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Chapter 2.1
A BRIEF INTRODUCTION TO 
SINGLE-MOLECULE FLUORESCENCE 
METHODS
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2.1.1 Abstract

One of the more popular single-molecule approaches in biological science is  
single-molecule fluorescence microscopy, which will be the subject of this chap-
ter. Fluorescence methods provide the sensitivity required to study biology at the 
single-molecule level, but they also allow access to useful measurable parameters 
on time and length scales relevant for the biomolecular world. Before several de-
tailed experimental approaches will be addressed, first a general overview is given 
of single-molecule fluorescence microscopy. I start with discussing the phenom-
enon of fluorescence in general and the history of single-molecule fluorescence 
microscopy. Next, the fluorescent probes and the equipment required to visualize 
them on the single-molecule level will be reviewed in more detail. The chapter 
ends with a description of parameters measurable with such approaches, ranging 
from protein counting and tracking, to distance measurements with Förster Res-
onance Energy Transfer (see also Chapter 2.3) and orientation measurements 
with fluorescence polarization.

2.1



17kinesin illuminated

INTRODUCTION

2.1.2 A brief introduction to fluorescence spectroscopy

The name fluorescence was first used by Sir George Gabriel Stokes in his seminal 
1852 paper “On the Change of Refrangibility of Light” (1), where he describes 
this phenomenon in many different materials, following in the steps of Herschel’s 
studies on quinine solutions (2, 3) and Brewster’s on fluor-spar (fluorite) (4). In 
a note Stokes states: “I am almost inclined to coin a word, and call the appearance 
fluorescence, from fluor-spar, as the analogous term opalescence is derived from the 
name of a mineral”. By now, fluorescence spectroscopy has become an indispensa-
ble technique, in particular in biomolecular research (5). Fluorescence is defined 
as light emitted by a molecule after absorption of light by the same molecule and 
involves a spin-allowed, singlet-singlet electronic transition. As an example, in 
Figure 1A an imaginary absorption and fluorescence emission spectrum is shown.

Figure 1: (A) Absorption (Abs) and fluorescence emission (Em) spectrum of an imaginary 
molecule. The maximum of the emission spectrum is shifted towards the red (higher wave-
length) with respect to the maximum of the absorption spectrum, a property called the Stokes’ 
shift. (B) Jabłoński diagram. The electronic states (S0, S1, S2) and their vibronic states are 
depicted by horizontal lines. The straight arrows indicate radiative transitions, the wavy ones 
non-radiative transitions.

2.1



18 a brief introduction to single-molecule fluorescence methods

The energy levels involved in absorption and fluorescence are usually depicted in 
a Jabłoński diagram (Fig. 1B). The electronic ground state and first and second 
excited singlet states are designated S0, S1, and S2, respectively. The thin hori-
zontal lines represent vibronic levels, involving in addition to electronic, vibra-
tional excitation. Transitions between the levels are depicted as vertical arrows, 
straight ones involving radiative transitions, wavy ones radiation-less ones. From 
the ground state S0 a molecule can absorb a photon, leading to an excited state, 
in Figure 1B to S2. Usually, excitation from a higher vibronic state is followed 
by fast (typical time scale: ~10-12 s) radiation-less relaxation to the lowest vibra-
tional level of S1, a process called internal conversion, leading to the generation 
of heat. From S1, the excited molecule can usually relax to the ground state in 
one of three ways. (i) The molecule can return to the ground state while emitting 
a photon, fluorescence (~10-8 s). (ii) The molecule can get rid of the excitation 
energy via internal conversion, without emitting a photon (IC, ~10-8 s). Finally, 
(iii) the electrons in the molecule can undergo a spin conversion to a triplet state, 
a process called intersystem crossing (ISC, ~10-8 s). The resulting triplet state (T1) 
can decay to the ground state in a radiation-less way via internal conversion or 
while emitting a photon, phosphorescence, which usually takes place on a much 
longer time scale than fluorescence, since it involves a spin-forbidden transition. 
The time scales mentioned are typical values and vary substantially among differ-
ent molecules and can also depend on the (solvent) environment. An important 
property of fluorescence of molecules in condensed phases is the so-called Stokes’ 
shift: the energy of the emitted photons is generally lower than that of the ab-
sorbed photons (Fig. 1A). The most important reason, as depicted in Figure 1B, is 
fast relaxation of the excited state to the lowest vibrational level of S1, from which 
transitions can occur to vibrationally excited states of S0. In addition, in the liquid 
state, solvent effects can contribute to the energy shift (5).

