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We perceive the physical world around us using our eyes, but only down to
a certain limit. Objects with a diameter smaller than 75 yum cannot be recog-
nized by the naked eye, and due to this reason, they remained undiscovered
for the most of human history. Entities which belong to this category include
cells (diameter of 10 pm), bacteria (1 pm), viruses (100 nm), molecules (2
nm), and atoms (0.3 nm)’. In fact, the importance of these micro/nano en-
tities in almost every aspect of our life cannot be sufficiently appreciated.
Microscopes are the tools which enable us to extend our vision to the micro-
world and, despite the prefix micro- in the name, to the nano-world, too. This
chapter takes the reader through the basic principles of the most widely-used
light microscopy techniques, their advantages, and their inherent limitations.
Further microscope types such as scanning tunneling microscopes or atomic
force microscopes are beyond the focus of this text. In contrast to the pre-
vious chapter, a pinhole projection model is no longer sufficient to explain

! The diameter measurements given here are for a blood cell, a typical bacterium, an
influenza virus, a DNA molecule, and a uranium atom.
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Figure 5.1: Image formation in a converging lens for an object whose dis-
tance to the lens is larger than the focal length.

microscopy. Therefore, we introduce the thin lens model as it provides expla-
nations for at least two functionalities: light-gathering and magnification.

5.1 Image Formation in a Thin Lens

Consider an object with height h standing at a distance d in front of a con-
verging lens with a focal length f < d. Naturally, the lens creates an image
of this object. The question then arises as how we can determine the height
of the image h’ and its distance d’ to the lens. From a geometrical optics
perspective, the image formation process can be described using three simple
rules (cf. Figure 5.1):

1. An incident light ray which passes through the optical center O does not
suffer any refraction.

2. An incident light ray parallel to the optical axis is refracted passing
through the image focal point F”.

3. An incident light ray which passes through the object focal point F' is
refracted parallel to the optical axis.

As shown in Figure 5.1, the three rays intersect at a point positioned at
distance d’ from the lens. Obviously, two rays are sufficient to geometrically
construct this intersection point. The image acquired at d’ is defined as an in-
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focus image. On the other hand, an image acquired at a longer or a shorter
distance than d’, is called defocused image. In this context, an image of a
point source (such as T in Figure 5.1) is infinitely small at focus (abstracted
as a point 7" in Figure 5.1), but it is larger than a point for defocused images.

Figure 5.2 shows the result of applying the rules of image formation, i.e.,
the three rules mentioned above, on the case when the object is within the
focal length (d < f). As can be seen in the figure, the rays do not converge.
However, the ray extensions intersect at a point T”, called wvirtual image,
from which the rays appear to diverge. In contrast, the images formed when
d > f are called real as they are real convergence points of light rays. Virtual
images formed by a converging lens are upright while the real images are
upside-down. Another important difference is that virtual images cannot be
projected on a screen, a camera chip, or any other surface. Nevertheless, they
can be perceived by the human eye because the eye behaves as a converging
lens which recollects the diverged light rays on the retina.

Figure 5.3 shows the result of applying the rules of image formation in a
diverging lens when d < f. It should be noted, however, that: Contrary to
the case of converging lenses, when applying these rules on diverging lenses,
the image focus F’ is at the side of incident light rays and the object focus
F is at the other side of the lens. Similar to the case described in Figure 5.2,
the image is upright and virtual. However, in contrast to Figure 5.2, it is
demagnified. We obtain this result with a diverging lens when d > f as well.

So far, we could geometrically construct the image of an object in a di-
verging or a converging lens. At this point, we may ask whether there are
closed-form equations which relate the object height h to the image height
I’, or the object-lens distance d to the image-lens distance d’.

