
Chapter 8
Ultrastructure Imaging: Imaging and Probing
the Structure and Molecular Make-Up of Cells
and Tissues

Matthias Amrein

“New directions in science are launched by new tools much more often than by new
concepts”

- Freeman J. Dyson (Princeton)

Abstract The past few years have seen dramatic improvements in life science
microscopy. This chapter points out important recent developments that will proba-
bly affect many researchers in this field. Super-resolution fluorescence light micro-
scopy allows for ultrastructure imaging of living cells. In electron tomograms,
macromolecular complexes can be directly identified by shape without the need for
labeling. Atomic force microscopes image isolated elements of the ultrastructure,
including membranes and macromolecules, at submolecular resolution. This tech-
nology also makes molecular interactions directly accessible by measuring binding
forces. In the chapter, new concepts are discussed in relation to current main-
stream techniques. We will end with a brief discussion of novel concepts that could
allow the molecular compositions of cells and tissues to be mapped in an unbiased,
systematic way.

Introduction

Cells are organized into compartments and functional units down to the macro-
molecular level. The frameworks of these functional and structural units are either
complexes containing only proteins, protein complexes that also include nucleic
acids, or protein complexes that also include lipids. The recently completed map
of the human genome as well as the systematic mapping of the proteins expressed

M. Amrein
Microscopy and Imaging Facility, Department of Cell Biology and Anatomy, Faculty of
Medicine, University of Calgary, 3330 Hospital Drive N.W., Calgary, Alberta, T2N 4N1 Canada,
e-mail: mamrein@ucalgary.ca

C.W. Sensen and B. Hallgrı́msson (eds.), Advanced Imaging in Biology and Medicine.
c© Springer-Verlag Berlin Heidelberg 2009

171



172 M. Amrein

in tissues and cells that this initiated (proteomics) are part of a concerted effort to
rapidly advance our understanding of the functions of macromolecular functional
units and the cell. However, proteomics only reveals the basic inventory of a cell,
and this inventory is insufficient to explain the function of each element and the
orchestration of the components. Attempting to understand life without observing
the structures behind the functions is inconceivable. At the cellular and subcellular
level, microscopy plays this important role by putting the molecular elements into
their structural context. The pace of discovery of these elements has increased sub-
stantially via proteomics and this has also substantially increased the need for more
and more sophisticated microscopy in the recent years.

Microscopy has existed for more than 500 years, and started with the simple
magnifing glass. Work with the magnifying glass reached its peak in the 1600 s with
the work of Anton von Leeuwenhoek, who was able to see single-celled animals and
even bacteria. However, simple magnifiers had severe limitations in terms of illumi-
nation, image distortions, and resolution. The following sections describe how these
limitations were gradually overcome by the introduction of increasingly ingenious
“compound” light microscopes, thus achieving our first insights into the ultrastruc-
ture of a cell, or by exchanging the light—part of the electromagnetic spectrum—for
a beam of electrons, thus reaching submolecular resolution.

Until very recently, the resolving power of the light microscope appeared to be
invariably limited by diffraction. However, this barrier has now been surmounted to
a degree, allowing elements of the ultrastructure of a cell to be well resolved. For
now, the one dominant remaining limitation of light microscopy remains the need
for labeling. Electron microscopy too has seen a dramatic change due to the imple-
mentation of tomographic data acquisition over the past few years. The resolving
power of these microscopes is limited to the level where large molecular complexes
are recognizable by shape. Higher resolutions appear to be invariably excluded
because of the damage caused to the sample by the illuminating beam.

Not all microscopes depend on the emission of radiation and the subsequent
recording of it at a distance from the sample using lenses. The atomic force micro-
scope (AFM) is part of a family of microscopes that rely on an effect that is only
present when a physical probe is in the immediate proximity of the sample, and this
will be discussed below as well. It sometimes offers better resolution (or a better
“signal-to-noise” ratio) than an electron microscope. More importantly, it can be
used as a nanorobot to perform local experiments on cells or single molecules.

This chapter is not intended to be a history of microscopy, nor an exhaustive tech-
nical review. It points out important recent developments in life science microscopy
that will probably affect many of those in this segment of the research community.
The new concepts are described from the perspective of current mainstream tech-
niques. We will end with a brief discussion of novel concepts that might allow the
molecular compositions of cells and tissues to be mapped in an unbiased, systematic
way.
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Recent Developments in Light Microscopy

Recent developments have extended the resolution of light microscopy into the
subcellular and ultrastructure range. Most of the improvements relate to fluores-
cent light microscopy and include a large and rapidly increasing set of fluorescent
dyes and ingenious new means to improve the resolution and sensitivity at which
the fluorescently labeled structures within a cell or tissue can be detected. Some
of the most prominent of these developments will be discussed below. However,
not everything can be fluorescently labeled, and improvements have also occurred
in the visualization of unstained cellular structures by regular transmission light
microscopy of unlabeled samples. One such development, hollow cone illumination
by a “cardioid annular condenser” from CytoViva, is addressed below. First, we will
briefly introduce some of the basic principles of light microscopy, an understanding
of which is needed in order to comprehend the recent improvements in this field.

Basic principles of light microscopy (Fig. 8.1): The objective (together with a
tube lens inside the microscope) produces a magnified image of the specimen inside
the optical path leading up to the eyepiece or a camera. The image is then seen after
being further magnified through the eyepiece or projected onto the light-sensitive
chip of a camera. The objective is the most prominent optical component of the
microscope. Its basic function is to collect the light passing through the specimen
and then to project an accurate, magnified image of the specimen. Objectives have
become increasingly sophisticated in terms of corrections for image distortions. A
single magnifying lens focuses light of different wavelengths (colors) into differ-
ent focal spots (chromatic aberration), and also focuses light entering the lens far
from the optical axis into a different focal spot than light traveling through the cen-
tral region of the lens (spherical aberration). Furthermore, not all of the specimen
seen through the lens is in focus at the same time; when the center is in focus the
periphery is not, and vice versa (field curvature). Corrections are indispensable when
attempting to achieve the highest possible resolution.

The most basic correction is established by using “achromatic” objectives, which
are corrected for chromatic aberration at two wavelengths (red and blue) and for
spherical aberration at the color green but not for field curvature. Planapochromatic
objectives yield the highest level of correction by eliminating chromatic aberration
and spherical aberration almost entirely. They also produce “flat” images (without
field curvature).

