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Introduction: The Optical
Microscope in Cell Biology

The simplest microscope is a single lens. The word “lens” is Latin, and lenses seem
to have been known to the ancient Greeks and Romans, as well as to the Chinese,
for thousands of years. Lenses were used as burning glasses to start fires by focusing
the light of the sun on kindling, and in medieval Europe (and much earlier in China)
they were used to correct vision. Yet the idea of using them to look at small objects
does not seem to have occurred to the ancients. The problem was philosophical, not
technical—they simply had no concept that there was anything significant to see
beyond the limits of the human eye. The world, to them, was what they could see.

It was not until 1656 (according to the Oxford English Dictionary) that the
word microscope entered the English language, and its equivalent is recorded in
Italian at around the same time. This is far more significant than the coining of
a new word; it reflects the new way of looking at the world that emerged in the
Renaissance and grew into the Age of Enlightenment. There was a whole cosmos
to study with telescopes—a universe hugely larger than that imagined by the
ancients. And then there was the microcosm—the world below the scale of human
sight, studied with the microscope.

A book was published in 1665 that changed the way people looked at the world.
It was the first, and most famous, book on microscopy ever written: Robert Hooke’s
Micrographia, published by the Royal Society. Hooke was not confident enough
to use the new word microscope on the title page, referring instead to “physiologi-
cal descriptions of minute bodies made by magnifying glasses.” But what he used
was a compound microscope, with a focusing system, illuminator, and condenser,
all recognizable albeit primitive. It was not very good, but one of his observations
had great significance—he called the compartments he could see in cork “cells.” If
fact, cells are also clearly shown in his drawing of a nettle leaf, though he did not
comment on them in the text.

Then, and for at least two hundred years afterward, the simple microscope con-
sisting of a single lens was also the best microscope, able to give better resolution
than compound microscopes using multiple lenses such as Hooke’s. With the aid
of very carefully made single lens microscopes, Hooke’s contemporary, the Dutch
naturalist Antonie van Leeuwenhoek, was able to take his microscopic studies to
a level of resolution an order of magnitude better than Hooke’s. van Leeuwenhoek
saw and described spermatozoa, red blood corpuscles, and bacteria more than
300 years ago. (He took pains to explain that the sperm “were obtained from the
overplus of marital intercourse and without committing any sin”.) It is impossible
to overestimate the significance of these discoveries. Imagine a world in which
nobody knew what caused disease, or how conception worked, or what blood did.
Van Leeuwenhoek did not answer these questions, but he made them answerable.

xi



xii Introduction

Compound microscopes were used for greater convenience and versatility, but not
until the late 19th century could they surpass simple microscopes in performance.
They were inferior because of the aberrations (defects) of the lenses. The more lenses
that were added to a microscope the worse it got because each one magnified the
level of aberration. This topic is dealt with in detail in Chapter 7.

The last person to make major scientific discoveries with the simple single-lens
microscope was the legendary botanist Robert Brown in the early 19th century.
His name is perpetuated in Brownian motion, which he discovered (and under-
stood), and he also studied fertilization in plants, describing the pollen tube and
its function. In the course of this study—almost in passing—he described the cell
nucleus. It was a tiny part of a very long paper, but his contemporaries spotted it
and took note.

Between van Leeuwenhoek and Brown lay a timespan of over 100 years, and
during that time compound microscopes were mostly the playthings of wealthy
amateurs who used them mostly as expensive toys. Their quality simply was not
good enough for science. This does not mean that the problems were being ignored.

In the 1730s Chester More Hall, an English barrister, set out to construct an
achromatic lens, free from the color fringing that ruined the performance of current
lenses. He realized that what was needed were two media of different dispersion, and
fortunately for him a new glass (“flint glass,” with a high lead content) had just been
produced with a higher refractive index and dispersion than traditional “crown”
glass. He would need to combine two lenses: a strong positive one of crown glass
and a weak negative one of flint glass. To test his idea he needed to get these lenses
made, but he was afraid that whoever made them for him would pinch the idea. So
he commissioned two different opticians to make the two lenses. Unfortunately, both
opticians subcontracted the job to the same lens maker, George Bass. Bass and Hall
made several achromatic telescopes for Hall’s use, the first in 1733, but neither com-
mercialized the invention. The telescopes remained in existence, though, so Hall’s
priority was clearly proven.

Bass kept quiet about Hall’s achromatic telescope lenses for 20 years, but then
he discovered that the microscope and telescope maker John Dollond was experi-
menting along similar lines. Bass told Dollond about the lenses he had built for
Hall, and Dollond promptly patented the idea and started production. Other optical
manufacturers naturally disputed the patent. The court ruled that although Hall’s
priority was clear, Dollond deserved patent protection for his work in bringing the
lenses to production and making them known to the world, so the patent was upheld.
The company, now called Dollond & Aitchison, is still in business. From about
1758 achromatic objectives for telescopes, newly designed by Dollond but based on
Hall’s principles, were generally available. However, attempts to make such lenses
for microscopes proved too technically difficult at the time, and it was not until the
19th century that achromatic microscope objectives became available.

The other major optical problem was spherical aberration. This can be minimized
in a single lens by making it a meniscus shape. Van Leeuwenhoek discovered this
empirically and Hall’s first achromats also deliberately used this design to minimize
spherical aberration. However, although this partial correction is not too bad in a
telescope, it is not adequate in a microscope working at high magnification.
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Joseph Jackson Lister, father of the surgeon who introduced antiseptic surgery,
set out to solve the problem in the early 19th century. He was a wine merchant
and a Quaker (an odd combination) and this was only a hobby, but his science
was impeccable, and his design principles are still the starting point for all micro-
scope objectives. His first corrected microscope was built for him in 1826, and
his paper was published in the Philosophical Transactions of the Royal Society
in 1830. Optical manufacturers did not immediately beat a path to his door, but
with some persuasion Lister got the large optical firm of Andrew Ross to take
over the manufacture of his corrected lenses. Ross also designed a much more
rigid microscope so that the high resolution these lenses produced could be used
in practice.

Lister and Ross took the design one stage further by introducing a correction
collar to adjust the spherical aberration correction for use with or without a cover
slip, or with different thicknesses of coverslip, and this was published in 1837. It
became a must-have feature so some less reputable manufacturers provided a collar
that did not actually do anything, or even just engraved markings without anything
that turned. The compound microscope was now a fit tool for scientists, and Lister
himself was one of the first to put it to work. He showed that red blood cells (first
seen by van Leeuwenhoek) were biconcave disks and discovered that all muscle was
made up of fibers.

Two German scientists, Matthias Schleiden and Theodor Schwann, also eagerly
adopted the new microscopes. In 1838 Schlieden (then professor of botany at the
University of Jena) wrote Contributions to Phytogenesis, in which he stated that
the different parts of the plant organism are composed of cells or derivatives of
cells. He thereby became the first to formulate what was then an informal belief as a
principle of biology equal in importance to the atomic theory of chemistry. He also
recognized the importance of the cell nucleus, discovered in 1831 by the Scottish
botanist Robert Brown, and sensed its connection with cell division.

Schwann studied medicine at the University of Berlin, and while there at the
age of 26, discovered the digestive enzyme pepsin, the first enzyme ever isolated
from animal tissue. Schwann moved to Belgium, becoming professor first at Louvain
(1838) then at Liege (1848). He identified striated muscle and discovered the myelin
sheath of nerve cells (Schwann cells are named after him). He also showed that
fermentation was the product of a living organism. Schwann’s Mikroskopische
Untersuchungen iiber die Ubereinstimmung in der Struktur und dem Wachstume
der Tiere und Pflanzen (1839; Microscopical Researches into the Accordance in the
Structure and Growth of Animals and Plants) extended his friend Schleiden’s work
into a general theory applying to plants, animals, and protists.

The framework for cell biology was now in place, but the optics of the microscope
were still not fully understood, and many microscopists were frustrated at not being
able to obtain the results they thought they should get. Physicists were working on
the problem. George Airy was an astronomer (in due course Astronomer Royal) who
showed that the image of a point source formed by a lens of finite diameter was a
disk with halos around it whose properties depended entirely on the size of the lens.
This was a key point in understanding the performance of a microscope, but Airy
was perhaps not the man to take it further. He was a vain and highly opinionated



xiv Introduction

man who refused to accept such major breakthroughs as the discovery of Neptune
and Faraday’s electrical theory.

John Strutt, Lord Rayleigh, was the man who saw the use of Airy’s discovery. He
was a brilliant scientist who first made his name in acoustics but then moved into
optics and explained how the wave nature of light determined how it was scattered
(Rayleigh scattering). He also discovered the element argon. In microscopy he gave
the first mathematical analysis of resolution, defining a resolution criterion based
on the Airy disk and showing how it was determined by the numerical aperture of
the objective.

The man who more than any other completed the evolution of the microscope
was Ernst Abbe, a junior professor of physics at the University of Jena, who joined
the optical company founded by the university’s instrument maker Carl Zeiss in
1866, became a partner in 1876, and took over the firm after Zeiss’ death in 1888.
Abbe realized that Rayleigh’s treatment was not correct for the common case of a
specimen illuminated by transmitted or reflected light, and developed his diffrac-
tion theory of image formation, which for the first time made the significance of the
illumination system clear. He also designed a more perfectly corrected lens than any
before, allowing microscopes for the first time to actually reach the theoretical limit
imposed by the wavelength of light.

At this time, the end of the 19th century, the microscope had reached its limit. To
some, this was the end of the line but with hindsight it was a boon, for it ended the
quest for more resolution and set scientists on the road to expanding the capabilities
of the microscope. This was the golden age of the histologist; microtomes, too, had
been perfected, a wide range of fixatives and stains was in use, and superb images
were obtainable of fixed, stained sections. However, cell physiologists wanted to
understand the workings of the cell, and being restricted to dead, sliced material was
a serious limitation.

The 20th century brought a revolution in what could be studied in the microscope.
Fluorescence came early, introduced by August Kohler, the same man who gave
us Kohler illumination, though it was another 60 years before the improvements
introduced by the Dutchman J.S. Ploem made it widely popular. Zernike’s phase
contrast (yet another Dutch invention), followed by Nomarski’s differential interfer-
ence contrast, gave us for the first time convenient, effective ways to study living
cells. Polarized light could reveal structural information about cell components that
lay below the resolution limit. Midway through the century, the optical microscope
had become a serious tool for the cell biologist. Then came confocal microscopy, and
multiphoton, and a huge expansion in the realm of optical imaging tools in biology.

But they do not belong in the introduction; these techniques are what this book
is about.
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’I The Light Microscope

The simplest microscope is a single lens, and as we saw in the Introduction this was for
many years the best microscope. Simple microscopes, as they are called, can give high-
resolution images, and once we understand how one lens works, it is equally easy to
see how they are combined to form both ancient and modern compound microscopes.

LENSES AND MICROSCOPES

There is one fundamental property of a lens from which many of its other characteris-
tics follow on automatically. A lens, by definition, makes parallel rays of light meet at
a point, called the focus of the lens (Figure 1.1). The distance from the lens to the focus
is called the focal length. For a simple understanding of the microscope the focal
length is the only thing we need to know about a lens. This ignores any imperfections
of real lenses, assuming that all lenses are perfect, but it is a great starting point.

We can use this property to draw some very simple ray diagrams, which will
show us how and where a lens will form an image and from there how different
lenses work together in the complete microscope. Since all parallel rays are deflected
through the focus, while rays that pass through the exact center of the lens will go
straight through, undeflected, it is easy to plot where the image of a specimen will be.

Provided that the object is farther away from the lens than its focal length, we can
draw these two rays, as shown in Figure 1.2, from any point on the object. Where
they meet is where the image of that point will be. (If the sample is closer to the lens
than its focal length, the two rays will not meet.) This shows us that the objective
lens forms an inverted, real image—real in this context meaning that it is an actual
image that can be projected on a screen. In fact you can easily do just that if you
take out an eyepiece from a microscope in a darkened room. Put a piece of tracing
paper over the hole and you will see this image, since it is formed at a point near the
top of the microscope tube. A slight adjustment of the fine focus should bring it into
sharp focus.

How then can we get a greater magnification? As Figure 1.3 shows, this is done by
using a lens with a shorter focal length. A “higher power” lens really means one that
has a shorter focal length. If we are going to still form the image at the same place
we must bring the specimen closer to the lens, which is why high power objectives
are always longer than low power ones. They are designed to be parfocal—as you
rotate the turret of the microscope each lens should come into approximate focus
once one has been focused.

In theory (and indeed in practice) we could make the image larger with any given
focal length lens by forming the image farther away (i.e., bringing the specimen closer
to the lens). But lenses are corrected for one image distance, as explained in Chapter 7,
and the image quality will suffer if we do that. The distance from the back of the
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FIGURE 1.1 A lens makes parallel rays meet at a point, called the focus of the lens.
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FIGURE 1.2 Plotting the paths of the parallel and central rays shows where a lens of given
focal length will form an image and what the magnification will be.