2.1.3 A history of single-molecule fluorescence microscopy

A key cause for the popularity of fluorescence to study biomolecules is its sen-
sitivity. The sensitivity is such that, using the appropriate instrumentation, the  
fluorescence emitted by a single fluorophore can be readily detected. An impor-
tant reason for the sensitivity is the Stokes’ shift, which allows, after proper fil-
tering, detection of the fluorescence signal against a black background. Over the 
last decades researchers have pushed the detection limit further and further. In 
the 1970s, Hirschfeld observed single antibodies, labeled with ~100 fluorescein 
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molecules (6). Later in the 1980s, single phycoerythrin proteins, also containing 
multiple fluorophores, were detected (7, 8). In 1989, Moerner and coworkers 
succeeded in detecting, at liquid helium temperatures, the absorption of single 
dye molecules embedded in organic crystals (9). At these low temperatures and 
in crystalline environment, the absorption line of a single molecule is extremely 
narrow but very strong, making the detection of a single molecule possible. Orrit 
and coworkers detected, for the first time, using the same molecular system, the 
fluorescence of a single fluorophore (at low temperature) (10). For most biological 
applications more ambient conditions are required: room temperature and solu-
tions in water. Such conditions lead to different spectral properties (absorption 
and emission bands are often tens of nanometers wide) and quite different instru-
mentation is required. In 1990, Keller and coworkers were able to detect single 
Rhodamine-6G molecules flowing through a small detection volume (11). This 
discovery paved the way for the new advancements in methodology described in 
this part of the book that have made single-molecule fluorescence microscopy to 
a successful tool to study the ways and means of biomolecules (5, 12, 13).

MATERIALS

2.1.4 Important properties of fluorescent molecules for single-molecule   
 methods

Single-molecule fluorescence microscopy at ambient conditions relies on the ac-
curate detection of photons emitted by one or more fluorophores attached to a 
single biomolecule while, at the same time, limiting the background signal us-
ing advanced microscopy techniques. The higher the signal-to-background ratio, 
the more detailed and clear the information is that can be obtained. Optimiza-
tion of the signal-to-background ratio is therefore an essential element in single- 
molecule fluorescence microscopy (14). Generally speaking, two approaches can 
be distinguished. (i) Increasing the signal, by creating the optimal conditions for 
the fluorophore to emit photons and by increasing the sensitivity and efficiency 
of photon collection and detection. (ii) Decreasing the background, using ad-
vanced microscopy techniques that probe only small volumes around the mole-
cule of interest. Under optimized conditions, the signal from a single fluorophore 
such as Rhodamine-6G (R6G) can be detected (11). To provide an idea about the 
expected fluorescence intensity due to a single R6G, we will make a rough estima-
tion of the number of photons that can be detected when a laser (  = 532 nm), 
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with an intensity of 100 W cm-2, illuminates a single R6G molecule suspended in 
water. We first have to calculate how many photons are absorbed by the molecule, 
using its absorption cross section ( ), which can be determined from the molec-
ular extinction coefficient, , of R6G (~100,000 L mol-1 cm-1 at 532 nm) using:

where  is Avogadro’s number. Use of this equation yields a cross section of 
3.8 × 10-16 cm2 for R6G (5). Next, we calculate the energy ( )of a single photon:

(1)

where  is Planck’s constant,  the velocity of light and  the excitation wave-
length resulting in 3.7 × 10-19 J per photon. This means that with an illumination 
intensity of 100 W cm-2 the sample is bombarded by 2.7 × 1020 photons s-1 cm-2. 
Multiplying the photon flux per cm2 ( ) with the absorption cross section of 
R6G ( ):

(2)

we find that every second 1.0 × 105 photons are absorbed ( ) by a single R6G 
molecule! From S1, the molecule can relax to the ground state in one of three 
ways and thus not every photon that is absorbed by R6G leads to fluorescence. 
The fluorescence quantum yield  is the ratio between photons absorbed and 
photons emitted. For R6G the fluorescence quantum yield is about 0.45 in wa-
ter, resulting in an emission rate of 4.5 × 104 photons s-1 for a single R6G under 
the conditions defined above (15). Even with fully optimized instrumentation 
only about 12% of the emitted photons can be counted by the detector (16). 
Thus, one can expect a fluorescence photon flux of ~5 × 103 photons s-1 from 
a single R6G fluorophore illuminated with an intensity of 100 W cm-2. R6G 
is a water-soluble, synthetic fluorophore with properties comparable to other 
fluorophores widely used in single-molecule microscopy. Below key properties of 
fluorophores are discussed, allowing the researcher to make the proper choice of 
fluorophore depending on the type of experiment performed.

