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Introduction

The intricate details of small objects, invisible to the human eye,
have always fascinated humankind. Historically, understanding
biological complexity relied on the principle of “seeing is believing”
Recent decades have seen substantial advancements in the field of
microscopy, driven by the desire to unravel the relationship between
structure and function in cells, organelles, and biomolecules.

Conventional light microscopy provides an enlarged,
two-dimensional view of a sample by illuminating it with visible
light and viewing it through an optical lens system. However, the
resolution is limited by the wavelength of the light used, known as
the Abbe diffraction limit, whereby only objects larger than approx.
250 nm can be sharply imaged.' In 1986, atomic force microscopy
(AFM) emerged as a new three-dimensional approach,? quickly
becoming a standard for the high-resolution structural analysis of
samples ranging from single molecules to complex macromolecular
systems.

AFM uses a sharp tip to scan the surface of an object, generating
three-dimensional topographical images with nanometer

resolution. In addition, it enables the multiparametric, quantitative
characterization of a sample’s nanomechanical properties. AFM can
be combined with other microscopy techniques, such as optical
microscopy, to reveal additional aspects of a sample, providing
multi-level analysis and a more comprehensive understanding of the
sample.

By combining AFM with fluorescent microscopy, specific molecules
or features carrying immunochemical information can be directly
targeted.® Both AFM and light microscopy can be operated under
ambient environmental conditions, enabling live-cell imaging and
leveraging the advantages of both technigues. The ability to obtain
real-time, correlative data sets is particularly relevant in life science
research.



Novel superresolution microscopy approaches have emerged in
light microscopy that surpass the diffraction limit of light,* such

as structured illumination microscopy (SIM),? single-molecule
localization microscopy (SMLM),87 and stimulated emission
depletion microscopy (STED).8 Combining AFM with these advanced
optical techniques is a powerful approach for investigating biological
samples at the nanoscale that delivers profound new insights into
molecular and cellular mechanisms and the relationship between
structure and function.



Correlative Microscopy —The Basics

While an AFM can operate as a stand-alone system, providing
excellent resolution and direct access to the sample, it is often
paired with basic optical systems. This combination provides a larger
field of view and facilitates navigation to specific areas of interest

on the sample, as the scan size of the AFM is typically limited to
around 100 um x 100 um. Additionally, the combination of AFM

with an optical system simplifies the alignment of the cantilever
detection system. By integrating AFM with optical techniques, such
as fluorescence microscopy, it is also possible to characterize the
biochemical composition of a sample.

Optical microscopes are generally categorized into two types:
upright and inverted setups.

Combining AFM with Upright Optical Microscopy

In upright microscopes, the objective lenses are positioned

above the sample, enabling the examination of both opaque and
transparent samples. When AFM is integrated with these optical
systems, both must operate from the same side of the sample
(see Figure 1). However, this configuration limits optical resolution
because high-resolution optics require objectives with very short
working distances, leaving insufficient space for the AFM probe to
access the sample.

To overcome this limitation, Bruker has developed a specialized
solution known as the BioMaterials Workstation (BioMAT). This
system consists of a shuttle stage that securely holds the sample
and can be transferred between the AFM and a high-resolution
upright optical microscope with high positioning accuracy. This setup
allows sequential examination of the same sample area with both
the AFM and high-resolution upright optics. This solution is ideal

for the correlated study of samples on non-transparent substrates,
such as tissue sections, bacterial growth on metallic surfaces, and
biochips.
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Figure 1

Scheme for the integration of the NanoWizard® AFM platform into various types of optical
microscopes. The scan head of the AFM is positioned above the stationary sample and can scan
along all three axes (X, Y and Z). The region around the central axis of the AFM head is optically
transparent, enabling access for illumination or imaging from above.



Recently, there has been a growing demand for AFM systems
that can be integrated with upright fluorescence microscopes for
the characterization of larger samples, such as thick tissue slices,
implants, and biomaterials. For such samples, where high optical
resolution is less critical, AFM can be paired with upright zoom
microscopes like the Zeiss AxioZoom.V16 (see Figure 2). These
microscopes feature long working distance objectives, providing
ample space for the AFM to access the sample.