Objective

A Focus

Real
image

Y

~

FIGURE 1.3 A high power objective has a shorter focal length. It is positioned closer to the
specimen and will then form a more highly magnified image but at the same place.

objective to the image plane is called the tube length and is marked on the lens.
Having a fixed tube length brings us the added benefit that we know what magnifica-
tion an objective of a given focal length will give, and we can mark this on the lens.
If you look at an old microscope objective, from the days when tube lengths were not
standardized, you will find that it gives the focal length rather than the magnification.
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FIGURE 1.4 The eyepiece is positioned close to the real image formed by the objective. It
cannot therefore form a real image and instead the rays appear to originate from a magnified
virtual image.

We do not usually view the image on a sheet of tracing paper but through another
lens, the eyepiece. The eyepiece is positioned so that the real image projected by
the objective is closer to the lens than its focal length. This means, as we have
seen, that it cannot form a real image. However, if we plot the rays in the same way
(Figure 1.4) we see that they appear to come from a point behind the lens, which
is thus a virtual image. The virtual image is the same way up as the original real
image but much larger, so the final image remains inverted relative to the speci-
men but is magnified further by the eyepiece. We normally focus a microscope so
that the virtual image is located somewhere around the near point of our eyes, but
this is not essential. Where it forms is under our control as we adjust the focus.

Figure 1.5 shows these same ray paths in their correct position relative to an
actual microscope. For the sake of simplicity an old single-eyepiece microscope is
used since its optical path is in a straight line. This also emphasizes the point that
microscope resolution has not improved since the end of the 19th century; the mod-
ern microscope is not really any better optically.

Each operator may focus the microscope slightly differently, forming the virtual
image at a different plane. This does not cause any problems in visual microscopy,
but once we start to take photographs it can make life difficult. The camera needs
an image at the plane of the film, not the plane at which an individual operator finds
comfortable for viewing. A microscope fitted with a camera will also have crosshairs
visible through the eyepiece, and the eyepiece will have a focusing adjustment to
bring these into focus. Then the microscope focus is also adjusted so that the image
is seen in sharp focus with the crosshairs superimposed; it will then also be in focus
for the camera.
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FIGURE 1.5 An early 20th century Zeiss “jug-handle” microscope. By this stage the micro-
scope had developed to the point where its resolution was limited only by the wavelength of

light, and it has therefore not improved since. Modern improvements are fundamentally mat-
ters of convenience (see Figure 1.9).

The final magnification that we see will be the objective magnification multiplied
by the eyepiece magnification, provided that the tube length is correct. The image
captured by a camera will have a different value, determined by the camera adaptor.

Modern microscopes rarely just have the one eyepiece, which sufficed up until
the mid-20th century. Binocular eyepieces just use a beamsplitter to duplicate the
same image for both eyes; they do not give a stereoscopic view (Figure 1.6). (In this
they differ from the beautiful two-eyepiece brass microscopes of the 19th century,
which were stereoscopic but sacrificed some image quality by looking through the
objective at an angle.)

There always needs to be an adjustment for the interocular spacing to suit different
faces. This has to be done without altering the tube length. Sometimes there is a piv-
oting arrangement so that the actual length does not change. On other microscopes

the eyepieces move out as they come closer together and in as they move farther apart.
On some older microscopes it must be manually adjusted; the focusing ring on each
eyepiece must be adjusted to match the scale reading on the interocular adjustment.

THe Back FocAL PLANE OF A LENS

To understand the practical side of setting up a real microscope we need to know
more than just where the image is formed. We also need to look at what the light
does as it passes down the tube between the objective lens and the image it forms.
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50/50 beamsplitter ——— - - -

FIGURE 1.6 Typical arrangement of prisms in a binocular microscope. Both eyes see the
same image.

If we construct ray paths through a lens as before but for two points on the sample
equidistant from the optic axis, we have Figure 1.7A. From each point we have drawn
one ray from the object passing undeflected through the center of the lens and a sec-
ond from the same point running parallel to the optic axis, and therefore deflected
through the focus of the lens.

With these two rays from each point we have defined the position and size of the
image. Since we know that all rays from each point must arrive at the corresponding
point on the image, we can now draw in as many more rays as we like. Figure 1.7B
adds the rays that leave the object at an angle, o, equal to that of the rays passing
through the center of the lens but in the opposite direction. An interesting feature of
the ray paths is now apparent. Behind the lens, at the plane of the focus, rays leaving
both object points at an angle of +o cross each other above the optic axis (the line
through the center of the lens). The parallel rays, of course, cross at the focus, while at
an equal distance below the optic axis the rays leaving both object points at —o. cross
each other.

More points and more rays can be added to the diagram. Figure 1.8A shows rays
leaving at smaller angles, which cross at the same plane but closer to the optic axis.
You might like to plot rays at larger angles and observe where they meet; plotting
it yourself will explain more than any number of words. Figure 1.8B shows two
more points, with rays leaving each at +o and —o.. The construction lines have been
omitted for the sake of clarity; in any case having already defined two points on our
image, we know where other object points will be imaged. What we see is that the
+0. and —o rays all cross at the same point.

These constructions show us that at the plane of the focus, all rays, from any point
of the object, that leave in one particular angle and direction will meet at one point.
The larger the angle, the further this point will be from the optic axis. This plane is
called the back focal plane (or sometimes just focal plane) of the lens. It is also some-
times called the pupil. The back focal plane will lie between 1 and 10 mm behind the
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FIGURE 1.7 (A) Rays from two points on the sample to corresponding points on the image.
(B) Two additional rays at matching angles added. Rays at corresponding angles cross at the
same plane as the focus (the back focal plane or BFP) but off the optic axis.

lens, since this is the range of focal lengths of common microscope objectives. It will
therefore be within the lens mount.

The back focal plane of the objective is easy enough to see. Simply focus the
microscope on a specimen, then remove an eyepiece and look down the tube. A
larger and clearer image can be obtained by using a phase telescope instead of the
standard eyepiece. This is a long-focal-length eyepiece, which takes the back focal
plane as its object and gives a magnified virtual image of it, just as a standard eye-
piece does with the image. Alternatively, some of the larger and more elaborate
research microscopes have a Bertrand lens built into the column (Figure 1.9). This is
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FIGURE 1.8 (A) Additional rays at smaller angles have been added; they cross closer to the
optic axis. (B) Rays from all points on the image at a given angle cross at the same point on
the back focal plane.

an extra lens, which can be put into position with a slider, and forms an image of the
back focal plant at the normal image position, where it is magnified by the normal
eyepiece just as if it were the image of the specimen.

If a specimen scatters light uniformly, the back focal plane will be a uniformly
bright disc, its diameter being determined by the maximum value of o that the lens
can accept. If the specimen has a tendency to scatter light in particular directions we
will see this as a pattern in the back focal plane (Figure 1.9C). At the back focal plane,
light can be sorted not according to where it comes from but according to the angle
at which it has been scattered by the specimen. This gives a handle on controlling
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FIGURE 1.9 (A) A modern Zeiss optical microscope. Although the built-in illuminator
and binocular eyepieces make it much more convenient to use than its older counterpart (see
Figure 1.6), it is optically no better. The modern microscope focuses by moving the stage,
whereas the older one moves the tube carrying objectives and the eyepiece. The arrow indi-
cates the Bertrand lens, which permits the back focal plane (BFP) to be viewed through the
eyepieces. (B) Image of a diatom (Pleurosigma angulatum) taken on this microscope. (C) The
BFP seen using the Bertrand lens with the same sample in position. Since the sample has a
regular pattern, it scatters light in particular directions, and this pattern is visible at the BFP
where light is sorted by direction. (The condenser must be closed down to give parallel illu-
mination to see the pattern.)

and testing the resolution of the microscope, and it also opens the door to a range of
important contrast-enhancing techniques, which will be covered in Chapter 2.

GooD RESOLUTION

How do we define how good a microscope, or a lens, is? Magnification does
not really answer the question; it is no good forming a huge image if it is not
sharp. (Microscopists often describe this as “empty magnification.”) The impor-
tant thing must be the ability to image and distinguish tiny objects in our spec-
imen, since that is why we use a microscope in the first place. Two brilliant
19th century scientists turned their attention to the problem and came up with
rather different treatments. This polarized the microscope community and argu-
ments raged as to which was right. The protagonists themselves, John William
Strutt (later Lord Rayleigh) and Ernst Abbe, looked on in bewilderment since
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it was clear enough to them that they were simply describing different imaging
modes. Both approaches are correct, and both are relevant and important to the
21st century microscopist since they describe the two common ways in which we
operate a microscope.

Resolution: Rayleigh’s Approach

Rayleigh’s approach to the resolution question (Rayleigh, 1880) was taken from
astronomy and starts from a very simple situation: a lens forming a magnified image
of an infinitely small point that emits light (Figure 1.10). What will the image of such
a point source be?

The image is not an infinitely small point but a disk (Figure 1.11) called an Airy
disk after Sir George Airy, the astronomer who first described it. The disk is sur-
rounded by a series of progressively fainter haloes. The haloes only account for a
small fraction of the light (the disk is 97%; first bright ring, 1.7%; second bright ring,
0.4%; third, 0.17%; fourth, 0.075%) so for most purposes they are ignored. But they
can pop up and bite us, so never forget that they are there.

What causes this? The lens accepts only part of the wavefront leaving the point,
so it is clear that we are not capturing all possible information about the specimen.
What actually spreads out the light into a disc instead of a point is diffraction—scat-
tering of light at the edge of the lens. The dark space between the disk and the first
bright ring corresponds to the distance from the optical axis where rays from one
side of the lens are out of step with rays from the other side. So the size of the disk
depends on the size of the /ens. To be precise, it depends on the angle subtended by
the lens (i.e., the proportion of the total light that the lens can collect), so a small,
close lens is equivalent to a larger one farther away. The radius of the disk, 7, is
given by

r=0.61A/sin 6

where 0 is the half-angle of acceptance of the lens. (The half-angle is the angle between
the optic axis and the edge of the lens, as shown in Figure 1.12.) We measure the angle
at the object side and thus the formula gives the equivalent size of the disk at the speci-
men. In fact, since the ray paths work both ways, it also defines the smallest size of
spot of light the lens could form at that plane, which is useful with scanning micro-
scopes. We could use exactly the same formula to work out the size of the Airy disk at
the image, using the angle at the other side of the lens, which will be smaller since the

FIGURE 1.10 A point source of light is imaged by a lens. Will the image also be a point?
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)

FIGURE 1.11 (A) An Airy disk. The limitations of printing make the central disk seem
less bright than it is. (B) Graph showing the energy in central disk and rings. This gives a
better impression of their relative intensities. (From Kriete, A., 1994, Microscopy. Ullmann’s
Encyclopedia of Industrial Chemistry, vol. B6, 5th ed., Weinheim, Germany: VCH
Verlagsgesellschaft. With permission.)
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FIGURE 1.12 The half-angle of acceptance of a lens.

image is farther away. In microscopy, the useful property to us is the size of the Airy
disk (or the size the Airy disk corresponds to) in the specimen, so that is what is used.

One surprising point is clear from this: there is no limit to the size of object we
can see in a light microscope provided it is “a source of light,” that is, light on a dark
background. It will just appear as an Airy disk. However, if this tiny object is smaller
than the Airy disk the image will tell us nothing about its size, shape, or structure.

Resolution is not a measure of how small an object we can see, it is the ability
to distinguish two objects that are close together. So how can we define resolution?

Rayleigh’s criterion for resolution was a rule of thumb devised by Rayleigh (1880)
to provide a simple estimate for the case where two objects can just be resolved. He
proposed that you could still distinguish two Airy disks where the center of one lies
on the first minimum of the next (Figure 1.13), even though there is a considerable
degree of overlap. Using this criterion, the equation for the radius of the disk can
now be taken as specifying the resolution (r now standing for the minimum resolved
distance as well as radius).

FIGURE 1.13 Two Airy disks with the edge of one on the center of the other (Rayleigh’s
criterion).
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(A) (B)

FIGURE 1.14 (A) Intensity plot through two Airy disks separated by Rayleigh’s criterion.
The dotted line indicates the combined intensity where they overlap. The intensity at the
point of overlap is roughly three-fourths of the peak. (B) Two Airy disks separated by full
width at half maximum (FWHM), indicated by the vertical lines. There is no dip in intensity
between them.

What will the resolution be on this basis? Taking A as 550 nm (center of the
spectrum) sin 0 as 0.65 (half angle 40.5°; acceptance angle 81°), a typical value for a
student quality x40 objective, we can work it out:

r=(550 x 0.61)/0.65 = 516 nm

In other words, a fairly ordinary, everyday lens will resolve objects down to the
wavelength of the light used, which is a useful point to remember. We can do better
than this, but more of that later.

