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“electronic fingerprint” of guanine bases in single-

stranded DNA molecules of known sequence has

been demonstrated (Tanaka and Kawai 2009).
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Introduction

We are used to conceptualizing chemical reactions and

biochemical processes in terms of individual mole-

cules. We do so on various levels of complexity, rang-

ing from simple textbook cartoons to the atomic detail

of ▶molecular dynamics simulations (▶Molecular

Dynamics Simulations of Lipids). But, remarkably,

the vast majority of our knowledge about these systems

has been derived from experiments on large ensembles

of molecules, which yield only average values of

observable properties. The sequence of molecular

events describing the underlying reactions is typically

inferred from testing models by systematic variation of

parameters. For kinetic ensemble studies, the reactions

need to be synchronized, which is often difficult. The

concept of observing single molecules is particularly

appealing for processes with a large degree of confor-

mational and dynamic heterogeneity, which abound in

biological systems.

Only rather recently has it become feasible to

investigate biological systems on the level of single

molecules with spectroscopic methods. These tech-

niques offer a fundamental advantage beyond our

mere fascination for the direct observation of molecu-

lar processes: they can resolve and quantify the

properties of individual molecules or subpopulations,

which are often inaccessible in ensemble experiments.

▶ Fluorescence spectroscopy (▶Fluorescence and

FRET in Membranes) has been a particularly popular

technique, owing to its extreme sensitivity and versa-

tility. For example, single-molecule spectroscopy
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allows individual molecules to be localized and their

motions to be tracked; in combination with ▶ F€orster

resonance energy transfer (FRET) (▶ Fluorescence

and FRET in Membranes), inter- and intramolecular

distances and distance distributions can be quantified;

time-resolved measurements allow the determination of

mechanisms for a wide range of biological processes,

such as binding, assembly, conformational changes, or

the action of biomolecular machines; dynamics and

diffusive processes can be investigated on timescales

down to nanoseconds with ▶fluorescence correlation

spectroscopy (FCS) (▶Fluorescence Correlation Spec-

troscopy); and many of these methods can be applied

both in vitro and in vivo. The use of single-molecule

detection has also led to important applications, such as

super-resolution microscopy (▶Stimulated Emission

Depletion Microscopy (STED), ▶Photoactivated

Localization Microscopy (PALM)), and high-

throughput DNA sequencing (▶Single-Molecule

Sequencing). In this entry, some of the history, the

basic underlying concepts of single-molecule spectros-

copy and analysis, and the most common techniques are

summarized.
Historical Development and Principles of
Optical Single-Molecule Detection

Remarkably, some of the very first single molecules

detected were proteins. In 1970, step-like changes in

ion conductance were observed for artificial lipid films

containing small numbers of gramicidin A molecules.

Since then, the recording of such signals from single

channels (▶ Patch-Clamp Recording of Single Chan-

nel Activity: Acquisition and Analysis) has matured to

a well-established electrophysiological technique

(Sakmann and Neher 1995). Due to its comparatively

long history, the single-channel field provides a wealth

of examples and analysis methods for the stochastic

kinetics observed in single molecules. A very different

type of method allowed the first observation of single

atoms and molecules on surfaces in the early 1980s:

scanning tunneling microscopy and ▶ atomic force

microscopy (AFM) (▶Atomic Force Microscopy),

where a very fine tip is used to probe the surface of

a sample with atomic resolution. The simplicity of the

instrumentation quickly made AFM a standard

method, and soon it allowed the imaging of samples

in solution, including proteins. In the late 1990s, the
first mechanical single-molecule experiments on bio-

molecules were reported, and the investigation of

biomolecular processes with ▶AFM (▶Atomic

Force Microscopy) and ▶ optical tweezers (▶Optical

Tweezers) or▶magnetic tweezers (▶Magnetic Twee-

zers) has developed into a large field in biophysics.

Even though these methods are sometimes referred to

as “force spectroscopy” (▶Atomic Force Spectros-

copy), this entry focuses on the study of the interaction

between electromagnetic radiation and matter for

probing individual molecules, in particular the absorp-

tion and emission of visible light.

Already in the 1970s, it became possible to measure

fluorescence from single atoms in dilute atomic beams,

that is, in the gas phase, where the background

problem is minimal. Observing single molecules in

the condensed phase is much more challenging

because Rayleigh and Raman scattering produce

a large background. Additionally, the ubiquity of con-

taminants makes great demands on the purity of the

matrix. Finally, an atom in vacuum is a chemically

very stable system, even in its excited state, whereas

fluorescent molecules in the condensed phase survive

only a limited number of excitation-emission cycles

before they are irreversibly destroyed – a process

termed ▶ photobleaching (▶ Single Fluorophores

Photobleaching). Single-molecule detection in a solid

or liquid matrix therefore requires additional mea-

sures. First of all, the method must provide a signal

from an individual molecule that exceeds the back-

ground from the large number of matrix molecules.