Let us consider a converging lens with d > f (cf. Figure 5.1). From the
similar triangles TOB and T'OB’, one can directly write:

nod
The same applies for triangles TFB and FOL:
n f
Combining Eq. (5.1) and Eq. (5.2) yields:
S
d—f d
fd=dd—-df
fd+df=dd

Dividing by fdd' yields the thin lens equation:
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Figure 5.2: Image formation in a converging lens for an object whose dis-
tance to the lens is smaller than the focal length.
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Figure 5.3: Image formation in a diverging lens.
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p + 77 (5.3)
Eq. (5.3) was derived in this text for real images in a converging lens. Never-
theless, it can be also used for virtual images and/or diverging lenses under
the following sign conventions: 1) d’ is negative when the image is at the ob-
ject side of the lens (similar to the case in Figure 5.2), otherwise it is positive.
2) f is negative for diverging lenses. Moreover, if we add a third sign con-
vention stating that h’ is positive for upright images and negative otherwise,
then Eq. (5.1) and Eq. (5.2) can be generalized to the following form:

I !
_h__f & (5.4)

h d—f d
Based on the above-mentioned sign conventions, the magnification M is posi-
tive for upright images and negative for upside-down images. This generaliza-
tion, i.e., Eq. (5.3) and Eq. (5.4), can be proved to be correct by applying the
three rules of geometric image formation and employing triangle similarity for
each specific setup. Moreover, based on Eq. (5.4), the following conclusions

can be drawn:

o The image of an object in a converging lens is magnified (|M| > 1) when
d < 2f, has the same size of the object when d = 2f, and demagnified
(|M] < 1) when d > 2f.

o The image of an object in a diverging lens (f < 0) is demagnified.

5.2 Compound Microscope

If you look through a magnifying glass at an object located within the focal
length of the lens, you see a magnified upright virtual image of the object.
Conceptually, this is a simple microscope. The compound microscope (cf.
Figure 5.4) extends this basic principle by using at least two converging
lenses. The lens which is closer to the specimen is called objective lens. It
creates a real magnified inverted image G, of the specimen. This requires
that the specimen distance to the objective d, is in the range f, < d, < 2f,,
where f, is the focal length of the objective. The second lens is called eyepiece
as it is the component through which a user of the microscope observes the
sample. The distance of G, to the eyepiece d. is, by construction, less than
the focal length of the eyepiece (d. < f.). Consequently, the eyepiece lens
creates a magnified virtual image G, of G,. Since the image of the first lens
is an object for the second one, the total magnification is the product of the
two lens magnifications.

In modern microscopes, the objective lens is characterized by its mag-
nification and numerical aperture. The magnification was defined above in
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Figure 5.4: Image formation in a compound microscope. Symbols F,,, F!, F,,
and F! represent the objective object focal point, objective image focal point,
eyepiece object focal point, and eyepiece image focal point, respectively. A
human observer at the right-hand side of the figure will see the image G..
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Figure 5.5: The numerical aperture is determined by 6 the half angle of the
maximum light cone and n the refractive index of the medium between lens

and specimen.
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(a) Scheme of a bright field microscope.  (b) Scheme of a fluorescence microscope.

Figure 5.6: Basic diagrams of a bright field microscope and a fluorescence
microscope. Both were drawn after [1].

Eq. (5.4). The numerical aperture quantifies the capability of a lens to gather
light. It is defined as follows:

NA =n sin6, (5.5)

where n is the refractive index of the medium between objective lens and
specimen (n,;, &~ 1) and 6 is the half angle of the maximum light cone which
the lens can collect (cf. Figure 5.5). Since the image formed by the objective
lens is real, it can be captured by a physical detector. For instance, it can be
recorded by a CCD chip, and hence, the magnified view can be saved as a
digital image which can be further processed by a digital computer.

The principle of compound microscope models the magnification mecha-
nism. Additionally, depending on how the sample is illuminated and which
kind of information is carried by light rays, light microscopes can be further
classified into subcategories: bright field, fluorescence, phase contrast, quanti-
tative phase, and others. In the following sections, more details will be given
about each of the aforementioned microscopic modalities.