(3)
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2.1.5 Important characteristics of fluorescent labels

Nowadays, a large array of different fluorophores exists that can be detected  
simultaneously to study different single molecules at the same time. Four differ-
ent classes of fluorescent labels can be distinguished: (i) synthetic dyes such as 
Cy3, Cy5, Rhodamine 6G and fluorescein isothiocyanate (FITC), (ii) semicon-
ductor nanocrystals such as quantum dots (QDs), (iii) genetically encoded flu-
orescent labels like eGFP and yellow fluorescent protein (YFP), and (iv) natural 
occurring fluorophores such as flavin and chlorophyll. Every fluorophore has its 
own advantages and disadvantages. To determine which fluorophore to use for 
a certain experiment one has to look at the different fluorophore characteristics. 
Besides the fluorescence quantum yield and the molecular extinction coefficient, 
which were already described above, several other characteristics should be con-
sidered. Fluorophore excitation and emission wavelengths are the most impor-
tant and determine the choice of the excitation source and filters. Not all colors 
are equally apt for single-molecule measurements. Wavelengths below ~450 nm 
are generally speaking problematic since detectors can be relatively insensitive, 
microscope optics are often not optimized in this range of the spectrum, and 
these colors often result in high background signals due to impurities in glass or 
sample. Another key fluorophore characteristic is the rate of photobleaching. In 
general, a fluorophore does not survive infinite absorption/emission cycles. In 
many cases, there is a certain probability that an absorption/emission cycle leads 
to an irreversible modification of the fluorophore, resulting in an abrupt loss of 
its ability to fluoresce called photobleaching. The propensity of a fluorophore to 
photobleach is expressed in the average number of photons a fluorophore can 
emit. Photostable synthetic dyes, such as Cy3 and Cy5 can emit 105-106 pho-
tons before photobleaching (17), QDs are orders of magnitude more photosta-
ble. Fluorescent proteins such as eGFP are usually slightly less stable than their 
optimized, synthetic equivalents (18). Photobleaching is a probability process; in 
general the rate of bleaching decreases linearly with decreasing excitation inten-
sity. An important cause of photobleaching is molecular oxygen, which can react 
with the fluorophore’s triplet to form singlet oxygen. Singlet oxygen in turn is 
very reactive and can readily react with the fluorophore or surrounding molecules 
(13). Adding an oxygen scavenger system (a mixture of glucose, glucose oxydase 
and catalase is often used) to the sample decreases the concentration of molecular 
oxygen and can help to increase the lifetime of the fluorophores. Addition of anti- 
oxidants like Trolox® or ascorbic acid can have additional effect. Other problems 
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with fluorophore photostability include triplet blinking, which can be a pro- 
blem when the triplet lifetime is rather long (> ms). Certain fluorophores show 
different on/off blinking behavior, for example, fluorescent proteins are known 
to undergo cis-trans isomerization and intramolecular proton transfer, both re-
sulting in long-lived dark states (18). Another example is the photoblinking of 
QDs, which is caused by ejection of electrons from the semiconductor core (19). 
Considering all the fluorophore characteristics mentioned above the ideal single- 
molecule fluorophore (i) has high fluorescence quantum yield and molecular ex-
tinction coefficient, (ii) has well defined excitation and emission wavelengths, 
(iii) shows steady emission intensity (20), (iv) can be followed for a long time 
using high illumination intensity, (v) does not affect the natural behavior of the 
single molecule, (vi) shows no blinking behavior, (vii) can be easily attached to 
the molecule of interest, (viii) is soluble in buffers used (21), (ix) and its charac-
teristics are well described.

2.1.6 Fluorophores used for single-molecule research

This paragraph provides an overview of the different classes of fluorescent labels 
and compares and discusses some of their characteristics important for single- 
molecule research (Fig. 2). (i) Synthetic dyes have been around for decades, are 
commercially available and constructed to suit the means of use. They are con-
structed in a way that they contain different reactive groups such as maleimides or 
succynimidyl esters, which can be used for attachment of the label to a protein or 
biomolecule of interest. Succynimidyl esters react with free amino groups, which 
are available in large quantities on the surface of most proteins. Maleimides or 
other sulfhydril reactive probes can be used for more specific labeling of cystein 
residues, which are generally less abundant. Because synthetic dyes have been 
around for a long time, their characteristics have been optimized and labeling 
protocols are widely available. Their small size (~0.5 nm) minimizes the chance 
of causing steric hindrance to the labeled molecule. Cyanine and rhodamine dyes 
(Fig. 2A) are most often used for in vitro single-molecule research, in particular 
Cy3, Cy5, Alexa555 of the cyanine family and Rhodamine 6G and Texas Red of 
the rhodamine family (20). 