This requirement makes fluorescence a very attractive

approach, where a dye molecule resonantly interacts

with the excitation light. Due to the Stokes shift, the

emitted light can be selected spectrally from scattered

light, for example, with interference filters, which can

provide ratios of transmitted and reflected intensities at

different wavelengths in excess of 106. Since the back-

ground signal from matrix molecules is proportional to

the number of matrix molecules contained in the

observed volume, a common strategy for the detection

of signal from individual molecules is to reduce the

size of the detection volume as much as possible. Such

spatial selection can be achieved, for instance, by very

tightly focusing a laser beam into the sample, com-

bined with confocal detection (Rigler et al. 1993), or

by total internal reflection fluorescence (TIRF)

(▶Total Internal Reflection Fluorescence Microscopy

for Single-Molecule Studies), which allows excitation
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common single-molecule instruments using (a) confocal detec-
tion and (b) total internal reflection fluorescence (TIRF).

(a) Fluorescently labeled molecules diffusing in solution

(or immobilized on the surface) are excited in a diffraction-

limited focal volume, and the emitted fluorescence is collected

by the same objective that forms the laser focus. A confocal

pinhole acts as a spatial filter to remove out-of-focus light. The

collected photons can then be sorted by their spectroscopic

properties, for example, polarization and color (illustrated here

for a typical four-channel single-molecule FRET experiment).

The photons are focused onto sensitive point detectors, for

example, avalanche photodiodes, and the signal is recorded by

suitable counting electronics. The same type of geometry is

typically used for FCS. (b) Fluorescently labeled molecules

close to the glass surface are excited in the evanescent field of

a laser beam reflected at the glass/solution interface. Fluores-

cence signal is collected through the objective and imaged onto

a suitably sensitive array detector (e.g., a CCD image sensor).

Spectral information can be obtained by splitting the image, for

example, according to color (as shown here). A common alter-

native to this prism-type configuration is the generation of an

evanescent field at the lower interface by coupling the laser beam

into the objective from below (similar as in a), but laterally
displaced from the optical axis.
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of a �200 nm layer of the sample in the evanescent

field of a reflected laser beam (Fig. 1). A further reduc-

tion of the observation volume can be achieved with

▶ zero mode waveguides (▶Zero-Mode Wave-

guides), which allows measurements at higher concen-

trations of fluorescent sample.

The first detection of individual chromophores in

the condensed phase was achieved in 1989 at liquid

helium temperature with modulated absorption

spectroscopy (Moerner and Kador 1989). Shortly

after, ▶ fluorescence spectroscopy (▶ Fluorescence

and FRET in Membranes) was shown to yield
a superior signal-to-noise (Orrit and Bernard 1990).

Within a few years, successful fluorescence experi-

ments at room temperature followed, leading to an

explosion of the field (Zander et al. 2002), and opening

the way for single-molecule detection of suitably

labeled biomolecules (Weiss 1999). The introduction

of ▶ FCS (▶ Fluorescence Correlation Spectroscopy)

with a confocal detection scheme and single-molecule

sensitivity was an important step for single-molecule

studies in solution (Magde et al. 1972; Rigler and

Elson 2001; Rigler et al. 1993). The demonstration of

▶ FRET (▶ Fluorescence and FRET inMembranes) in
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individual, labeled DNA molecules in 1996 (Ha et al.

1996) triggered a revival of the “spectroscopic ruler”

(Stryer 1978), enabling distance measurements in sin-

gle biomolecules (Selvin and Ha 2008). ▶ Surface-

enhanced Raman spectroscopy (▶ Surface-Enhanced

Raman Spectroscopy for Bioanalytics) is a technique

based on the enhancement of light scattering

by molecules adsorbed to metal surfaces and can

also be used to detect single molecules (Zander et al.