The resolving power of even the best-corrected objective is “diffraction limited”
irrespective of whether fluorescence light or regular transmission light microscopy
is being performed. As a consequence, the useful magnification is limited, and any
additional magnification does not result in a more detailed image. When light from
a specimen passes through the objective and is reconstituted as the image, the small
features of the specimen appear in the image as small disks (Airy disks) rather than
as points because of diffraction. Equally, sharp edges in the specimen appear blurred
in the image. The function that describes the spreading of a point or edge in the
specimen into a disk or blurred edge in the image is called the point spread function
(PSF) and depends notably on the objective but also on other optical elements of the
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Fig. 8.1 Ray diagram of a regular transmitted light microscope in Koehler illumination (adapted
from Hammond and Heath 2006). The hot filament of the light source is denoted by a sinusoidal
line. It radiates light in all directions. Three representative rays from three different locations on
the filament are shown. Whenever rays from a common origin on the filament (indicated by the
same shade of gray) cross, the filament is in focus. Rays emanating from a common spot in the
sample recombine at the plane of the intermediate image and (further enlarged) at the camera
plane
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microscope. Disks that are close to each other in the image, representing objects in
close proximity in the specimen, will overlap and eventually become indiscernible.
The better the microscope, the smaller the Airy disks and the finer the detail of the
specimen discernible. Objectives that yield better correction result in smaller Airy
disks than objectives that produce less correction, and so they have higher resolving
power. Numerical aperture (NA) is another factor that determines the diameter of
the Airy disk. The NA is a measure of the opening angle of the objective. It quan-
tifies the ability of an objective to include rays of light from all directions from the
specimen. Objectives with lower opening angles include a narrower cone of light
compared to objectives with higher angular apertures. Specifically, the numerical
aperture (NA) is given by NA = nsin(α), where n is the index of refraction of the
material between the specimen and the front lens of the objective (n = 1 for air
with a “dry” lens, n = 1.5 for the oil in an oil immersion lens, and n = 1.3 for a
water immersion lens). sin(α) is the sine of half the opening angle of the objective.
An objective with a higher NA will produce narrower Airy disks than an other-
wise similar counterpart with a lower NA. The resolution power of the best dry
lens is by definition lower than that of a water or oil immersion lens because of its
inherently lower NA. Another factor influencing the resolving power of a micro-
scope is the wavelength of the light. The shorter the wavelength, the higher the
achievable resolution. In summary, the traditional resolution criterion for a light
microscope is the Rayleigh criterion r, where r = 0.61λ/N.A. r is the smallest dis-
tance between objects that still are discernible in the image; λ is the wavelength of
the light (Fig. 8.2).

Cardioid annular condenser illumination: Despite the success of fluorescence
light microscopy, transmission light microscopy (TLM) is also still important in the
life sciences. For example, the evaluation of stained tissue sections is ubiquitous in
animal and human pathology. When used in combination with fluorescence light
microscopy, TLM allows some of the elements of the ultrastructure of the cell with
which the fluorescently labeled elements associate to be identified. In this case, the
highest possible resolution is of particular interest, as many elements of the ultra-
structure of the cell are only just resolvable by regular TLM or cannot be visualized
this way. In TLM, the light enters the sample from a source on the opposite side
of the objective, and the quality and numerical aperture of the objective are not the
only concerns in high-resolution imaging; the illumination light path needs to be
factored in too. In the common approach known as “Koehler illumination,” a lens
projects an enlarged image of a light source (e.g., a hot filament) into focus at the
front focal plane of a condenser. The condenser is a lens system with distortion cor-
rections that should match the quality of the objectives. The light emerging from
the condenser travels through the specimen in parallel rays from every angle within
the numerical aperture of the condenser such that the sample is evenly illuminated
from all directions. To fully realize the numerical aperture of the objective, the con-
denser must have a matched NA. This may require that the condenser also needs to
be used with immersion oil. In this configuration, the diffraction-limited resolution
(Rayleigh criterion) is r ∼ 240nm at best. Note that this is insufficient for resolving
most cellular ultrastructure.
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Fig. 8.2 (a) Even an infinitesimally small structure in a sample is spread out into an Airy disk in
the image plane (x,y plane), according to the point spread function (PSF) of the optical system.
(b) The spread is even more pronounced along the optical axis (z direction; the image plane is
indicated by a dashed line). No feature of the sample is imaged beyond the precision permitted
by the PSF and the resolution power is thus limited. The lower row shows the Airy disks of two
structures too close to each other to be resolved (c); far enough apart to be barely resolved (d), and
well resolved (e)

Higher resolution and better contrast can now be obtained by modifying the light
path used in Koehler illumination. CytoViva markets an optical illumination system
that replaces the standard condenser with a cardioid annular condenser (Fig. 8.3).
In this configuration, the sample is illuminated by a hollow cone of parallel rays.
This improves optical resolution; indeed, a resolution of 90 nm has been demon-
strated. This increased resolution results from the narrower Airy disk that arises
under coherent illumination for an annular aperture compared to that arising from
the circular aperture under regular Koehler illumination (Vainrub et al. 2006).

Cardioid annular condenser illumination also appears to inherently provide con-
trast for unstained “transparent” cell or tissue samples (through a mechanism that
is yet to be described). Note that regular Koehler illumination requires one to either
stain the samples or employ methods to enhance the contrast of the unstained
samples, such as differential interference contrast (DIC).

Optical sectioning microscopy; confocal and deconvolution light microscopy:
Fluorescence light microscopy is arguably the most important microscopy used in
the life sciences. In the following sections, we first describe technical advancements
that have been instrumental to its success and then point out new directions that can
take this microscopy into the realm of the ultrastructure of the cell (Conchello and
Lichtman 2005).

In fluorescence light microscopy, the light used to excite fluorescent dyes is
focused into the sample by the same objective that also collects the fluorescence
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Fig. 8.3 Cardioid annular condenser. A hollow cylinder of light is deflected by a sperical mirror
(black) outwards and is reflected back in again by another mirror onto the sample in a hollow cone.
To ensure a large angle of illumination, the condensor is optically coupled to the glass slide of
the sample with immersion oil. The light penetrating the sample and the coverslip enters the oil
immersion objective far from the optical axis. This set-up improves resolution and offers a strong
contrast for unstained samples that are barely visble in regular transmitted light micrsocopy

produced by the dyes. This configuration is termed epi-illumination. As with Koehler
illumination, a cone of (excitation) light enters the sample. The fluorescent light is
separated from the illuminating light by a filter set (Fig. 8.4).

