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Introduction

Figure 9–1 A sense of scale between living cells and atoms. 



Introduction

Figure 9–2 Resolving power. Sizes of cells and their components are drawn on a logarithmic scale, indicating 
the range of objects that can be readily resolved by the naked eye and in the light and electron microscopes. 
Note that new superresolution microscopy techniques, discussed in detail later, allow an improvement in 
resolution by an order of magnitude compared with conventional light microscopy. 
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• The Light Microscope Can Resolve Details 0.2 µm 
Apart

The Light Microscope Can Resolve Details 0.2 µm Apart

Figure 9–3 A light microscope. (A) Diagram 
showing the light path in a compound microscope. 
Light is focused on the specimen by lenses in the 
condenser. A combination of objective lenses, tube 
lenses, and eyepiece lenses is arranged to focus an 
image of the illuminated specimen in the eye. 

The Light Microscope Can Resolve Details 0.2 µm Apart

(B) A modern research light microscope. (B, courtesy of Carl Zeiss Microscopy, GmbH.) 



The Light Microscope Can Resolve Details 0.2 µm Apart

Figure 9–4 Interference between light waves. When two light waves combine in phase, the amplitude of the 
resultant wave is larger and the brightness is increased. Two light waves that are out of phase cancel each 
other partly and produce a wave whose amplitude, and therefore brightness, is decreased. 

The Light Microscope Can Resolve Details 0.2 µm Apart

Figure 9–5 Images of an edge and of a point of light. (A) The interference effects, or fringes, seen at high 
magnification when light of a specific wavelength passes the edge of a solid object placed between the light 
source and the observer. (B) The image of a point source of light. 

The Light Microscope Can Resolve Details 0.2 µm Apart LOOKING AT CELLS IN THE  
LIGHT MICROSCOPE

• Photon Noise Creates Additional Limits to 
Resolution When Light Levels Are Low



• Any image, whether produced by an electron 
microscope or by an optical microscope, is 
made by particles—electrons or photons—
striking a detector of some sort.

• Every detection method has some level of 
background signal or noise, adding to the 
statistical uncertainty.

LOOKING AT CELLS IN THE  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• Living Cells Are Seen Clearly in a Phase-Contrast 
or a Differential-Interference-Contrast Microscope

Living Cells Are Seen Clearly in a Phase-Contrast or a Differential-
Interference-Contrast Microscope

Figure	9–7	Contrast	in	light	microscopy.	(A)	The	stained	portion	of	the	cell	will	absorb	light	of	some	
wavelengths.	(B)	Dark-field	microscope	(C)	Light	passing	through	the	unstained	living	cell	experiences	very	
little	change	in	amplitude,	and	the	structural	details	cannot	be	seen	even	if	the	image	is	highly	magnified.	
The	phase	of	the	light,	however,	is	altered	by	its	passage	through	either	thicker	or	denser	parts	of	the	cell,	
and	small	phase	differences	can	be	made	visible	by	exploiting	interference	effects	using	a	phase-contrast	or	a	
differential-interference-contrast	microscope.

Living Cells Are Seen Clearly in a Phase-Contrast or a Differential-
Interference-Contrast Microscope

Figure 9–8 Four types of light microscopy. Four images are shown of the same fibroblast cell in culture. All 
images can be obtained with most modern microscopes by interchanging optical components. (A) Bright-field 
microscopy, in which light is transmitted straight through the specimen. (B) Phase-contrast microscopy, in 
which phase alterations of light transmitted through the specimen are translated into brightness changes. (C) 
Differential-interference-contrast microscopy, which highlights edges where there is a steep change of 
refractive index. (D) Dark-field microscopy, in which the specimen is lit from the side and only the scattered 
light is seen. 



LOOKING AT CELLS IN THE  
LIGHT MICROSCOPE

• Images Can Be Enhanced and Analyzed by Digital 
Techniques

Image processing

• Electronic imaging systems have circumvented two 
fundamental limitations of the human eye: the eye 
cannot see well in extremely dim light, and it cannot 
perceive small differences in light intensity against a 
bright background. 

• We can attach a sensitive digital camera to a 
microscope. These cameras detect light by means of 
charge-coupled devices (CCDs), or high sensitivity 
complementary metal-oxide semiconductor (CMOS) 
sensors, similar to those found in digital cameras. 

• Such image sensors are 10 times more sensitive than the 
human eye and can detect 100 times more intensity 
levels. 

LOOKING AT CELLS IN THE  
LIGHT MICROSCOPE

• Intact Tissues Are Usually Fixed and Sectioned 
Before Microscopy



Intact Tissues Are Usually Fixed and Sectioned Before Microscopy

Figure 9–9 Making tissue sections. This illustration shows how an embedded tissue is sectioned with a 
microtome in preparation for examination in the light microscope.

• To preserve the cells within the tissue they 
must be treated with a fixative. Common 
fixatives include glutaraldehyde, which forms 
covalent bonds with the free amino groups of 
proteins, cross-linking them so they are 
stabilized and locked into position.

• Frozen or embedded by waxes or resins.

Intact Tissues Are Usually Fixed and Sectioned Before Microscopy

Figure 9–10 Staining of cell components. (A) This 
section of cells in the urine- collecting ducts of the 
kidney was stained with hematoxylin and eosin, two 
dyes commonly used in histology. Each duct is made 
of closely packed cells (with nuclei stained red) that 
form a ring. The ring is surrounded by extracellular 
matrix, stained purple.

Intact Tissues Are Usually Fixed and Sectioned Before Microscopy

(B) This section of a young plant 
root is stained with two dyes, 
safranin and fast green. The fast 
green stains the cellulosic cell 
walls while the safranin stains the 
lignified xylem cell walls bright 
red. (A, from P.R. Wheater et al., 
Functional Histology, 2nd ed. 
London: Churchill Livingstone, 
1987; B, courtesy of Stephen 
Grace.)



Intact Tissues Are Usually Fixed and Sectioned Before Microscopy

Figure 9–11 RNA in situ hybridization.  
As described in Chapter 8 (see Figure 8–62), it is possible to visualize the distribution of different RNAs in  
tissues using in situ hybridization. Here, the transcription pattern of five different genes involved in patterning 
the early fly embryo is revealed in a single embryo. Each RNA probe has been fluorescently labeled in a 
different way, some directly and some indirectly; the resulting images are displayed each in a different color 
(“false-colored”) and combined to give an image where different color combinations represent different sets of 
genes expressed. The genes whose expression pattern is revealed here are wingless (yellow), engrailed (blue), 
short gastrulation (red), intermediate neuroblasts defective (green), and muscle specific homeobox (purple). 
(From D. Kosman et al., Science 305:846, 2004. With permission from AAAS.) 