Rayleigh’s criterion is arbitrary. What it really defines is the contrast with which
a particular level of resolution is transmitted. When two points of equal brightness
are separated by the Rayleigh resolution, the intensity between the two points drops
to 0.735 (roughly three quarters) the peak intensity (Figure 1.14A). Clearly this will
be much easier to see if the two objects stand out well from their background than
if they are dim. With a low contrast image we may not be able to resolve such fine
detail; with a really contrasty one we might do better. Nevertheless, in practice
Rayleigh’s criterion accurately predicts the level of detail we can resolve.

An alternative criterion, used mainly because it is easy to measure, is full width at
half maximum (FWHM). This is the width at half of the peak intensity (Figure 1.14B).
It is a more optimistic criterion since there will be no dip in intensity between the
two Airy disks but describes the limiting case beyond which we will not resolve two
objects, whatever the contrast.

Rayleigh’s approach treats the object as a collection of tiny luminous points. This
is an accurate description of the situation in fluorescence microscopy; each molecule
of a fluorochrome is very much smaller than the resolution of the microscope and
thus effectively a point, and each emits light independently of every other molecule.
In fluorescence microscopy Rayleigh’s approach is the correct one to use.
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FIGURE 1.15 These two images were taken from the same sample without touching the
focus or anything else in the imaging system. The only change was in the illumination, but it
has made a dramatic difference to the quality and resolution of the final image.

Abbe

When we look at a stained section the situation is quite different. Every point is
illuminated by light from the same source, so the points cannot be regarded as inde-
pendent. It is easy to see (Figure 1.15) that in this case changing the illumination also
makes a big difference to the resolution and the quality of the image.

This rather surprising observation caused considerable puzzlement among
microscopists in the late 19th century. By this stage the major aberrations had been
adequately corrected, and the development of microtomes had progressed to the
point where sections able to exploit the full resolution of the microscope were rou-
tine. Yet microscopists often could not obtain the resolution their objectives should
have been delivering. This problem was investigated in detail by the founder of mod-
ern light microscopy, Ernst Abbe, a young Austrian physicist who became a partner
in the firm of Carl Zeiss in the late 19th century. This led him to propose his diffrac-
tion theory of image formation (Abbe, 1873).

When a light falls on a small object or on the edge of a larger one, it is dif-
fracted, scattered in all directions. This was already common knowledge in
Abbe’s time. Figure 1.16 shows a row of tiny “point objects,” spaced at equal
distances apart and illuminated by parallel rays of light. Each particle will scat-
ter light in all directions. However, if we look at the rays diffracted by each
particle at any one angle, o, we notice something rather interesting. Each will
be out of step with its neighbor by a distance, r. If r is half a wavelength (A/2),
then when all the rays at this particular angle are brought to the same point,
destructive interference will take place; the point will be dark. If, on the other
hand, the angle is such that r equals A, one wavelength, or an integral number of
wavelengths (nA), then constructive interference will take place giving a bright
spot. As we know, this is precisely what happens at the back focal plane of the
lens. Thus we will end up with a series of bright and dark areas—a diffraction
pattern—at the back focal plane, with each bright spot corresponding to a point
at which r = nA (Figure 1.9).
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FIGURE 1.16 Diffraction of light at a row of point objects.

Our specimen is, in other words, a diffraction grating. It is simple enough to cal-
culate the path difference, r, corresponding to a particular scattering angle, o. In the
diagram, the angle between the scattered ray and the specimen plane is 90 — o, so
that the angle between the specimen plane and the perpendicular between the rays
is again o. Thus, sin o = r/d, where d is the spacing between the object points, or
r=d X sin o.

So, for a path difference () of A, corresponding to the smallest diffraction angle
giving constructive interference,

A=dxsin o

It is clear that the smaller the spacing d, the larger the angle o. must be to give a path
difference of one wavelength.

We do not actually need to have an array of points. Any two points will form dif-
fracted beams at angles of +o and —o.. The closer together these two points are, the
larger will be the angle o.. Abbe therefore treated the object as a series of pairs of
points, each with its own value of d and its own diffracted beams. The undiffracted
central beam, since it consists of light that has passed between the points, would not,
he argued, carry any information about the specimen. In other words, we will not
get any information about two points unless their diffracted beam can enter the lens.

So two points on our specimen, at distance d apart, will give a first-order dif-
fracted beam at an angle o, such that sin oo = A/d. If sin o is small enough for the
beam to enter the lens, the two points will be resolved as separate; if not, they will
not be distinguishable from each other (Figure 1.17). The key parameter, therefore, is
the half-angle of acceptance of the lens, usually denoted by 0. If o > 6, the diffracted
light will not enter the lens; if oo = 6, it will enter. We thus have a limiting value
of d—the minimum resolved distance—where o, = 0, and d = A/sin 6.

But, if we no longer illuminate the specimen with parallel light, but instead use a
converging beam of light, whose half-angle is equal to, or greater than 6, the situa-
tion is changed, as shown in Figure 1.18. Now light diffracted at any angle (o) up to
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FIGURE 1.17 Diffracted rays up to angle 0 will enter the lens, giving a minimum resolved
distance of D. Particles closer together (d) diffract light at an angle y which will not enter
the objective.

20 20

+6

FIGURE 1.18 With convergent illumination rays at angles up to 20 can enter the objective,
so the resolution is twice as good.

o= 20 can enter the objective. With such an illumination system, then, our minimum
resolved distance is given by

d=M\/2sin O

(Abbe’s formula for the resolution of a microscope lens.)

With parallel light we will actually see the effects of diffraction at the back focal
plane, as in Figure 1.9. This will no longer happen with converging illumination
since there will be an infinite number of diffraction patterns, each corresponding to
one incoming beam direction.
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In spite of the difference between their approaches, both Abbe and Rayleigh
came up with similar formulae and in both cases it is the half-angle, 6, which is all-
important. The difference is that with transmitted light we will throw away half our
resolution if we do not illuminate the specimen properly.

Visible light comprises a range of wavelengths (~400-700 nm), and although the
color of light used will affect the final resolution, the range over the total visible spec-
trum is rather less than a factor of 2. There is, therefore, little prospect of improving
resolution by using a shorter wavelength, especially since the eye is not very sensitive
to violet and blue light between 400 and 500 nm. It is far more important to keep sin
0 as large as possible. The absolute limit is where 6 = 90° so that sin 6 = 1. This is
not very useful in practice, since the sample would be touching the lens. However, we
can approach it—sin 6 = 0.95 corresponds to 6 = 72°, which is achievable and the 5%
difference in resolution is insignificant. With A = 550 this works out to a resolution,
d (minimum resolved distance), of 290 nm.

Rayleigh’s criterion is just a rule of thumb to estimate the case where the con-
trast becomes too low to distinguish two objects as separate, but Abbe’s is absolute;
if the corresponding diffracted rays cannot enter the objective, two objects cannot
be resolved. Physicists describe Rayleigh’s approach as incoherent imaging since
each molecule of fluorochrome in a fluorescent sample is emitting light quite inde-
pendently of its neighbors and out of step with them. Abbe’s is called coherent or
partially coherent. Even though we are not using a laser to illuminate the sample,
the two adjacent points are receiving light from the same light source, so the waves
hitting them at any instant are in step and can interfere.

ADpD A Dror oF OlL...

So far we have talked about the wavelength of light as if it were immutable, but this
is not strictly true. What is actually constant and immutable is the frequency of light
(f), the rate at which it vibrates. It is the frequency, not the wavelength, that makes
blue light blue and red light red. The wavelength is dependent on the frequency and
the velocity with the simple relationship v = fA (obvious if you think of it as a series
of waves going past a point). Some values of the frequency are f= 4 x 10" (red);
5 x 10" (yellow); and 7 x 10'* (blue).

The velocity of light is 3 x 10'° cm s~! in vacuum, and about the same in air, but it
travels more slowly in denser media. How much more slowly is given by the refrac-
tive index (n) of the medium, since # is the ratio of the speed of light in the medium
to its velocity (v) in vacuum or air.

n =vin vacuum/v in medium

It follows that in glass (n ~1.5) the velocity of light is considerably lower and its
wavelength is correspondingly shorter. Figure 1.19 shows how the slowing down of
the light brings the waves closer together. If we can image our sample in a medium
of this refractive index we should be able to get better resolution. Glass is obviously
not convenient, but many mounting media of approximately the correct index are
available and with these we can indeed get the expected resolution improvement.



The Light Microscope

A =550 A =367
l—
n=1 n=15

v=3x100cms™!

v=2x100cms™!

17

FIGURE 1.19 When light enters a dense medium it slows down, and since the frequency of
vibration stays the same, the wavelength becomes shorter.
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FIGURE 1.20 When a specimen is in a high refractive index medium, the lens will not
receive light from the whole angle 6 but only from the smaller angle o, because of refraction
at the top of the coverslip. The relationship 6/c. is the refractive index (Snell’s law). With oil
between the lens and coverslip rays throughout the whole angle 0 can enter the lens.

There is one caveat in this: the high refractive index medium must go all the way
to the lens. Otherwise, as Figure 1.20A shows, there is a reduction in the accep-
tance angle from 0 to the smaller angle o due to refraction at the glass—air interface.
This also depends directly on the refractive index (Snell’s law of refraction says that
sin 0/sin o = n), and therefore the reduction in angle will exactly cancel out the gain
from the reduction in wavelength. To avoid this, as shown in Figure 1.20B, we use
immersion oil between the lens and the coverslip. Immersion oil is chosen to have the
same refractive index as glass; the standard value is 1.515.

Although the Rayleigh and Abbe equations are still literally true, since it is the
wavelength that is reduced, we are accustomed to using the conventional (vacuum)
wavelength. Therefore, to cope with different media, we add the refractive index
in which the lens operates into the formula. The Rayleigh formula then becomes
r=0.61A/(n sin 0). The composite 7 sin 0 is called the numerical aperture (NA) of the
lens and is always written prominently on every objective. Similarly, the Abbe for-
mula becomes r = M2NA. (Numerical aperture because it is a dimensionless num-
ber, a ratio, and therefore has no units.)

Since sin § must always be less than 1, the NA is always less than the refractive
index the lens works with (normally 1.515 for oil). Likewise, if we see a numerical
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aperture greater than 1 we know it is an immersion objective, designed to work in oil,
water, or glycerol. In practice a research grade oil lens will have an NA of 1.4 (sin 6 =
0.92, or 6 = 67.5°), and “student” oil immersion lenses typically offer NA 1.3, which
is not much worse. Lenses with even higher NA are made for specialist applications
such as total internal reflection fluorescence microscopy (TIRF) (Chapter 16). What
resolution will this give us?

r=(0.5x550)/1.4 = 196 nm

less than half the wavelength of the illuminating light.

Often in cell biology we want to look at living cells in water. The refractive index
of the medium in this case is 1.3, so our gain in resolution will be less, but a water-
immersion lens will still give us better resolution than a dry lens. An equivalent water-
immersion lens (acceptance angle = 67.5°) will give us an NA of 1.2, and these are
popular (though expensive) for work on living cells. A water-immersion lens can be
designed to work either with or without a coverslip; a parallel piece of glass does not
affect the angle of the rays entering and leaving it if the refractive index is the same on
either side. But as we will see in Chapter 7, the lens can only be designed for one case
or the other.

KOHLER ILLUMINATION

There are several possible ways of setting up illumination in a microscope to fulfill
the requirements for Abbe imaging, but the one universally used in research-quality
microscopes is Kohler (Koehler) illumination (Figure 1.21). This was invented by
August Kohler (1893, 1894), who was invited to join the Zeiss company on the
strength of this work. In Kohler illumination a lens—the lamp lens or lamp con-
denser—is placed in front of the lamp. The back focal plane of this lens is used as
the source of light to illuminate the specimen. This guarantees even illumination
since whatever the lamp is like, its light will be evenly distributed in the back focal
plane. At this plane is an iris diaphragm—the field iris—which controls the size of
the effective source and therefore the size of the illuminated area on the specimen.

The field iris, and hence the back focal plane of the lamp lens, is focused on to
the specimen by the substage condenser. At the back focal plane of the substage
condenser is another iris diaphragm that will (as should now be obvious) control the
angle of the light reaching the specimen and must therefore be adjusted for different
numerical aperture objectives.