Unfortunately, the illuminating light causes the excitation of not only the fluores-
cent dyes within the focal plane but also the fluorophores well above and below this
plane. This is because the intensity of the illumination light does not drop sharply
below and above the focal plane, according to the PSF of the optical system in the
axial direction (see Fig. 8.2b). The haze caused by this out-of-focus light strongly
obscures the in-focus image and reduces the contrast.

Optical sectioning microscopy, achieved using either specific hardware or
through computational methods, eliminates the out-of-focus light and thus strongly
improves the contrast in the images. It constitutes the single most important
improvement in this type of microscopy. Moreover, for all methods, rather than
taking a single image of the sample region, a stack of images (“optical sections” or
frames) are acquired over the depth of the sample. Three-dimensional reconstruc-
tions of the sample volume are then obtained by combining the individual images
from the stack in the computer.

In laser scanning confocal microscopy (LSCM, also termed LSM), optical sec-
tions of a sample are obtained by raster scanning an individual image frame at a
given focal height, then moving incrementally to a new focal height and acquiring
the next frame, etc., until a full stack of images has been acquired. The excita-
tion light is brought into focus within the sample, and this focal spot is scanned.
The fluorescent light produced travels back through the objective. It is separated
from the excitation light by a filter and projected into a light detector. The image
is then produced in the computer from the fluorescence intensity for each location
within the image frame. To prevent out-of-focus light from entering the detector
(i.e., fluorescence produced in the illumination cones above and below the focal
spot), the fluorescence light stemming from the focal spot is brought into focus in
front of the detector. At this location, the light must pass through a pinhole aperture
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Fig. 8.4 Ray diagram of a fluorescence light microscope (adapted from Hammond and
Heath 2006). Note that the illumination (excitation) light enters the sample from the same side
as it is collected (epi-illumination). The excitation light (denoted green) and the emitted fluores-
cence (denoted red) are inherently of different wavelengths. This allows one to stop any excitation
light from entering the camera by using a dichroic mirror (beam splitter) as well as additional filters
(not shown)

that is just large enough to get through. Fluorescence produced above or below the
illumination spot inside the sample will reach the pinhole somewhat out of focus
and will thus spread out. Most of it will therefore be blocked out by the pinhole
aperture. Because the illumination spot inside the sample and the fluorescence ema-
nating from this spot at the pinhole in front of the detector are always in focus
together, this type of microscopy is called “confocal.” The pinhole not only elim-
inates the out-of-focus light and so strongly improves contrast; it also leads to a
noticeable, albeit small, improvement in resolution.

The first commercial LSCM was designed at the MRC Laboratory of Molecu-
lar Biology in Cambridge, UK (Biorad MRC 600; BioRad Laboratories, Hercules,
CA, USA) and scanned a single illumination spot using mirrors. One of the few
drawbacks of this type of LSCM, particularly for live cell imaging, is slow image
acquisition due to the time needed to scan an image frame with a single laser
spot. In comparison, in a “wide-field” (i.e., regular) microscope, the entire image
is acquired simultaneously, in which case the frame rate of the camera determines
the speed. However, the problem of long acquisition times has now been overcome
in another implementation of the confocal microscope, the “spinning-disk confo-
cal microscope” (SDCM) (Fig. 8.5). Here, the image acquisition rate may be up to
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Fig. 8.5 Principle of the microlens-enhanced SDCM. An expanded, collimated laser beam illumi-
nates the upper disk, which contains ∼20,000 microlenses. Each lens focuses an individual beam
onto a corresponding pinhole. The beams passing through each of the pinholes fill the aperture of
the objective lens and are focused on the focal plane. The fluorescence generated from the speci-
men for each beam is focused back onto its pinhole, deflected by a dichroic mirror and focused into
the image plane in the camera. As compared to conventional LSCM, multibeam scanning requires
a significantly lower level of light intensity per unit area, which results in significantly reduced
photobleaching and phototoxicity in live cells (adapted from http://www.yokogawa.com)

2,000 frames per second (CSU-X1, Yokogawa Co., Tokyo, Japan). In SDCM, rather
than having a single laser spot scanning the sample, up to a thousand spots within a
single image frame at any given time move simultaneously through the sample. This
is accomplished by using a rapidly spinning disk (the Nipkow disk) that contains up
to about 20,000 pinholes which cut perpendicularly through the illumination beam
and break it up into individual, fast-moving beams. Newer set-ups use two disks on a
common axis that spin together. One disk contains as many microlenses as there are
pinholes in the other disk. Each of these lenses focuses part of the illuminating light
into the corresponding pinhole on the other disk, where it is focused by the objec-
tive into the sample. The fluorescence from each illumination spot travels back into
the objective, is focused into its corresponding pinhole, and progresses into a CCD
(charge-coupled device) camera or an eyepiece. The pinholes reject the out-of-focus
light and only allow the in-focus light into the camera. Image formation is so fast
that it appears to be instantaneous, as in wide-field microscopy. Another advantage
of the spinning-disk system over single-spot LSCM, particularly for live cell imag-
ing, is the lower light intensity required per unit area of the sample. This results in
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reduced photobleaching and lower phototoxicity, both of which are problems that
arise with a single spot scanner.