(ii) QDs are very bright fluorophores with a very wide range of absorption wave-
lengths, narrow (about 10 nm) and symmetric emission bands and quantum 
yields close to 90% (Fig. 2C) (22, 23). QDs in general consist of a CdSe, CdTe, 
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InP or InAs core and a ZnS shell. Their size, shape and structure can be controlled 
precisely, in order to tune the emission from visible to infrared wavelengths (24, 
25). For biological applications, QDs are normally coated to make them hydro-
philic or prepare them for specific attachment to the biomolecule of interest (26). 
Compared to organic dyes, QDs are brighter (molecular extinction coefficients 
between 105-106 L mol-1 cm-1). They are also more photostable and therefore 
can be followed longer and their position can be determined with higher accu-
racy (21). However, their size varies between 6-60 nm (with coating), which is  

Figure 2: Structure, size and spectra of different fluorescent probes used in single- 
molecule fluorescence microscopy. (A) Chemical structure and absorption/emission spec-
trum of the synthetic dye rhodamine 6G (R6G). (B) Structure (Protein Databank entry 1S6Z 
(58)) and absorption/emission spectrum of enhanced Green Fluorescent Protein (eGFP). (C) 
Schematic representation of a functionalized QD consisting of a core and different shells and 
corresponding absorption/emission spectrum.

2.1



24 a brief introduction to single-molecule fluorescence methods

relatively large in comparison to organic dyes (~0.5 nm). In addition, as men-
tioned above, they can suffer from on/off blinking on a wide range of time scales 
(19). (iii) Green fluorescent protein (GFP, Fig. 2B) is an autofluorescent pro-
tein from the jellyfish Aequorea victoria, which is very well suited for (but not 
restricted to) in vivo applications. A key advantage of GFP is that the protein 
is genetically encoded, does not require a cofactor and that every protein copy 
can be labeled by fusing its gene with that of GFP (27). Another advantage is 
that they are less sensitive to their surroundings than many synthetic dyes (28). 
Disadvantages of GFP are that it is rather large (27 kDa, ~4 nm in diameter), its 
emission shows blinking behavior and its photostability is substantially less than 
good synthetic dyes (18). By now, many different variants with different colors, 
optimized for different organisms have been developed on basis of the Aequorea 
victoria protein and related proteins in other organisms (29). A very exciting 
recent development is the generation of photoactivatable and photoswitchable 
fluorescent proteins that are very well suited for superresolution methods like 
PALM (30). (iv) Biological materials also contain naturally occurring fluorescent 
molecules. Many of these (such as tryptophan and NADH), which are widely 
used in bulk fluorescence measurements are not photostable enough and absorb 
and emit too far in the ultraviolet to allow single-molecule detection. Protein co-
factors such as chlorophyll and flavin can be very fluorescent and have been used 
for in vitro applications (31, 32). Their occurrence is however limited to a small 
subset of proteins, which hinders general application. 

METHODS

2.1.7 Microscopic detection of single fluorophores

Single, fluorescently labeled particles can be detected using a fluorescence micro-
scope. The main components of such a microscope are an illumination source 
for excitation of the fluorophores, filters to extract light of wanted colors and 
suppress unwanted light, an objective to direct the excitation light and efficiently 
collect the emission light, and a detector. Since much of the emitted light is lost 
in the detection pathway and the total number of photons that a fluorophore 
can emit is restricted due to photobleaching, it is imperative in single-molecule 
fluorescence studies to use optimal components in each part of the instrument. 
In the next section different parts of a fluorescence microscope will be discussed 
in more detail.

2.1
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2.1.8 Light sources

To maximize the signal obtained from a single fluorophore, it is essential to ex-
cite it with a wavelength close to its absorption maximum. In bulk fluorescence 
microscopy often broad-band sources such as metal halide or mercury arc lamps 
are used (33). A key advantage of these sources is that they are broad-band and 
contain several intense spectral lines. This allows them to be used to excite spec-
trally distinct fluorophores, with the proper excitation filters to suppress unwan- 
ted lamp light. Relatively new on the market are LED sources, which are more 
monochromatic than lamps (spectra with a width of several tens of nanome-
ters). LEDs are much more energy efficient and thus produce less heat. In single- 
molecule applications, in most cases, lasers are used for fluorescence excitation 
since they emit monochromatic and collimated light, allowing better separation 
of excitation from fluorescence light and a more straightforward construction of 
complex optical paths using mirrors, lenses, filters, polarizers etc. In addition, 
collimated laser beams can be focused to diffraction limited spots (see below), 
which is indispensable for confocal fluorescence microscopy. Apart from cost, 
there are two key disadvantages of lasers. (i) Laser beams are Gaussian and this 
can result in uneven excitation intensity profiles. (ii) Lasers are in many cases 
monochromatic meaning that for each spectrally distinct fluorophore an addi-
tional laser needs to be purchased and installed. 