RNA in situ hybridization in sectioned 
tissue

• Used to visualize specific patterns of differential 
gene expression. 

• Reveals the cellular distribution and abundance 
of specific expressed RNA molecules in 
sectioned material or in whole mounts of 
small organisms or organs. 

• Particularly effective when used in 
conjunction with fluorescent probes.

LOOKING AT CELLS IN THE  
LIGHT MICROSCOPE
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Fluorescence Microscopy

Specific Molecules Can Be Located in Cells by Fluorescence 
Microscopy

Figure 9–12 Fluorescence and the fluorescence microscope. 



Specific Molecules Can Be Located in Cells by Fluorescence 
Microscopy

Specific Molecules Can Be Located in Cells by Fluorescence 
Microscopy

Specific Molecules Can Be Located in Cells by Fluorescence 
Microscopy

Figure 9–13 Fluorescent probes. The maximum excitation and 
emission RFP wavelengths of several commonly used 
fluorescent probes are shown in relation to the corresponding 
colors of the spectrum. The photon emitted by a fluorescent 
molecule is necessarily of lower energy (longer wavelength) 
than the absorbed photon and this accounts for the difference 
between the excitation and emission peaks. CFP, GFP, YFP, and 
RFP are cyan, green, yellow, and red fluorescent proteins, 
respectively. DAPI is widely used as a general fluorescent DNA 
probe, which absorbs ultraviolet light and fluoresces bright blue. 
FITC is an abbreviation for fluorescein isothiocyanate, a widely  
used derivative of fluorescein, which fluoresces bright green. 
The other probes are all commonly used to fluorescently label 
antibodies and other proteins.

Specific Molecules Can Be Located in Cells by Fluorescence 
Microscopy

Figure 9–14 Different fluorescent probes can be visualized in the same cell. In this composite micrograph of a 
cell in mitosis, three different fluorescent probes have been used to label three different cellular components 
(Movie 9.1). The spindle microtubules are revealed with a green fluorescent antibody, centromeres with a red 
fluorescent antibody, and the DNA of the condensed chromosomes with the blue fluorescent dye DAPI. 
(Courtesy of Kevin F. Sullivan.)



Specific Molecules Can Be Located in Cells by Fluorescence 
Microscopy

Figure 9–15 Fluorescent nanoparticles or quantum dots. (A) Quantum dots are tiny particles of cadmium 
selenide, a semiconductor, with a coating to make them water-soluble. They can be coupled to protein 
molecules such as antibodies or streptavidin and, when introduced into a cell, will bind to a target protein of 
interest. Different-sized quantum dots emit light of different colors—the larger the dot, the longer the 
wavelength—but they are all excited by the same blue light. Quantum dots can keep shining for weeks, unlike 
most fluorescent organic dyes.

Specific Molecules Can Be Located in Cells by Fluorescence 
Microscopy

(B) In this cell, microtubules are labeled (green) with an organic fluorescent dye (Alexa 488), while a nuclear 
protein is stained (red) with quantum dots bound to streptavidin. On continuous exposure to strong blue light, 
the fluorescent dye fades quickly while the quantum dots continue to shine. (C) In this cell, the labeling 
pattern is reversed; a nuclear protein is labeled (green) with an organic fluorescent dye (Alexa 488), while 
microtubules are labeled (red) with quantum dots. Again, the quantum dots far outlast the fluorescent dye. (B 
and C, from L. Medintz et al., Nat. Mater. 4:435–446, 2005. With permission from Macmillan Publishers Ltd.)

LOOKING AT CELLS IN THE  
LIGHT MICROSCOPE

• Antibodies Can Be Used to Detect Specific 
Molecules



Antibodies Can Be Used to Detect Specific Molecules

Figure 9–16 Immunofluorescence.  
(A) A transmission electron micrograph of the periphery of a cultured epithelial cell showing the distribution 
of microtubules and other filaments. (B) The same area stained with fluorescent antibodies against tubulin, the 
protein that assembles to form microtubules, using the technique of indirect immunocytochemistry (see Figure 
9–17). Red arrows indicate individual microtubules that are readily recognizable in both images. Note that, 
because of diffraction effects, the microtubules in the light microscope appear 0.2 µm wide rather than their 
true width of 0.025 µm. (From M. Osborn, R. Webster and K. Weber, J. Cell Biol. 77:R27–R34,  
1978. With permission from The Rockefeller University Press.) 

Antibodies Can Be Used to Detect Specific Molecules

Figure 9–17 Indirect immunocytochemistry. This detection method is very sensitive because many molecules 
of the secondary antibody recognize each primary antibody. The secondary antibody is covalently coupled to a 
marker molecule that makes it readily detectable. Commonly used marker molecules include fluorescent 
probes (for fluorescence microscopy), the enzyme horseradish peroxidase (for either conventional light 
microscopy or electron microscopy), colloidal gold spheres (for electron microscopy), and the enzymes 
alkaline phosphatase or peroxidase (for biochemical detection).

LOOKING AT CELLS IN THE  
LIGHT MICROSCOPE

• Imaging of Complex Three-Dimensional Objects Is 
Possible with the Optical Microscope • All the other parts of the specimen except 

for sliced section, appears “out-of-focus” blur in 
ordinary light microscopy.

• Two distinct but complementary approaches 
solve this problem: one is computational, the 
other optical.

• Computed tomography (CT) scanner or image 
deconvolution.



Imaging of Complex Three-Dimensional Objects Is Possible with the 
Optical Microscope

Figure 9–18 Image deconvolution. (A) A light micrograph of the large polytene chromosomes from 
Drosophila, stained with a fluorescent DNA-binding dye. (B) The same field of view after image 
deconvolution clearly reveals the banding pattern on the chromosomes. Each band is about 0.25 μm thick, 
approaching the diffraction limit of the light microscope. (Courtesy of the John Sedat Laboratory.)