An alternative way of removing out-of-focus light from the LSCM is “digital
deconvolution microscopy.” A stack of regular wide-field fluorescence images are
acquired, and the out-of-focus light is removed from each optical section after-
wards by computational methods rather than by using pinholes. This method was
derived based on information about the process of image formation. The earliest
and computationally least demanding implementation is termed “nearest neighbors
deconvolution.” It subtracts the blur stemming from the sections immediately adja-
cent to (above and below) the current section. The method works well if a specimen
consists of small fluorescent spots or thin filaments, but fails for larger fluorescent
areas such as cell membranes or larger volumes. In these latter cases, it breaks the
contiguous structures up into many spots. A more sophisticated method, termed
“frequency-based deconvolution,” first decomposes images computationally using a
Fourier transform into series of periodic structures of different frequencies, ampli-
tudes and phases (where smaller details give rise to higher frequencies and large
structures to low frequencies). The frequency components of a microscopic image
represent the “true frequency components of the specimen” multiplied by the “opti-
cal transfer function” (OTF) of the microscope. The OTF is the Fourier-transformed
point spread function of the microscope. Hence, dividing the frequency components
of the image by the OTF should undo the blur produced by the microscope within
the resolution limit imposed by the impracticality of dissecting the overlapping Airy
disks from objects too close to each other. When they are then superimposed (using
a reverse Fourier transform), these corrected periodic structures should give rise to
a corrected image. Unfortunately, this operation is not directly applicable because
the OTF is zero for high frequencies (small details), beyond the resolution limit
of the microscope. Division by zero is undefined. This makes more sophisticated
methods necessary that circumvent division by zero, but unfortunately all of these
introduce various image artefacts. These artefacts are minimized by also including
information obtained a priori about the image in “constrained deconvolution” algo-
rithms. These algorithms work iteratively and are typically time-consuming and
computationally demanding. Different implementations are distributed commer-
cially by Applied Precision, Scanalitics, AutoQuant Imaging, or are freely available
(http://www.omrfcosm.omrf.org).

Super-resolution light microscopy: Currently, fluorescence microscopy is under-
going another revolution and a number of new methods have improved resolution
by a degree that only recently was considered impossible. As a result, true ultra-
structure imaging has now become possible. However, this super-resolution optical
microscopy has so far provided only a few novel biological results. However, this
situation is bound to change as the technologies become more readily available.
Some of the new methods, with one prominent example being STED (stimulated
emission depletion, see below), are technically demanding and require specialized
equipment that is only now becoming commercially available. Another method of
achieving super-resolution imaging only requires a regular microscope and depends
on specialized but easily obtainable fluorescent labels, as well as special microscope
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control and data processing (this method has been published by three independent
groups as STORM, PALM and FPALM, respectively).

STED uses a set-up similar to the laser scanning confocal microscope described
above, but employs a sequence of two laser pulses for each point in the scanned
region (Schmidt et al. 2008: Vainrub et al. 2006; Willig et al. 2006) (Fig. 8.6).
First there is a pulse to excite any fluorophores in the focal spot, just as in regular
LSCM (excitation pulse). Immediately following this, a second pulse with a slightly
longer wavelength returns the excited fluorophores to their previous nonfluorescent
ground states (depletion pulse). Unlike the excitation pulse, the depletion pulse is
not focused into a spot. Instead, it is shaped into a cylinder that tightly encloses and
cuts into the excitation spot, thus narrowing the region from which the fluorescence
emanates down to a few nanometers in diameter. Thus, the lateral resolution has
been improved by close to an order of a magnitude! The 20–70 nm lateral resolution
realized with STED has been used to map proteins inside cells and on the plasma
membrane.

More recently, the inventors of STED have come up with a STED scheme where
an excitation spot is surrounded not just in the sample plane (x, y), but also in the
axial direction (z), so that an isotropic fluorescent spot about 50 nm in diameter
is achieved (Schmidt et al. 2008) (Fig. 8.6). For this, the sample was mounted in-
between two oil immersion objectives positioned opposite to each other in a set-up
termed 4-pi (due to the theoretical numerical aperture of 4-pi, or 360◦, offered by
such system). STED is now being offered by Leica Microsystems (TCS STED). It
is integrated into the confocal platform TCS SP5. Note that the current commercial
system is not a 4-pi microscope, so the improvement achieved by STED in this case
will occur in the image plane only. However, Leica also offers a 4-pi system, so one
can reasonably expect the full three-dimensional system to become commercially
available too.

STORM (stochastic optical reconstruction microscopy) (Rust et al. 2006; Perfect
Storm 2008; Vainrub et al. 2006; Huang et al. 2008), photo-activated localization
microscopy (PALM) (Betzig et al. 2006; Manley et al. 2008; Shroff et al. 2008), and
fluorescence photo-activated localization microscopy (FPALM) (Hess et al. 2006,
2007) are acronyms for essentially the same simple and yet ingenious method for
accomplishing super-resolution in light microscopy (Fig. 8.7). The three imple-
mentations were published by three different groups at about the same time. As
discussed above, the point spread function of a light microscope describes how light
from a point source in the sample spreads into an Airy disk in the image plane, thus
making it impossible to separate two light spots very close to each other. However,
for any single light spot (from a single fluorophore) that is well separated from any
other spot, the absolute position can be determined with much higher accuracy than
the Raleigh criterion suggests by simply fitting a Gaussian to the Airy disk to locate
the center and thus the location of the fluorophore. PALM, FPALM and STORM
all make use of this strategy in combination with special dyes that first need to
be photoactivated by a pulse of light before becoming fluorescent. Photoactivation
is stochastic, and with a sufficiently weak activation pulse only a small subset of
all of the dye molecules in the field of view are activated. Thus, most fluorescing
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Fig. 8.6 (a–d) Focal intensity distributions and formation of the STED point spread function. (a)
4-pi microscopy. Two oil immersion objective lenses are mounted opposite to each other with the
sample positioned in-between them. This results in twice the numerical aperture of a single lens,
and thus improved resolution. Moreover, the focal spot can be further narrowed through construc-
tive interference between the beams coming from opposite directions, similar to interferometry.
(b–d) Close-ups of the light intensity distribution in the focal region. (b) A regular cigar-shaped
focal spot from a single lens (shown for comparison). (c) Constructive interference pattern of exci-
tation light in the 4-pi set-up. This light is used to excite the fluorescence in the sample. Note the
favorable intensity distribution as compared to the regular PSF shown in (b). The situation is fur-
ther improved through STED. (d) STED intensity distribution. This light is of a longer wavelength
than the excitation light (shown in c) and serves to extinguish fluorescence. The STED light cuts
into the excitation spot almost isotropically from all directions, sparing only a small central sphere.
This sphere, with a diameter of only about 40 nm (denoted by a ring in d), is the only region from
which fluorescence emanates, thus leading to the dramatic increase resolution of this microscopy
over traditional confocal fluorescence microscopes (adapted with the permission of Macmillan
Publishers Ltd. from Schmidt et al. 2008)
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Fig. 8.7 (a–d) Principle of STORM/PALM/FPALM. (a) An activation laser pulse stochastically
excites a small subset of photoactivatable fluorescent dyes to their fluorescent states. The dyes are
imaged for one or a few frames until they become bleached (PALM, FPALM) or are returned to the
dark state (STORM). This process is repeated, with a different subset of the dyes observed each
time. Conditions are chosen so that the dye molecules are well separated from each other in the
individual frames. Airy disks in individual frames are reduced to dots (c). The aggregate image of
all frames shows that the locations of the dyes are well resolved (d). (b) A regular image of the
same dye molecules included for comparison

molecules are far enough from each other to determine their locations with high
accuracy.