Combining AFM with Inverted Optical Microscopy

In inverted optical microscopes, the objective is located beneath the
sample. These microscopes are primarily designed for transparent
samples, with the illumination typically coming from above. Most
conventional and advanced optical microscopy solutions are
commonly based on inverted optical microscopes. Offering high-
resolution optical imaging and great flexibility, they have become the
de facto standard in life science research. Inverted microscopes are
particularly well suited for integration with AFM, as the optics and
AFM can operate on opposite sides of the sample without interfering
with each other, unlike in upright microscopy.

As most advanced optical techniques are based on inverted optical
microscope platforms, they can be easily combined with AFM.

This includes techniques like STED, photo-activated localization
microscopy and stochastic optical reconstruction microscopy (PALM/
STORM), total internal reflection fluorescence microscopy (TIRFM),
Forster resonance energy transfer (FRET), fluorescence lifetime
imaging microscopy (FLIM), and more. Many of these techniques
use fluorescence, which is particularly useful when combined with
AFM, as fluorescence labeling complements the capabilities of
AFM by identifying specific biomolecules, chemicals, cell structures,
organelles or antigens.

Bruker’s NanoWizard AFM heads have been specifically designed
to allow their seamless integration with optics (see figure 1) and
to be combined with all major brands of optical microscopes. All
NanoWizard models feature a tip-scanning design that allows the



Figure 2

The integration of a NanoWizard 4XP AFM system (Bruker) with an Axio Zoom.V16 upright
fluorescence microscope (Zeiss) enables the investigation of large sample areas on opaque

samples.



AFM probe to scan in all three directions (X, Y, and Z) while the
sample remains stationary. This is beneficial in applications where
the optical image of the sample should not move during the AFM
measurements, facilitating the simultaneous, time-lapse collection of
both AFM and optical data.® Furthermore, tip-scanning systems can
accommodate larger and heavier samples and are easier to integrate
with advanced optical techniques than sample scanning systems.

Despite the numerous advantages of tip-scanning AFM, certain
optical techniques require the sample to move instead, in particular
when the AFM tip is used as an active element in the optical setup
and must be stationary relative to the optical focal point. Such
techniques include tip-enhanced Raman spectroscopy (TERS),"
scanning nearfield optical microscopy (SNOM),™ tip-assisted

FLIM, "> and FRET. To integrate the NanoWizard series AFMs with
these optical techniques, Bruker offers the Tip-Assisted-Optics (TAO)
module, a stage that scans the sample while the tip scanner can be
used for fine tuning and alignment of the AFM tip position relative to
the optical path.

General Considerations on Integrating AFM
with Optical Microscopy

While AFM scanning is highly precise, standard optical microscopes
are subject to non-linearities, making it almost impossible to
accurately correlate AFM scans with optical images based on

linear scaling alone. To address this issue, Bruker developed the
DirectOverlay software feature, a patented solution that allows the
precise integration of AFM with optical microscopy. It achieves
accurate correlation by performing a non-linear correction of the
optical images based on a calibration process that uses the precise
movement of the AFM scanner. This calibration only needs to be
performed once for an objective as it can be conveniently saved and
reused.

When performing correlated AFM measurements on large samples
like tissues, optical mircoscopes are often not capable of providing
an overview of the entire sample.



Bruker’s DirectTiling software module addresses this by
automatically stitching together multiple high-resolution optical
images to form a comprehensive overview. This process requires a
motorized sample stage that allows the sample to be moved over a
large area.

DirectTiling integrates seamlessly with the DirectOverlay feature,
allowing precise navigation on the sample and the selection of
multiple measurement positions within the acquired overview
image, either manually or via Al features. Using Bruker’s MultiScan
or SmartMapping feature, the pre-selected areas of interest can be
examined fully automatically with the AFM. This makes DirectTiling
indispensable for optically guided AFM experiments that demand
highly precise scanning of large sample areas.

