
nanomechanical characterization of most of the challenging samples
mentioned above 192 59,

The Bruker software feature SmartMapping offers an alternative
approach for the mechanical characterization of rough samples ¥,

27



28

SmartMapping is based on force mapping and uses the AFM's
integrated Z-motors to virtually extend the limited Z-range of the
AFM's Z-piezo. This is achieved by adjusting the motors in Z and
recording the corresponding distance as soon as a force curve
leaves the Z-piezo range. Unlike traditional mapping, where a
map is always rectangular in shape, SmartMapping allows the
free-hand selection of userdefined shapes and areas for the 2D
force maps. In this way, only specific areas of interest on the
surface are mapped, dramatically reducing the acquisition time.

In order for atomic force microscopy to perform high-speed
measurements, specialized hardware is required %7 %8, Fast
feedback, in particular, can only be technically achieved by
using Z-scanners with a small stroke, typically below 2 pm.
This, however, makes high-speed AFM unsuitable for the
investigation of highly corrugated samples such as living

cells, bacteria, or tissue samples. To address this issue,
several solutions have, in the past, been suggested, e.g., the
combination of different scanner types®¢", innovative feedback
loop architectures, and various combinations of tip and sample
Z actuators 62 631,

Bruker’s NestedScanner technology is a commercial solution
specifically developed to overcome the limited Z-range in
high-speed applications ®4. It uses two Z-piezo actuators
simultaneously: an internal head piezo (up to 15 um) and the
piezo of an additional, high-resonance frequency fast-scan
cantilever holder (up to 1.5 um). This two-phase actuation
increases the scan rate without reducing the Z-range of the
AFM or limiting the height of the sample. Furthermore, this
dual-actuator combination can be applied in force spectroscopy
to speed up the acquisition process . This is particularly useful
when using large, slow scanners (100 pm).



Environmental Solutions and Add-Ons

In general, the investigation of biological samples necessitates
working under near-native conditions, i.e., in a liquid environment
with the appropriate buffer composition, salinity, pH, etc. Additional
requirements include the ability to control the temperature or
accommodate various substrates and samples. The wide variety of
requirements cannot be met by one universal environmental control
option, which is why it is important that a BioAFM offers a selection
of add-ons that allow a broad range of AFM experiments on a
diverse range of biological samples. Bruker offers an extensive range
of environmental add-ons, such as biocells and fluid cells.

The most commonly used sample-supports in biology are coverslips,
glass slides, and Petri dishes. They can all be used with AFM, and
as they are transparent, they allow the combination of AFM with
advanced inverted optics. Petri dishes are ideal for the cultivation
and immobilization of cells and are often used for the investigation
of living cells with AFM. Bruker has developed the PetriDishHeater
(Figure 7A) that accommodates a wide range of commercially
available 35 mm dishes, allows active heating of the sample at up to
60 °C, and gas exchange to keep CO, saturation at a defined level,
enabling long-term studies on living cells.

In addition to Petri dishes, which are typically made of plastic, glass
coverslips are also widely used in AFM measurements. Not only

can the surface of the glass be easily modified to allow sample
immobilization or functionalization, but the thinness of coverslips
(130-170 um) makes them ideal for combining AFM with high-
resolution inverted optics. Coverslips, however, are sensitive to
mechanical vibrations that can negatively affect an AFM measurement,
resulting in unwanted background noise. Bruker's BioCell (Figure 7B)
has been specifically developed to counteract the effect of unwanted
mechanical vibrations. It is a liquid cell that can be actively heated and
cooled within the range of 15 °C to 60 °C and is equipped with capillary
ports. If mechanical vibrations are less critical in an experiment, thin
glass-bottomed Petri dishes can be used as an alternative, as they offer
a wider field of view and larger sample volumes.
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3®: TIP

To accommodate the widest range of possible applications,
liquid cells should be equipped with capillary inlets and
outlets. These ports allow buffer exchange or the introduction
of proteins or analytes that can trigger or influence the
course of a measurement. The perfusion and exchange

of fluids and gases is often essential, in particular when
studying living cells or the dynamics of biological molecules
IN-situ.

A wide range of temperature control solutions are available that
enable experiments to run in a temperature range of

-120°C to +80 °C (in liquid) or up to +300 °C (ambient conditions),
which is useful for studying samples such as polymers.