In STORM, after acquiring a frame, all fluorescing molecules are returned to their
dark states and another subset of the dyes is activated in order to acquire another
frame from the same region. This process is then repeated many times (e.g., 10,000
times). Each individual frame is reduced computationally to a map of locations of
individual dye molecules. Adding the maps yields the super-resolution image. The
inventors of STORM report the use of a photoswitchable cyanine dye. Cy5, a com-
mon cyan dye, can be switched between a fluorescent and a stable dark state (“triplet
state”) by red laser light, which also excites the fluorescence. Exposure to green
laser light converts Cy5 back to the fluorescent state, but only when Cy3 is close-
by. Hence, the Cy3–Cy5 pair comprises an optical switch. In PALM and FPALM,
photoactivatable fluorescent protein molecules are turned on and localized (to 2–
25 nm). After a few consecutive frames, the dyes become bleached. The method
can be used to achieve high resolution not just in the lateral dimension but also the
axial direction. This is accomplished by making the objective slightly astigmatic.
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An astigmatic objective focuses light in one lateral direction more strongly than in
another. Any point source imaged with such lens will produce a round Airy disk
only when it is in focus between the strongest and the weakest focal directions.
If it is in focus in the stronger focal direction, it will be spread out in the weaker
focal direction, thus producing an ellipsoid, and vice versa. Using this information,
the distorted shape of the Airy disk enables the true location of each fluorophore
within the image frame to be gauged not just laterally (with a precision of 20 nm)
but also axially (to an accuracy of 60 nm), thus achieving resolutions well below the
diffraction limit (Fig. 8.8).

All of the super-resolution light microscopy methods described above are inher-
ently limited in terms of speed by the low rate of photon emission from a small
spot as compared to the larger spots associated with regular microscopy. However,
live cell imaging has still been achieved in STED at 28 frames s−1 for the example
of the movement of synaptic vesicles in cultured neurons. This has been accom-
plished by reducing the spot size to a level where just enough photons from the
features of interest are emitted within the given short acquisition time to allow them

Fig. 8.8 (a–b) Three-dimensional (3D) STORM. (a) Principle. A weak cylindrical lens is added to
the objective to make it astigmatic. In an astigmatic objective, the focal length in one direction (here
the x-direction) is shorter than in another direction (y-direction). A fluorophore is thus imaged into
an elliptical Airy disk with its main axis along the x-direction when it is in focus in the x-direction
(close to the objective, denoted by 2), a circular disk when at an intermediate focal length (0),
and an elliptical disk with its main axis in the y-direction when it is even further away from the
objective (Vainrub et al. 2006) and in focus in the y-direction. The shapes of the Airy disks above
the objective and the corresponding fluorophores below the objective are denoted by corresponding
numbers. Therefore, a single image frame in 3D STORM contains not only information about the
locations of all the fluorescent dyes in the image plane (x,y), but also information on the distance
of each fluorophore from the objective (z-direction), as derived from the shape of its Airy disk. (b)
Image of microtubules in a cell. The z-position information is color-coded according to the color
scale bar (from Huang et al. 2008 and used with permission)
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to be discerned from the background. PALM and FPALM have also been used in
live cell imaging. The time resolution of PALM has been relatively slow for live
cell imaging, and a value of 500 s/image (with an image being the aggregate infor-
mation from 10,000 individual frames taken at 20 frames s−1) has been reported.
However, in their live cell application of PALM, Manley et al. did not use only the
aggregate information. Rather, reoccurring fluorescence from individual dyes over
a number of consecutive frames (before they became bleached) was mapped and the
trajectories of the tagged proteins were plotted as in conventional “single-particle
tracking” (spt). However, rather than tracking single ensembles of molecules, the
photoactivatable fluorophores allowed multiple ensembles of molecules to be acti-
vated, imaged and bleached. Thus, several orders of magnitude more trajectories per
cell were obtained as compared to conventional single-particle tracking. Hess et al.
(FPALM) also made use of the reoccurrence of fluorescence from single molecules
over two to four frames to study molecular dynamics. The PALM/FPALM/STORM
principle has now been licensed by Zeiss and will be offered on their laser scanning
confocal microscope platform LSM 710.

In summary, recent improvements in light microscopy have extended the reso-
lution well into the realm of the ultrastructure of the cell. Lateral resolution on
the order of 20 nm and axial resolution on the order of 60 nm have been convinc-
ingly demonstrated, even in living cells. At the same time, molecular motion has
been observed at up to 20 frames s−1. Future improvements in all super-resolution
microscopy methods are entirely possible, with respect to both spatial and time res-
olution. Such improvements may be brought about or at least depend on brighter
fluorophores.

Image processing: Image processing in advanced light microscopy is pursued
in order to enhance 3D light microscopy datasets by deconvolution (discussed
above), to provide a comprehensive display, and to perform a statistical data analy-
sis, including the colocalization of cellular components in three dimensions and in
time series of 3D images (termed 4D). Unlike two-dimensional images, we cannot
directly display three-dimensional images on a computer screen. Therefore digital
image processing is an essential component of any 3D microscope system. More-
over, quantitative data assessment is often indispensable when answering a research
question.