2.1.9 Filters and dichroic mirrors

Optical filters are used to separate fluorescence light from scattered excitation 
light and other background signals. On basis of their transmission spectra two 
classes of filters can be discerned: edge filters and band-pass filters. Edge filters 
transmit light above (long-pass) or below (short-pass) a specific wavelength, and 
block the other light. Band-pass filters transmit only a narrow range of wave-
lengths and block wavelengths on either side of this range. The performance of 
the filters depends on three aspects: the percentage of transmission of the desired 
light, the optical density in the blocked region of the spectrum and the steepness 
of the edges between the transmitted and blocked regions (14). In the past, filters 
were based on stained glass, which often suffered from considerable autofluo-
rescence. Later, thin film interference filters, consisting of repetitive, thin layers 
evaporated on a surface were developed with substantially better performance 
and flexibility. Recently, new technologies to make precise thin layers based on 
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ion-beam sputtering have further improved filter performance. Nowadays, filters 
are available that are designed for simultaneous excitation and/or detection of 
several, spectrally distinct fluorophores.

A typical fluorescence microscope consists of three optical filters. (i) The excita-
tion filter that selects one line or band from the excitation source to illuminate 
the sample. In many cases use of an excitation filter is not required when using 
lasers. (ii) A dichroic beam-splitting mirror that reflects excitation light in the 
direction of the objective, but transmits fluorescence light collected by the objec-
tive. (iii) The emission filter that is used to select for an emission band and block 
any residual excitation light. In principle, for each light source and dye combina-
tion a separate combination of these filters needs to be used.

2.1.10 Detectors in single-molecule fluorescence microscopy

In single-molecule fluorescence methods the number of photons emitted is very 
limited, putting forward strong demands on the quantum efficiency and noise 
characteristics of detectors used. Broadly speaking, two distinct classes of detec-
tors can be used, depending on the imaging modality (see below) (14, 34). (i) 
Point detectors such as avalanche photodiodes (APD) and photomultipliers do 
not provide position information but are capable of counting single photons with 
high time resolution. APDs have high quantum efficiency, but a small active area, 
which makes alignment tedious. Photomultipliers usually have a lower quantum 
efficiency and worse dark noise characteristics, but a larger active area. For single- 
molecule applications, photomultipliers are usually only used in the blue part of 
the spectrum, where APDs perform poorly. In general, point detectors are used 
in confocal instruments or when time resolution is important. Key applications 
are in burst analysis of diffusing molecules for example in fluorescence correlation 
spectroscopy (FCS) (35, 36) or in FCS-like experiments (37). (ii) Array detectors, 
such as Charged Coupled Devices (CCD) are the most widely used detectors in 
wide-field fluorescence microscopy. CCD detectors are two-dimensional array 
detectors that can be read out in one of three ways, full-frame, frame-transfer 
or interline-transfer. The latter two are fast and allow for continuous detection.  
Limitations of CCD detectors are read-out noise due to analog-to-digital conver-
sion (a problem solved in modern electron multiplying CCDs) and the relatively 
slow speed: an entire frame is integrated and read out. For single-molecule detec-
tion frame rates up to ~100 s-1 can be reached. Key advantages are the almost uni-
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ty quantum efficiency (in the visible spectrum) and the very low dark currents. 
These detectors are, therefore, optimally suited in conditions when acquisition 
times of down to ~10 ms are sufficient (38).

2.1.11 Microscope objectives

The key optical element in a fluorescence microscope is the objective. The objec-
tive concentrates the excitation light in the sample and collects the emitted light. 
In principle, an objective is nothing more than a strong lens, but in order to fulfill 
its tasks it needs to be highly corrected for optical aberrations, which can only be 
achieved by complex designs involving multiple optical elements. 

Important properties with respect to single-molecule experiments are the magni-
fication, which determines the size of the field of view and the number of pixels 
over which a single fluorescent particle is imaged and the numerical aperture 
(NA), which is a measure of the angle over which photons can be detected, de-
fined as (33):

where  is the refractive index of the medium between the sample and the objec-
tive, and is the maximum half-angle of the collection cone of the objective. 
A fluorophore emits light in all directions and to maximize the collected light the 
NA of the objective should be as high as possible. This may be achieved by using 
an objective designed to be immersed in a high-  medium (14, 39). Furthermore, 
the NA is not only important for collection efficiency, but it also determines the 
resolution of the optical system, as will be discussed in the next section.

2.1.12 The resolution of a fluorescence microscope

A fluorescent molecule is much smaller than the wavelength of visible light and 
after excitation the molecule emits photons in random direction. Using a single 
microscope objective it is impossible to collect light emitted in all directions and 
consequently only a fraction of the emitted photons can be collected. The circular 
apertures of the microscope optics (in particular the objective) will result in dif-
fraction of the transmitted light, which causes the fluorescent particle not being  
imaged as an infinitely small point, but as an Airy disc, with a finite width and 

(4)
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side lobes. A three-dimensional representation of this diffraction pattern is re-
ferred to as the point spread function (PSF). The diameter ( ) of the PSF only 
depends on the NA of the objective and the wavelength of the light ( ) (33):

The width of the PSF is also a measure of the resolution of the optical system: 
when the distance between two closely spaced point sources is less than , the 
images of the sources overlap and their peaks cannot be resolved. This definition 
of the resolution is called the Rayleigh criterion (33). For a typical fluorescence 
microscope (NA = 1.4,  = 505 nm), the resolution is ~220 nm.