LOOKING AT CELLS IN THE  
LIGHT MICROSCOPE

• The Confocal Microscope Produces Optical Sections 
by Excluding Out-of-Focus Light

The Confocal Microscope Produces Optical Sections by Excluding Out-
of-Focus Light

Figure 9–19 The confocal fluorescence 
microscope. (A) This simplified diagram 
shows that the basic arrangement of optical 
components is similar to that of the 
standard fluorescence microscope shown in 
Figure 9–12, except that a laser is used to 
illuminate a small pinhole whose image is 
focused at a single point in the three- 
dimensional (3-D) specimen.

The Confocal Microscope Produces Optical Sections by Excluding Out-
of-Focus Light

(B) Emitted fluorescence from this focal 
point in the specimen is focused at a 
second (confocal) pinhole. (C) Emitted 
light from elsewhere in the specimen is not 
focused at the pinhole and therefore does 
not contribute to the final image. By 
scanning the beam of light across the 
specimen, a very sharp two-dimensional 
image of the exact plane of focus is built 
up that is not significantly degraded by 
light from other regions of the specimen. 



The Confocal Microscope Produces Optical Sections by Excluding Out-
of-Focus Light

Figure 9–20 Confocal fluorescence microscopy produces clear optical sections and three-dimensional 
data sets. The first two micrographs are of the same intact gastrula-stage Drosophila embryo, which has 
been stained with a fluorescent probe for actin filaments. (A) The conventional, unprocessed image is 
blurred by the presence of fluorescent structures above and below the plane of focus. (B) In the confocal 
image, this out-of-focus information is removed, resulting in a crisp optical section of the cells in the 
embryo. (C) A three- dimensional reconstruction of an object can be assembled from a stack of such 
optical sections. In this case, the complex branching structure of the mitochondrial compartment in a 
single live yeast cell is shown. (A and B, courtesy of Richard Warn and Peter Shaw; C, courtesy of Stefan 
Hell.) 

The Confocal Microscope Produces Optical Sections by Excluding Out-
of-Focus Light

Figure 9–21 Multiphoton imaging. Infrared (적외선) laser light causes less damage to living cells than visible 
light and can also penetrate further, allowing microscopists to peer deeper into living tissues. The two-photon 
effect, in which a fluorochrome can be excited by two coincident infrared photons instead of a single high-
energy photon, allows us to see nearly 0.5 mm inside the cortex of a live mouse brain. A dye, whose 
fluorescence changes with the calcium concentration, reveals active synapses (yellow) on the dendritic spines 
(red) that change as a function of time; in this case, there is a day between each image. (Courtesy of Thomas 
Oertner and Karel Svoboda.)

LOOKING AT CELLS IN THE  
LIGHT MICROSCOPE

• Individual Proteins Can Be Fluorescently Tagged in 
Living Cells and Organisms

Individual Proteins Can Be Fluorescently Tagged in Living Cells and 
Organisms

Figure 9–22 Green fluorescent protein (GFP). The structure of GFP, shown here schematically, highlights 
the eleven β strands that form the staves of a barrel. Buried within the barrel is the active chromophore (dark 
green) that is formed post-translationally from the protruding side chains of three amino acid residues. (From 
M. Ormö et al., Science 273:1392–1395, 1996. With permission from AAAS.) 



Individual Proteins Can Be Fluorescently Tagged in Living Cells and 
Organisms

Figure 9–23 Green fluorescent protein (GFP) as a 
reporter. For this experiment, carried out in the fruit 
fly, the GFP gene was joined (using recombinant DNA 
techniques) to a fly promoter that is active only in a 
specialized set of neurons. This image of a live fly 
embryo was captured by a fluorescence microscope 
and shows approximately 20 neurons, each with long 
projections (axons and dendrites) that communicate 
with other (nonfluorescent) cells. These neurons are 
located just under the surface of the animal and allow 
it to sense its immediate environment. (From W.B. 
Grueber et al., Curr. Biol. 13:618–626, 2003. With 
permission from Elsevier.) 

Individual Proteins Can Be Fluorescently Tagged in Living Cells and 
Organisms

Figure 9–24 GFP-tagged proteins. This living cell from a tobacco plant is expressing high levels of green 
fluorescent protein, fused to a protein that is targeted to mitochondria, which accordingly appear green. The 
mitochondria are seen to cluster around the chloroplasts, whose chlorophyll autofluorescence marks them out 
in red. (Courtesy of Olivier Grandjean.) 

Individual Proteins Can Be Fluorescently Tagged in Living Cells and 
Organisms

Figure 9–25 Dynamics of GFP tagging. This sequence of micrographs shows a set of three- dimensional 
images of a living nucleus taken over the course of 135 minutes. Tobacco cells have been stably transformed 
with GFP fused to a spliceosomal protein that is concentrated in small nuclear bodies called Cajal bodies 
(see Figure 6–46). The fluorescent Cajal bodies, easily visible in a living cell with confocal microscopy, are 
dynamic structures that move around within the nucleus. (Courtesy of Kurt Boudonck, Liam Dolan, and Peter 
Shaw.) 



LOOKING AT CELLS IN THE  
LIGHT MICROSCOPE

• Protein Dynamics Can Be Followed in Living Cells Protein dynamics in living cells

• Fluorescent proteins are now exploited not 
just to see where in a cell a particular protein 
is located, but also to uncover its kinetic 
properties and to find out whether it might 
interact with other molecules. 

1. FRET

• Fluorescence resonance energy transfer (or 
Förster resonance energy transfer).

• Interactions between one protein and 
another can be monitored.

• Figure 9–26.

Protein Dynamics Can Be Followed in Living Cells

Figure 9–26 Fluorescence resonance energy transfer (FRET). To determine whether (and when) two 
proteins interact inside a cell, the proteins are first produced as fusion proteins attached to different color 
variants of green fluorescent protein (GFP). (A) In this example, protein X is coupled to a blue fluorescent 
protein, which is excited by violet light (370–440 nm) and emits blue light (440–480 nm); protein Y is 
coupled to a green fluorescent protein, which is excited by blue light (440–480 nm) and emits green light (510 
nm). 



Protein Dynamics Can Be Followed in Living Cells

(B) If protein X and Y do not interact, illuminating the sample with violet light yields fluorescence from the 
blue fluorescent protein only. (C) When protein X and protein Y interact, the resonance transfer of energy, 
FRET, can now occur. Illuminating the sample with violet light excites the blue fluorescent protein, which 
transfers its energy to the green fluorescent protein, resulting in an emission of green light. The fluorochromes 
must be quite close together—within about 1–5 nm of one another—for FRET to occur. Because not 
every molecule of protein X and protein Y is bound at all times, some blue light may still be detected. But as 
the two proteins begin to interact, emission from the donor blue fluorescent protein falls as the emission from 
the acceptor GFP rises.

