Introduction to cell imaging using atomic force microscopy
Introduction
The atomic force microscope (AFM) has been widely
applied to biological samples because of the combination
of high resolution and the ability to work under
physiological conditions. Living and fixed cells have been
extensively imaged, and the understanding of cells and
their environment is being developed. Latest developments
in live cell imaging and the consequent marriage of AFM
with optical microscopy techniques such as DIC, phase
contrast microscopy and fluorescence techniques (epifluorescence, TIRF, FLIM, FRET, FCS etc.) show that AFM
is a powerful technique for cell and molecular biology.
The images obtained with AFM are different from those
obtained using conventional optical microscopy or electron
microscopy. The AFM technique involves a tiny sensor
scanning over the surface of the cell, so the physical shape
and mechanical properties of the cell influence the image
formation. This report will introduce the typical contrast
mechanisms seen in cell images obtained by atomic force
microscopy. The differences between optical and AFM
images will be discussed, as well as the differences
between images of living and fixed cells.

Complementary information about cells
and biological samples
Optical images of cells generally contain contributions from
much of the cell body, because the depth of focus is a few
hundred nanometers. Confocal optical microscopy can
section z-slices through the cell more successfully, but it
can still be difficult to track the actual surface of a
transparent object, such as a cell. The contrast generally
comes from subtle differences in the refractive index, or
from staining or labelling of the sample.
AFM images of cells show a combination of surface and
mechanical information. The balance between the two
depends on the type of cell sample, and also on the
imaging settings and the type of experiments that are
performed. The AFM technique is particularly well suited
to studying the membrane surface and the cytoskeleton.
The images are formed as truly 3-D information, and the

imaging can be performed in buffer or cell culture medium
without the need for fixing, labelling or staining.
Surface processes, such as endocytosis or exocytosis, can
also be studied using AFM imaging. The possibilities for
quantitative force measurement mean that AFM can be
used to study interactions between cells and surfaces or
cells and other cells. Adhesion measurements, force
generation by moving cells, and dynamic reorganisation of
the cytoskeleton or surface structures have been observed
using AFM instruments. The tip can also be modified to
stimulate the cells using specific interactions, for instance
by functionalise it with bound peptides or antibodies. In
this way the AFM can also be used as an instrument to
stimulate or manipulate the cells.
The greatest possibilities for cell microscopy open up when
the techniques of optical microscopy and AFM are
combined. When an AFM is truly integrated into an
inverted optical microscope (Zeiss Axiovert 200), as with
the JPK NanoWizard® system, the complementary sources
of information enable a wide range of questions to be
explored.
The wide field of view and easy searching through cell
populations provided by optical microscopy (DIC or phase
contrast) is then combined with the potential for high
resolution investigation of surface details using the AFM.
The cells can be selected and their health or responses
can be monitored optically, and then the specific surface
topography or interactions studied using the AFM. The
AFM tip can be used to stimulate individual cells
mechanically or using particular ligands, and the
biochemical response can be observed optically using
fluorescence, for example [1,2], both for the stimulated cell
and the neighbouring cells as the activated response
spreads.
AFM can be combined with fluorescence labelling to
correlate high-resolution topographic features on the cell
surface with particular labelled functional structures in the
cell [3,4]. Adhesion can be fully explored using techniques
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such as optical reflection (e.g. IRM) or fluorescence, such
as TIRF, to study adhesion foci, in combination with
quantitative force measurement or manipulation using the
AFM cantilever. The changes in elasticity of cells can be
studied as they divide, for example [5].
Using AFM and optical microscopy simultaneously gives
complementary information that can be combined to allow
the users to gain a better understanding of the cells and
their environment. The combined techniques open up new
fields of experiments that can be used to interrogate the
cells and their responses.

Optical images of mouse dermal fibroblasts are shown in
Figure 1. The upper image shows a group of three
fibroblasts in a non-confluent sample grown on a glass
coverslip. The brightfield/DIC image (upper image in
Figure 1) shows contrast particularly from the nucleus and
the cell edges. Debris around the cells also has a high
contrast. In the fluorescence image (lower image in Figure
1), the cytoskeletal actin has been labelled with FITC
phalloidin, and a 63x oil immersion lens has been used.
The thick bundles of stress fibres running through the cell
are strongly labelled. The region covered by the
fluorescence image is marked with a box in the upper
optical image for comparison.
The images in Figure 1 were obtained on an inverted
optical microscope (Zeiss Axiovert 200) with an integrated
NanoWizard® AFM. The cells can be scanned using AFM
directly on the coverslips used for growth and optical
imaging.

AFM imaging of living cells
Living cells are very soft, and mechanically
inhomogeneous. The cytoskeleton forms a rigid network
that controls and supports both the cell shape at any
moment in time and also the cell movement. The dynamic
balance between polymerisation and depolymerisation of
the subunits of the different cytoskeletal fibres allows the
cells to support tension or compression, and also to react
quickly to change the shape of the cell. Different parts of
the cell may be extending or retracting at the same time.
Fig. 1 Optical images of fibroblasts.
Upper image –
brightfield/DIC. Lower image – fluorescence using FITC-labelled
phalloidin, 63x oil immersion lens. Images courtesey of Dr. Kate
Poole, Biotechnologisches Zentrum, TU Dresden.