When working with biological samples, the safety of staff and the
environment is of utmost importance. Any component, cantilever
holder, or membrane, etc. that is exposed to a sample must be clean
and, if necessary, sterile. Therefore, all components that come into
contact with a sample should be easy to disassemble and clean,
either by rinsing, ultrasonication, or standard sterilization protocols.
This is particularly important when working with pathogens in
biosafety facilities. Bruker BioAFMs and add-ons are designed with
this requirement in mind.




Figure 7

Common fluid cells offered by Bruker for biological applications with the AFM.

(A) The PetriDishHeater accommodates many commercially available 35 mm Petri dishes and
provides temperature control. It is commonly used for live cell experiments with AFM. The
capillary tubes attached can be used to control CO2 exposure.

(B) The BioCell accommodates thin glass coverslips and enables the combination of high-
resolution inverted optics with AFM. It has been specifically optimized to suppress the
mechanical vibrations that can occur when using thin glass coverslips, and enables active heating
and cooling of the sample. Built-in capillary tubes allow the exchange of liquids and gases.
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Case Studies and Applications

The ability of BioAFMs to perform high-resolution imaging,
characterize nanomechanical properties under near-physiological
conditions, and integrate with advanced optical microscopes has
resulted in the growing recognition of atomic force microscopy in life
science research. Its use has extended into related fields, such as
biomedical research, diagnostics, tissue engineering and many more.
In addition, recent developments in high-speed AFM have also made
it possible to explore dynamic processes.

This section will provide an overview of the latest innovative
applications for BioAFM and demonstrate its potential across a
diverse range of fields.

DNA Imaging and DNA-Based Nanotechnology

Deoxyribonucleic acid (DNA) is currently one of the most intensely
used biological molecules in nanotechnological applications. Its
inherent structure features two alpha-helical strands that have

four different nitrogenous organic bases deposited along a central
sugarphosphate backbone, giving the double helix unique binding
properties. The orientation of the nucleobases ensures that they only
interact with each other in accordance with the complementarity
code (pairing rules) and twist around the central axis in a way that
minimizes contact of the hydrophobic sugarphosphate backbone of
the DNA with water. This ultimately results in a right-handed, double-
helical structure with a characteristic 3.4 nm repeat comprised of a
major and a minor groove (2.2 nm and 1.2 nm). DNA molecules can
be routinely imaged in liquid with a BioAFM, as seen in the example
of a plasmid DNA (pUC19) deposited on a poly-l-ornithine substrate
(Figure 8A). DNA, both in vivo and in vitro, often exists in so-called
supercoiled states that are high in torsional energy %, often driving
the transient dehybridization of the double-helical regions of DNA.
This high-resolution image of the double-helical structure of DNA
demonstrates how BioAFM can be used to study fundamental DNA
and RNA-based processes in molecular and cellular biology, such as



Figure 8

BioAFM Images of
DNA molecules and
DNA origamis.

(A) Topography of
pUC19 plasmid DNA
strands. Certain
locations along the
DNA strands show
partial dehybridization
of the double helix, as
an attemptto minimize
the torsional energy
of the supercoiled
constructs.

(B) Height of a GATTA-
AFM DNA origami
lattice recorded in
liquid. The partially
visible gaps in the
origami template

are introduced via
shortened staple
strands in the origami
design and serve as
binding handles for
additional molecular
functionalities.
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transcription, replication, recombination, repair, and even polymerase
chain reaction (PCR).

DNA origami nanotechnology has become increasingly popular

since the introduction of DNA origami designs in 2006 1, and

has promising applications in biomedical engineering, diagnostics,
and therapeutic development!®”. |t features the complementarity,
base-pairing encoded design of well-defined scaffolds, and recent
advances have shown excellent control of the 3D shape and function
with nanometer accuracy ®®. DNA origami enables fast prototyping
and precise engineering of molecular geometry, mechanics, and
dynamics 69,

Figure 8B shows a rectangular origami template imaged using
tapping mode AFM. The planar structure of the 100 nm x 70 nm
origami is created from a linear single-stranded DNA with multiple,
short, complementary single-stranded staples. Currently, such
structures and many more can be conveniently designed using
software that enables the creation of 2D and 3D origami designs
with a myriad of structures and binding functionalities 7% 7",

DNA Origami Nanostructure Dynamics

DNA origami nanostructures (DONs) have emerged as excellent
molecular pegboards for the immobilization of ligands onto

surfaces, allowing the study of receptor stimulation and early
signaling events in adherent cells 72, The bottom-up self-assembly

of such supramolecular architectures can be exploited to create
bio-instructive materials, such as nanocomposites for cell receptor
stimulation 7! or biosensor surfaces for investigating nanoscale
effects on early cell signaling events ™. These kinds of applications
take advantage of the effective linkage between receptor ligands and
the DONs via high-affinity biotin-streptavidin bridges.