2002).
Single-Molecule Spectroscopy Techniques

Labeling for Single-Molecule Spectroscopy

Since most chromophores intrinsic to biomolecules do

not have sufficiently high fluorescence quantum yields

or photostability for current single-molecule spectros-

copy, extrinsic ▶ labeling (▶ Site-Specific Protein

Labeling for Single-Molecule Fluorescence Studies,

▶ Fluorescence Labeling of Nucleic Acids) with

organic fluorophores, fluorescent proteins, or semicon-

ductor nanocrystals (▶Quantum Effects/Tunneling) is

often required. Fluorophores such as rhodamine and

cyanine dyes with emission in the visible or near-

infrared range are commonly used and typically

attached to biomolecules by derivatizing thiol or

amine groups. The growing family of fluorescent pro-

teins (Tsien 2009) allows the labeling of proteins by

genetically encoding suitable fusion proteins, which

can then be detected both in vitro and in vivo. How-

ever, their photophysical properties are currently still

inferior to those of the best organic fluorophores (Sauer

et al. 2011). ▶Quantum dots (▶Quantum Effects/

Tunneling) are frequently used for imaging and local-

ization studies because of their extreme photostability

combined with broad and tunable absorption spectra

(Rigler and Vogel 2008).

Single-Molecule Detection and Localization

At the core of many single-molecule techniques is the

ability to detect and localize individual biomolecules

in free solution, on surfaces or membranes, or in the

context of larger assemblies or cellular structures. The

methods most commonly used are total internal reflec-

tion fluorescence (TIRF) (▶Total Internal Reflection

FluorescenceMicroscopy for Single-Molecule Studies)

or confocal excitation and detection (Fig. 1). Near-field

scanning optical microscopy (SNOM/NSOM), which
also exploits the evanescent field generated via a small

aperture, has proven less suited for the investigation of

soft matter. An advantage of the ▶TIRF (▶Total

Internal Reflection Fluorescence Microscopy for Sin-

gle-Molecule Studies) approach is the possibility to

monitor the signal from many molecules at the same

time, but detection is limited to molecules close to the

surface where reflection occurs, and the speed of cur-

rent cameras sufficiently sensitive for single-molecule

detection limits the time resolution to the millisecond

range (Selvin and Ha 2008). With confocal detection,

molecules can usually only be sampled sequentially,

but with the possibility of three-dimensional scanning

and time resolution in the sub-nanosecond range

(Selvin and Ha 2008; Schuler and Eaton 2008).

The ability to localize individual molecules has

been used extensively to track (▶ Single Particle

Tracking) the diffusive motion of biomolecules, such

as proteins or lipids in membranes, nucleic acid-

binding factors, or motor proteins. With the known

shape of the point spread function of emission from

an individual molecule, the position of the emitter can

be localized (▶ Fluorescence Imaging with One Nano-

meter Accuracy (FIONA)) with much greater preci-

sion than the diffraction limit. The uncertainty in the

position decreases with the number of detected pho-

tons (N) essentially as N-1/2, and is thus largely

limited by the photostability of the fluorophore.

The same principle for localization is employed in

superresolution microscopy techniques in

combination with the photoactivation of fluorophores

(▶Photoactivated Localization Microscopy (PALM)).

▶ Stimulated Emission Depletion (STED)Microscopy

is also based on the localization of individual

molecules.

Single-Molecule Spectroscopy: Photophysics and

Photochemistry

Under cryogenic conditions, embedded in solids, the

emission lines of individual molecules can be widely

distributed around the average wavelength due to local

heterogeneities in the surrounding matrix (inhomoge-

neous broadening). Changes in the local environment

over time can then be observed as spectral diffusion,

that is, changes in the resonance frequency for absorp-

tion and emission of the chromophore over time

(Basché et al. 1997). Such behavior has been investi-

gated also for biological systems, for example

individual photosynthetic pigment–protein complexes
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(Zander et al. 2002). In solution, the dynamics of the

solvent are too rapid to observe spectral diffusion,

and the spectral properties of individual molecules

resemble those observed with ensemble methods.

Several processes that can often be ignored in

ensemble spectroscopy of biomolecules have to be

taken into account for single-molecule studies. Partic-

ularly important is the process of ▶ photobleaching

(▶Single Fluorophores Photobleaching), the irrevers-

ible light-induced chemical damage of a fluorophore,

because it limits the observation time for the individual

molecule. Related phenomena, collectively referred to

as “blinking” (▶ Single Fluorophore Blinking), lead to

discrete fluctuations of the fluorescence intensity with

time. They arise from intermittent transitions of the

fluorophore to a less or nonfluorescent state, and can

either be detected directly in the fluorescence time

trace as transitions from “on” to “off” states, or as

contributions to the fluorescence correlation function.

Such “off” states can be caused by a variety of mech-

anisms, for example by transitions to triplet states, the

transient formation of radicals by electron transfer,

static fluorescence quenching, or isomerization of the

chromophore. Since the resulting changes in fluores-

cence intensity are often difficult to distinguish from

the process of interest, such as conformational changes

in a labeled protein, suitable additives are frequently

used to minimize their contribution (Selvin and Ha

2008).