Protein Dynamics Can Be Followed in Living Cells

Figure 9–27 Determining microtubule flux in the mitotic spindle with caged fluorescein linked to tubulin.  
(A) A metaphase spindle formed in vitro from an extract of Xenopus eggs has incorporated three fluorescent 
markers: rhodamine-labeled tubulin (red) to mark all the microtubules, a blue DNA-binding dye that labels the 
chromosomes, and caged-fluorescein-labeled tubulin, which is also incorporated into all the microtubules but 
is invisible because it is nonfluorescent until activated by ultraviolet (UV) light. 

(B) A beam of UV light activates, or “uncages,” the caged-fluorescein-labeled tubulin locally, mainly just to 
the left side of the metaphase plate. Over the next few minutes—after 1.5 minutes in (C) and after 2.5 minutes 
in (D)—the uncaged- fluorescein–tubulin signal moves toward the left spindle pole, indicating that tubulin is 
continuously moving poleward even though the spindle (visualized by the red rhodamine-labeled tubulin 
fluorescence) remains largely unchanged. (From K.E. Sawin and T.J. Mitchison, J. Cell Biol. 112:941–954, 
1991. With permission from The Rockefeller University Press.) 

2. Photoactivation

Protein Dynamics Can Be Followed in Living Cells Protein Dynamics Can Be Followed in Living Cells

Figure 9–28 Photoactivation. Photoactivation is the light-induced activation of an inert molecule to an active 
state. In this experiment, shown schematically in (A), a photoactivatable variant of GFP is expressed in a 
cultured animal cell.



Protein Dynamics Can Be Followed in Living Cells

(B) Before activation (time 0 sec), little or no GFP fluorescence is detected in the selected region (red circle) 
when excited by blue light at 488 nm. After activation of the GFP with an ultraviolet laser pulse at 413 nm, it 
rapidly fluoresces brightly in the selected region (green). The movement of GFP, as it diffuses out of this 
region, can be measured. Since only the photoactivated proteins are fluorescent within the cell, the trafficking, 
turnover, and degradative pathways of proteins can be monitored. (B, from J. Lippincott-Schwartz and G.H. 
Patterson, Science 300:87–91, 2003.) 

3. Fluorescence recovery after 
photobleaching (FRAP)

• One uses a strong focused beam of light from a laser to 
extinguish the GFP fluorescence in a specified region of 
the cell, after which one can analyze the way in which 
remaining unbleached fluorescent protein molecules 
move into the bleached area as a function of time.

• FRAP delivers valuable quantitative data about a 
protein’s kinetic parameters, such as diffusion 
coefficients, active transport rates, or binding and 
dissociation rates from other proteins.

Figure 9–29 Fluorescence recoveryafter photobleaching (FRAP). 

A strong focused pulse of laser light will extinguish, or bleach, the fluorescence of GFP. By selectively 
photobleaching a set of fluorescently tagged protein molecules within a defined region of a cell, the 
microscopist can monitor recovery over time, as the remaining fluorescent molecules move into the bleached 
region (see Movie 10.6). 



Protein Dynamics Can Be Followed in Living Cells

(A) The experiment shown uses monkey cells in culture that express galactosyltransferase, an enzyme that 
constantly recycles between the Golgi apparatus and the endoplasmic reticulum (ER). The Golgi apparatus in 
one of the two cells is selectively photobleached, while the production of new fluorescent protein is blocked 
by treating the cells with cycloheximide. The recovery, resulting from fluorescent enzyme molecules moving 
from the ER to the Golgi, can then be followed over a period of time. 

Protein Dynamics Can Be Followed in Living Cells

(B) Schematic diagram of the experiment shown in (A). (A, from J. Lippincott-Schwartz, Histochem. Cell 
Biol. 116:97–107, 2001. With permission from Springer-Verlag.) 
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Light-Emitting Indicators Can Measure Rapidly Changing Intracellular 
Ion Concentrations

Figure 9–30 Aequorin, a luminescent protein. The luminescent 
protein aequorin emits blue light in the presence of free Ca2+. 
Here, an egg of the medaka fish has been injected with aequorin, 
which has diffused throughout the cytosol, and the egg has then 
been fertilized with a sperm and examined with the help of a very 
sensitive camera. The four photographs were taken looking down 
on the site of sperm entry at intervals of 10 seconds and reveal a 
wave of release of free Ca2+ into the cytosol from internal stores 
just beneath the plasma membrane. This wave sweeps across the 
egg starting from the site of sperm entry, as indicated in the 
diagrams on the left. (Photographs reproduced from J.C. Gilkey, 
L.F. Jaffe, E.B. Ridgway and G.T. Reynolds, J. Cell Biol. 76:448–
466, 1978. With permission from The Rockefeller University 
Press.) 



Light-Emitting Indicators Can Measure Rapidly Changing Intracellular 
Ion Concentrations

Figure 9–31 Visualizing intracellular Ca2+ concentrations by using a fluorescent indicator. The branching tree 
of dendrites of a Purkinje cell in the cerebellum receives more than 100,000 synapses from other neurons. The 
output from the cell is conveyed along the single axon seen leaving the cell body at the bottom of the picture. 
This image of the intracellular Ca2+ concentration in a single Purkinje cell (from the brain of a guinea pig) 
was taken with a low-light camera and the Ca2+-sensitive fluorescent indicator fura-2. The concentration of 
free Ca2+ is represented by different colors, red being the highest and blue the lowest. The highest Ca2+ 
levels are present in the thousands of dendritic branches. (Courtesy of D.W. Tank, J.A. Connor, M. Sugimori, 
and R.R. Llinas.)

Purkinje cells, or Purkinje neurons, are 
a class of GABAergic neurons located 
in the cerebellum. They are named 
after their discoverer, Czech 
anatomist Jan Evangelista Purkyně, 

LOOKING AT CELLS IN THE  
LIGHT MICROSCOPE

• Single Molecules Can Be Visualized by Total 
Internal Reflection Fluorescence Microscopy

• In ordinary microscopes, single fluorescent 
molecules such as tagged proteins cannot be 
reliably detected.