Principally, all of the abovementioned traditional optical sectioning microscopy
and super-resolution techniques produce datasets that require image processing. The
following section briefly describes what image processing involves, starting with
the raw data and achieving quantitative, statistically meaningful numbers. Exam-
ples are taken from one of the common image processing software packages (Imaris
from bitplane, Zurich, Switzerland). In image processing, the first task usually con-
sists of visualizing the data. Imaris as well as other packages offer a palette of fast
operations to project the data onto a 2D screen, a process often referred to as “3D
reconstruction” or “rendering” (Fig. 8.9). The projection methods include maximum
intensity projection (MIP), which prioritizes the bright structures, and blending or
ray-tracing, which prioritizes the structures close to the point of view. Software
enables users to adapt the transparency, colors, and lighting to the needs of the study
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Fig. 8.9 (Top row) Confocal optical slices taken at four different z-planes 4.7μm apart from each
other. Actin is shown in green, DAPI stain (a stain of the nucleus) is shown in blue and an artificial
membrane is shown in red (bottom row). A 3D reconstruction of 64 slices, of which four are
shown above, is depicted. Only in 3D does it become apparent that the cells have migrated across
the membrane. A clipping plane is positioned vertically to the plane of the membrane to expose a
cross-section through the cells (image display by Imaris, data courtesy of Dr. Tomoko Shibutani,
DAIICHI Pharmaceutical, Tokyo)

and the dataset. If the purpose was visualization, we may end up with a set of ren-
dered pictures and animations showing important aspects of the 3D image. Quite
often, however, visualization is used to assess the image before it is subjected to
further quantitative analysis.

For many studies involving quantitative analysis, the first step is to identify
objects in the image. This operation is usually referred to as “segmentation,” and
is one of the major steps in the analysis. The user can choose the object “detector”
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that best matches the image. For instance, tiny structures such as vesicles or nuclear
FISH signals would typically be detected in Imaris by the “Spots” detector com-
ponent, whereas dendrite trees of neurons are detected using the Imaris “Filament”
detector. The segmentation step is also where fluorescent microscopy has a large
advantage over other methods such as transmission or reflection microscopy.

The ability to selectively label structures of interest combined with its suitabil-
ity for 3D imaging has enormously facilitated the segmentation step. Rather than
analyzing the complex patterns and edges of transmission micrographs, software
can simply localize high-intensity elements in the image; these are inherently the
areas of interest. Segmentation is one of the reasons why interactive software pack-
ages such as Imaris are generally favored over noninteractive software—they offer
manual editing of automatically obtained results. Once segmentation has occurred,
quantitative analysis of the objects can be pursued, volumes can be calculated, dis-
tances can be measured and the branching of processes can be evaluated, to name
just a few examples for quantitative data analysis (Fig. 8.10).

Electron Tomography

Only recently, ultrastructure imaging was the domain of transmission electron
microscopy (TEM) alone. Electron microscopy utilizes a beam of electrons that are
accelerated by a high voltage and directed into vacuum column with electromag-
netic lenses, rather than visible light and glass lenses. TEM thus exploits the very

Fig. 8.10 (Left) A blending reconstruction of a lucifer yellow-injected single nerve cell display-
ing dendrites and spines. While visually informative, the software is unable to obtain quantitative
information from data in this form. The figure on the (right) was created from the same data
after automatic segmentation. The dendrites and spines were automatically segmented using Fil-
amentTracer from Imaris, a software module designed for the analysis of longitudinal, branched
structures. The data is now available as an object graph and the software is able to count branch
points and to measure the lengths and diameters of each of the dendrite segments; hence the infor-
mation is much more readily available for quantification (dimensions are in microns; courtesy of
Anne McKinney, McGill University, Montreal)
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short wavelength of the electron beam to boost the resolution of the optical system
way beyond that offered by visible light. While TEM is now receiving competition
from super-resolution light microscopy, it will continue to play an important role in
revealing the spatial relationships of the macromolecules in cells and tissues. This is
because, in light microscopy, macromolecular identity is only revealed after label-
ing. The large number of different proteins and other macromolecules at work at
any time in a cell makes it inconceivable to extend this approach to deduce even a
substantial subset of all of its macromolecular relationships by methods that depend
on labeling. Moreover, even the cellular architecture of compartments separated by
membranes, the cytoskeleton and the nucleus with its substructure all need labeling
to be well resolved, even when using the most advanced light microscope. TEM
on the other hand reveals all of the compartments in the cell directly, and much
of the cytoskeleton is identified without labeling as well. Moreover, TEM is now
making a strong resurgence as electron tomography (ET), a novel data collection
strategy, enables explorations of cellular ultrastructure in three dimensions at very
high resolution (Kurner et al. 2005; Richter et al. 2008; Marsh et al. 2001; McIntosh
et al. 2005; Lucic et al. 2005).

Electron tomography has been developed over more than 20 years. However, the
technology has only just now matured to the point where it can be routinely applied
to specimens in a fully automated fashion. This not only makes the recording of
tomographic datasets much less cumbersome, but it also makes it possible to mini-
mize the exposure of the specimen to the electron beam, a major concern in the
high-resolution TEM of inherently beam-sensitive biological specimens. In tradi-
tional TEM, a single projection image (micrograph) of the region of interest in a
thin section is acquired with the specimen positioned perpendicular to the electron
beam. In the process of electron tomography, on the other hand, several hundred
digital micrographs are acquired, each from a different viewing direction, as the
specimen is rotated around the region of interest from about 70◦ tilt angle from its
normal to the beam, through zero, to −70◦. The resulting set of micrographs is com-
putationally back-projected into a single 3D object, according to the same concepts
as used in medical computer tomography or other tomographic methods (Fig. 8.11).

The tomogram allows for a much more comprehensive structure-based under-
standing of the role of the proteins of interest in their cellular context than traditional
electron micrographs. In addition to revealing ultra- and molecular structure in three
dimensions (which is far more meaningful), it greatly (or significantly) increases the
information obtained in the viewing direction over the traditional single projection.
In a single micrograph, all of the structures in the viewing direction overlap and the
resolution is basically reduced to the thickness of the complete specimen, e.g., the
thickness of a plastic section of some cells or tissue, whereas the resolution is almost
isotropic in all directions after tomography. The current resolution of cell organelles,
subcellular assemblies and, in some cases, whole cells permitted by ET is in the
range 5–20 nm: suitable for identifying supramolecular multiprotein structures in
their cellular context (Fig. 8.12). However, in order to identify it in a tomogram,
the shape of such supramolecular structure must be known beforehand; from X-ray
crystallography, NMR spectroscopy, EM crystallography or single-particle analysis
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Fig. 8.11 In electron tomography (ET), many projected images of a sample are acquired. In order
to achieve this, the sample is tilted with respect to the beam in-between images. The 3D structure
of the object is then reconstructed from the individual micrographs through computational “back
projection” (from Lucic et al. 2005 and used with permission)

(Medalia et al. 2002). The known shape of the complex is then used as a “mask”
in an algorithm that is designed to locate copies of it within a tomogram via cross-
correlation. ET also reveals the context of protein complexes with other cellular
components, such as DNA and membranes.