5.3 Bright Field Microscopy

Typically, the density and thickness of a specimen are space-variant. Con-
sequently, specimen points absorb light differently, i.e., the energy of light
after passing through the specimen is, likewise, space-variant. Figure 5.6(a)
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Figure 5.7: A microscopic image of a cell culture: The image was acquired
using a Nikon Eclipse TE2000U microscope with a bright field objective of
magnification 10x and NA = 0.3.
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(a) A bright field image of Chinese hamster (b) The same scene at the left-hand side
ovary (CHO) cells. but seen under a fluorescent channel. Red
spots indicate dead cells.

Figure 5.8: Illustration of cell viability detection using PI-staining.

schematically shows how this fact can be utilized in a microscopic setup. The
condenser shown in the figure plays the role of concentrating light coming
from a light source at the specimen. The specimen information is encoded in
the intensity of light wave which reaches the objective. Background or the
part of the scene which does not contain dense objects tends to be bright in
the resulting image. This observer impression gave the technique its name.
Bright field setup is the number-one choice whenever minimization of ex-
penditure or implementation difficulties are main concerns. An example of a
bright field image of cells is shown in Figure 5.7.

In clinical routine cells in suspension are only investigated infrequently. In-
stead, the most common investigation techniques for bright field microscopy
are cytology, where cells and their inner structure are investigated, and his-
tology, where the embedding of cells into the surrounding tissue architecture
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Geek Box 5.1: Stains for Histology and Cytology

To highlight cellular structures, sections from tissue biopsies and also
cytology slides are often dyed or stained. The most common form of
stain in histology is a mixture of two substances called hematoxylin
and eosin, where the hematoxylin color stains cell nuclei blue and cy-
toplasm and other cellular structures are dyed in magenta by eosin.
Dyes are furthermore used to assess the amount of certain substances,
e. g. copper or iron, or biologic structures adhering to certain biomark-
ers. Besides a main color, often a secondary (or even third) color with
strongly different spectral shape is used to dye other cellular compart-
ments and enhance the contrast, a process called counterstaining.

In order to prepare a sample, it usually undergoes the process of fixa-
tion with formaldehyde and embedding in paraffin wax. The fixation
stops a great part of the biologic processes and ensures a proper qual-
ity of the slide and a slow degradation process. Embedding in a block
of wax is a precondition to cutting thin slices of constant thickness,
which are then placed on a microscope slide and covered with a cov-
erslip.
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Different stains for histology and cytology.
Top row: Hematoxylin-eosin, Azan, Multi-cytokeratin (AE1, AE3).
Bottom row: Grocott, May-Griinwald-Giemsa, Turnbull Blue.
Images courtesy of FU Berlin, Germany.

is described. For both techniques, staining of the sample plays an important

role (see Geek Box on page 77).
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5.4 Fluorescence Microscopy

While a bright field microscope utilizes light absorption of a sample, a fluo-
rescence microscope makes use of another natural phenomenon called, unsur-
prisingly, fluorescence. Some special materials, when illuminated with light
having a specific wavelength, emit light with another wavelength. As shown
in Figure 5.6(b), an excitation filter is required to select a part of the elec-
tromagnetic spectrum for exciting the fluorescent materials in specimen. An-
other filter is then utilized to separate the emitted light from that used in
the excitation process.

Fluorescence microscopes deliver images of high contrast when compared
to bright field images. In addition, due to the fact that fluorescence can be
incited by specific biological or physical processes, scientists were able to find
many applications of fluorescence microscopy in materials science and cellular
biology. To give just one example, a widely-used technique for cell viability
detection (cf. Figure 5.8) is based on imaging of a fluorescent dye called
propidium iodide (PI). Viable cells are usually selectively permeable, i.e.,
they do not allow molecules to freely cross the cellular membrane. When a
cell dies, this exclusion property is lost allowing PI to leak through the cellular
membrane toward cell interior. PI binds then to RNA and DNA inside the
penetrated cell which drastically enhances the fluorescence. Therefore, dead
cells can be easily distinguished from the non-stained viable cells.