KEY IMAGING MODALITIES IN FLUORESCENCE MICROSCOPY

2.1.13 Confocal fluorescence microscopy

In confocal fluorescence microscopy the sample is illuminated with a diffrac-
tion limited spot and an image is acquired by moving this spot over the sample 
(Fig. 3A). To this end, a collimated laser beam is coupled in the microscope objec-
tive, resulting in a tightly focused spot with a diameter of typically 200-300 nm, 
ruled by the same effects of diffraction as discussed above. The fluorescence re-
sulting in the focus is collected by the objective, separated from the excitation 
beam by a dichroic mirror and further spectrally filtered by an emission filter. In 
addition, the fluorescence light is spatially filtered with a pinhole before being 
detected with a point detector (APD or photomultiplier). The pinhole increases 
spatial resolution, but its key purpose is to suppress out-of-focus background 
signal, allowing optical sectioning. To create an image, scanning of the beam 
(using galvanic mirrors) or the sample (using a piezo stage) is required. In single- 
molecule experiments, excitation intensities need to be reduced to avoid satura-
tion or limit photobleaching, resulting in rather long image acquisition times. 
Consequently, the most important single-molecule application of confocal  
microscopy is to study molecules freely diffusing in and out the confocal spot 
and FCS.

(5)
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2.1.14 Wide-field epi-fluorescence microscopy

In wide-field epi-fluorescence microscopy, the excitation beam is not tightly fo-
cused to a diffraction-limited spot in the sample plane, but illuminates a substan-
tially larger area (Fig. 3B). The fluorescence arising from this illuminated area 
can be detected with an array detector such as a CCD camera. Uniform illumi-
nation throughout the sample can be obtained by focusing the excitation beam 
in the back-focal plane of the objective. In case of a laser this results in a collima- 
ted, Gaussian-shaped beam illuminating the sample. Filters and dichroic mirrors 
are applied in exactly the same way as confocal fluorescence microscopy. Single- 
molecule wide-field fluorescence microscopy is particularly useful when mole-
cules are moving in the sample or when a time resolution of ~100 Hz is sufficient. 

Figure 3: Schematic representation of the three most common microscope-designs used 
in single-molecule fluorescence microscopy. (A) Confocal setup. (B) Epi-wide field setup. 
(C) TIRF-wide field setup. A zoom of the excitation path, the laser is coupled off-axis into the 
objective. The laser is reflected on the glass-water interface and creates an exponentially decay-
ing evanescent wave in the sample. Ex - Excitation source, L - lens, O - objective, E - emission 
filter, D - Dichroic mirror, and A - confocal aperture.
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As discussed above, modern CCD cameras are superior with respect to dark noise 
and quantum efficiency, compared to point detectors used in confocal micros-
copy. In addition, wide-field fluorescence microscopes are optically simpler and 
often require less frequent and precise alignment (14).

2.1.15 Total Internal Reflection Fluorescence (TIRF) microscopy

As discussed above, wide-field approaches have, in certain cases, advantages over 
confocal approaches, at the cost of time resolution and worse suppression of out-
of-focus background fluorescence than in confocal microscopy. This latter pro-
blem is addressed in TIRF microscopy, in which the evanescent wave resulting 
from a totally internally reflected laser beam is used for fluorescent excitation. 
The evanescent wave, generated by reflection on a glass water interface, penetrates 
into the medium with lower refractive index (the water) and its intensity  drops 
exponentially with distance ( ) into the low-index medium (40):

where  is the intensity at the surface and d the decay constant. The decay con-
stant of the intensity of the evanescent wave is on the order of 100 nm, depen- 
ding on the angle of incidence and the refractive indices of glass and medium. To 
obtain total reflection and generate an evanescent wave, the angle of incidence of 
the laser beam impinging on the glass/water interface needs to be larger than the 
critical angle ( ): 

where  and  are the refractive indexes of water and glass respectively. At the 
glass-water interface the internal reflection is achieved at an  of 61°. These high 
angles of incidence are usually obtained in one of two ways: (i) by using a prism, 
coupled to the coverslip on the side of the sample opposite to the objective.  
(ii) By using an ultra-high NA objective (> 1.45) and coupling in the laser beam 
off axis, on the edge of the entrance pupil (41) (Fig. 3C). The key advantage of 
TIRF microscopy is that only fluorophores close to the interface will be excited 
and fluorophores deeper in the sample will not, resulting in a reduced back-
ground. Disadvantages of TIRF microscopy are that the excitation intensity 

(6)

(7)
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strongly depends on the depth in the sample, making comparison of fluorescence 
intensities difficult and that the polarization of the evanescent wave is complex. 