• The limitation has nothing to do with the 
resolution limit, but instead arises from the 
strong background due to light emitted or 
scattered by out-of-focus molecules.

• Total internal reflection fluorescence (TIRF) 
microscopy:  laser light shines onto the 
cover-slip surface at the precise critical angle 
at which total internal reflection occurs.



Single Molecules Can Be Visualized by Total Internal Reflection 
Fluorescence Microscopy

Figure 9–32 TIRF microscopy allows the detection of single fluorescent molecules. (A) TIRF microscopy uses 
excitatory laser light to illuminate the cover-slip surface at the critical angle at which all the light is reflected 
by the glass–water interface. Some electromagnetic energy extends a short distance across the interface as an 
evanescent wave that excites just those molecules that are attached to the cover slip or are very close to its 
surface.

• Because of total internal reflection, the light 
does not enter the sample, and the majority 
of fluorescent molecules are not, therefore, 
illuminated. 

• However, electromagnetic energy does 
extend, as an evanescent field, for a very short 
distance beyond the surface of the cover slip and 
into the specimen, allowing just those 
molecules in the layer closest to the surface 
to become excited. 

TIRF has allowed several dramatic experiments

• Imaging of single motor proteins moving 
along microtubules or single actin filaments 
forming and branching. 

• At present, the technique is restricted to a 
thin layer within only 100–200 nm of the cell 
surface (Figure 9–32B and C).

Single Molecules Can Be Visualized by Total Internal Reflection 
Fluorescence Microscopy

(B) TIRF microscopy is used here to image individual 
myosin–GFP molecules (green dots) attached to 
nonfluorescent actin filaments (C), which are invisible 
but stuck to the surface of the cover slip. (Courtesy of 
Dmitry Cherny and Clive R. Bagshaw.) 



LOOKING AT CELLS IN THE  
LIGHT MICROSCOPE

• Individual Molecules Can Be Touched, Imaged, and 
Moved Using Atomic Force Microscopy

AFM

• While TIRF allows single molecules to be 
visualized under certain conditions, it is 
strictly a passive observation method.

• In order to probe molecular function, it is 
ultimately useful to be able to manipulate 
individual molecules themselves, and atomic 
force microscopy (AFM) provides a method 
to do just that.

Individual Molecules Can Be Touched, Imaged, and Moved Using 
Atomic Force Microscopy

Figure 9–33 Single molecules can be imaged and manipulated by atomic force microscopy. (A) Schematic 
diagram of the key components of an atomic force microscope (AFM), showing the force-sensing tip attached 
to one end of a single protein molecule, as in the experiment described in (D). 

Individual Molecules Can Be Touched, Imaged, and Moved Using 
Atomic Force Microscopy

(B) and (C) An AFM in imaging mode created these images of a single heteroduplex DNA molecule with a 
MutS protein dimer (larger white regions) bound near its center, at the point of a mismatched base pair. MutS 
is the first protein that binds to DNA when the mismatch repair process is initiated (see Figure 5–19). The 
smaller white dots are single streptavidin molecules, used to label the two ends of each DNA molecule. 



Individual Molecules Can Be Touched, Imaged, and Moved Using 
Atomic Force Microscopy

(D) Titin is an enormous protein molecule that provides muscle with its passive elasticity (see Figure 16–34). 
The extensibility of this protein can be directly tested using a short, artificially produced protein that contains 
eight repeated immunoglobulin (Ig) domains from one region of the titin protein. In this experiment, the tip of 
the AFM is used to pick up, and progressively stretch, a single molecule until it eventually ruptures. As force 
is applied, each Ig domain suddenly begins to unfold, and the force needed in each case (about 200 pN) can be 
recorded. The region of the force–extension curve shaded green records the sequential unfolding event for 
each of the eight protein domains. (B and C, from Y. Jiang and P.E. Marszalek, EMBO J. 30:2881–2893, 2011. 
Reprinted with permission of John Wiley & Sons; D, adapted from W.A. Linke et al., J. Struct. Biol. 137:194–
205, 2002. With permission from Elsevier.)

Figure 16–34 Organization of accessory proteins in a sarcomere. Each giant titin molecule extends from the Z 
disc to the M line—a distance of over 1 µm. Part of each titin molecule is closely associated with a myosin 
thick filament (which switches polarity at the M line); the rest of the titin molecule is elastic and changes 
length as the sarcomere contracts and relaxes. Each nebulin molecule is exactly the length of a thin filament. 
The actin filaments are also coated with tropomyosin and troponin (not shown; see Figure 16–36) and are 
capped at both ends. Tropomodulin caps the minus end of the actin filaments, and CapZ anchors the plus end 
at the Z disc, which also contains α-actinin (not shown). 

LOOKING AT CELLS IN THE  
LIGHT MICROSCOPE

• Superresolution Fluorescence Techniques Can 
Overcome Diffraction-Limited Resolution

• The variations on light microscopy we have described 
so far are all constrained by the classic diffraction 
limit to resolution described earlier; that is, to about 
200 nm (see Figure 9–6). Yet many cellular structures
—from nuclear pores to nucleosomes and clathrin-
coated pits—are much smaller than this and so are 
unresolvable by conventional light microscopy.

• Several approaches, however, are now available that 
bypass the limit imposed by the diffraction of light, 
and successfully allow objects as small as 20 nm to be 
imaged and clearly resolved: a remarkable, order-of-
magnitude improvement.



Superresolution approaches

Structured illumination microscopy (SIM)

: a fluorescence imaging method with a resolution 
of about 100 nm, or twice the resolution of 
confocal microscopy. SIM overcomes the 
diffraction limit by using a grated or structured 
pattern of light to illuminate the sample (Fig. 9-34)

Superresolution Fluorescence Techniques Can Overcome Diffraction-
Limited Resolution

Figure 9–34 Structured illumination microscopy. The principle, illustrated here, is to illuminate a sample with 
patterned light and measure the moiré pattern. Shown are (A) the pattern from an unknown structure and (B) a 
known pattern. C) When these are combined, the resulting moiré pattern contains more information than is 
easily seen in (A), the original pattern. If the known pattern (B) has higher spatial frequencies, then better 
resolution will result. However, because the spatial patterns that can be created optically are also diffraction-
limited, SIM can only improve the resolution by about a factor of two. (From B.O. Leung and K.C. Chou, 
Appl. Spectrosc. 65:967–980, 2011.)