Figure 9 shows an example of this type of structure bearing five
biotin binding sites in the presence of streptavidin and imaged with
BioAFM in liquid. This scenario could encompass any molecule of
interest (growth factors, enzymes, etc.) that carries a corresponding



Figure 9

DNA origami nanostructures carrying
5 biotinylated binding sites.

The topography images show consecutive
binding of streptavidin molecules to the binding
sites carrying biotin tags.

The bright dots appearing in A, B and C
designate 2, 3 and 4 biotin-streptavidin
complexes on the lattice surface.

The snapshots are part of a longer video
sequence (1,407 frames), recorded with a
high-speed BioAFM at an acquisition rate of
50 frames/sec.

The full video sequence can be found here:

youtube.com/watch?v=2QTnGQ9JmZI

e



http://youtube.com/watch?v=2QTnGQ9JmZI?utm_medium=QR+Code bzw utm_medium=Link
http://youtube.com/watch?v=2QTnGQ9JmZI?utm_medium=QR+Code bzw utm_medium=Link

36

tag and can be influenced in a concentration-dependent manner.
Here, to visualize the kinetics of streptavidin-biotin binding, a mica
substrate was initially loaded with biotinylated DONs and then
injected with streptavidin. To visualize the dynamics, high-speed
imaging was performed at an acquisition rate of 50 frames/sec. The
selected images demonstrate the consecutive occupation of the
biotinylated binding sites with streptavidin molecules. By quantifying
the occupancy of the binding sites over time, conclusions can

be drawn about the binding properties, in particular, the binding
strength 149!,

The use of DNA origami nanostructures is an excellent way of
investigating cell culture systems, as various molecular components,
proteins, and nanoparticles can be used as signaling cues, making
the techniques a valuable asset in life science research.

AFM-Based Single-Molecule Force Spectroscopy

Understanding the forces that govern specific molecular interactions
can be challenging in structural biology due to the diversity of
interactions and bonds that form between individual molecules

751 AFM-based single-molecule force spectroscopy (AFM-SMFS)

is an experimental methodology that enables the study and
manipulation of the mechanical properties of individual molecules 78,
Intermolecular interactions are an integral element in, for example,
receptorligand binding, cell signaling, protein-complex formation,
antigen-antibody interactions during an immune response, and in
single molecule interactions in macromolecular complexes.
AAFM-SMFS can also be used to study intramolecular interactions
in multi-domain proteins, DNA, and polysaccharides.



Studying intramolecular forces with AFM-SMFS has provided
invaluable insights into biomechanical properties, folding pathways,
kinetics, and the functional properties of biological molecules in both
healthy and diseased states, opening the way for AFM-SMFS as a
diagnostic tool in pathogenesis.

To study the intramolecular forces involved in protein unfolding,
the molecules of interest must be held between the cantilever

tip and the sample surface. This is typically achieved by either
non-specific physisorption interaction forces between the sample
(molecule) and the tip (e.g., via an electrostatically charged tip),

or by attaching specific molecules to the tip via functionalization
with an immunochemical method. The attachment of an extension
linker or spacer to either the tip, sample, or both can help reduce
unwanted interactions and prevent the direct attachment of single
molecules to either the tip or substrate surface”’.. It is also possible
to use recombinant or artificial multi-domain polyproteins, in which
certain domains or structures have been co-expressed, allowing
the structural analysis of specific protein domains or sub-domains
78 or the characterization of the mechanical properties of novel
elastomeric proteins 9.

Figure 10 shows the unfolding of individual (GB1)8 polyproteins.
Each molecule is the result of a recombinant protein expression and
constitutes eight full copies of the GB1 (guanine-nucleotide binding
protein) molecule (Figure 10A). This molecule has attracted a lot

of interest recently because of its superior mechanical properties
that are comparable to elastomeric proteins in vivo. Furthermore, it
shows a unique combination of mechanical properties: fast folding
kinetics, high folding fidelity, and low mechanical fatigue during
repeated stress-relaxation cycles.