Fibroblasts
A fibroblast cell line has been chosen as an example for
introducing cell imaging with the AFM in this report. These
cells have such a developed cytoskeleton that they clearly
show the connection between the AFM images and those
obtained with more conventional imaging techniques.

On living cells the details in AFM images are often strongly
influenced by the cytoskeleton. The membrane is so soft
compared with the cytoskeletal fibres that this difference in
stiffness provides a strong contrast. This is particularly
true in the case of cells with a very developed
cytoskeleton, such as fibroblasts. Here the cell is both
mechanically strong and mobile, and the cell morphology is
strongly influenced by the bundles of stress fibres.
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The AFM images of living fibroblasts in Figure 2 show the
typical features of AFM images of such cells. The
information in the topography image (top image of Figure
2) is dominated by the nucleus. The height range over
whole cells is generally several microns, so the threedimensional topography image mainly shows the overall
height of the cells. The position of the cell bodies can be
seen, and where the cells meet. The height information
can also be used for measuring the cell volume,
particularly for isolated cells, where the glass can be used
as a reference. Other researchers have studied the
changes in cell volume as the environment is changed,
and observed volume regulation by the cells.
The information in the deflection signal image (lower image
in Figure 2) shows the fine details of the cell structure. The
deflection signal images are related to the gradient of the
height image, so appear shadowed, as if the height image
has been lit from one side. The smallest, sharpest
features are seen most clearly in these images. Here, on
living fibroblasts, the stress bundles of actin filaments are
shown very clearly, particularly around the cell edges.
Similar types of features are seen in these AFM images as
in the labelled fluorescence image in Figure 1, showing
that the stiff filaments are largely actin-based. The details
of cell boundaries can also be seen in the AFM image, and
some rounded features corresponding to organelles under
the surface.

Fig. 2 Images of living fibroblasts using JPK NanoWizard®
(upper image – surface topography, lower image – deflection
signal, 80 μm x 80 μm scans). The deflection signal is similar to
the first derivative of the topography signal. Images courtesey of
Dr. Clemens Franz,, Biotechnologisches Zentrum, TU Dresden.

The pair of smaller scans of a living endothelial cell shown
in Figure 3 demonstrate more of the advantages of the
AFM resolution. This cell is not part of a confluent layer,
so the texture of the petri dish is visible in the background
of the image. The edge of the cell stretches out from the
bottom of the image, and the features due to cytoskeletal
filaments and components of the cytoskeleton can be
seen. The details of the cell edge are clearer than with any
optical technique, and the movement or changes in
structure of the cell edge can be studied, since the cell is
still alive. The forces e.g. from cell movement, adhesion or
other mechanical properties of the cell can also be studied.
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Fig. 3 AFM images of a living endothelial cell in plastic petri dish,
®
taken using the JPK NanoWizard (left image – topography, right
image – deflection signal, both 28 μm x 31 μm).

AFM imaging of fixed cells
Fixation of cells generally stiffens the cell membrane
surface by crosslinking the membrane proteins. There are
a variety of different procedures that are used commonly in
biology prior to different labelling or further processing of
the cells. Once the cells are fixed, they are “frozen” in the
state, and the cells can be imaged without changing state
or functions.
This stiffening of the cell surface means that the AFM
images of fixed cells are dominated much less by the
underlying cytoskeleton, and show more of the membrane
surface details, such as microvilli [6].
In Figure 4 a pair of AFM images of a fixed fibroblast show
clearly the differences between imaging fixed and living
cells. The actin filaments do not dominate the images in
the same way in fixed cells, and there is more surface
texture apparent from the membrane (compare with Figure
2). Sharp protrusions can be seen covering the cells,
which correspond to microvilli on the cell surface. The
topography image (upper image in Figure 4) is still
dominated by the height of the nucleus, although other
features, such as the cell boundaries and the microvilli can
be clearly distinguished. The deflection signal image again
highlights the smaller, sharper features on the cell surface.
In this case it is mainly the microvilli, rather than the
cytoskeleton, that form these smaller details. The
underlying network of filaments can still be seen in these
images, but as a background to the other features.

Fig. 4 AFM images of fixed fibroblasts, taken using the JPK
NanoWizard® (upper image – topography, lower image –
deflection signal, 60 μm 60 μm scans). Images courtesey of Dr
Kate Poole, Biotechnologisches Zentrum, TU Dresden.
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Summary
This report has briefly introduced some of the typical
features of AFM cell imaging, and the possibilities that it
presents. The combination of AFM and optical microscopy
widens the range of information that can be gathered about
cell structure and function. The particular details of the cell
images, and the information that can be extracted from
them depend on the type of cells that are used. The most
straightforward example of living and fixed fibroblasts has
been presented here, but cells with more complex
morphologies offer more interesting and subtile
interpretations.
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