When integrating AFM with advanced optical microscopy, there

are some important aspects to consider. Vibrations from the optical
system, such as those caused by fans or other moving parts, can
be transmitted to the AFM measurement, affecting its accuracy or
quality. This is especially critical when using high-resolution optical
techniques like STED and confocal microscopy that require thin glass
substrates and immersion media in order to use lenses with a high
numerical aperture. However, these thin substrates are particularly
susceptible to vibrations, and the viscous immersion medium

can also transfer vibrations from the microscope directly to the
sample. To address these issues, specialized liquid cells such as the
CoverslipHolder and BioCell (Bruker) can be used to stabilize AFM
measurements on thin glass coverslips.

When integrating with certain optical systems, simultaneous optical
and AFM imaging may not always be feasible. This is particularly true
for optical methods that use a powerful laser, which can cause the
AFM probe to bend due to thermal effects or photopressure, thus
interfering with AFM imaging. Conversely, the AFM detection laser
can also disrupt the optical measurement. In such cases, optical and
AFM measurements must be performed sequentially. Bruker offers
extensive routines for automating such processes.
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Case Studies

The following section outlines several innovative experiments that

highlight the potential of correlative microscopy for advancing our

understanding of complex biological mechanisms at the nanoscale
level.

Studying the Role of Tissue Mechanics in Neurogenesis
and Brain Damage using Fluorescence-Guided Navigation

There is an increasing awareness of the integral role tissue
mechanics play in disease progression and organogenesis.
Microscopic investigation of tissue samples often requires the
examination of large sample regions, spanning several hundred
micrometers to millimeters.

Neurons are particularly sensitive to their mechanical environment.
The stiffness of the surrounding tissues serves as a guidance cue
during neurogenesis. In the developing brains of Xenopus, neurons
of the optic tract extend axons into the brain to connect to the

optic center. At a specific location, these neurons must change
direction to stay on course. Previous studies have measured the
local stiffness of the brain tissue at this turning point, demonstrating
that the local change in stiffness indeed serves as a guidance cue for
axonal turning.'®

In the dentate gyrus of the hippocampus, new neurons are
continuously generated, even in adult mice. From there, these
neurons subsequently migrate to their final positions. Newly formed
neurons express GFP-labeled nestin, which ceases to be expressed
as the neurons age, thus serving as a useful marker. Using
DirectOverlay, it was possible to precisely align fluorescent images
with AFM maps of the local tissue stiffness (see Figure 3). This
revealed that the region where neurons are formed is softer than the
surrounding areas.
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Figure 3

AFM analysis and fluorescent imaging of brain slices.

(A) Mouse brain slice area affected by ischemic stroke. The bright regions represent FITC-aloumin
labels, indicating albumin diffusion from damaged blood vessels into the brain tissue affected

by ischemic stroke. A stiffness map (100 um x 1100 um) was generated across the edge of the
infarcted region. Optical images were captured using Zeiss Axio Zoom.V16.

(B) Force mapping across the dentate gyrus of a mouse hippocampus. Newly formed neurons
are marked by the expression of GFP-labeled nestin. The DirectOverlay feature enables precise
registration of the AFM map and the fluorescent image, thus facilitating the correlation of the
fluorescent signal and tissue stiffness.

Figures (A) and (B) were adapted from' and'® respectively, under the open access usage policy.
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By performing a force map over an area of several hundred
micrometers, in vitro high-resolution elasticity data from AFM
was correlated with in vivo elasticity data collected with magnetic
resonance elastography.'®

To characterize the changes in Young's modulus in regions affected
by ischemic stroke in mouse brains," it was crucial to identify

the boundary of the damaged area. This was performed using a
fluorescent marker and the DirectTiling feature. When working
with fresh, unfixed tissue, the measurement time is a critical factor
that must be taken into consideration in order to avoid artifacts

and changes to the Young's modulus. Given that a whole brain

slice is several millimeters in size, mapping the entire slice would
be prohibitively time-consuming. In such cases, DirectOverlay is
instrumental for the rapid identification of the region of interest,
enabling the investigator to focus on relevant areas and minimize the
duration of the measurement.