A typical unfolding force-distance (FD) curve of polyproteins like
(GB1)8 shows a saw-tooth pattern with up to 8 events that result
from the complete unfolding of each GB1 subunit (Figure 10B). At
low tension (applied forces), the individual molecular chains of the
polyprotein can be straightened in a process of entropic elasticity,
also referred to as thermal unbending '8 8",
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At this level, the freely jointed chain (RJC) and worm-like chain (WLC)
models are used to describe the process and extract parameters
that describe the individual unfolded domains, such as contour and
persistence length. Figure 10B shows how the WLC model can be
applied to fit the FD curves and extract the contour length of each
unfolded GB1 subunit.

Fully automated SMFS enables the acquisition of thousands of FD
curves, which is advantageous for statistical purposes and ensures
reliable data (Figure 10C). Bruker’s ForceRobot® 400 currently
achieves 250,000 FD curves per day, delivering statistically relevant,
precise measurement of multiple characteristic parameters, such as
the average unfolding force (173 pN) of an individual GB1 domain and
the mean contour length (19.2 nm) of a fully unfolded GB1 amino
acid sequence (Figure 10D).

Multiparametric Imaging of Living Cells

Traditional AFM modes, in particular contact mode, face challenges
when imaging complex biological samples that have steep edges,
are soft and sticky by nature, or are loosely attached to the substrate.
These challenges can be partially addressed using tapping mode

and hardware modifications, but these require a certain degree of
expertise and preliminary knowledge about the dimensions of the
specimen.

Commercially available fast force-mapping modes and algorithms
(e.g., Bruker's Ql) that were specifically designed to characterize
challenging biological samples are better suited. Instead of tracing
the surface of the sample, the cantilever records a force curve at
each pixel of the image reducing the lateral forces typical in contact
mode to a minimum. Lateral movement between pixels only occurs
once the cantilever has fully detached from the substrate.

Figure 11 shows an example of multiparametric, correlated imaging
performed on living murine NIH-3T3 fibroblasts using PeakForce-
Ql. The cells were fluorescently stained (Figure 11A) and kept in
Dulbecco's Modified Eagle Medium (DMEM) at 37 °C.
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AFM-SMFS unfolding of (GB1)8 polyprotein.

(A) 3D render of an individual GB1 and the corresponding recombinant polyprotein consisting of
eight tandem repeats of GB1. “2J52" structure from the RCSB Protein Data Bank was used to
display the GB1.

(B) Characteristic force distance (FD) curve demonstrating the complete unfolding of all subunits
in the polyprotein. The contour length of each unfolded GB1 subunit was determined by fitting the
FD curves with a worm-like chain model (red).

(C) Density plot of superimposed FD curves indicating the probability of unfolding up to 8
subunits.

(D) Distribution of contour length and unfolding force values for GB1 subunits. Mean contour
length determined is 19.2 nm, with an average unfolding force applied of 173 pN.
Sample courtesy of Prof. Yi Cao, Dept. of Physics, Nanjing University, China.
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Recording a complete force curve at every pixel enabled the
complete tomographic reconstruction of the cell surface within the
applied force range of 0 to 300 pN (Figure 11B).

By applying a contact mechanics model, it is possible to calculate
the Young's modulus (the ratio of stress to strain within the
elastic limit) of the sample (Figure 11C). By recording a complete
FD curve, it is possible to differentiate between the information
obtained at each level within the cell during indentation (Figure
11D). This enables the visualization of specific structures, such as
the cytoskeletal Factin which becomes visible at 300 pN (Figure
11E) and the cell surface membrane which becomes visible close
to O pN (Figure 11F). This data is accessible during both the in-situ
measurements and off-line for more advanced data analysis.

Dynamic Mechanical Analysis of Soft Materials

Living cells and tissues are complex materials composed of different
structures and compartments that continuously regenerate and
remodel. Traditionally, the mechanical properties of such systems
were primarily analyzed using classical Hertzian mechanics models
that provide invaluable insight into their apparent stiffness 127,
However, in the case of living cells and tissues, the mandatory
Hertzian assumptions of isotropic linearly elastic materials do not
apply as a result of their complex inhomogeneous composition and
interactions with their surrounding environment ¥ It has become
increasingly apparent that an advanced analysis of biological systems
requires models that go beyond pure elasticity 6386,
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Figure 11