The high resolution offered by ET naturally depends on adequate sample preser-
vation for the improved resolution to be meaningful. During processing, samples are
rendered compatible with the high vacuum of the microscope, and they are often cut
into sections that are sufficiently thin for the electron to beam to penetrate. Tissues
or cells may be fixed chemically, embedded in plastic and cut into thin sections by
an ultra microtome. Some heavy metal staining is usually introduced to surround
the molecules and thus improve contrast. Modern TEM performed with an “inter-
mediate” acceleration voltage for the beam electrons of 200–300 kV allows samples
up to about 200–300 nm thick to be penetrated. Similar, although thinner, sections
are also used widely in traditional TEM to study the morphology, ultrastructure, and
contents of cells and their subcellular organelles. However, chemical fixation may
not sufficiently preserve the structures for ET. To greatly improve structure preser-
vation, samples can be rapidly frozen employing special procedures to prevent ice
crystals from forming: this is an artefact-free fixation method. Frozen specimens can
then be processed by “freeze substitution.” In this process, the water in the frozen
specimen is gradually replaced with a plastic resin at low temperature so that all
structures are retained in place throughout. After polymerizing the resin, the sam-
ples are sectioned in a similar way to chemically fixed samples. In a variant of this
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Fig. 8.12 Surface rendering of an actin network, membranes, and cytoplasmic macromolecular
complexes (815 × 870 × 97nm). The actin filaments are reddish, the ribosomes green and the
membranes blue (from Medalia et al. 2002 and used with permission)

approach, the frozen sample can also be cut directly into thin sections for cryo-
TEM without plastic embedding or staining. However, cryosections are difficult
to obtain as they tend to crack because of the compression caused by commonly
used diamond knifes. Better results have recently been achieved by carving sec-
tions out of a frozen sample by focused ion beam thinning (i.e., exposing the frozen
sample to an ion beam in order to sputter material). Notwithstanding the great tech-
nical challenges posed by obtaining and imaging cryosections, excellent results have
been obtained from bacteria samples, particularly in terms of the preservation of
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membrane structure and extracellular glycoprotein architecture (Marko et al. 2007).
In other cases, the specimens are within the required 200–300 nm thickness or are
not much greater than this, so sectioning is not required. This may be true for
extended processes of cells or for large regions of epithelial or endothelial cells.
The cells can be cultured directly on a thin carbon or plastic film used as a sup-
port during the microscopy; this is then frozen and introduced into the microscope
(Medalia et al. 2002).

ET has matured at a time when electron microscopes have also improved greatly,
meaning that the information about the object carried by the electron beam is almost
fully exploited. However, the ultimate resolution of electron microscopy and hence
ET is inherently limited due to the damage that occurs when electrons interact with
the cellular structure. Current resolutions may indeed be close to a “theoretical”
limit, and this would mean that the secondary and tertiary structure of an individual
protein or polypeptide would remain out of bounds. The identification of proteins
that are not in large complexes would therefore continue to require (immunogold)
labeling.

Atomic Force Microscopy

AFM does not depend on light or optics. In AFM, the topology of a sample is traced
by a sharp stylus that is scanned line by line over the sample. The stylus sits at the
free end of a cantilever spring and lightly touches the sample. Increases in elevation
of the sample cause the stylus to move up and bend the cantilever upward while
depressions allow the stylus to move down. The stylus and cantilever are usually
microfabricated from silicon or silicon nitrite. The cantilever is typically a fraction
of a millimeter long and a few micrometers thick. AFM lends itself well to imag-
ing molecular and cellular specimens under physiological conditions in buffer. The
AFM cannot look inside an intact cell, but it can be used to either investigate ele-
ments of the ultrastructure that have been isolated or to probe the outer surfaces of
cells.

When imaging isolated molecular assemblies, AFM offers very high resolution
at a high signal-to-noise ratio. Biological membranes for example can be imaged
in their native state at a lateral resolution of 0.5–1 nm and a vertical resolution of
0.1–0.2 nm. Conformational changes that are related to functions can be resolved
to a similar level. This is well beyond the capabilities of any other microscope
(Fig. 8.13).

In addition to imaging the structure, AFM can map properties of the sample such
as local stiffness, electrical conductivity or electric surface potential (Fig. 8.14). In
the example given in Fig. 8.14, the map of the electric surface potential helped
to reveal the local molecular arrangement of pulmonary surfactant (Leonenko
et al. 2007a, b).
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Fig. 8.13 ATP synthase is a proton-driven molecular motor with a stator (seen here) and a rotor. It
has not yet even been possible to count the number of individual proteins inside the ring structure
based on electron micrographs (adapted with the permission of Macmillan Publishers Ltd. from
Seelert et al. 2000)

Fig. 8.14 A film of pulmonary surfactant. The topographical image (left) shows a pattern of lipid
monolayer and scattered multilayer regions (stacks of lipid bilayers). In the potential map (right),
large stacks of bilayer patches are at a potential of up to 200 mV above the monolayer. We asso-
ciated the positive surface potential of the stacks with the presence of the surfactant-associated
protein C (SP-C). The helical structure of SP-C constitutes a strong molecular dipole (taken from
Leonenko et al. 2001 with permission; the image was taken with a NanoWizardII AFM from JPK
Instruments, Berlin)