Visualizing the Cell Cycles of HelLa Cells
with Correlative AFM-FLIM

AFM-FLIM -The Technique

Fluorescence lifetime imaging microscopy (FLIM) is a technique
typically implemented as a variation of confocal microscopy. The
operating principle is based on the differences in the exponential
decay rates of fluorophores within a sample. In FLIM, the
fluorescence lifetime of the fluorophore is used to generate
additional contrast or extract functional information from images, in
addition to the fluorescence intensity (see Figure 4). Although the
concept of picosecond time-resolved fluorescence measurements
dates back to the 1950s, FLIM emerged as a technique for mapping
fluorescence lifetimes in 1989 and was further developed in the
early 1990s.'*2" FLIM provides fluorescence information in scenarios
where intensity-based detection is challenging, such as in auto-
fluorescent samples or FRET studies. Moreover, FLIM can provide
additional insights into the local environment within the sample
through fluorescent sensors.
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(A) Principle of FLIM data acquisition. The sample fluorescence is excited repeatedly by
picosecond laser pulses (at a MHz rate) and the arrival time of the emitted photons, relative to
the excitation pulse, is measured (time-tagging). A fluorescence lifetime t image is generated

by scanning the excitation laser in a line-wise manner across the sample. All photons for a given
image pixel are grouped into a decay histogram, which is used to measure its fluorescence
intensity (total photon count) and lifetime. The fluorescence lifetime is typically characterized by
fitting a multi-exponential decay curve to the histogram of photon counts (amplitude, a,) vs. post-
laser pulse arrival time t. A basic fluorescence lifetime image example utilizes a color look-up table
to display the different lifetime values (t;,1,, etc.).

(B) Combined setup of MicroTime 200 Confocal FLIM system (PicoQuant) and NanoWizard AFM
(Bruker). The AFM sample stage (TAO module, 3-axis) is mounted onto the IX73 body (Olympus)
of the MicroTime 200.
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This can include information on parameters such as pH, viscosity,
membrane tension, or chemical species concentration.

In correlative AFM, both the AFM and the optical technique

are typically employed to observe the same region, potentially
simultaneously. It's important to note that there is no intended
interaction between the AFM cantilever tip and the optical
illumination system. An integrated setup that combines AFM and
optical FLIM can be specifically designed to exploit this interaction
to locally modulate the fluorescence lifetime of the sample with
nanometer precision. This is achieved by focusing the excitation
laser of the FLIM at the tip of the cantilever. The TAO module adds
an additional sample scanning stage that enables the cantilever to
maintain perfect alignment in the laser focus while the sample is
being imaged with the sample scanner.

AFM-FLIM can further increase the resolution as the fluorescent
lifetime is only modulated in a nanometersized volume at the very
tip of the AFM cantilever. To validate the exact positional congruence
between both techniques in the AFM-FLIM setup described above,
combined AFM-FLIM measurements were conducted with 200 nm
fluorescent beads on a 170 um thick glass coverslip. Figures bA-C
show the topography, fluorescence intensity, and fluorescence
lifetime (FLIM) images, respectively, which were recorded
simultaneously at the same XY-position.

To improve the signal-to-noise ratio in the optical image, an AFM-
FLIM image (Figure 5D) with lower pixel resolution was then
recorded. In the AFM images, the bead is represented by its
accurate dimensions. However, the bead edge with a 200 nm
diameter is clearly resolved as a ring of shortened fluorescence
lifetime in Figure 5D with a much higher accuracy. The metal-
coated AFM cantilever tip in contact with the bead's fluorophores
decreases the fluorescence lifetime, whereas the pyramid shape of
the cantilever (Multi75E-G, MikroMasch) creates different effective
contact areas between the tip and the bead, reaching a maximum at
the edge of the bead, and effectively causing the observed contrast.
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Figure 5

Combined AFM-FLIM measurement with a TAO stage.