Superresolution Fluorescence Techniques Can Overcome Diffraction-
Limited Resolution

Figure 9–35 Structured illumination microscopy can be used to create three-dimensional data. These three-
dimensional projections of the meiotic chromosomes at pachytene in a maize cell show the paired lateral 
elements of the synaptonemal complexes. (A) The chromosome set has been stained with a fluorescent 
antibody to cohesin and is viewed here by conventional fluorescence microscopy. Because the distance 
between the two lateral elements is about 200 nm, the diffraction limit, the two lateral elements that make up 
each complex are not resolved. (B) In the three-dimensional SIM image, the improved resolution enables each 
lateral element, about 100 nm across, to be clearly resolved, and the two chromosomes can clearly be seen to 
coil around each other. (C) Because the complete three-dimensional data set for the whole nucleus is 
available, the path of each separate pair of chromosomes can be traced and artificially assigned a different 
color.

Superresolution Fluorescence Techniques Can Overcome Diffraction-
Limited Resolution

Figure 9–36 The point spread function of a lens determines resolution. (A) When a point source of light is 
brought to a focus by a lens system, diffraction effects mean that, instead of being imaged as a point, it is 
blurred in all dimensions. (B) In the plane of the image, the distribution of light approximates a Gaussian 
distribution, whose width at half-maximum height under ideal conditions is about 200 nm. (C) Two point 
sources that are about 200 nm apart can still just be distinguished as separate objects in the image, but if they 
are any nearer than that, their images will overlap and not be resolvable. 



Superresolution Fluorescence Techniques Can Overcome Diffraction-
Limited Resolution

Superresolution Fluorescence Techniques Can Overcome Diffraction-
Limited Resolution

Figure 9–37 Superresolution microscopy can be achieved by reducing the size of the point spread function. 
(A) The size of a normal focused beam of excitatory light. (B) An extremely strong superimposed laser beam, 
at a different wavelength and in the shape of a torus, depletes emitted fluorescence everywhere in the 
specimen except right in the center of the beam, reducing the effective width of the point spread function (C). 
As the specimen is scanned, this small point spread function can then build up a crisp image in a process 
called STED (stimulated emission depletion microscopy). 

Superresolution Fluorescence Techniques Can Overcome Diffraction-
Limited Resolution

(D) Synaptic vesicles in live cultured neurons, fluorescently labeled and imaged by ordinary confocal 
microscopy, with a resolution of 260 nm. (E) The same vesicles imaged by STED, with a resolution of 60 nm, 
which allows single vesicles to be resolved. 

Superresolution Fluorescence Techniques Can Overcome Diffraction-
Limited Resolution

(F) Fluorescently labeled replication factories in the nucleus of a cultured cell, imaged by ordinary confocal 
microscopy. (G) The same replication factories imaged by STED. Single, discrete replication sites can be 
resolved by STED that cannot be seen in the confocal image. 



LOOKING AT CELLS IN THE  
LIGHT MICROSCOPE

• Superresolution Can Also be Achieved Using 
Single-Molecule Localization Methods

Superresolution Can Also be Achieved Using Single-Molecule 
Localization Methods

Figure 9–38 Single fluorescent molecules can be located with great accuracy. (A) Determining the exact 
mathematical center of the blurred image of a single fluorescent molecule becomes more accurate the more 
photons contribute to the final image. The point spread function described in the text dictates that the size of 
the molecular image is about 200 nm across, but in very bright specimens, the position of its center can be 
pinpointed to within a nanometer.

Superresolution Can Also be Achieved Using Single-Molecule 
Localization Methods

(B) In this imaginary specimen, sparse subsets of fluorescent molecules are individually switched on briefly 
and then bleached. The exact positions of all these well-spaced molecules can be gradually built up into an 
image at superresolution. 

Superresolution Can Also be Achieved Using Single-Molecule 
Localization Methods

(C) In this portion of a cell, the 
microtubules have been fluorescently 
labeled and imaged at the top in a TIRF 
microscope (see Figure 9–32) and below, at 
superresolution, in a PALM microscope. 
The diameter of the microtubules in the 
lower panel now resembles their true size, 
about 25 nm, rather than the 250 nm in the 
blurred image at the top. (A, from A.L. 
McEvoy et al., BMC Biol. 8:106, 2010; C, 
courtesy of Carl Zeiss Ltd.) 

Photoactivated localization microscopy (PALM) 
or stochastic optical reconstruction microscopy 
(STORM)



Superresolution Can Also be Achieved Using Single-Molecule 
Localization Methods

Superresolution Can Also be Achieved Using Single-Molecule 
Localization Methods

Figure 9–39 Small fluorescent structures can be imaged in three dimensions with superresolution. (A) The 
image of two touching 180-nm-diameter clathrin-coated pits on the plasma membrane of a cultured cell is 
diffraction-limited, and the individual pits cannot be distinguished in this conventional fluorescence image. 
(B) Using STORM superresolution microscopy, however, the pits are clearly resolvable. Not only can such 
pits be imaged using probes of different colors, but additional three-dimensional information can also be 
obtained. (C) and (D) Shown are two different orthogonal views of one single coated pit. The clathrin is 
labeled red and transferrin—the cargo within the pit—is labeled green. Images of this sort can be acquired in 
less than one second, making possible dynamic observations on living cells. These techniques depend heavily 
on the development of new, very fast-switching, and extremely bright fluorescent probes. (A and B, from M. 
Bates et al., Science 317:1749–1753, 2007; C and D, from S.A. Jones et al., Nat. Methods 8:499–508, 2011. 
With permission from Macmillan Publishers Ltd.) 

*transferrin (a soluble protein that carries iron) 

Summary

Many light-microscope techniques are available for observing cells. 
Cells that have been fixed and stained can be studied in a 
conventional light microscope, whereas antibodies coupled to 
fluorescent dyes can be used to locate specific molecules in cells in a 
fluorescence microscope. Living cells can be seen with phase-
contrast, differential-interference-contrast, dark-field, or bright-field 
microscopes. All forms of light microscopy are facilitated by digital 
image-processing techniques, which enhance sensitivity and refine 
the image. Confocal microscopy and image deconvolution both 
provide thin optical sections and can be used to reconstruct three-di- 
mensional images. 