There are at least two shortcomings of fluorescence imaging: Firstly, stain-
ing may cause some undesired effects on the sample under study. For instance,
it was shown that the dyes used in cell viability detection affect cell stiffness.
Secondly, what we see under fluorescence microscopy is the activity of fluores-
cent dyes which, in general, does not reveal structural information. Moreover,
these fluorescent dyes do not always cover the entire imaged object. These
two factors lead to incomplete shape information. For confocal laser endomi-
croscopy, also fluorescent dyes are employed, yet in a different setup which is
discussed in Geek Box 5.2.

5.5 Phase Contrast Microscopy

As mentioned earlier, in bright field microscopy, light absorption is respon-
sible for image formation. Objects which absorb light are called amplitude
objects since they affect light amplitude. Transparent objects, on the other
hand, hardly alter the amplitude of light. They, however, delay light wave in-
troducing a phase shift, and thus, they are given the name phase objects. We
demonstrate this effect visually in Figure 5.10 and introduce the underlying
math in Geek Box 5.3.
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Geek Box 5.2: Confocal Laser Endomicroscopy

Recently, a novel method of fluorescence microscopy imaging has
gained attention in research: In Confocal Laser Endomicroscopy
(CLE), a fiber bundle carrying laser light in the cyan color spectrum
is inserted into cavities of the human body, usually through the acces-
sory channel of a normal endoscope. With high magnification ratios,
it is being used for structural tissue analysis in vivo, i.e. in the living
patient. Due to the confocal construction, a single focal plane in a
defined depth can be visualized as a sharp image since the image is
not tainted by scattering light. Prior to the examination, a fluores-
cent contrast agent is given to the patient intravenously, enriching in
the intercellular space and thus making outlining cellular structures
possible.

X scanner dichroic filter

photodetector

y scanner

Confocal Laser Endomicroscopy (adapted from [15])

CLE generates video sequences at rates of up to 12Hz [15] and is
clinically used for diagnosis within the gastro-intestinal tract [13]. But
its application is not limited there: In the field of neurosurgery, it was
shown that a discrimination of brain tumors can be performed on CLE
images [9], and it was also successfully used for diagnosis of tumors in
the mouth and the upper airways [21, 10].

. | &« i
CLE Image of healthy epithelial tissue of the vocal folds (left) and
with squamous cell carcinoma (right). Images courtesy of University
Hospital Erlangen, Germany.
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(a) A bright field image (b) A bright field image (c) A phase contrast im-

dominated by amplitude ob- dominated by phase objects: age of the same scene shown

jects: CHO cells in suspen- adherent ultra-thin CHO in 5.9(b). In comparison to

sion. cells. 5.9(b), cells are clearly vis-
ible, albeit surrounded by
halo artifacts.

Figure 5.9: Examples of amplitude objects and phase objects in biology.

Typical light detectors such as CCD chips or retina in our eyes can recog-
nize amplitude variations but they are insensitive to phase distortion. In the
1930s, the Dutch physicist Frits Zernike came up with a brilliant trick for con-
verting the invisible phase shift to a visible amplitude change using an optical
filter. His contribution is the basis for a long-established technique in labora-
tories today known as phase contrast. Figure 5.9(a) shows a bright field image
of a sample dominated by amplitude objects. In this particular example, they
are cells in suspension. Figure 5.9(b) also shows a bright field image, but of
a sample dominated by phase objects. The sample contains ultra-thin adher-
ent cells. In Figure 5.9(c), the same specimen of Figure 5.9(b) is shown, but
under a phase contrast microscope. A considerable improvement in contrast
and information content can be clearly seen in the phase contrast image.