MEASURABLES

2.1.16 Counting the number of fluorescent molecules within a  
 diffraction-limited spot

So when an instrument is built and a sample prepared, how does one know one 
is looking at a single molecule? Observation of a single diffraction-limited spot 
is not enough: the Rayleigh criterion tells us that when particles are too close 
they cannot be resolved and will be imaged as a single spot. The most straight-
forward signature of fluorescence arising from a single fluorophore is step-wise 
photobleaching: the intensity is for a while rather constant, until photobleaching 
occurs and the signal abruptly drops to the background level. Another signature 
is the intensity, which should be constant from molecule to molecule, however 
orientation or polarization effects can substantially modulate fluorescence inten-
sity (see below). If the intensity of a fluorescent spot is due to more than one 
fluorophore, the number of fluorophores can be determined in two ways. (i) By 
comparing the fluorescence intensity of the spot to the average value of single 
fluorophores (Fig. 4A). To correct for possible bleaching within the first frame 
the intensity at t0 can be extrapolated by fitting an exponential decay to the fluo-
rescence intensity profile over time (42). (ii) One can also determine the number 
of fluorophores by counting the number of bleaching steps. This approach has 
for example been used to determine the number of Ase1p dimers incorporated in 
multimers bound to microtubules (43). On the other hand, at conditions when 
photobleaching is negligible the changes in numbers of molecules due to associa-
tion or dissociation can be measured. This approach has been used to determine 
the number of Rad51 monomers disassembling from DNA in a single burst (44).

2.1.17 Localization of single molecules

We have seen above that the resolution of a fluorescence microscope is limited by 
diffraction, to about half the wavelength of the emitted light. The resolution is a 
measure for how close two point sources can be to be still resolvable (Fig. 4B), it 
does not restrict the accuracy with which the location of a single point source can 
be determined. By fitting the resulting image with the PSF (often an approxima-
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tion with a Gaussian is sufficient), the location of the maximum of the image can 
be determined with far greater accuracy than the width of the PSF. This method 
is frequently used in single particle tracking (SPT) (38, 45). Given the noise 
encountered in most single-molecule experiments a PSF of the microscope with 
a full width at half maximum of ~1.5-2 pixel yields best results for the accuracy 
(46). The uncertainty in the localization of a point source ( ) depends on the 
size of the pixels ( ), the number of photons ( ), the background noise ( ), the 
standard deviation of the point spread function ( ) (46, 47):

The first term represents the photon counting noise ( ), the second term 
represents pixilation noise arising from the uncertainty of where in the pixel the 
photon arrived ( ). The final term is due to background noise. Under  
typical single-molecule fluorescence conditions, position accuracies down to 
about 2 nm can be achieved (47).

2.1.18 Detection of motion of single molecules

Given this high localization accuracy, the positions of an emitting fluorophore 
can be determined in each image from a time stack of images and subsequently a 
trajectory can be reconstructed by connecting the positions. Using this approach, 
the motion of single-molecules can be accurately determined. Care has to be  
taken that the motion of the molecules are not too large within the acquisition 
time of an image, since this can smear out the Gaussian intensity profile, com-
plicating fitting. This problem can be avoided by using short acquisition times 
and increasing the excitation intensity, at the cost of enhanced photobleaching. 
It is important in single-molecule tracking to find the proper balance between 
movement of a particle within the acquisition time, and the total number of 
time points (frames) over which the particle is observed (48). Motion of bio- 
molecules can be directional (for example driven by motor proteins) or diffusive 
(like membrane proteins). To analyze the precise nature of mobility, often the 
mean square displacement (MSD) is calculated as a function of time. Motion 
with constant speed (and direction) leads to an MSD that increases with the 
square of time, while diffusive motion results in a linear increase of the MSD with 
time. The localization uncertainty leads to a constant offset in the MSD, due to 