This system, while not the cheapest option thanks to the number of lenses
involved, gives the microscopist total control of the important factors in the illumi-
nation. The field iris controls the area illuminated; the condenser iris the angle of
illumination. Its main disadvantage is that at high magnifications, just when we need
most light, we are using only a small part of the available illuminated area. With
modern light sources this is really not an issue, though it must have been a problem
in the days of Abbe and Kohler.
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FIGURE 1.21 K®&hler illumination. The paths of two rays of light from the lamp filament
are shown; they form an image of the filament at the condenser iris and then again at the
objective back focal plane. At the field iris the rays are spread over the back focal plane and
rays at the same angle cross at the same point; the same happens at the specimen.
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2 Optical Contrasting
Techniques

Staining a specimen is not always convenient or even possible, especially in the
case of living cells. It is clear that all the structures inside the living cell differ in
some way from their surroundings. Why, then, are we often unable to see them
in the microscope? The answer is that they differ from their surroundings in refrac-
tive index but not in the amount they absorb light. To make these structures visible,
we need some way to convert these differences in refractive index into differences in
amplitude (color or intensity) in the image.

DARKFIELD

A structure that differs in refractive index from its surroundings still scatters
(diffracts) light, even if it does not absorb it. If we form an image using only scat-
tered light, such structures will be visible, even if they scatter only weakly. They will
be bright, whereas the background, which scatters no light, will be dark—hence the
name darkfield.

Remembering that parallel rays of light all pass through the center of the back
focal plane (BFP; Chapter 1), we could use parallel illumination and put a piece of
clear glass with a central black spot at the BFP of the objective. This would work from
the point of view of contrast. However, as Abbe demonstrated, with parallel illumi-
nation (Chapter 1) we are not getting the maximum resolution from our microscope.

A more effective scheme is to use a hollow cone of illumination (Figure 2.1). We
replace the condenser diaphragm with a ring-shaped aperture that is so large that the
light from it falls outside the acceptance angle 6 of the objective lens. Light scat-
tered up to an angle of 26 can enter the objective, so we do not lose any resolution.
It follows that we must use a condenser with a larger numerical aperture than the
objective. No resolution is lost if this criterion is met, but it means that we cannot
use darkfield with the highest-power objectives. We may even have to use an oil-
immersion condenser with a high-power dry objective. Some oil-immersion lenses
are fitted with iris diaphragms so that their numerical aperture (NA) can be reduced
for darkfield imaging. This wastes performance, but it makes it easy to switch
between, for example, fluorescent imaging at full resolution and darkfield at lower
resolution. Because the light from the back focal plane is evenly distributed at the
image plane, the field of view is fully and evenly illuminated as normal (Figure 2.2),
provided that the condenser is correctly focused, which requires care.

The simple condenser and ring-stop shown in Figure 2.1 waste a lot of light,
so the image is dim. Various condensers have been developed that concentrate the
light into the periphery of the BFP rather than just blocking it, thus giving a much
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Condenser

Ring stop

FIGURE 2.1 A simple darkfield illumination system. The ring-stop at the condenser BFP
allows light with a narrow range of angles all larger than the acceptance angle 0 of the objec-
tive to illuminate the specimen. The field of view is fully illuminated, but no direct light
enters the objective.

FIGURE 2.2 Diatom frustules: (A) in brightfield and (B) in darkfield, taken with x10
objective.

brighter image. For low-magnification darkfield, fiber-optic ring illuminators can be
very successful. The snag with using a special condenser is that it is inconvenient
to switch back to regular illumination. Another alternative is incident-light (epi-)
darkfield (Figure 2.3), in which the illuminating light is transmitted through a sleeve
built into the exterior of the objective and focused by ring mirrors. This avoids the
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FIGURE 2.3 Diagrammatic layout of an epidarkfield objective. Parallel light is sent down
the periphery of the objective and tightly focused by a pair of ring mirrors. This is effective
for both opaque and transparent specimens.

condenser problem and also allows imaging of opaque samples; very tiny structures
on surfaces can be detected in this way.

For many years, darkfield was the only technique available for introducing
contrast into unstained specimens. Apart from its resolution limitation, dark-
field is vulnerable to stray dust or other out-of-focus objects, which scatter light
into the objective, destroying the contrast. Scrupulous cleanliness is essential.
However, because it allows you to obtain a huge amount of contrast enhance-
ment, darkfield is still a highly useful technique for objects that are otherwise
hard to see.

PHASE CONTRAST

In the 1930s, the Dutch physicist Zernike (1942a, 1942b) hit upon the idea of intro-
ducing a phase shift between scattered and undiffracted light so that they could
interfere with each other. If we make the diffracted rays just half a wavelength out
of step with the direct rays, anything in the specimen that scatters light appears dark
in the final image. We do not need to stop the direct rays from entering the lens, and
we end up with a more natural-looking image because our structures appear dark on
a light background, as in a stained brightfield sample. In principle, there should be
no limitation on resolution.

The physics of scattering tell us that the phase of the scattered light is retarded
by Y4h, so we need to retard it by a further %A to bring the path difference to ¥2A. In
practice, this will be approximate because the different refractive indices of the cell
components also affect the final phase, and this is responsible for the variations of
contrast in the final image.

To separate the diffracted and direct rays, we use an annular stop in the con-
denser, just as for darkfield, except that now we pick a size such that all the light
does enter the objective lens. Now we know that all the direct light will be in a ring
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FIGURE 2.4 The optical layout of Zernike phase contrast. Direct light enters through a
ring-stop and, as in darkfield, illuminates the whole of the field of view. At the objective BFP,
direct light will once again be in a ring, whereas scattered light (dashed) will be everywhere.
A phase plate at the BFP can therefore introduce a phase shift between direct light and scat-
tered light.

at the back focal plane of the objective. The diffracted rays, on the other hand, will
be everywhere (Figure 2.4).

At the objective BFP, we place a piece of glass, with a carefully made groove in
it matching the ring where the direct light passes (Figure 2.5). Light travels more
slowly through glass than through air (Chapter 1). Most of the diffracted light passes
through the full thickness of the glass, so diffracted light is retarded relative to the
direct rays that have gone through the thinner part.

How deep must the groove be? If the refractive index of glass is 1.5 and that of
air is taken as 1, the path difference will be the depth, ¢, times the difference in
refractive indices (1.5 — 1, or 0.5), so the path difference is 0.5 x . Taking a wave-
length of 550 nm (the center of the spectrum), we want the path difference to be
Y4k, 550/4, which is 137.5 nm. The depth, ¢, will therefore be twice this number:
275 nm. Clearly, such accuracy requires some precision to achieve, and phase con-
trast objectives were once very expensive, although modern production techniques
(evaporating a layer rather than polishing a groove) have now made the cost no higher
than normal objectives.

The direct light is often brighter than the diffracted light, so usually an absorbing
layer is added at the base of the groove to bring them to a more equal intensity. This
is somewhat arbitrary, because different specimens will scatter more or less light, so
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FIGURE 2.5 The phase plate at the objective BFP has a groove in it so that the direct light
passes through less glass than the scattered light.

different degrees of absorbance are made. Phase lenses are usually marked as having
high or low absorbance.

Because our groove can have only one depth, we will only have YA path differ-
ence for one color (550 nm); therefore phase contrast works best with a green filter. A
green filter is not essential—after all, we started out with only an estimate of the path
difference introduced by the specimen—but generally we will get the best contrast
using the green filter.

The phase ring must be a substantial fraction of the diameter of the BFP if we are
not to sacrifice resolution through a too-small illumination angle. This can some-
times be compromised when one ring-stop does duty for several different objec-
tives, but otherwise phase contrast is a high-resolution technique. So long as the
path differences within the sample are small the final contrast will depend directly
on the refractive index (Figure 2.6) making the image “normal” looking and easy
to interpret (Figure 2.7A). However, if samples are very thick or highly refractile,
the path difference can go past ¥2A to 1A or 1¥2A. This causes contrast reversals, as
can be seen in Figure 2.7B. This means that phase contrast is best for relatively thin
samples, such as cell cultures.

POLARIZATION

“Normal” white light from a lamp vibrates in all directions. However, certain very
anisotropic materials can filter out all but one plane of vibration (Figure 2.8A), giv-
ing plane-polarized light. These days the material used is synthetic, but polarization
happens to some extent whenever light is reflected from a nonmetallic surface (which
is why sunglasses are often polarized). A second polarizer, at right angles to the
first, blocks the light completely. If the second polarizer is rotated from the blocking
(extinction) position, it progressively transmits more and more light; the light always
follows the orientation of the second polarizer.

Many crystalline and fibrous materials are birefringent—that is, their refrac-
tive index is different for two directions of polarization. If we pass plane-polarized
light through a birefringent material, the light splits into two beams, polarized at right
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FIGURE 2.6 How refractive index determines the final contrast in a phase-contrast image.
Ray a just passes through water, its phase is shifted a bit, and this gives the background inten-
sity for the image. Ray b passes through the edge of the cytosol, so its phase is retarded a bit
more, and the image appears darker. As rays pass through more of the cytosol they are pro-
gresssively retarded more (e.g., ray c) so the thicker the cytosol the darker the image. When a
ray reaches the highly refractile liposome (<) its phase is shifted further and we see an abrupt
change in contrast. The center of the liposome (ray e) will be the darkest part of the image.
The contrast on the right-hand side exactly mirrors that on the left.

FIGURE 2.7 (A) Erythrocytes (red blood cells) of turtle under phase contrast. These
are ideal subjects for phase and the contrast is formed very much as shown in Figure 2.6.
(Reproduced from G. Benga et al., in press, Bulletin of Molecular Medicine. With permis-
sion.) (B) The same diatom frustules shown in Figure 2.2 imaged in phase contrast using a
green filter. Because these are both thick and highly refractile, we get very large phase shifts
so that now the thickest parts appear light rather than dark.
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FIGURE 2.8 (A) Light that is not polarized vibrates in all directions. After passing through
a polarizer, the light is constrained to vibrate in one direction only. A second polarizer with
its axis at right angles to the first blocks the light completely. (B) When plane-polarized light
passes through a birefringent substance, it is resolved into two components whose axes are
determined by the crystal orientation and whose magnitudes depend on the angle they make
with the original polarization.

FIGURE 2.9 Brightfield and polarized light micrograph of the stem of 7ilia (lime, linden).
Crystalline inclusions (c) in the parenchyma cells appear very bright between crossed polariz-
ers, and the birefringent cellulose in the thickened cell walls (w) also shows up very strongly.
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angles to each other (Figure 2.6B). The angle of polarization is determined by the
optic axis of the birefringent material, and the strength of each ray is determined
by the angle it makes with the original plane of polarization. Thus, if the birefrin-
gent material is at 45° to the original polarization, we get two equal output beams,
both at 45° to the original direction. As we will see later in the following section
on differential interference contrast and in Chapter 5, this property lets us perform
all sorts of useful optical tricks. But we can also use it as a contrasting mechanism,
making birefringent materials in cells visible. With a polarizer placed in front of the
lamp and another at right angles before the eyepiece, all light should be blocked.
But if there is any birefringent material in the sample, the plane of polarization is
changed and light will pass through the second polarizer (often called the analyzer).
Collagen shows up particularly bright in polarized light, as does cellulose in plant
cells (Figure 2.9). Many other components are birefringent, and at high magnifica-
tions we can see microtubules and actin bundles.

Sixty years ago, polarized light microscopy was a key technology in cell biol-
ogy, responsible for much of our knowledge of the cytoskeleton and other struc-
tural proteins. Now, biologists use other techniques, and polarization microscopy
is mainly used by mineralogists, for whom it is an important quantitative tool.
However, advanced polarization techniques for cell biologists are again on the mar-
ket (Oldenbourg, 2004), and this technique may return to the mainstream.

DIFFERENTIAL INTERFERENCE CONTRAST

The differential interference contrast (DIC) technique was introduced in the 1950s
by the Polish—-French scientist Nomarski (Normarski & Weill, 1955) and is often
known by his name. Its basic principle is simple: to make each ray of light interfere
with another passing through the specimen a very small distance away. If the refrac-
tive index of the specimen is changing at that point, there will be a path difference
between the two rays, whereas if the refractive index is uniform there will not be a
path difference. The contrast we see in the final image depends on the local rate of
change in refractive index of the specimen, hence the name differential interference
contrast. The idea is to keep the two rays’ separation less than the resolution of the
microscope, so that resolution is not compromised; it should be as high as any other
widefield imaging technique.

The practical arrangement of DIC, illustrated in Figure 2.10, is more complex
than phase contrast but is not difficult to understand. Below the condenser is a polar-
izer, so that plane polarized light enters the system. At the condenser’s back focal
plane is a Wollaston prism: two quartz wedges, with their crystal axes at right angles,
cemented together to form a block. Each axis is set to be at 45° to the polarization of
the incoming light. Because quartz is birefringent—it has different refractive indices
along and across the crystal axis—it resolves each incoming ray of polarized light
into two rays of mutually opposite polarization, emerging at slightly different angles.

Because a difference in angle at the BFP translates to a difference in position
at the image plane, the condenser lens focuses these two rays to slightly different
points on the specimen. These points must be closer together than the resolution of
the microscope, so that we do not see a double image.
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FIGURE 2.10 The optical layout of Nomarski differential interference contrast.