(A) AFM topography, (B) fluorescence intensity and (C) fluorescence lifetime image of a
single fluorescent bead (Molecular Probes, d = 200 nm). The bead's position, taken from the
AFM topography, is marked in the corresponding fluorescence images (dashed circle). (D)
Reconstructed fluorescence lifetime image using a lower pixel resolution to achieve a better
signal to noise ratio. The fluorescence lifetime is significantly shortened at the bead edge.
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The integration of AFM and FLIM with a TAO stage offers significant
advantages for single-molecule measurements at the nanometer

scale when AFM and fluorescence lifetime data need to be recorded
simultaneously at the same position. However, for larger specimens,
such as cells or tissues, it is often more practical to employ larger scale
offsetting positional stages (discussed below), which allow areas of

up to several centimeters to be surveyed. In such scenarios, AFM and
FLIM data are typically recorded in a sequential manner, while focusing
on the same region of interest.

Visualizing the Cell Cycle of HelLa Cells Using AFM-FLIM

Figure 6 illustrates correlative AFM-FLIM measurements performed
using a Motorized Precision Stage on rehydrated Hela cells in a

buffer solution. The combined application of AFM and FLIM is pivotal
for determining the stage of the cell cycle. While AFM provides
superior resolution and is essential for characterizing the surface and
mechanical properties of the cells, the combination with FLIM enables
the identification of the distribution of microtubules and chromatin
within the cells. For this purpose, the cells were engineered to express
tubulin-EGFP, which fluorescently labels microtubules, and
H2B-mCherry, which labels histones that compact DNA in the
chromatin, primarily located in the nucleus.

A cluster of 23 cells was first identified via optical phase contrast and
imaged by AFM as multiple tiles covering an area of

250 pm x 250 pm (Figure 6A), followed by a two-color FLIM recording

in the highlighted location. The corresponding fluorescence lifetime
images of EGFP (Figure 6B) and mCherry (Figure 6C) show the expected
distribution of microtubules and chromatin within the cells. Notably, the
clear chromatin separation in Figure 6C indicates a cell (outlined) residing
in the metaphase of its cell division cycle. The fluorescence lifetime

is encoded in the rainbow color scale, while fluorescence intensity is
represented by brightness. The significant fluorescent background with

a longer fluorescence lifetime observed for mCherry also indicates

the presence of histones in the cell cytoplasm. Histones are typically
synthesized by free ribosomes in the cytoplasm and are, therefore, not
exclusively confined to the chromatin within the nucleus.
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Figure 6

Correlative AFM-FLIM measurements of rehydrated Hela cells at various stages of the cell
cycle. The fluorescent labels used are tubulin-EGFP (for microtubules) and H2B-mCherry (for

H2 histones). (A,G) AFM topography channels (Ql Advanced mode) were collected with a
NanoWizard V BioAFM equipped with a Motorized Precision Stage (Bruker) enabling large-scale
area investigations (height range in (G) is 3 um). The corresponding fluorescence lifetime images
from the inset location in (A) for EGFP (microtubules, B) and mCherry (chromatin, C) were
recorded with a MicroTime 200 confocal FLIM setup (PicoQuant). A cell in a metaphase cell
cycle stage is highlighted. To eliminate the fluorescence background visible in (C), fluorescence
intensity images (D-F) for the two identified lifetime patterns are computed. The fluorescence
intensity images of pattern P1 for both EGFP and mCherry are then overlaid in (H), providing a
clearer view of the metaphase state cellular structures.
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One of the advantages of FLIM is its capacity to disentangle
fluorescence contributions with varying fluorescence decay patterns,
where a pattern can comprise of more than one characteristic decay
time t. While only one decay pattern is present for EGFP (Figure

6D), two distinct decay patterns, corresponding to chromatin-bound
histone and predominantly cytoplasmic histone (background),

are observed for mCherry (Figures 6E and 6F). By excluding the
background and superimposing the fluorescence intensity images

of microtubules (pattern P1, green) and chromatin-bound histone
(pattern P2, magenta) in Figure 6H, the final reconstructed image
can be correlated to the corresponding AFM topography of the same
location (Figure 6G).