Multiparametric Imaging of Living NIH-3T3
Fibroblasts

(A) Phase contrast (lower left) and
fluorescence (CellMask™ Plasma Membrane
Stains (thermofisher.com) green actin tracking
stain) images (upper right) of living murine
fibroblasts measured in cell medium at 37°C.
PeakForce-Ql measurements were performed
in the inset region in (A) to record the setpoint
topography (B) and determine Young's
modulus of the cell region (C). The collection
of complete force curves at each pixel enables
accurate determination of the contact point
and tomographic reconstruction of the cell
surface/height at different reference forces (D).
The corresponding cell surface images at 300

pN (E) and near O pN (contact point imaging, F).
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Figure 12A shows a characteristic FD curve recorded on living
cells. The hysteresis observed between the approach and retract
segments occurs as a result of the viscous response of the sample.
In addition, by applying oscillations in the Z direction while the
cantilever is in contact with the sample, it is possible to measure
the frequency-dependent response of the material. The indentation
depth and the amplitude measured can be used to calculate the
effective stiffness value, measured as a function of frequency 7.,
Analysis of the phase shift between the force and sample
deformation enables calculation of the storage (elastic deformation)
and loss (viscous deformation) moduli (refer to Figure 12B).
Depending on the material’s characteristics, these moduli can often
be related to each other.

These kinds of microrheological measurements can now be
conveniently carried out with commercially available software and
cantilever packages, and enable the routine analysis of viscoelastic
samples ®8, Figure 12C shows living fibroblasts measured in liquid.
The corresponding storage and loss moduli mapped over the inset
region can be seen in Figure 12D and Figure 12E.

Mapping and Microrheology Measurements on Large
AreaTissue Samples

The dimensions and surface roughness of large biological and clinical
samples often make an analysis in their native state challenging 2.
The standard 100 um x 100 um x 15 pm scan range of conventional
AFM XYZ-scanners is often insufficient for achieving a statistically
reliable characterization of samples with a diverse range of features.
For this reason, innovative features, such as SmartMapping %9,

have become indispensable for the large-scale nanomechanical
characterization of tissues, thicker multi-cellular layers, and
extracellular matrix and the cells residing within it.
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Figure 12

Microrheological measurements on living fibroblasts.

(A) Example of a characteristic FD curve performed on living cells. The difference between the
approach and retraction segments is attributed to the viscous response of the material. The inset
at the turn-around setpoint is the position where the sample is subjected to sinusoidal modulation
and is part of the dynamic mechanical analysis.

(B) Frequency analysis of the phase shift between force and sample deformation enables the
computational determination of the elastic and viscous response of the sample.

(C) Phase contrast image of living fibroblasts measured in cell culture medium at 37 °C. The inset
shows the topography of the sample collected with QI mode.

(D) and (E) are the loss and storage moduli measured in the inset location in (C).
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Figure 13A illustrates automated, large-range, mechanical
measurements on a sheep muscle tissue sample over 110 um in the
Z direction. Measurement of the highly irregular, rough tissue surface
was made possible using SmartMapping, which uses the integrated
Z-motors to virtually overcome the limitations of the Z-piezo range of
the BioAFM. The nanomechanical and optical characterization of the
large sample area was possible by combining a motorized stage
(XY-scan range of 20 mm x 20 mm) with optical tiling 9.

Figure 13B and C depict the frequency-dependent response

of the sheep muscle tissue sample. The data were acquired by
performing sinusoidal oscillations (at up to 250 Hz and an amplitude
of 10 nm) in the Z direction while the probe was in contact with the
sample surface. The viscoelastic properties of the samples were
characterized using the distribution of the dynamic storage (E') and

"

loss (E”) moduli, and their loss tangent relation ratio.
Correlative Microscopy Applications

As outlined above, a BioAFM can easily be combined with advanced
optical and superresolution microscopy techniques. Correlative
measurements provide a unique perspective by combining
topographical, three-dimensional, and mechanical atomic force
microscopy data with the immunochemical identification of specific
individual molecules and living cells from optical measurements.
Bruker BioAFMs can be seamlessly integrated into optical
microscopes, and commercially available calibration methods, such
as the DirectOverlay feature, enable the perfect overlay of optical
and atomic force microscopy data. Some of the primary advantages
of correlative atomic force microscopy on living cells and tissues
have already been demonstrated in Figure 11-13.
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Figure 13

Force map of a cross-sectional slice of sheep muscle tissue.