At the back focal plane of the objective is another, identical Wollaston prism.
This prism recombines the rays so that they travel together again. It also reverses the
path difference between the two rays introduced by the first prism. (Some rays will
have been through a thick part of one orientation and a thin bit of the other, others
the opposite.) Because rays going through the left side of the condenser prism pass
through the right side of the objective one, this arrangement exactly corrects these
path differences, so we are left only with the path differences caused by the speci-
men (which are what we are interested in).

These path differences would not be enough in themselves to create interference,
so we introduce a further path difference between the two rays using a flat sheet of a
birefringent substance often called a A/4 plate, since it produces a quarter wave shift
between the two beams. There is usually some additional mechanism for manually
varying the path difference between the two beams, so that we can adjust it to give
optimal contrast with our particular specimen. This adjustment may be made by
rotating the polarizer or by displacing one Wollaston prism relative to the other.
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Although our two rays have now been brought back together, they cannot yet
interfere with each other because they are still polarized perpendicularly to each
other. Above the objective there is, therefore, another piece of Polaroid, the analyzer,
set at 45° to the two rays (and 90° to the initial polarizer). This brings both rays back
to the same polarization, so that interference can take place in the final image.

The image produced by differential interference contrast has a striking bas-relief
appearance, with one side of each object appearing bright and the other shaded. This
effect results from the directionality of the technique: The refractive index increases
on one side of the object and decreases on the other (Figure 2.11). It is important
to realize that this is just a contrasting technique and does not reveal actual three-
dimensional information about the sample. The path-length differences introduced
in DIC do not usually exceed one wavelength, so the contrast reversals and haloes of
phase contrast are absent. With thin samples, DIC may give too little contrast to be
useful, but with thicker specimens it is often the method of choice. Most DIC imple-
mentations also offer the option of introducing a A or “rose” plate into the optical
path. Instead of a %A path difference between the two polarized rays, there is now
a much larger difference. This means that the path difference is a whole number of
wavelengths for some colors and a fractional number for others, so the background
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FIGURE 2.11 The contrast in a DIC image, using the same stylized cell as in Figure 2.6.
The pair of rays a both pass through water and so stay in phase. When one ray goes through
the cytosol and the other is in water (b) we get a large phase difference and strong dark con-
trast. The rays ¢ go through slightly different thicknesses of cytosol, so still produce some
contrast, and the boundary of the liposome will produce strong contrast. At the center of the
liposome both rays stay in phase so no contrast is generated. One the right side of the image
(rays f, g, and h) the phase differences are the same as in b, ¢, and d, but in the opposite direc-
tion—now the left ray is retarded. Contrasted parts therefore appear bright.
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FIGURE 2.12 DIC images of a diatom frustule, x40 objective. (A) Conventional DIC: Note the
striking bas-relief appearance of the image. (B) With A-plate introduced to give color contrast.

is colored. Then the path differences introduced by the specimen are also translated
into color differences (Figure 2.12). Whether the color gives any additional scientific
information is debatable, but it can be invaluable for creating striking poster displays
and for entering micrograph competitions.

HOFFMAN MODULATION CONTRAST

Hoffman contrast (Hoffman & Gross, 1975), like DIC, images gradients in optical
thickness (changes in thickness or refractive index) within the specimen, but unlike
DIC it does not use the resulting change of phase to generate contrast. Instead, it
makes use of the fact that a region where thickness or refractive index (RI) is chang-
ing will act like a little prism or lens and change the direction in which the light
travels (Figure 2.13). This means it will change the position at which it appears in
the back focal plane. Going from left to right, if the optical thickness is increas-
ing the light will be deflected to one side of the BFP; if it is decreasing it will be
deflected to the other. For this to be any use we must illuminate with parallel light,
otherwise the result would be scrambled at the BFP (Chapter 1), so a slit is used at
the condenser BFP. At the BFP of the objective is a plate that is dark on the left,
gray in the middle, and clear on the right (Figure 2.14A). Light that has gone straight
through will fall on the gray part, so it will continue with reduced intensity (usually
15%). Light that was deflected to the right will end up on the left of the BFP and its
intensity will be reduced further. Light that was deflected to the left will end up on
the right of the BFP and will be transmitted at full strength. The resulting image
(Figure 2.15) will have a very similar appearance to a DIC image but the contrast has
been produced in quite a different way.
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FIGURE 2.13 The principle of Hoffman Modulation Contrast, again using the stylized cell
of Figure 2.6. Changes in refractive index in the sample will act as little lenses, deflecting
rays that pass through. With parallel illumination, this means that they will appear at differ-
ent places in the BFP. Ray a sees no change in RI, and so will not be deflected. Ray b sees a
change of R as it hits the edge of the cytoplasm, and is deflected. Passing through the cytosol,
ray c sees a smaller change, and is deflected less. Ray d hits the edge of the liposome and is
deflected a lot, while ray e is not deflected at all, like the ray that passes through the center of
a lens. Rays f, g, and h show matching deflections, but in the opposite direction. The overall
effect is very similar to DIC.

The simple system described thus far, which was the original form of Hoffman
contrast, has the disadvantage that the parallel illumination halves the resolution of
the system (Chapter 1). To get around this modern systems use a modified arrange-
ment in which the slit is offset, so that the illumination, though still parallel, is very
oblique. That means that rays diffracted at almost 26 can still enter the objective, and
effectively no resolution is lost. The modulation plate now has the gray stripe well
over on the left (Figure 2.14B), and the dark zone is very small. This does not matter
since very little light is transmitted through this zone anyway, and it means that the
plate will interfere much less with other imaging modes.

The figure also shows an added refinement. Half of the slit has a strip of polarizer
over it. Another, full-size polarizer just beneath can be rotated. If both polarizers
are parallel the slit is full width, if they are crossed the strip covered by the polar-
izer transmits no light, so the slit becomes narrower. This gives us control over the
amount of contrast introduced.

Even though the light going through the sample is now polarized, we get no polar-
ization contrast since there is no analyzer. This gives Hoffman contrast an advan-
tage when looking at birefringent material, such as tissue containing collagen or
cellulose, which would show confusing polarization effects in DIC. This feature is
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FIGURE 2.14 The optical arrangement for Hoffman contrast. (A) The original 1975 ver-
sion. The specimen is illuminated by a slit at the plane where the condenser iris would nor-
mally be. This is imaged on the gray part of the mask at the objective BFP (dotted rectangle)
so direct rays are darkened. Deflected rays that hit the left-hand part of the mask are effec-
tively blocked, while rays deflected in the opposite direction pass through the clear area. (B)
Since the original arrangement loses resolution, this more modern arrangement moves the
slit to one side; the illumination is still parallel but oblique. Since less of the objective BFP is
darkened, the final image is brighter but still has the same contrast. As a further refinement, a
strip of polarizer covers half the slit. By putting a cross-polarizer in the light path before the
condenser, the slit can be effectively narrowed, increasing contrast.

FIGURE 2.15 “Stripped” human oocyte; granulosa cells that had surrounded the oocyte
have been removed. Hoffman modulation contrast. (Courtesy of RWJMS IVF Laboratory.)
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particularly handy when looking at cells grown on plastic coverslips or in plastic
Petri dishes, since these plastics are so birefringent that DIC imaging is impossible.

Hoffman imaging needs a turret with different slits for different objectives, and
this will also have a blank space for widefield imaging. The technique works best
in monochromatic light, since different wavelengths will be deflected by different
amounts (dispersion; Chapter 7).

WHICH TECHNIQUE IS BEST?

Darkfield has two serious limitations: (1) it cannot use lenses of the highest numeri-
cal aperture, and (2) any dirt or dust in the system or objects outside the plane of
focus scatter light into the background and degrade the image. Darkfield does, how-
ever, have a virtually limitless ability to enhance contrast; with a properly set up
system, all direct light is excluded. No other contrast technique can match darkfield
in this respect.

Phase contrast is best, as one might expect, when the specimen produces a phase
difference of about %A. Very thick or highly refractile objects produce strange and
confusing reversals of contrast. Phase contrast is ideal with fairly thin and uni-
form specimens, such as monolayers of cells—nothing else can compare with it for
these—and it also works well with unstained sections.

Differential interference contrast often does not give much contrast with the thin
objects that are ideal for phase contrast; there just is not a great enough path differ-
ence between adjacent points. On the other hand, DIC is not bothered at all by thick
and highly refractile specimens, because the overall path difference between one area
and another means nothing—only the rate of change produces contrast. DIC is there-
fore the technique of choice for looking at protozoa, small organisms, and so on. DIC
also can be applied in incident light microscopy, where it picks up, for example, height
variations in a reflective surface or variations in thickness in a transparent film.

Hoffman contrast has mainly found favor for imaging cells on plastic substrates,
where DIC will not work since the substrate is birefringent. For this it is ideal; with-
out the “plastic problem” DIC will usually do better.
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3 Fluorescence and
Fluorescence Microscopy

Fluorescence microscopy is the definitive technique of cell biology. The histologist
uses conventional transmitted light microscopy, and the anatomist uses electron
microscopy, but the cell biologist uses fluorescence. The ability to label individual
structures, molecules, or cell compartments gives us enormous power to visual-
ize the structure and even the dynamics of the workings of cells. Immunolabeling
identifies components with exquisite sensitivity in fixed (and therefore dead) tissue,
whereas tagging with green fluorescent protein (GFP) and other expressible fluo-
rescent proteins (Chapter 12) can reveal molecular information about living cells.
Fluorescent in-situ hybridization (FISH) reveals genes. Add to this the dyes such
as DAPI (DNA) and rhodamine 123 (endoplasmic reticulum or ER), which target
specific cell structures and compartments; indicator dyes that can reveal ion concen-
trations and membrane potential; and the natural fluorescence of many important
cell components (NADP, chlorophyll); and the fundamental power and importance
of fluorescence microscopy are clear. Fluorescence microscopy also provides the
underpinnings of more recent techniques, such as confocal and multiphoton micros-
copy, which now enable us to image in three dimensions, not just two.

To use fluorescence microscopy effectively, it helps to have a rudimentary under-
standing of light, optics, and the process of fluorescence, as well as how conventional
and confocal microscopes work. Such knowledge puts you in a better position to
choose appropriate dyes, select correct filters, figure out what is going wrong, and
decide on the best technique to apply to your problem.

WHAT IS FLUORESCENCE?

Light is electromagnetic radiation: an arbitrarily defined part of the electromagnetic
spectrum usually regarded as covering the wavelengths from around 200 nm to 2 um.
The visible spectrum lies between 400 nm and 700 nm; wavelengths of 700 nm to
2 um are known as infrared, and wavelengths between 200 nm and 400 nm are
called ultraviolet (UV). Even longer wavelengths are known as microwaves, and
radio waves are longer still (up to 2 km). Shorter wavelengths are x-rays and gamma
rays. The only difference among these forms of radiation is their energy: the higher
the energy, the shorter the wavelength. So an x-ray photon (the quantum of electro-
magnetic radiation) carries a lot more energy than a visible light photon, and a micro-
wave photon carries much less. Within the realm of light, it is important to keep in
mind that UV and blue light are more energetic than red and infrared (Figure 3.1),
because energy is fundamental to the process of fluorescence.

35
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Longest wavelength = lowest energy

White light
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FIGURE 3.1 The visible spectrum.

The process that leads to fluorescence starts when a photon is absorbed by a
suitable molecule, giving up its energy to an electron and thus boosting the elec-
tron to a higher energy state. In this context, “suitable” means that there is a pos-
sible electronic transition requiring an amount of energy close to that carried by the
photon. (The fact that only discrete states can exist was discovered by Einstein in
1905.) The important thing to realize is that this interaction will happen only if the
electron has a pretty low energy: outer shell-bonding electrons on long, conjugated
organic molecules. Inner-shell electrons need much more energy to move—in the
x-ray range—and x-ray fluorescence is also an important technique, giving us infor-
mation about atoms rather than molecules, but x-ray fluorescence is beyond the scope
of this chapter.

After a molecule absorbs light, it can return to the ground state via a number
of processes. To explore these, we use a generic energy-level diagram, called a
Jablonski diagram (Figure 3.2). A Jablonski diagram is a “cartoon” of the energy
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FIGURE 3.2 Jablonski diagram for absorption and fluorescence.
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levels in a molecule, showing only the details that are important to describe the pro-
cess of interest. Bold lines represent the fundamental electronic states, and lighter
lines represent vibrational states (which can be thought of as the “temperature” of
the electrons).

A vertical arrow represents absorption of light. Typically, the absorbed photon
has more energy than the minimum to lift the electron to an excited (S,) state, so
the electron is raised to a vibrational level above that level. Before it returns to the
ground state, the electron must reach the lowest excited state (Kasha’s law). To do
this, it must lose energy as heat, indicated by the zigzag lines in Figure 3.2. Once it is
at the lowest vibrational level of the S, state, the electron can drop back to the ground
state, which means it must give up a chunk of energy, which is emitted as a photon
(fluorescence). Because some of its excitation energy has been lost by this stage, fluo-
rescence always occurs at longer wavelength than absorption (Stokes’ law). Figure 3.3
shows the range of absorbed and emitted wavelengths—the excitation and emission
spectrum—for a typical fluorescent dye, in this case rhodamine.