AFM started out as an imaging tool, and early applications demonstrated the
resolution power and high signal-to-noise ratio that it offers at the macromolecular
level. Although unintentionally at first, it soon became clear that the probe could
be used to manipulate and probe macromolecular structures individually, thus open-
ing up a wide range of applications for this technology. The most notable of these is
termed “force spectroscopy” (Fig. 8.15). It is based on the fact that the force between
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Fig. 8.15 Force vs. distance curve. For the example shown here, the tip first experiences a long-
range repulsive force upon approaching the sample, even before the tip and sample are in physical
contact. Close to the sample, the tip becomes strongly attracted by the van der Waals force. In this
instance, the attractive force gradient becomes greater than the force associated with the cantilever
spring. This causes the tip to snap into physical contact with the sample (the perpendicular part of
the approach curve). Once physical contact has been made, the cantilever is deflected linearly by
the approaching scanner until the scanner stops. On the way back, the tip often sticks to the sample
by adhesion until the pull from the cantilever forces it out of contact. The adhesion curve is often
the most interesting part. It can reveal the folding path of a protein, be used to measure immune cell
activation, or show the time dependence and progression of nanoparticle uptake by lung epithelial
cells (Fig. 8.16), to name but a few examples

the stylus and sample derives from not only the active loading of the stylus onto the
sample, but also the interactions that occur between the sample and the tip, including
van der Walls, ionic and hydrophobic interactions. These interactions are the same
as those that rule molecular interactions in cells and tissues, including nonspecific
interactions and highly specific receptor–ligand interactions (Israelachvili 1997).
The forces they produce typically range from a few piconewtons to a few nanonew-
tons and are thus well within the measurement accuracy of the AFM.

For a number of examples, molecular images have been obtained with sufficient
resolution to individually recognize single macromolecules and then address the
molecules individually with the stylus of the AFM. Single-molecule force spec-
troscopy combined with single-molecule imaging has provided an unprecedented
means to analyze intramolecular and intermolecular forces, including those involved
in the folding pathways of proteins. Probing the self-assembly of macromolecular
complexes and measuring the mechanical properties of macromolecular “springs”
are other examples of where AFM has made substantial contributions to the life
sciences.

The imaging of living cells with AFM is performed in conjunction with local
probing of the sample (Figs. 8.16 and 8.17). The images by themselves are usu-
ally only used to obtain proper experimental control. The extreme flexibility of
the cell membrane means that the images often show a combination of the cell
topography and the mechanical stiffness of cytoskeletal fibers and vesicles below
the cell surface. The in situ probing of the responses of cells to electrical, chemical
or mechanical stimulation is also possible.
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Fig. 8.16 Force vs. distance curve of a chemically modified AFM stylus on a lung epithelial cell
(adapted from Leonenko et al. 2007a, b and used with permission from Elsevier). Here, the AFM
tip serves as a model of a nanoparticle that enters the lung via the ambient air and is taken up
by the body. The study revealed the important aspects of the particle uptake by measuring the
time-dependent adhesion of the particle to the plasma membrane

Future Directions in Ultrastructure Imaging

Knowing at any given time where every atom of every molecule resides in an organ-
ism holds the key to answering any research question in the life sciences. Our current
understanding is that the combination of crystallography or NMR (which reveal
the atomic structures of macromolecules), electron tomography (which allows the
determination of the precise subcellular positions and interactions of macromolec-
ular machines), and fluorescence light microscopy (which describes the dynamic
nature of cellular processes) should lead to a profound understanding of the cellu-
lar processes associated with the physiological functions of tissues and organs and
the pathogenesis of disease. However, the sheer number of macromolecules in an
organism or even in a single cell that are interacting and being modified and turned
at any given time, not to mention the small molecules of the “metabolome,” makes
the notion of obtaining the entirety or even a substantial fraction of the mechanics
of a cell, tissue or organism with current techniques quite inconceivable. Gene array
technology that is designed to reveal cellular responses to even small interferences
with normal cell function typically returns hundreds of changes in gene activity,
some of which are anticipated but many of which are entirely unexpected and in no
way understood. This is testament to the level of integration and interdependence
of the molecular construction of cells. Hence, by observing hundreds or thousands
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Fig. 8.17 A neuron cultured on an electronic chip. The chip is designed to pick up an action
potential from the cell. The image demonstrates the proper tracing of the cell surface. In a future
application, an appropriately designed stylus could be used as an additional electrode to excite or
record an action potential at any location on the cell body or a neuronal cell process

of different molecular species at a time by microscopy, one ought to be able to do
justice to the complexity of life, or, in more practical terms, efficiently unravel the
molecular pathways associated with a function of interest. Such an approach would
be conceptually similar to the systematic, unbiased approaches of genomics and
proteomics. No single existing microscopy technique that is currently in existence
or even any combination of all of them has the potential to achieve this. On the other
hand, current analytical tools for identifying large numbers of molecular species at
a time—with mass spectrometry being one important example—are not designed to
determine the part of a cell in which a particular molecule is located. An ideal micro-
scope would combine the high level of localization of today’s ultrastructure imaging
tools and the capabilities of mass spectrometry (for example, the ability to identify
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Fig. 8.18 AFM of cell sections (left); for comparison a TEM micrograph of the same specimen is
also shown (right). AFM and TEM both give a highly detailed image of the cell’s ultrastructure. N,
nucleus; ER, endoplasmatic reticulum; m, mitochondria (adapted from Matsko and Mueller 2004
with permission)

molecular species based on their own characteristics rather than via labeling). Such
a microscope is yet to be invented.

Among all current microscopic techniques, AFM may offer one avenue to such
a microscope. It has recently been demonstrated that thin sections of fixed and
embedded tissue and cell samples make the cell’s interior accessible to AFM. High-
resolution cell images give a clear image of the cell’s ultrastructure, sometimes
reaching down to the macromolecular level (Fig. 8.18). While the AFM is unlikely
to allow macromolecules to be identified by shape, it could be combined with power-
ful local spectroscopy. The stylus could then act as both an imaging tool and a local
spectroscopic probe. One can speculate that spectroscopy might lend the microscopy
the ability to identify macromolecular specimens under the tip directly.

In summary, the past few years have seen dramatic improvements in life science
microscopy. Super-resolution fluorescence light microscopy has permitted the ultra-
structure imaging of living cells. In electron tomograms, macromolecular complexes
can be identified directly by shape, without the need for labeling. Atomic force
microscopes image isolated elements of the ultrastructure, including membranes and
macromolecules, at submolecular resolution. This technology also makes molecular
interactions directly accessible through the measurement of binding forces. Finally,
there is still room for further invention—a microscope that does not require the use
of labeling to identify molecules, from metabolites to macromolecules within the
ultrastructure of the cell, is not yet on the horizon.
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