Single-Molecule F€orster Resonance Energy

Transfer (FRET) and Photoinduced Electron

Transfer (PET)

A goal of many single-molecule studies is the obser-

vation of conformational transitions or molecular

interactions that may be difficult to synchronize and

observe in ensemble studies. This requires methods for

probing intra- and intermolecular distances on the

nanometer length scale. The most popular method is

▶ FRET (▶Fluorescence and FRET in Membranes,

▶ Single-Molecule Fluorescence Resonance Energy

Transfer, also called single-pair FRET, spFRET),

which is based on the radiationless transfer of excited

state energy from a suitable donor to an acceptor chro-

mophore. With the known dependence of the rate of

transfer on the inverse sixth power of the distance, the

fluorescence emission of donor and acceptor can be

related quantitatively to the separation of the

chromophores. In this way, distances, distance
distributions, and the underlying dynamics can be

monitored in single molecules on length scales of

�5 nm, and on timescales from nanoseconds to

minutes (Selvin and Ha 2008; Sauer et al. 2011; Rigler

and Vogel 2008). Applications include protein–nucleic

acid interactions, conformational changes in biomole-

cules, RNA folding, and protein folding, to name but

a few (Selvin and Ha 2008; Schuler and Eaton 2008;

Sauer et al. 2011). Particularly useful for a quantitative

analysis is the combined use of fluorescence count

rates, fluorescence lifetimes, fluorescence anisotropy,

correlation functions, and other derived parameters

(Sisamakis et al. 2010).

A complementary approach for the investigation of

macromolecular dynamics is PET, which is based on

the static ▶ quenching (▶Quenched-Flow Methods)

of a fluorophore by another group, frequently a trypto-

phan residue (Sauer et al. 2011). Since PET requires

very close contact of dye and quencher, dynamics

over a shorter distance range can be probed than with

▶ single-molecule FRET (▶ Single-Molecule Fluores-

cence Resonance Energy Transfer), but usually no

distance information can be extracted. In combination

with correlation analysis, timescales down to nanosec-

onds are accessible.

Fluorescence Correlation Spectroscopy (FCS)

All of the processes described above can lead to fluc-

tuations (▶ Fluorescence Fluctuation Spectroscopy) in

fluorescence intensity. An important way of quantify-

ing the underlying dynamics is ▶ correlation analysis

(▶Fluorescence Correlation Spectroscopy) (Rigler

and Elson 2001; Zander et al. 2002). This type of

analysis can provide access to a wide range of times,

for short times currently only limited by the time

resolution of the detection system (typically in the

picosecond to nanosecond range), and for long times

by the observation time of the molecules. Although

correlation analysis is frequently applied also to mea-

surements of immobilized molecules, the most com-

mon application is in confocal measurements on freely

diffusing molecules. The accessible concentration

range of fluorescently labeled molecules is much

greater than in typical single-molecule experiments,

from picomolar to low micromolar (with an optimal

contrast in the nanomolar range), which facilitates

many applications both in vitro and in vivo.

A process very frequently investigated by ▶ FCS

(▶Fluorescence Correlation Spectroscopy) is
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translational diffusion, both in three dimensions or, for

example, within a membrane, but ▶ FCS

(▶Fluorescence Correlation Spectroscopy) can

equally be used to study conformational changes

probed by ▶ FRET (▶ Single-Molecule Fluorescence

Resonance Energy Transfer) (Schuler and Eaton 2008;

Rigler and Vogel 2008) or PET (Sauer et al. 2011),

rotational diffusion, rates of chemical reactions, fluid

flow, and a large range of photophysical and photo-

chemical reactions (Rigler and Elson 2001). Many var-

iants of FCS have been developed, including

▶fluorescence cross-correlation spectroscopy

(▶Fluorescence Cross-correlation Spectroscopy),

▶ dual-focus FCS (▶Dual-Beam Fluorescence Cross-

Correlation Spectroscopy), scanning FCS, or image

correlation spectroscopy (Rigler and Elson 2001;

Sauer et al. 2011).
kf
From Ensembles to Single Molecules:
Kinetics and Equilibria

In an infinitely large homogeneous system (a good

approximation for a standard experiment in a test

tube, and commonly used in chemical kinetics:

100 ml of a 1 mM sample still contain 6 � 1013 mole-

cules) consisting of a set of n subpopulations (“states”)
separated by sufficiently large free energy barriers, the

concentrations of molecules in these states will evolve

in time according to a set of coupled, first order, ordi-

nary differential equations: the reaction rate equations.