Molecules have more than one excited electronic state, however. The electronic
states of most organic molecules can be divided into singlet states and triplet states.
In a singlet state, all electrons in the molecule are spin-paired, whereas in a triplet
state one set of electron spins is unpaired. Figure 3.2 shows the simplest state, where
an electron is promoted to the lowest excited state: S (singlet) 1. A higher-energy
photon might elevate the electron to S, or even S; (Figure 3.4); the absorption spec-
trum will show peaks at each of these levels. The fluorescence spectrum, however,
remains the same, because fluorescence occurs only from the lowest excited state.
All higher states relax (by losing heat) to this state before fluorescing. The process
of fluorescence takes time—a short, but measurable time known as the fluorescence
lifetime—and we can measure and make use of this (Chapter 15).

Fluorescence is not the only way out for an excited electron. It may lose all its
energy as heat (internal conversion), and no fluorescence occurs. The likelihood of
this depends on the number of available vibrational states; obviously for a “good”
fluorochrome we want internal conversion to be an unlikely process.

Another possibility is that the electron’s spin may flip, so that the electron enters a
triplet state. This is particularly likely to happen if the electron has been promoted to

Excitation Emission

500 550 600 650 700
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FIGURE 3.3 Absorption and fluorescence spectra of a dye molecule (thodamine).
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FIGURE 3.4 A summary of the possibilities for excitation and deexcitation that do not lead
to fluorescence. Short-wavelength light can raise an electron to the S, state rather than to S,.
Deexcitation from either state may occur by internal conversion (IC), losing energy as heat,
although a large proportion of electrons will simply convert to the S1 state, and then par-
ticipate in normal fluorescence from there. Electrons that enter a triplet state via intersystem
crossing (ISC) are particularly susceptible to chemical reactions, and hence to photobleach-
ing. Alternatively, these electrons cross back to the singlet series or lose their energy some-
what later as delayed fluorescence or phosphorescence.

a higher singlet state than S, which is why, in general, we prefer not to excite to these
states in fluorescence microscopy. Triplet states tend to be long lasting because the
transition back to the singlet state is “forbidden” (which, in chemistry, simply means
the transition has a low probability). Various things may happen to the electron
after it has entered the triplet state. It may eventually return to the ground state, losing
its energy as heat. It may emit a photon but after a much longer than normal time
(milliseconds or longer rather than the normal fluorescence lifetime of a few nano-
seconds); this is called phosphorescence. For a more detailed explanation of these
processes, see Anthony et al. (2010).

The consequence of most concern to us is photobleaching. Highly excited mol-
ecules have, by definition, surplus energy available to undergo chemical reactions.
The absorption, fluorescence, and internal conversion processes are usually very
fast (approximately nanoseconds), so the molecule typically does not have time to
react. However, once a molecule crosses over to the manifold of triplet states, the
process of losing the remaining energy is inefficient. Therefore, highly energized
molecules live for an extended period of time before they fluoresce. The most impor-
tant reaction pathway is reaction with O,, because oxygen has a triplet ground state
and triplet—triplet reactions are efficient. Once a molecule has undergone a chemical
reaction, the resulting product is probably not going to be fluorescent, so the dye is
bleached. Therefore, by removing oxygen we can help prevent photobleaching; most
antifade agents are mild reducing agents that scavenge oxygen from the environ-
ment. (Many commonly used antifade chemicals, such as paraphenylamine diamine
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and various gallates, are familiar to photographers, because photographic developers
are also mild reducing agents.) An inevitable consequence is that antifade reagents are
incompatible with living cells, which require oxygen, so we can only use antifades
with fixed material.

The various possible pathways of deexcitation other than fluorescence are sum-
marized in Figure 3.4. In practice, all these reactions occur, so bleaching is an inevi-
table consequence of fluorescence. The important thing is to pick a fluorochrome in
which the reaction we want—fluorescence—is the most likely outcome. The effi-
ciency of fluorescence is called the quantum yield, which is simply the ratio of pho-
tons reemitted to photons absorbed:

# fluorescence photons

q) f =
‘ # absorbed photons

Quantum yield is an extremely important property for a biological fluorescent
probe. The other important “figure of merit” is the extinction coefficient, which mea-
sures our fluorochrome’s efficiency at capturing light:

A =¢cl

where
A = absorption strength
€ = extinction coefficient (a property of the molecule)
¢ = concentration (mol L—-1)
| = path length (cm)

A poor quantum yield is undesirable, because it means we will see a lot of bleach-
ing relative to emitted fluorescence. A poor extinction coefficient is not so critical,
but we still get better labeling with a high extinction coefficient. Wild-type GFP, for
example, has a very good quantum yield but a rather low extinction coefficient, and
one of the main aims of engineering new GFP variants was to improve the extinction
coefficient (Chapter 12).

WHAT MAKES A MOLECULE FLUORESCENT?

A fluorescent molecule must have highly delocalized electrons, which means that it
will have alternating single and double bonds, typically in the form of aromatic ring
structures. The larger the conjugated system, the longer the wavelength at which it
absorbs. For example, benzene (one ring) absorbs at 260 nm, whereas naphthalene
(two fused aromatic rings) absorbs at 320 nm. Figure 3.5 shows us this effect with
three common fluorophores. Quinine is excited in the UV and fluoresces blue. The
longer, four-ring structure of fluorescein takes its excitation to the blue region and
its fluorescence to the green. The addition of two side-chains to the basic fluorescein
structure gives us rhodamine, with the excitation further shifted into the green and
fluorescence now in the red.
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FIGURE 3.5 The molecular structure of three common fluorescent molecules. All have
large conjugated systems and hence highly delocalized electrons. The wavelengths of excita-
tion and emission increase from left to right as the molecules get larger.

Microscopy puts certain constraints on the range of wavelengths we can use. If
we are to see the fluorescence in an optical microscope, the emitted radiation must
be visible: The exciting radiation must have a shorter wavelength than the emitted, so
the exciting wavelength is therefore generally short-wavelength visible light (green,
blue, or violet) or in the near-UV. Microscope lenses do not transmit well in the ultra-
violet, so around 350 nm is the shortest excitation we can normally use. (It is possible
to extend this a little by using quartz objectives, and we can capture UV fluorescence
on film or with a photomultiplier, and far-red or near-infrared fluorescence with a
CCD camera.)

THE FLUORESCENCE MICROSCOPE

OPTICAL ARRANGEMENT

Modern fluorescent microscopes universally use incident-light (epi-)illumination,
where the excitation light comes through the objective (Figure 3.6). The system,
devised by J.S. Ploem (1967, 1999), has transformed fluorescence microscopy from a
complex and dangerous technique, used only by a handful of specialists, to a routine
tool. Because the objective lens is also the condenser, Ploem illumination has the
incidental benefit of dispensing with the need to set up Kohler illumination.

The major components of any Ploem-based fluorescence system are:

e Light source
¢ Excitation filter
¢ Dichroic mirror
e Barrier filter

Each of these components, described in the sections that follow, is an important part
of the complete microscope.

Light Source

The key difference between fluorescence and conventional microscopy is that in the
fluorescence microscope we illuminate the specimen with one wavelength of light
and then look at another, longer wavelength. Therefore, the light must be very bright
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FIGURE 3.6 The basic layout of a fluorescence microscope, based on the design of
J.S. Ploem. Incident light is shown in blue and fluorescence in green.

(to excite sufficient fluorescence) and also must have a preponderance of short wave-
lengths, because long ones are of no use to us. For this reason, filament lamps are of
no real use, and for many years the most common light source was a high-pressure
arc lamp. There are probably still more of these around than anything else, but this
is likely to change. Such arc lamps typically come in two forms: mercury lamps and
xenon lamps.

A mercury lamp contains mercury under high pressure while it is in operation
(when the lamp is cold, the mercury condenses and there is no pressure in the bulb).
Its spectrum is a mix of strong, discrete lines and a continuum background, as shown
in Figure 3.7.

There are excellent lines for exciting UV dyes, such as DAPI and Hoechst, and the
green lines are perfect for rhodamine and similar dyes. There are also strong lines
in the violet and deep blue (indigo), which should get more use than they do on most
microscopes. But in the blue region there is relatively little and while the blue output
is adequate in most cases, this is the weakest feature of a mercury lamp.

Mercury lamps need careful handling. They operate at a high pressure and
temperature, so they are fragile while operating (much less so when cold) and can
explode with careless use (wrong voltage, obstructed cooling, or dirt on the lamp).
Also, once you switch on a mercury lamp, you must allow it to reach full operation
(which takes 10 minutes or so) before you turn it off, and once you turn it off, let it
cool down completely before you turn it on again. If you neglect these points, the arc
becomes unstable and the lamp flickers.

The traditional rival to the mercury arc lamp has been the xenon arc lamp, which
has a very strong continuum with relatively minor peaks (Figure 3.8), giving a strong
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FIGURE 3.7 The spectrum of a high-pressure mercury arc lamp.
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FIGURE 3.8 The spectrum of a xenon arc lamp.

bluish-white light. A xenon arc lamp also offers a longer lifetime than a mercury arc
lamp for a similar initial cost, which is an obvious advantage in any lab that uses
fluorescence microscopes for many hours a day. However, xenon lamps are weak in
the UV region and thus not efficient at exciting dyes, such as DAPI and Hoechst, or
calcium indicators, such as Indo. If you do not use these stains, however, xenon is a
good choice.

In the past few years metal-halide lamps have become very popular. These are
familiar mostly as high-intensity projector lamps and are mercury-based lamps with
other metal salts added to give a wider spread of spectral lines. This can tailor the
spectrum for almost any requirement, the most obvious being to eliminate the defi-
ciency of a mercury arc in the blue region. Metal-halide lamps have a long life-
time—up to 10 times that of a mercury arc—and are now routinely available as
original equipment on most microscopes and also as after-market conversions to
replace mercury lamps. They are usually fitted with a liquid light-guide so that they
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FIGURE 3.9 The spectra of the diodes in the X-cite XLEDI illuminator. (Image courtesy
of Kavita Aswani, PhD, Lumen Dynamics, Canada.)

do not need to be mounted directly on the microscope. This allows them to have a
cooling fan without introducing vibration to the scope. The light-guides do have a
finite life, however.

The most recent development has been the introduction of high-intensity light-
emitting diodes (LEDs) as illumination sources. These change the game somewhat,
since each LED is one specific wavelength (Figure 3.9). The UV wavelength is a little
longer and the blue and green rather shorter than the traditional ones used with mer-
cury lamps (Figure 3.9). This may necessitate filter changes, though in many cases
it may be possible to dispense with the excitation filter entirely since only one LED
needs to be on at a time. On the other hand LEDs have a very long life (one manu-
facturer guarantees 20,000 hours or 3 years). The other great benefit is that unlike
any other light source for fluorescence they can easily be controlled in intensity,
and can be turned on and off as often, and as rapidly, as you wish. Even high-speed
pulsed operation is quite straightforward, which makes a lot of interesting experi-
ments possible.

Filter Sets: Excitation Filter, Dichroic Mirror, and Barrier Filter

What made Ploem’s system possible was a whole new approach to making filters
(Ploem, 1999). Traditional glass filters absorb some wavelengths, while passing
others. Interference or dichroic filters reflect some wavelengths, while passing others;
these filters can be made extremely specific. They are made of a series of thin film
layers deposited precisely (Figure 3.10) and can pass long wavelengths (long pass),
short wavelengths (short pass), or a specific band of wavelengths.

[llumination from the mercury (or xenon or halide) lamp passes through an exci-
tation filter, which selects the wavelength required to excite the fluorochrome. It is
reflected down on to the specimen by a dichroic mirror, which acts as a chromatic
beamsplitter, reflecting short wavelengths and transmitting long ones. There is there-
fore little loss of either the illumination or the fluorescence, whereas a half-silvered
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FIGURE 3.10 Diagram of a simple bandpass interference filter. (A) The basic cavity. A
Fabry—Perot interferometer made of two multilayer reflectors separated by a half-wavelength
spacer that determines the wavelength passed. The layers are alternatively high and low
refractive index, each optically “A. (B) The complete filter. There are two identical cavity
stacks to sharpen the cutoff. Beneath them may be a blocking filter for unwanted transmis-
sions, an optical colored glass for the same purpose, or both.

mirror would lose half of each, but the dichroic mirror must be tailored to the spe-
cific wavelength used.