(8)
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Figure 4: Measurable parameters in single-molecule fluorescence microscopy. (A) The 
number of fluorophores within a fluorescent spot, even though they are not resolvable, can 
be deduced from the intensity of that spot. (B) Localization of single fluorophores. The 
fluorophores are imaged as Airy disks, which can be approximated with a 2D Gaussian. The 
limit in which two neighboring fluorophores can still be resolved is described by Rayleigh 
criterion. (C) Colocalization is achieved by using labels with different colors. By imaging 
both color channels simultaneously on a CCD camera the precise localization of both fluoro-
phores can be determined. (D) FRET reports on the distance between two spectrally distinct 
dyes, and can be used to study for example intra-molecular conformational changes (see also  
Chapter 2.3). When the distance between the dyes is in the order of tens of Å (20 Å < r < 90 
Å), the energy can get transferred from the donor (D) to the acceptor (A) causing an increase 
in acceptor signal. When the distance between the dyes is large (r > 90 Å) no energy transfer 
occurs and the acceptor signal will be low. (E) Fluorescence polarization reports on orientation 
or orientational dynamics. Circular polarized light can be used to excite dyes in all orienta-
tions. Subsequently, the emitted light is filtered for a specific polarization.
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its time-independence (38, 49). The MSD analysis was for example used to show 
that, depending on the exact conditions, the motor protein kinesin-5 can switch 
between different modes of motility, diffusion and directed motion (50). 

2.1.19 Colocalization of fluorescent molecules

One of the key interests in (cell) biology is to resolve which proteins inter-
act and how. To this end, proteins of interest can be labeled with differently  
colored fluorophores (51-53). Subsequently the different dyes can be excited by 
the appropriate lasers and the fluorescence signal can be separated in two or more 
wavelength channels and detected independently using different cameras or side-
by-side on one. In this way, different biomolecules can be tracked simultaneously 
and their motion can be correlated to resolve whether they move independently 
or interact (part of the time) (Fig. 4C). High-resolution colocalization was ap-
plied to show myosin V’s alternating heads while it walked hand-over-hand along 
an actin filament (53).

2.1.20 Förster Resonance Energy Transfer (FRET )

Positions and distances of single fluorophores can be determined with an accu-
racy that is substantially smaller than the diffraction limit using PSF fitting (see 
above). This approach is very powerful, but has its limitations, in particular in its 
poor time resolution and its inability to resolve multiple molecules that are closer 
than the optical resolution, without photobleaching them. An excellent method 
to measure relative distances and changes on a length scale of ~2-9 nm is FRET 
(Fig. 4D; for more information on FRET and its use to obtain mechanistic in-
sight into protein dynamics see Chapter 2.3). In FRET two spectrally distinct 
fluorophores are used. One, with the highest energy excited state, is excited and 
serves as donor, the other as acceptor. When the two fluorophores are close and 
their dipoles oriented favorably, dipole-dipole coupling can occur and excitations 
can be transferred from donor to acceptor. The distance dependency of the FRET 
efficiency ( ) is given by:

(9)

where  is the distance between donor and acceptor and  the Förster distance. 
The Förster distance is defined as the distance at which half the fluorescence of 
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the donor is transferred to the acceptor. The Förster distance depends on the 
overlap of the emission spectrum of the donor with the absorption spectrum of 
the acceptor, the relative orientation of donor and acceptor dipole moments and 
the fluorescence quantum yield of the donor. It has a typical value of about 5 nm 
(5). FRET has proven to be a valuable tool to study conformational dynamics in 
nucleic acids and proteins. Examples are the folding of ribozymes (54) and the 
observation of conformational dynamics in kinesin-1 (55).

2.1.21 Fluorescence polarization

Another way to measure conformational dynamics of single biomolecules is 
to use the polarization of the fluorescence signal. Absorption and emission are  
governed by the interaction of the absorption and emission transition dipole  
moments of the chromophore, which are vectors, with the electric component 
of the electromagnetic light field, also a vector. Using polarized light for excita-
tion and/or a polarizer in the emission path allows obtaining the orientation and  
dynamics of the transition dipole moment. Care needs to be taken that the fluoro-
phore is not free to rotate with respect to the biomolecule of interest, but that 
its orientation is tightly linked to that of the biomolecule. This can be achieved 
by using bisfunctional fluorophores that are connected with two chemical links 
to the protein or nucleic acid of interest (56). One way of determining dipole 
orientations on the single-molecule level is to excite with circular polarized light 
and to split the resulting fluorescence in two perpendicular linear polarized sig-
nals, detected with two APDs or side-by-side on a CCD chip (Fig. 4E). Another 
way is to detect without polarizers, but to use alternating (linear) polarization of 
the excitation light. If one combines polarized excitation with polarized detec-
tion, a separation can be obtained of the depolarization due to rapid fluorophore  
orientation (on the nanosecond scale) and much slower conformational changes. 
Polarization methods have for example been applied to study the conformational 
changes occurring during stepping of the kinesin-1 motor protein (57).

2.1.22 Conclusion

This chapter provided an brief overview of the wealth of single-molecule fluo-
rescence approaches and their backgrounds. These tools have become indispen-
sable in the study of diverse processes such as the active and diffusive motion of 
biomolecules, their conformational changes and their assembly and disassembly. 
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