Summary

Techniques are now available for detecting, measuring, and following 
almost any desired molecule in a living cell. Fluorescent indicator 
dyes can be introduced to measure the concentrations of specific ions 
in individual cells or in different parts of a cell. Virtually any protein 
of interest can be genetically engineered as a fluorescent fusion 
protein, and then imaged in living cells by fluorescence microscopy. 
The dynamic behavior and interactions of many molecules can be 
followed in living cells by variations on the use of fluorescent protein 
tags, in some cases at the level of single molecules. Various 
superresolution techniques can circumvent the diffraction limit and 
resolve molecules separated by distances as small as 20 nm. 



LOOKING AT CELLS AND MOLECULES  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• The Electron Microscope Resolves the Fine 
Structure of the Cell

The Electron Microscope Resolves the Fine Structure of the Cell

Figure 9–40 The resolution of the electron microscope. This transmission electron micrograph of a 
monolayer of graphene resolves the individual carbon atoms as bright spots in a hexagonal lattice. 
Graphene is a single isolated atomic plane of graphite and forms the basis of carbon nanotubes. The distance 
between adjacent bonded carbon atoms is 0.14 nm (1.4 Å). Such resolution can only be obtained in a specially 
built transmission electron microscope in which all lens aberrations are carefully corrected, and with optimal 
specimens; it cannot be achieved with most conventional biological specimens. (From A. Dato et al., Chem. 
Commun. 40:6095–6097, 2009. With permission from The Royal Society of Chemistry.) 

The Electron Microscope Resolves the Fine Structure of the Cell

Figure 9–41 The principal features of 
a light microscope and a transmission 
electron microscope. These drawings 
emphasize the similarities of overall 
design. Whereas the lenses in the 
light microscope are made of glass, 
those in the electron microscope are 
magnetic coils. The electron 
microscope requires that the 
specimen be placed in a vacuum. The 
inset shows a transmission electron 
microscope in use. (Photograph 
courtesy of JEOL Ltd.) 

The Electron Microscope Resolves the Fine Structure of the Cell
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Biological Specimens Require Special Preparation for Electron 
Microscopy

Figure 9–42 Two common chemical fixatives used for electron microscopy. The two reactive aldehyde groups 
of glutaraldehyde enable it to cross-link various types of molecules, forming covalent bonds between them. 
Osmium tetroxide forms cross-linked complexes with many organic compounds, and in the process becomes 
reduced. This reaction is especially useful for fixing cell membranes, since the C=C double bonds present in 
many fatty acids react with osmium tetroxide. 

Biological Specimens Require Special Preparation for Electron 
Microscopy

Figure 9–43 The metal grid that supports the thin sections of a specimen in a transmission electron 
microscope. 

Biological Specimens Require Special Preparation for Electron 
Microscopy

Figure 9–44 Thin section of a cell. This thin section 
is of a yeast cell that has been very rapidly frozen 
and the vitreous (유리질의) ice replaced by organic 
solvents and then by plastic resin. The nucleus, 
mitochondria, cell wall, Golgi stacks, and ribosomes 
can all be readily seen in a state that is presumed to 
be as lifelike as possible.
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Specific Macromolecules Can Be Localized by Immunogold Electron 
Microscopy

Specific Macromolecules Can Be Localized by Immunogold Electron 
Microscopy

Figure 9–45 Localizing proteins in electron microscopy. Immunogold electron microscopy is used here to 
find the specific location of four different protein components within the spindle pole body of yeast. At the top 
is a thin section of a yeast mitotic spindle showing the spindle microtubules that cross the nucleus and connect 
at each end to spindle pole bodies embedded in the nuclear envelope. A diagram of the components of a single 
spindle pole body is shown below. On separate sections, antibodies against four different proteins of the 
spindle pole body are used, together with colloidal gold particles (black dots), to reveal where within the 
complex structure each protein is located. (Courtesy of John Kilmartin.) 

LOOKING AT CELLS AND MOLECULES  
IN THE ELECTRON MICROSCOPE

• Different Views of a Single Object Can Be 
Combined to Give a Three-Dimensional 
Reconstruction



Different Views of a Single Object Can Be Combined to Give a Three-
Dimensional Reconstruction

Figure 9–46 A three-dimensional 
reconstruction from serial sections. Single thin 
sections in the electron microscope sometimes 
give misleading impressions. In this example, 
most sections through a cell containing a 
branched mitochondrion seem to contain two or 
three separate mitochondria (compare Figure 9–
44). Sections 4 and 7, moreover, might be 
interpreted as showing a mitochondrion in the 
process of dividing. The true three-dimensional 
shape can be reconstructed from a complete set 
of serial sections. 

Different Views of a Single Object Can Be Combined to Give a Three-
Dimensional Reconstruction

Different Views of a Single Object Can Be Combined to Give a Three-
Dimensional Reconstruction

Figure 9–47 Electron-microscope (EM) tomography. Samples that have been rapidly frozen, and then 
freeze-substituted and embedded in plastic, preserve their structure in a condition that is very close to their 
original living state (Movie 9.2). This example shows the three-dimensional structure of the Golgi apparatus 
from a rat kidney cell. Several thick sections (250 nm) of the cell were tilted in a high- voltage electron 
microscope, along two different axes, and about 160 different views recorded. The digital data allow 
individual thin slices of the complete three- dimensional data set, or tomogram, to be viewed; for example, the 
serial slices, each only 4 nm thick, are shown in (A) and (B). Very little changes from one slice to the next, but 
using the full data set, and manually color-coding the membranes (B), one can obtain a full three-dimensional 
reconstruction, at a resolution of about 7 nm, of the complete Golgi complex and its associated vesicles (C). 
(From M.S. Ladinsky et al., J.Cell Biol. 144:1135–1149, 1999. With permission from the authors.) 



Different Views of a Single Object Can Be Combined to Give a Three-
Dimensional Reconstruction

Figure 9–48 Combining cryoelectron- microscope tomography and single- particle reconstruction. Small, 
unfixed, rapidly frozen specimens can be examined while still frozen. In this example, the small nuclei of the 
amoeba Dictyostelium were gently isolated and then very rapidly frozen before a series of angled views were 
recorded with the aid of a tilting microscope stage. These digital views are combined by EM tomographs to 
produce a three-dimensional tomogram. Two thin digital slices (10 nm) through this tomogram show (A) top 
views and (B) side views of individual nuclear pores (white arrows). 