The objective lens itself acts as the illumination condenser, so the illumination
angle will always be the same as the objective numerical aperture. Fluorescent light,
which is always of longer wavelength (Stokes’ law), returns through the objective
lens and passes straight through the dichroic mirror. Beyond the dichroic mirror is
a barrier filter to block any residual excitation light. This filter can also be used to
separate the light from different fluorochromes. The filter set shown in Figure 3.6
excites in the blue between 480 nm and 490 nm, with a dichroic changing over at
500 nm and a long-pass filter passing all light longer than 520 nm.

Looking at Figure 3.10, these filters might seem almost unimaginably complex,
but in fact calculation of the layer thicknesses is straightforward, and the layers are
applied automatically by machine. Nevertheless, interference filters are much more
expensive than colored glass, and low-cost general-purpose filter sets will often
include colored glass filters when possible to reduce total cost.

Filters are normally classified according to whether they pass long wavelengths,
short wavelengths, or a band of wavelengths, as shown in Figure 3.11. Figure 3.12 and
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FIGURE 3.11 The three simple types of filter and how each is defined. Short pass (top) and
long pass (middle) are defined by their cutoff wavelength, whereas bandpass filters (bottom)
are defined by peak transmission and the width of the band halfway between maximum and
minimum transmission (full-width half maximum).
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FIGURE 3.12 A typical “low-cost” set for FITC: exciting in the blue from 450 nm to
490 nm, with a dichroic reflecting below 500 nm and transmitting above it, and a simple glass
filter transmitting anything longer than 515 nm. Note that the dichroic mirror also transmits
around 400 nm, and the excitation filter must be tailored to avoid this region of the spectrum.
(Courtesy of Chroma, Inc.)
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FIGURE 3.13 A typical DAPI or Hoechst filter set using a bandpass filter to exclude any
longer wavelength fluorescence (such as FITC), which will also be excited to some extent by
the near-UV 360-nm wavelength. (Courtesy of Chroma, Inc.)

Figure 3.13 show the transmission curves of actual filter sets. Figure 3.12 is a low-
cost FITC (fluorescein isothiocyanate) set, using a colored glass long-pass barrier
filter. All wavelengths longer than 515 nm will be visible in the image. Figure 3.13
is a DAPI filter set with a bandpass interference barrier filter transmitting only in
the blue region, so that green, yellow, and red fluorescence will be excluded. With
interference coatings it is also possible to make more complex filters that pass mul-
tiple wavelength ranges, as shown in Figure 3.14. In this case we can illuminate with
several different wavelengths from our mercury lamp at the same time, and pick up
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FIGURE 3.14 A triple-labeling filter set, designed for imaging three fluorochromes at the
same time. The three-band excitation filter (dotted line) transmits around 390 nm, 480 nm,
and 560 nm, and the triple dichroic (solid line) reflects these wavelengths, while transmitting
the bands passed by the emission three-band filter (dashed line). (Courtesy of Chroma, Inc.)

two or three different fluorochromes simultaneously. This is convenient from the
point of speed, but we will always get the best separation of signals from different
fluorochromes, and the greatest sensitivity, by looking at each signal separately.

These profiles of actual filter sets show that, in practice, no individual filter is
perfect. Dichroic mirrors are particularly problematic because they cannot include
colored-glass blocking layers to compensate for their defects. Therefore, plan your
filter sets to work effectively with each other. Figure 3.13 also shows that transmis-
sion typically falls off badly at short wavelengths, because the materials used for
the coatings absorb in the near-UV. In practice, this does not present a problem with
excitation, because a mercury lamp is very strong in the violet and near-UV, but
it can be a problem when we want to collect fluorescence in the violet region. Of
course, paying a higher price will get a filter made of different materials and offering
better transmission.

A lens of high numerical aperture (NA) is important in fluorescence micros-
copy, because it offers more illumination and better collection of fluorescence,
in addition to the best resolution. However, apochromats (Chapter 7) are usually
not recommended, even though they offer the highest NA; apochromats contain
too much glass, and the special glasses they use often absorb UV. Fluorite lenses
are generally best. Be careful, too, with immersion oils, because some are fluo-
rescent themselves.
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4 Image Capture

OPTICAL LAYOUT FOR IMAGE CAPTURE

The optical layout for a microscope presented in Chapter 1 gave us only a virtual
image: ideal for observing with the naked eye but which, by definition, cannot be
projected onto a screen or to a recording medium (Figure 1.3). To capture the image,
we need to take the real image formed by the objective lens and project it as a further
real image inside a camera. Figure 4.1 shows how this is done.

In place of the conventional eyepiece, we have what is often (inaccurately) called
a “photo eyepiece”; projection lens would be a better description. The real image in
the microscope tube is farther from the lens than its focus, so it forms a real final
image. Usually, this real final image will be magnified and in the past photo eye-
pieces for film use were typically 3.3x magnification, but digital sensors are smaller
than film, so they need a lower magnification.

One problem that we face is focusing: When focusing a microscope in normal
use, different people set the virtual image at different distances within the focal
range of their eyes, which could be anywhere from 10 cm to infinity! This means that
the real image also varies in position, which obviously does not work for a camera,
for which the image must be in focus on the film or sensor. In a digital system we can
always focus on the monitor, but in practice it is still annoying if the photographic
system is not in focus at the same time as the microscope image.

The solution is to put a graticule into the eyepiece. The graticule is located at the
“official” plane for the real image formed by the objective, and if the image is in this
plane both the graticule and image appear in focus (Figure 4.2). The user must twist
the eyepiece focusing adjustment so that the graticule is sharp and adjust the micro-
scope focus so that the image is in sharp focus at the same time. Then, if the camera
has been set up correctly, the image will be in focus for the sensor as well.

Exposure control presents another problem. In brightfield or phase contrast,
exposing for the average brightness of the field (or the central part of the field) usu-
ally gives an adequate result as it does in conventional photography. But in fluo-
rescence (or darkfield), the background is dark (and of no interest). Exposing for
the average brightness gives a hugely overexposed result. Modern, so-called smart
exposure systems have a fluorescence setting that looks for the brightest points and
sets the exposure by these, without reference to the background.

COLOR RECORDING

Our eyes have receptors for three so-called primary colors: red, green, and blue.
Other colors of the spectrum are interpreted because they stimulate more than one
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FIGURE 4.1 Optical arrangement in a photomicroscope.
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FIGURE 4.2 For photography we need to define the position of the real image formed by
the objective (and hence the real image in the camera). This is done by inserting a graticule
at the primary image plane to form a reference point.

receptor. The great physicist James Clerk Maxwell (1855) was the first to realize this.
Light that stimulates red and green receptors equally appears yellow—and there is
no way that our eyes can distinguish between spectral yellow light and a mixture of
red and green light. Figure 4.3 shows the primary colors and how they combine to
generate all the colors of the visible spectrum. To capture color, therefore, requires
three images be captured, one in each primary color. There are two different models
for capturing color, and the model that is appropriate depends on how the image
is formed when it is viewed.

ADpDITIVE COLOR MODEL

Additive color is the simplest to understand, and the easiest example is a data projec-
tor. This type of projector forms three different images: one in red, one in green, and
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A)

(B)

FIGURE 4.3 (A) The three primary colors: red, green, and blue. (B) When all three pri-
maries are present in equal amounts we see white, green, and blue create cyan, red and blue
create purple, and red and green create yellow.

one in blue. With older model projectors, the three images are obvious because there
are three lenses, but most modern projectors still have three images internally. All
three images are projected on to the screen in exact (or occasionally not so exact)
register. Some projectors use only one image and a rotating filter wheel, so that per-
sistence of vision merges the three colors. On a computer screen the image is made
up of tiny red, green, and blue dots placed side by side. Because these dots are below
the resolution of the eye, they merge into one image. Figure 4.4 shows the three
component primary images that make up the full-color micrograph of mouse skin.

Digital cameras always capture images in additive form, but film (with rare excep-
tions) and print reproduction use the subtractive method.

SuBTRACTIVE COLOR MODEL

When we print an image on paper (or use normal slide film, where the three images
are layered on top of each other), the additive model does not work. Clearly, if we
put a layer passing only red light on top of a layer passing only green light, we will
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FIGURE 4.4 The three color components of a microscope image (mouse skin, stained with
Masson’s trichrome) and the full color image formed by combining them.

FIGURE 4.5 The three subtractive primary colors: cyan, yellow, and magenta. Where all
three overlap everything is subtracted and we have black; where none are present we have
white. Where cyan and magenta are present only blue can pass, and so on.

not see yellow. We will see nothing, because no wavelengths can pass through both
layers. This is where we need the subtractive color model. Instead of adding together
the colors we want, we subtract the ones we do not want. White light minus red gives
us cyan (green plus blue); white light minus blue gives yellow; and white light minus
green gives magenta. These colors, sometimes called the subtractive primaries, are
shown in Figure 4.5. When no color layers are present we have white light—nothing
is subtracted. When all three are present we have black—no light passes. When yel-
low and magenta are present, both transmit red, so red passes and other colors are
subtracted. Cyan and yellow pass green; cyan and magenta pass blue.
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CCD CAMERAS

A CCD camera has as its active element an array of a million or more charge-coupled
devices. A CCD pixel has a photoelectric substance to generate charge when a pho-
ton hits and acts as a capacitor to store that charge (Figure 4.6). CCD devices have
zero gain, but high quantum efficiency—up to 60% in the orange region of the spec-
trum (~600 nm) but falling off to half that in the blue. Amplifying such tiny signals
hugely magnifies any noise, so high-end cameras for fluorescence microscopy cool
the CCD array to minimize random electronic noise (Pawley, 2006).

The CCD elements are tiny—only micrometers across—and the whole detector
array is typically only a centimeter or so across. The array is described as a parallel
array because the charge stored in each element of a row can be shifted in parallel to
the next row (Figure 4.7).
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FIGURE 4.6 A single charge-coupled device. Note that the light has to enter the device
through the silicon gate, which acts as the read-out connection.
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FIGURE 4.7 Sketch of a simple CCD array. Each of the CCD elements shown in Figure 4.11
is only about 20 wm square. At one side of the array is the serial register through which the
image is read out.
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The pattern of light falling on the array creates different amounts of charge on
each detector element. To read each one out, we shift up all the rows in parallel, so
that the end row moves into the serial register. We then shift the serial register so that
each value, in turn, arrives at the output node. When we have read all the values in
the serial register, one by one, we again move everything up one row, and a new row
is in the serial register; again, we read this row into the output one element at a time.
Figure 4.8 summarizes this process.

Reading out a full-frame device in this way, even at high clock speeds, is relatively
time consuming. A shutter is needed; otherwise, light would continue to modify the
pixels as they move through the registers, and the image would become smeared.
Nevertheless, this readout technique is the method of choice when we need optimum
quality. When speed is an issue, two alternative strategies are commonly used: frame
transfer and interline transfer.
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FIGURE 4.8 Reading out a CCD detector. Top row, left to right: All the rows in the parallel
register are moved up so that one whole row moves into the serial register, and this is moved
sideways step by step so that one pixel is read into the output gate at a time. Second row, left
to right: The parallel register is shifted again and the process is repeated for the next row.
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FRAME-TRANSFER ARRAY

In a frame-transfer array, half the array is masked so that light cannot reach it. Only
half the CCD chip is used to acquire the image. At the end of acquisition, we rapidly
shift all the registers (in parallel) to the other half. There, the registers can be read
out more slowly, while the active part of the array collects the next image. Because
the parallel transfer is rapid, we have no need to use a shutter, so we do not waste
time or lose any light (a relevant consideration in fluorescence, where any fluoro-
chrome will eventually fade).

Frame transfer gives us speed and sensitivity, but it is expensive and loses resolution.

INTERLINE-TRANSFER ARRAY

An interline-transfer array has a transfer line between each row of pixels. After
acquiring a frame, we shift everything sideways by one space into the transfer lines.
The transfer lines only are then shifted in parallel, row by row, into the serial reg-
ister and read out, while the active rows collect the next frame. Interline transfer
is the fastest possible way to read out a CCD array, but the dead space occupied by the
transfer lines considerably reduces sensitivity. The loss of sensitivity does not matter
too much in brightfield microscopy but can be a serious problem in fluorescence.

To regain sensitivity without losing the speed advantages of interline transfer,
most interline cameras have microlenses on top of each active charge-coupled
device, focusing onto it light that otherwise would have landed on the masked area
(Figure 4.9). This technique can capture the majority of the light that would other-
wise have been lost, giving the device up to 80% of the sensitivity of a full-frame
detector. This compromise between speed and sensitivity is probably the most popu-
lar for general use in microscopy.
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FIGURE 4.9 Microlenses on top of the pixels in an interline transfer camera enable much
of the sensitivity lost to the transfer line to be regained.
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BAck ILLUMINATION

The relatively poor blue sensitivity of CCD cameras is caused by absorption in the
silicon of the gate structure that overlies each pixel. The back of the device has no
gate, so if we thin the silicon down to ~10 um and illuminate from that side, we
can capture more photons, especially at short wavelengths. As you might imagine,
the process of back thinning is delicate and has a fairly high failure rate, so back-
illuminated CCDs are very expensive. However, for really demanding fluorescence
microscopy, where capturing every photon is crucial, they are definitely the way
to go.