Investigating Liver Fenestrations with
Correlative AFM and STED Microscopy

AFM-STED Microscopy —TheTechnique

The fundamental principle of STED involves the use of two laser
pulses — the first one excites the fluorophores, and the second one
de-excites them.?2 The excitation laser scans the sample, while the
donut-shaped STED beam, responsible for depletion, extinguishes
the fluorophore at the periphery of the focal point, which effectively
confines the fluorescence spot (Figure 7A).

This process significantly enhances the resolution beyond the
diffraction limit of conventional optical microscopy by an order of
magnitude. By selectively depleting the fluorescence around the
focal point, STED achieves a much smaller effective point spread
function. This allows the visualization of structures at the nanoscale,
providing detailed insights into cellular and molecular processes.
The combination of AFM with STED microscopy enables correlative
imaging, where the topographical information from AFM is
complemented by the superresolution fluorescence data from STED.
This integrated approach is particularly useful for studying complex
biological samples, where both structural and functional information
are crucial.
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Figure 7

(A) Principle of combined AFM and STED microscopy — the “donut” shape of the encircling
depletion (STED) laser confines the spot of effective fluorescence.

(B) NanoWizard family AFM (Bruker) integrated with a compact line STEDYCON (Abberior
Instruments) on an AxioObserver (Zeiss).
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Investigating Liver Fenestrations using
Correlative AFM and STED Microscopy

Liver capillaries, or sinusoids, are structures that are lined by a
monolayer of liver sinusoidal endothelial cells (LSECs) that facilitate
efficient bidirectional transport through nanometer-sized pores called
fenestrations. With an average diameter of 160 nm, the size of these
structures is beyond the resolution of traditional optical microscopy.?
Since their discovery in 1970,?* the study of their structure was, for
the most part, limited to electron microscopy and static images

of chemically fixed liver tissues and cells. The advent of AFM and
superresolution microscopy techniques has advanced our current
understanding of fenestrations by enabling analysis of hydrated fixed
and living LSECs.®®

These techniques confirmed that fenestrations are dynamic
structures that can migrate within the cell, vary in lifespan, and
quickly change states, as shown by AFM and STED.252 QOptical
nanoscopy techniques have further shown that fenestrations are
held by an actin-spectrin scaffold.?3°

A recent integration of AFM and STED was used to study LSEC
fenestrations (Figure 8A-C). Correlative imaging using STED and
AFM resulted in precise colocalization of fenestrations in both types
of images.®" The sharper boundaries measured in the AFM images
are a direct result of the sharp scanning tips.

In the case of STED, the identification of the fenestration boundaries
is limited by the PSF (point spread function) related blurring, which
limits its accuracy for identifying pore size to ca. 50 nm. Both
techniques provided similar data on the diameter of the fenestrations
(with a discrepancy of less than 10 %) as shown in Figure 8D. Pair
wise comparison yielded a strong linear correlation (r = 0.94) for both
diameter and area (Figures 8F and 8G).
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Figure 8

Comparative AFM and STED microscopy measurements of wet, fixed LSECs
treated with cytochalasin B.

(A) High-resolution image of a sieve plate in the LSEC periphery measured
using AFM.

(B) The corresponding area measured using STED. Fenestrations as small as
50 nm can be distinguished with AFM but not with STED (white dashed circle).

(C) Correlative image of the same area measured using STED and AFM. The
inset represents a cross-section of selected fenestrations (white line in (C)).
709 fenestrations were identified in the images collected and analyzed in a
one-to-one manner.