5.6 Quantitative Phase Microscopy

In the previous section, phase was employed to obtain more contrast of trans-
parent specimens. At this point, we may ask the following question: what does
the numerical phase value tell us about the physical properties of a specimen?
As discussed in Geek Box 5.4, we only observe the difference of the phases of
two waves and are unable to observe an absolute value.

Phase contrast (cf. Section 5.5) is convenient for gqualitative unstained
imaging of transparent specimens. However, it is not suitable for obtain-
ing quantitative phase values for two reasons: Firstly, phase information is
perturbed by artifacts, called phase halos, in image regions which surround
phase objects (cf. Figure 5.9(c)). Secondly, Zernike’s approach which links an
observed intensity value to the corresponding phase value is valid only for
very small phase shifts.
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Geek Box 5.3: Wave Equation

Informally speaking, at a point in space r = (,y, z), we can imagine
the light activity as a particle dancing in time according to e™?, where
t is time and w = 27¢ is the angular frequency which determines
light color. In general, this dance is amplitude-scaled and phase-shifted
differently at each point in space. Consequently, the wave/particle
function ¢ (r,t) can be modeled as follows:

Y(r,t) = A(r)e!@tHem) = A(r)e®eiwt = U(r)eit. (5.6)

The term U(r) encodes both amplitude change A(r) and phase shift
¢(r) as a complex number, and is thus called complez amplitude of
the wave. Eq. (5.6) is not sufficient to describe a wave unless ¢ fulfills
the celebrated wave equation:

_ 292

where ¢ is the speed of light in the propagation medium, and V? =
2 2 2]

% + §—y2 + % is the spatial Laplacian. Assuming that ¢ can be

factorized as ¥(r,t) = 1¥p(r)y:(t) (which is the case in Eq. (5.6)),

one can derive the time-independent wave equation, also known as

Helmholtz’s equation:

V2U(r) + k*U(r) = 0, (5.8)
where £ is defined as k = % and called wavenumber. An important
class of solutions for Helmholtz’s equation is given by the following
complex amplitude:

Up(r) = Aget k™. (5.9)

In this solution, the amplitude is constant everywhere with a
real value A, whereas the phase is linearly dependent on posi-
tion ¢y = k'r = xk, + yk, + zk.. In order for Eq. (5.9) to satisfy

Helmholtz’s equation, k must fulfill , /&2 + k2 + k2 = k. This fact can

be verified by setting U(r) = U,(r) in Eq. (5.8). Moreover, the locus
of points in space for which Uy(r) = constant, is a plane with nor-
mal vector k. Therefore, waves described by Eq. (5.9) are called plane
WaAvES.
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Figure 5.10: If we consider light as a wave with amplitude A and wavelength
A, we observe that amplitude objects reduce the wave amplitude by absorp-
tion. Phase objects cause a phase shift due to differences in the refractive
index inside and outside the object.

Quantitative phase microscopy is an umbrella term for a set of techniques
by which it is possible to obtain reliable quantitative phase information. Geek
Box 5.5 discusses one of the methods to determine quantitative phase in de-
tail: the transport of intensity equation (TIE). Due to the quantitative nature
of TIE results, it can be utilized to compute specimen physical descriptors
which are difficult to obtain using phase contrast. For instance, it can in
principle be used for estimating cell thickness and volume in biological cell
cultures. In general, the TIE seems to be attractive when compared to phase
contrast for at least two reasons: 1) It is possible to obtain high-contrast
phase images using a bright field microscope which is cheap and easy to
implement compared to a phase contrast microscope. 2) TIE yields quantita-
tive rather than qualitative phase information. However, every new technique
comes with its own problems, and TIE is by no means an exception to this
rule. In fact, estimating the axial derivative is very sensitive to the selection
of defocus distance Az. In addition, a TIE solution is prone to be perturbed
by a low-frequency bias field which needs to be corrected.
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Geek Box 5.4: Phase Shift