BINNING

Sometimes we are willing to sacrifice resolution for speed and sensitivity, or we
have no choice if we are to get an image! We can do this by binning—combining the
contents of several elements into one pixel of the output image. Figure 4.10 shows
the steps involved in 2 x 2 binning, where each output pixel contains the contents of
four array elements and thus has half the resolution of the nonbinned image.
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FIGURE 4.10 Binning. (Top row, left to right) We shift up the parallel register twice with-
out shifting the serial register. Now each element in the serial register contains the summed
charge of two sensor elements. (Second row) Now we shift the serial register twice before
reading the output node. So each value that is finally read out contains the summed charge of
four sensor elements.
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CAPTURING COLOR

A CCD camera is essentially a monochrome device, and high-sensitivity cameras for
dedicated low-light fluorescence are always solely monochrome systems. However,
we often want or need to record color, and cameras exist to meet this need, but there
are always compromises and trade-offs involved.

Fieter WHEELS

Filter wheels (Figure 4.11) are the simplest solution to recording color. By rotating
a filter wheel in front of the camera, we can capture successive red, green, and blue
frames, which we can combine into a full-color image. This system has a lot of
advantages. It is cheap and simple, it offers the full resolution of the camera, and
the color filters can be of good quality, giving pure separation between the bands.
Furthermore, by having a fourth, blank hole or by removing the filter wheel we have
a full-resolution, uncompromised monochrome camera.

The big disadvantage of using a filter wheel is speed—it is not usually possible to
capture images of moving objects with this system, which means that any live-cell
work will probably need to be done in monochrome. A rotating wheel also intro-
duces the possibility of vibration. Nevertheless, for scientific imaging in fluorescence
while also being able to photograph stained, fixed material in full color this approach
has a lot to offer.

FIGURE 4.11 The filter-wheel approach to color imaging.
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FIGURE 4.12 The Bayer mosaic, used in consumer digital cameras and some scientific
ones, has two green pixels for each one in red and blue.

FiLTER MosAlcs

Many cameras in the lower end of the scientific market have a color filter mosaic:
each element of the CCD array has a filter element over it. (Most consumer digital
cameras also use this approach.) The pattern normally used is known as the Bayer
mosaic (Bayer, 1976), which a square contains two green pixels and one each of red
and blue (Figure 4.12). This system is cheap, simple, fast, and has no moving parts.
However, a mosaic reduces both resolution and sensitivity, and cannot be removed. A
computer algorithm ensures that the final image has the same number of pixels as the
sensor by supplying the “missing” colors at each point from neighboring pixels. But
it is clear that we cannot get true full resolution in three colors from this approach. It
also makes binning tricky, because adjacent pixels are different colors; many color
cameras therefore switch to monochrome when binning.

THree CCD ELeMENTS WITH DicHROIC BEAMSPLITTERS

The third solution to recording color is to use three CCD elements with dichroic
beamsplitters (Figure 4.13). This approach is fast, offers full resolution, and has no
moving parts. This type of construction is commonly used for studio-quality televi-
sion cameras, but these are much lower resolution than scientific cameras, so that
problems of alignment are simplified. With high-resolution, cooled scientific detec-
tors this technique becomes both expensive and complex, so only a few, high-end
manufacturers offer this approach.

BOOSTING THE SIGNAL

CCD (and the similar complementary metal-oxide semiconductor [CMOS]) cameras
are very sensitive but have no gain. This means that with low signals we are in dan-
ger of finding our signal swamped by noise, even in a cooled camera. The problem
is particularly intense when we want to image at high speed, following physiological
processes. The two possible solutions are either intensifying the image before we
capture it (intensified CCD) or amplifying it as we read it out (electron multiplying
CCD, or EMCCD).
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FIGURE 4.13 With two dichroic mirrors, we can capture color with three CCD detectors.
This is high resolution but complex, delicate, and expensive.

The major source of noise is the final readout stage, so an EMCCD has an extra
multiplying stage to increase the signal before readout. The electrons are moved
from the serial register (Figure 4.7), into another register, the multiplying register
(Figure 4.14), before the readout stage. In this register the electrons are moved from
stage to stage not by the normal low voltage but by a higher voltage between 20 and
40 volts. This is enough to accelerate them slightly, so that sometimes a secondary
electron will be produced, adding to the charge in the well. This has a low probabil-
ity (1%0—2%) but after moving through 500 or more stages the signal will be greatly
amplified. Since the amplification is stochastic, it will increase noise, but with a
weak signal this is much more than offset by the fact that readout noise is now insig-
nificant compared to the amplified signal. The multiplying voltage can be varied or

Serial Register

Multiplication Register

FIGURE 4.14 Electron multiplication. Even though many transfers do not generate any new
electrons, in the end the gain is substantial.
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turned off so that the camera will also work as a normal CCD where sufficient light
is available.

Since speed is always likely to be an issue, EM cameras are frame-transfer
devices. EMCCD is a relatively new technology and is not cheap, but has become
essential where high speed (as in spinning disk confocals, Chapter 9) or extreme sen-
sitivity (PALM/STORM single molecule imaging; Chapter 17) is required.

Intensified CCD is an older technology and in most applications has been super-
seded by EMCCD. A microchannel plate (MCP) image intensifier is placed in front
of the CCD. MCPs will be more familiar in night-vision devices; in fact, if your lab
has a multiphoton microscope, you will probably have an MCP-based viewer to see
the path of the infrared beam. Essentially an MCP is an array of microscopic photo-
multiplier tubes (PMTs; Chapter 5) each only about 10 um across. Figure 4.15 shows
the basic layout.

It is not possible to have individual dynodes in such a tiny device, so the plate
consists of a high-resistance material with about 100 volts across it. This means

Photocathode
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FIGURE 4.15 Layout of a simple microchannel plate image intensifier. (Top) Overview of
part of the plate. It is made of high-resistance material so a continuous potential difference
will exist between the top (cathode) and the bottom (anode). On top of the plate is a photoelec-
tric substance that will emit electrons when light hits it. At the bottom is a phosphor screen
to turn electrons back into light. (Bottom) What happens in one channel. An electron emit-
ted from the photocathode is accelerated down the hole, but since the channel is angled the
electron will hit the wall and generate secondary electrons. These in turn will generate more
and more electrons on their way down, and at the anode they will stimulate the phosphor to
emit light.



Image Capture 61

there will be a continuous voltage gradient along the length of each channel, and
the walls of the channel (which is under vacuum) will act as dynodes. At the top
of the plate is a photocathode, just as in a PMT, but at the base we have a phosphor
screen that produces light when electrons hit it. A photon hitting the photocathode
will (with luck) cause an electron to be emitted. This will hit the wall of the chan-
nel somewhere (the channel is angled to make sure that this happens) and generate
a shower of secondary electrons. These in turn will hit the wall lower down, and
generate more electrons. The electrons are accelerated each time, so by the time they
reach the phosphor screen (the anode) one photoelectron has generated thousands of
secondaries. These in turn generate thousands of photons as they hit the phosphor.
In an intensified CCD camera these are then channeled to the CCD array by a fiber-
optic bundle.

MCPs share with PMTs the problem of low quantum efficiency—some photons
will fail to generate a photoelectron. Many will not even land over a channel. But, as
with a PMT, the gain is then very large. The inherent inefficiency makes it a noisy
device, which is why EMCCDs have taken over in most applications. However the
MCP has the advantage that it can be switched extremely rapidly. Reversing the volt-
age to the plate will act as an instant shutter, cutting off the signal, and switching it
back will restore it just as quickly. A CCD cannot be switched at such a speed, and a
mechanical shutter cannot even come close. This means that intensified cameras are
mostly used where high-speed time gating is important.
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5 The Confocal Microscope

THE SCANNING OPTICAL MICROSCOPE

Instead of forming an entire image at one instant, a scanning optical microscope
(SOM) scans a beam of light across the specimen in a regular pattern, or raster, and
forms its image point by point. A point of light is focused to a diffraction-limited
spot on the sample by the objective lens. An image is built up point by point by a
detector, either below the slide (if the microscope is exclusively an SOM) or below
the condenser (which is more practical if the microscope is also used for conven-
tional imaging). SOMs have been used for about 50 years, and the image they pro-
duce is formally and in practice equivalent to the image given by a conventional
microscope. Why, then, use a scanning microscope? The most common reason is
that image processing and analysis are facilitated by having the picture broken up
into a series of points (pixels); before the advent of digital cameras, the SOM was the
simplest way to achieve this. Scanning also facilitates contrast management when
dealing with samples that have either very high or very low contrast. However, what
made the SOM an essential part of cell biology was the simple modification that
introduced the confocal imaging technique. The transformation from SOM to CSM
(confocal scanning microscope) is summarized in Figure 5.1.

THE CONFOCAL PRINCIPLE

In a confocal microscope, as in the SOM, a point light source is imaged on the
specimen by the objective. This image is no longer a point, but an Airy disk, its
size depending on the numerical aperture (NA) of the lens: the larger the NA, the
smaller the spot will be, and hence the better the resolution (Chapter 1). This spot
is then scanned over the specimen; historically this was done by moving the slide
(Davidovits & Egger, 1969), but commercial microscopes normally move the beam
of light, as discussed later in this chapter (White et al., 1987). For confocal imaging
(meaning that there are two coincident focal points), we then collect the light with
the objective lens and once again bring it to a focus in front of the detector. At this
point, we place a pinhole: in principle, the closest approximation we can make to a
geometrical point. Figure 5.1 shows this as an epifluorescence microscope, but by
using a half-silvered mirror instead of a dichroic mirror for the beamsplitter, we can
use reflected light instead with identical geometry. In either case, the transmitted
light can be collected, too, but that will not give a confocal image.

What is the point of doing this? This simple layout has the surprising (but easily
understood) property of rejecting information from outside the plane of focus, as
Figure 5.2 shows. The light that is in focus (solid lines) is brought to a small spot at
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FIGURE 5.1 (A) A simple scanning optical microscope (SOM). A point of light is focused
to a diffraction-limited spot on the sample by the objective lens. A transmission image is
built up, point by point, with a detector below the condenser, while the slide or the beam
is scanned in two directions. (B) The system modified for fluorescence imaging, with one
detector recording the fluorescence image and another capturing the transmission image.
(C) The addition of a pinhole now turns the microscope in panel B into a CSM, whereas the
bottom detector still collects a nonconfocal image.
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FIGURE 5.2 A basic confocal optical system, showing paths of in-focus and out-of-focus
light.

the pinhole, and therefore all goes through to the detector. Light falling on an out-
of-focus plane (dotted lines) is brought to a spot in front of (or behind) the plane of
the pinhole. At the pinhole, the out-of-focus light spreads over a large area, so that
very little of this light passes through the pinhole. The improvement this makes to
the fluorescence image of a thick sample is dramatic (Figure 5.3).

When we use a conventional microscope, we are restricted to one plane, the plane
of best focus, but this restriction does not apply to a confocal microscope. With a
confocal microscope, we can carry out optical sectioning: imaging individual planes
of a thick object (Figure 5.4). The confocal technique transforms optical microscopy
into a fully three-dimensional imaging medium. With a suitable motorized stage, we
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FIGURE 5.3 Fluorescence images of part of a Selaginella leaf (chlorophyll autofluores-
cence). (A) Conventional widefield image. (B) Confocal image. Both images are focused on
the same plane.

FIGURE 5.4 Six planes from a set of 74 optical sections through an onion root tip squash,
showing the cortical microtubule array stained with FITC—-anti-o-tubulin.

can automatically collect a complete, three-dimensional data set of our sample. With
suitable software, we can then extract information either by resectioning in arbitrary
planes or by constructing projections from different views (Chapter 11).

RESOLUTION AND POINT SPREAD FUNCTION

With the optical microscope, we are accustomed to thinking of resolution in the hori-
zontal plane only. As we saw in Chapter 1, that resolution depends directly on the NA
of the lens and is given (in fluorescence) by the Rayleigh formula:

r=0.61A/NA

where r is the minimum resolved distance and A is the wavelength of the light.
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FIGURE 5.5 The size of an out-of-focus spot in relation to numerical aperture. (A) The
diameter of the spot at an arbitrary plane depends linearly upon the half-angle of the lens
o or 02, in other words, on the NA. (B) The spot in relation to the pinhole. Even though the
vast majority of the light is rejected, some always passes through. It is the ratio of the area of
the spot to the area of the pinhole that determines how much is rejected. (C) The spot of the
lower NA o superimposed (dotted circle). Because the diameter of each c