(A) Force maps of user defined shapes on a cross-section of sheep muscle tissue overlayed with
an optical fluorescence tiling image (scalebar 100 um). Muscle fibers, rich in actin filaments, were

stained with phalloidin-TRITC (red) and cell nuclei with DAPI (blue). Internal dark areas depict

unlabeled connective tissue. Force maps were acquired in SmartMapping mode and illustrate the
combined height measurement of samples with large topographies.

(B) Plot of storage and loss moduli recorded at different positions on the tissue.

(C) The calculated loss tangent ratio at the different measurement locations on the sample.
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Recent advances in superresolution methods have narrowed

the resolution gap between atomic force microscopy and optical
microscopy. Superresolution techniques, including STED, STORM,
SIM, and minimal photon fluxes (MINFLUX), now routinely deliver sub-
diffraction resolution and precise localization capabilities. Specimens
(e.g., DNA origami structures) are now readily available as calibration
standards for 2D and 3D superresolution optical microscopes 19921,
Commercially available DNA-based rulers with a precision of a few
nanometers allow the quantification and calibration of superresolution
systems and are available in various forms, fluorophore spacings,
fluorescence tags, and nanostructured shapes and sizes ®.

Figure 14 shows correlative microscopy images of DNA
nanostructures imaged by a BioAFM and STED microscopy
combination®¥. The selected STED nanorulers *® are rod-shaped
and modified with dye molecules at finite distances along the rod
(Figure 14A and Figure 14B). Following reduction of the effective
spot size in the STED images, it is possible to evaluate the distance
between individual fluorophores along selected nanorulers. The
intensities along the arbitrarily drawn cross-sections were fit with a
bi-sigmoidal Gaussian function (Figure 14C, D), resulting in peak-to-
peak/centerto-center distances of 156 nm and 73 nm for the SIM
160R and STED 70R nanorulers. Such values are well within the 5 %
confidence interval of the theoretical values of 160 and 70 nm.

Using the DirectOverlay feature to correlate and linearize the XY
positions of the optical and AFM coordination systems enables

the flexible selection of areas in the optical image and collection of
atomic force microscopy images at even higher resolution (Figure
14G, H). The 200 nm length of the nanorulers measured in the atomic
force microscopy images correlates well with previously reported
values for similar structures '®?. The information from the optical and
atomic force microscopy channels also correlates very well

(Figure 14E, F).
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Figure 14

Correlative atomic force microscopy of DNA Nanorulers

(A, B) are STED measurements of the corresponding SIM 160R and STED 70R nanorulers,
measured in TAE-1x (Mg) buffer. Insets are sketches of GATTAquant nanorulers with different
mark-to-mark distances (70-160 nm, both labelled with Atto647N), reproduced with permission
from®3. (C, D) Bi-sigmoidal Gaussian fits of the intensity signal along the signified cross-sections
in (A, B). (E, F) Optical correlation of the consecutively acquired STED and atomic force microscopy
images of the DNA nanorulers. (G, H) Ql topography channels of the AFM images used for the
overlays in (E, F), showing the linearized structure of the DNA nanorulers (Z-scale: 10 nm).
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Outlook and Future Trends

BioAFMs are now established, invaluable nanoanalytical tools

in biological research and have numerous advantages over

classical microscopy techniques. The ability to combine imaging,
biomechanical analysis, and the study of dynamic mechanisms with
high spatiotemporal resolution under near-physiological conditions
has contributed to numerous fundamental breakthroughs in life
science research.

BioAFMs have paved the way towards a more interdisciplinary
approach in biomedical research and preclinical diagnostics. A host
of innovative technological developments have resulted in the
continuous expansion of the atomic force microscopy user base,
and more recently from researchers working predominantly in
engineering, biophysics, and physics to users in microscopy facilities
and labs dedicated to molecular and cell biology, in both academic
and industrial environments.

BioAFM has already become a key tool in fields such as biomedical
research, bioengineering, and drug discovery®, and the scope of
possibilities and applications is limited only by the imagination.

The advances in high-speed instrumentation have firmly established
atomic force microscopy as the high-resolution technique of choice
for investigating dynamic molecular processes taking place on the
sub-20 ms timescale and beyond “?. By becoming a fully automated
tool for the analysis of large tissue and biopsy samples, atomic force
microscopy is expected to extend its firm foothold in biomedical
research and preclinical diagnostics 1¥®. Furthermore, new machine-
learning driven opportunities for the acquisition and analysis of
atomic force microscopy data are expected to strongly influence the
technology and its use in the foreseeable future.
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