In fact, the phase shift introduced by a phase object can be given as

follows:
z2(2,y)

san(eg) =k [ " An(ay,2)de (5.10)
z1(z,y)

where k is the wavenumber of the incident light, An (z,y,2) is the

difference in the refractive index between the object and surrounding

medium, z; and z, are the start and end coordinates of the light path

through the object. If the object has a homogeneous refractive index,

Eq. (5.10) reduces to:

gff}l‘l(x,y) :kAnQ(xay)v (511)

where ¢ (z,y) is the object thickness at (z,y). The product of refrac-
tive index with the geometric length of light path is usually termed
optical path length. In addition, the difference of two optical path
lengths is called optical path difference. Therefore, the numerical value
of phase is interpreted as optical path difference between the object
and the surrounding medium. The constant k is typically ignored.

5.7 Limitation of Light Microscopy

In Figure 5.1, a point source creates a point image at focus. This is, however,
a result of geometrical optics which does not take the wave nature of light
into account. From a wave-optics perspective, light exhibits the properties of
waves, and hence, it undergoes diffraction upon encountering a barrier or a
slit. In microscopy, this slit is the finite-sized aperture of the objective. Due to
the diffraction process, the image of a point source is a pattern known, after
Sir George Airy, as Airy pattern. As shown in Figure 5.12(a), it is composed of
a central spot, known as Airy disk (in 2-D), surrounded by multiple diffraction
rings. The radius of an Airy pattern, when the image is in its best focus, is:

A

dAiry = 061M,

(5.14)

where A = 27“ is the wavelength of incident light. It is noteworthy to mention

that daiy in Eq. (5.14) is given in object-space units. Therefore, in image
plane, the radius of the Airy disk is M - dasry, where M is the magnification.

The resolving power of a microscopic system is defined as the minimum
distance between two point sources in the object space for which they are still
discernible as two points in the image plane. Intuitively, the two points are
distinguishable as long as the sum of the two corresponding Airy patterns con-
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Geek Box 5.5: Transport of Intensity Equation (TIE)

Teague derived the TIE in 1983 starting from Helmholtz’s equation
(cf. Eq. (5.8)) under the approximation of a slowly varying field along
the z-axis:

BV 1 (54) V6 @)+ VuT @9) Va6 (@), (512)
where I (z,y) is the at-focus intensity image (related to the complex
amplitude in Eq. (5.8) by I = |U[*), and V| is the gradient operator
in the lateral directions, i.e., in the xy plane. The symbol ¢ denotes
the phase difference (cf. Eq. (5.10)), but ¢ was used instead of ¢ as
the phase appears only in differential terms in the TIE. In other words,
the phase in TIE is defined up to an additive constant which makes no
difference between ¢ and ¢q;g. This equation can be further simplified
if we assume ideal phase objects, i.e., I (z,y) = constant = Iy, to the

following form:
oI (x,
k20D 12y (1)
The axial derivative at the left-hand side of Eq. (5.12) or Eq. (5.13) can
be measured: First, acquire a bright field image at focus Iy. Defocus

the microscope by a distance Az and acquire another image I(Az):
I(-Az) Iy, I(4z)

The finite-difference approximation of the derivative is then given
by LAz =lo - Afer estimating the axial derivative, the only unknown
which is left in the TIE is the phase. Therefore, the TIE can be solved
for ¢ yielding a quantitative phase map.

Earlier in this text, it was mentioned that ideal phase objects are invis-
ible in bright field microscopy. In fact, as demonstrated in Figure 5.11,
the aforementioned statement is correct only under the condition that
the image is acquired at focus. This phenomenon, i.e., the possibility
to visualize phase objects in bright field microscopy, can be interpreted
in the light of the TIE. The contrast obtained by defocusing is numer-
ically represented by the left-hand side of Eq. (5.13). The right-hand
side reveals that this contrast is, in fact, phase information. The em-
ployment of defocusing to visualize transparent samples in a bright
field setup is sometimes called defocusing microscopy.
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(a) A defocused bright field image (b) A bright field image of the cell
of the cell culture: Az = —15 pym. culture at-focus: Az = 0.