Different Views of a Single Object Can Be Combined to Give a Three-
Dimensional Reconstruction

(C) In the three-dimensional model, a surface rendering of the pores (blue) is seen embedded in the nuclear 
envelope (yellow). From a series of tomograms it was possible to extract data sets for nearly 300 separate 
nuclear pores, whose structures could then be averaged using the techniques of single-particle reconstruction. 
The surface-rendered view of one of these reconstructed pores is shown 

Different Views of a Single Object Can Be Combined to Give a Three-
Dimensional Reconstruction

(D) from the nuclear face and (E) in cross section (compare with Figure 12–8). The pore complex is colored 
blue and the nuclear basket brown. (From M. Beck et al., Science 306:1387–1390, 2004. With permission 
from AAAS.) 
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Images of Surfaces Can Be Obtained by Scanning Electron Microscopy

Figure 9–49 A developing wheat flower, or spike. This 
delicate flower spike was rapidly frozen, coated with a thin 
metal film, and examined in the frozen state with an SEM. 
This low-magnification micrograph demonstrates the large 
depth of focus of an SEM. (Courtesy of Kim Findlay.) 

Images of Surfaces Can Be Obtained by Scanning Electron Microscopy

Figure 9–50 The scanning electron microscope. In an SEM, the specimen is scanned by a beam of electrons 
brought to a focus on the specimen by the electromagnetic coils that act as lenses. The detector measures the 
quantity of electrons scattered or emitted as the beam bombards each successive point on the surface of the 
specimen and controls the intensity of successive points in an image built up on a screen. The SEM creates 
striking images of three-dimensional objects with great depth of focus and a resolution between 3 nm and 20 
nm depending on the instrument. (Photograph courtesy of Andrew Davies.)

Images of Surfaces Can Be Obtained by Scanning Electron Microscopy SEM is usually used to study whole cells and tissues rather than subcel- lular organelles (see Movie 21.3) 



Images of Surfaces Can Be Obtained by Scanning Electron Microscopy

Figure 9–51 Scanning electron microscopy. (A) A scanning electron micrograph of the stereocilia projecting 
from a hair cell in the inner ear of a bullfrog. For comparison, the same structure is shown by (B) differential-
interference- contrast light microscopy (Movie 9.3) and (C) thin-section transmission electron microscopy. 
(Courtesy of Richard Jacobs and James Hudspeth.) 

Images of Surfaces Can Be Obtained by Scanning Electron Microscopy

Figure 9–52 The nuclear pore. Rapidly frozen nuclear envelopes were imaged in a high-resolution SEM, 
equipped with a field emission gun as the electron source. These views of each side of a nuclear pore represent 
the limit of resolution of the SEM (compare with Figure 12–8). (Courtesy of Martin Goldberg and Terry 
Allen.) 

LOOKING AT CELLS AND MOLECULES  
IN THE ELECTRON MICROSCOPE

• Negative Staining and Cryoelectron Microscopy 
Both Allow Macromolecules to Be Viewed at High 
Resolution



Negative Staining and Cryoelectron Microscopy Both Allow 
Macromolecules to Be Viewed at High Resolution

Figure 9–53 Negatively stained actin filaments. In this transmission electron micrograph, each filament is 
about 8 nm in diameter and is seen, on close inspection, to be composed of a helical chain of globular actin 
molecules. (Courtesy of Roger Craig.) 

LOOKING AT CELLS AND MOLECULES  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• Multiple Images Can Be Combined to Increase 
Resolution

Multiple Images Can Be Combined to Increase Resolution

Figure 9–54 Single-particle reconstruction. The structure of a complete human immunodeficiency virus 
(HIV) capsid has been determined by a combination of cryoelectron microscopy, protein structure 
determination, and modeling. (A) A single 4 nm slice from an EM tomographic model (see also Figure 9–48) 
of an intact HIV particle with its membrane outer envelope and its internal, irregularly shaped protein capsid 
that houses its RNA genome. 



Multiple Images Can Be Combined to Increase Resolution

(B) Electron microscopy of capsid subunits that have self-assembled into a helical tube can be used to derive 
an electron-density map at a resolution of 8 nm, in which details of the hexamers are clearly visible.

Multiple Images Can Be Combined to Increase Resolution

(C) Using the known atomic coordinates of a single subunit of the hexamer, the structure has been modeled 
into the electron- density map from (B). 

Multiple Images Can Be Combined to Increase Resolution

(D) A molecular reconstruction of the entire HIV capsid, based on the detailed structures shown in (A) and 
(C). This capsid contains 216 hexamers (blue) and 12 pentamers (yellow). (Adapted from G. Zhao et al., 
Nature 497:643–646, 2013. With permission from Macmillan Publishers Ltd. C, PDB code: 3J34.) 

Multiple Images Can Be Combined to Increase Resolution

Figure 9–55 Single-particle reconstruction and molecular model fitting. Bacterial ribosomes, with and 
without the release factor required for peptide release from the ribosome, were used to derive high-resolution, 
three-dimensional cryoelectron microscopy maps at a resolution of better than 1 nm. Images of nearly 
20,000 separate ribosomes preserved in ice were used to produce single-particle reconstructions. (A) The 30S 
ribosomal subunit (yellow) and the 50S subunit (blue) can be distinguished from the additional electron 
density that can be attributed to the release factor RF2 (purple). (B) The known molecular structure of RF2 
modeled into the electron density from (A). (From U.B.S. Rawat et al., Nature 421:87–90, 2003. With 
permission from Macmillan Publishers Ltd.) 



Summary

Discovering the detailed structure of membranes and organelles requires 
the higher resolution attainable in a transmission electron microscope. 
Specific macromolecules can be localized after being labeled with 
colloidal gold linked to antibodies. Three-dimensional views of the 
surfaces of cells and tissues are obtained by scanning electron 
microscopy. The shapes of isolated molecules can be readily determined 
by electron microscopy techniques involving fast freezing or negative 
staining. Electron tomography and single-particle reconstruction use 
computational manipulations of data obtained from multiple images and 
multiple viewing angles to produce detailed reconstructions of 
macromolecules and molecular complexes. The resolution obtained with 
these methods means that atomic structures of individual 
macromolecules can often be “fitted” to the images derived by electron 
microscopy. In this way, the TEM is increasingly able to bridge the gap 
between structures discovered by x-ray crystallography and those 
discovered with the light microscope. 