(D) Histogram of fenestration diameter distribution. The black lines represent
fitted Gaussian curves from which the mean diameters were calculated at the
peak of the distribution (STED 173 nm + 58 nm, AFM 188 nm + 54 nm).

(E) Distribution of fenestration roundness measured by STED and AFM.
A comparison of individual fenestration diameters (F) and area (G) indicate
uniform and precise measurements of fenestrations using both techniques.

The figure was adapted from®' under the open access usage policy.

23



24

Biological objects are soft materials which, in theory, means that
structures can be deformed during AFM measurements while the
sample surface is being probed with the AFM cantilever. To assess
this, several LSEC samples with differing specimen treatment were
compared, namely non-modified (live), and formaldehyde (FA) or
glutaraldehyde (GA) fixed cells (Figure 9). While GA fixation allowed
the uniform preservation of the fenestration diameter across a
wide range of forces, it also led to a ten-fold increase in Young's
modulus compared to non-FA-treated cells and a two-fold increase
in Young's modulus compared to FA-treated LSECs (Figure 8A). This
emphasizes that only mechanical data recorded on living cells truly
represents the apparent stiffness of the measured cells.

By measuring the LSECs with quantitative imaging (Ql) mode,

it was possible to apply reference force reconstruction of the
fenestration topography under different loading forces. This so
called “force tomography” approach enables the unravelling of the
underlying structural hierarchies localized under the cell membrane.*
Furthermore, this technique allows the investigation of fenestration
deformability and the degree of morphological change induced by
the AFM tip in the fenestration diameter. Increasing force revealed
the stiffer actin fiber scaffold, which remained undeformed, while
softer parts near the fenestra center were displaced, which
corroborates with previous studies.?
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Mechanical properties of fenestrations in living vs. fixed LSECs.

(A) The apparent Young's modulus of cells (n = 15 for each group, 64 curves per cell) was obtained
for a colloidal cantilever for a load force of 200 pN.

(B) Images of selected sieve plates measured using QI Mode reconstructed for a load force of
70 pN, 140 pN, and 280 pN.

(C) The tip-induced enlargement of fenestrations presented as a cross-section of selected
fenestrations collected for the same area of the images and reconstructed for different load
forces. Grey double-headed arrows indicate the tip-induced squeezing of the membrane
surrounding fenestrations in the z-axis. Black and blue arrows indicate the boundaries of
fenestration obtained at 70 and 280 pN, respectively.

The figure was adapted from®' under the open access usage policy.
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Outlook and Future Trends

The integration of AFM with advanced optical microscopy, as
demonstrated by the NanoWizard family of AFMs in this ebook, is
paving the way for novel and innovative correlative microscopy
research. These integrations allow a comprehensive analysis of
biological samples, from the cellular level to tissues and even entire
organs in smaller animal models.

The future of this field promises exciting advancements, particularly
in live cell imaging, facilitated further by the use of novel advanced
superresolution techniques, such as RESOLFT microscopy
(reversible saturable optical fluorescence transition) based on
reversibly switchable fluorescent proteins. Another novel technique
is MINFLUX microscopy (minimal photon fluxes) that combines

the concept of single-molecule localization (used in PALM/STORM)
with the structured illumination approach used in STED microscopy.
Here the fluorophores in a sample are separated by activating

and deactivating them individually per diffraction region. These
techniques minimize the exposure of samples to energy and reduce
acquisition times considerably.

The simultaneous use of AFM and SIM is another promising
technique for the correlative imaging of cells® and is an excellent
alternative to certain superresolution techniques where high-
powered lasers can lead to a deterioration of the sample being
investigated. The incorporation of FLIM could provide additional
insights into dynamic processes in cells by measuring fluorescence
lifetimes, allowing researchers, for example, to track the distribution
of membrane proteins with optical microscopy and their positions
on the cell using AFM, thus taking correlative microscopy to
unprecedented levels of detail and understanding.

These advancements are expected to revolutionize our
understanding of biological systems and create new avenues for
research and therapeutic approaches.
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