(c) A defocused bright field image (d) A quantitative phase map ob-

of the cell culture: Az = +15 pm. tained by solving the TIE. The bias
field was partially corrected using a
bias-correction algorithm.

Figure 5.11: Illustration of quantitative phase microscopy using the TIE.
The figures show a cell culture of adherent ultra-thin 1.929 cells.

tains two distinct peaks. However, the condition under which the two peaks
are considered distinct, can be defined in several ways. This led to different,
but similar, definitions of the resolving power. According to Rayleigh, it is
given by the radius of Airy disk dmin = dairy (cf. Figure 5.12(b)). A slightly
different definition, known as Abbe criterion, is given as dyin = 0.5%.

In order to enhance microscopic resolution, one needs to employ light of
shorter wavelength and/or an objective of higher numerical aperture. Using
shorter wavelengths will be considered in the next section. The numerical
aperture, as revealed by Eq. (5.5), is theoretically upper-limited by unity
when air (n,i; = 1) is the medium between the specimen and the objective. In
order to go beyond this limit, microscope manufacturers designed objectives
which can function when a medium of higher refractive index such as water
(Nwater = 1.33) or oil (ney ~ 1.51) is embedded between the specimen and
the objective. This led to the development of water immersion objectives and
otl immersion objectives.

If we set the wavelength in Eq. (5.14) to the wavelength at the center of the
visible spectrum Ayisiple & 550 nm and numerical aperture to the theoretical
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Intensity Intensity
dmin
Space Space
>
dAiry

(a) Airy pattern composed of Airy peak (b) Rayleigh criterion: Two features with
with radius dairy surrounded by diffrac- distance less than dmin = dairy Will be re-
tion rings. solved as a single feature.

Figure 5.12: Diffraction barrier: Due to diffraction, the image of a point
source is an Airy pattern. The resolving power d,;, of a microscope is thus
limited by the width of this pattern.

upper-bound of oil-immersion numerical apertures NAPest — 151, we obtain
a Rayleigh resolution of d2%' = 222 nm ~ 0.2 ym. This value? is often cited
as the resolution limit of optical microscopy. Two distinct points in object
space with a distance less than 0.2 ym will be imaged as a sum of two Airy
patterns in which only one distinct peak can be recognized. Increasing the
magnification will increase the size of this sum of Airy patterns at the image
plane, but the enlarged image remains a single-peak pattern. In other words,
beyond a certain limit, increasing the magnification does not resolve new

details. This phenomenon is known as empty magnification.

5.8 Beyond Light Microscopy

One obvious way of increasing microscopic resolution is using a wavelength
which is shorter than the wavelength of visible light. For instance, it is possible
to employ ultraviolet (UV) radiation (wavelength in range 300 — 100 nm), soft

2 Or other close approximations of it depending on the considered upper-limit of nu-
merical aperture and definition of resolving power.
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X-ray (10 — 1 nm), hard X-ray (below 1 nm)?, or electron beams (wavelengths
below 5 pm are achievable). Each wavelength range allows us to explore a
part of the nano-world, but also imposes a new type of challenges for both
microscope manufacturers and users. At the UV wavelengths, glass strongly
absorbs light radiation, and thus, in UV microscopy, the lenses are made of
UV-transparent materials such as quartz. Moreover, at the wavelengths of
X-ray radiation, the refractive index of solid substances is very close to the
refractive index of air. Since the light-focusing performed by a visible-light
lens is inherently a refraction process, these lenses cannot be used to focus
X-ray beams. In fact, in X-ray microscopy, expensive and impractical devices
which are based on diffraction instead of refraction are employed to replace
the typical optical lenses. Electron microscopy utilizes electromagnetic lenses
and cathode rays in order to achieve a drastic improvement in resolution
compared to light microscopy. Unlike ultraviolet and X-ray radiation, cathode
rays, being electron beams of measurable mass and negative charge, do not
belong to the electromagnetic radiation. Therefore, the photon-wave duality,
and hence the conception of wavelength, are not directly applicable. One of
the major contributions which led to the development of electron microscopy
is the theory of Louis de Broglie who stated in his PhD thesis that the
particle-wave duality is also valid for matter. According to de Broglie, the
wavelength of an electron of mass m. and speed c. is given by:

p
Me * Co

Ae =

(5.15)

where p is Planck constant. As an alternative for reflection in optical lenses,
in electromagnetic lenses, deflection of electron beams by magnetic fields was
exploited to focus the beams. In an electron microscope, similar to a cathode-
ray tube, an electron beam is emitted into vacuum by heating the cathode
and then accelerated by applying a voltage between the cathode and the an-
ode. The speed of the electrons, and hence the wavelength (cf. Eq. (5.15)),
can be controlled by varying the voltage. The first electron microscopes were
very similar from a schematic point of view to bright field microscopes. The
acquired image is based on the specimen absorption of electrons when trans-
mitted into the sample, and hence, they were given the name transmission
electron microscopes. A resolution as high as 0.2 nm is achieved by the trans-
mission electron microscopes. A major limitation of this scheme, however,
is that only very thin samples can be imaged. Scanning electron microscopy
was developed to cope with this difficulty. To do so, a primary electron beam
is focused by an electromagnetic lens on a very small part of the specimen.
This primary beam incites the emission of a secondary electron beam. The
intensity of this secondary beam is recorded. Afterwards, the primary beam
is moved to another part of the specimen, and the same process is applied.

3 X-ray and UV radiation, being a part of the electromagnetic spectrum, belong to
invisible light. The term light microscopy is, however, restricted to visible light in this
text.
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This is repeated so that the entire specimen is scanned in a raster pattern and
the final image is obtained from the recorded values of the secondary beam
intensities. Scanning electron microscopy can be used to image thick samples,
even though it captures only the surface details. In addition, the secondary
beam is accompanied with X-ray emission characteristic to the material which
emitted it. Therefore, it is employed to reveal the chemical composition of
specimens. Both scanning electron microscopy and transmission electron mi-
croscopes work in a vacuum. Consequently, they can be used only for dead
specimens. From this perspective, X-ray and traditional light microscopy are
preferred over electron microscopy. Although X-ray and electron microscopes
provide a considerable improvement of resolution over light microscopes, they
are extremely expensive, require large hardware, and mostly involve compli-
cated sample preparation.

5.9 Light Microscopy Beyond the Diffraction Limit

In the past few years, the so-called superresolution microscopy became an
active research trend. Today, based on this technology, there are microscopes
which achieve a resolving power of about 10 nm. While this number is inferior
to electron microscopy resolution, the breakthrough lies in the fact that this
is achieved using visible light. As stated earlier in this text (cf. Section 5.7),
the attainable resolution using visible light is limited to 200 nm. May we then
conclude that the theory which led to the diffraction limit in light microscopy
is flawed? In fact, superresolution microscopy is based on alternatively turn-
ing fluorescent molecules in a specimen on and off. Two adjacent fluorescent
molecules with a distance less than 200 nm will not be resolved as two points
in a superresolution microscope when both of them are turned on simultane-
ously. However, this will be the case, i. e., they will be resolved as two points,
if only one of them is activated at a specific time, and in addition, there is
a mechanism to control this activation process. Superresolution microscopy
techniques differ in the way in which this on/off switching is implemented.
Major technologies in this field today include: stimulated emission depletion
(STED), reversible saturable optical fluorescence transitions (RESOLFT),
and stochastic optical reconstruction microscopy (STORM).
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