In this case, the overall reaction is thus treated as

a continuous, deterministic process. The time course

of the reaction will be described by a sum of n–1

exponential terms. Their individual time constants,

however, will be complex algebraic expressions of

all the rate constants in the mechanism and therefore

have, in general, no simple physical significance.

In fact, however, the system is neither continuous

nor deterministic. It is discrete, because molecules

come in integral numbers, and molecular populations

only change by integer amounts. Moreover, the system

is stochastic, because the transitions of individual mol-

ecules from one state to another are ultimately initiated

by thermally driven diffusive fluctuations and molec-

ular collisions in the system. If we observe the signal

from a sufficiently small number of molecules, these
fluctuations about the average behavior become large

enough to be measured, and can be used to extract

information about the dynamics of the system, an

insight conceived in the context of light scattering

experiments and membrane channel recordings, and

now used routinely, for instance, in ▶ FCS

(▶Fluorescence Correlation Spectroscopy). Let us

illustrate this point with the example of a simple

protein folding process (but the same principles apply

to other reactions). Suppose we observe N ¼ 1,000

protein molecules under conditions corresponding to

their unfolding midpoint. The probability of an

individual molecule being folded is p ¼ 0.5, so the

variation in the number of folded molecules is given by

the standard deviation of the binomial distribution as

[N p (1–p)]1/2 � 16. The number of protein molecules

that are folded at equilibrium is therefore not constant,

but it is 500� 16, where the standard deviation reflects

the random fluctuations in the number of folded

molecules from instant to instant.

The smaller the number of molecules we observe,

the larger the relative fluctuations of the signal will be.

Ultimately, if only a single molecule is observed

(▶Kinetics: Single-Molecule Techniques), we expect

step-like transitions between the states that the mole-

cule can populate. In the simplest example of a two-

state reaction
U ���ku

�����!
N (1)

where equilibration within each state is fast relative to

the transition rates between the states, the molecule

will reside in either the folded (N) or the unfolded state

(U) for extended periods of time, with intermittent

rapid jumps between them. The average dwell times

in N and U are given by the inverse rate coefficients of

the unfolding reaction ku and the folding reaction kf,

respectively.

If we consider the temporal behavior of an individ-

ual molecule with transitions between a folded and an

unfolded state, the term “fraction of molecules folded

at equilibrium” must be replaced by the “fraction of

time for which the molecule is folded,” a quantity that

can be measured accurately from a single-protein mol-

ecule only with observation times much longer than

the effective relaxation t time of the two-state system,
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U tþ Dtð Þ � UðtÞ dUðtÞ

UðtÞ ¼ e�at (6)

pðtÞ ¼ a e�at (7)
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that is, the inverse sum of the folding and unfolding

rate constants kf and ku

t ¼ kf þ ku
� ��1

(2)

Although observation times in single-molecule

fluorescence experiments at non-cryogenic tempera-

tures are limited by the photostability of current

chromophores, examples of this behavior are

available, such that a quantitative kinetic and thermo-

dynamic analysis of the reaction from an individual

molecule are feasible.

In thinking about the ▶ kinetics of a single

molecule, an important question is: given the protein

molecule is, say, unfolded at time t, what is the

unfolded state lifetime tu of the molecule? More gen-

erally, we would like to know the probability density

functions of the times the protein molecule stays

folded or unfolded. To this end, we first define U(t)

as the probability that the molecule remains unfolded

throughout the time from 0 to t. If we now assume that,

for an unfolded molecule, the probability P of folding

during a short time interval Dt is just proportional to
the length of this time interval (Dt must be small

relative to 1/a, so we can neglect processes such as

multiple transitions during Dt), we get the conditional
probability
P tþ Dtjunfolded at tð Þ ¼ aDt; (3)

S

where a is a constant, independent of time. This

latter assumption means that the probability of

folding is independent of what has happened prior to t.
This is a fundamental characteristic of this type of

random process (a ▶Markov process, ▶Markov

Model). As the molecule can either fold or not fold

duringDt, and the probabilities of these two alternatives
must add up to 1, we thus also know that the probability

of remaining unfolded during Dt is 1–a Dt. We can then

express the probability that the molecule remains

unfolded during the entire interval from 0 to t + Dt as
U tþ Dtð Þ ¼ UðtÞ 1� aDtð Þ; (4)
taking into account the Markov assumption. After

slightly rearranging the equation, we get in the limit

of Dt! 0
lim
Dt!0 Dt

¼
dt
¼ �aUðtÞ (5)

by the definition of the derivative. As U(0) ¼ 1,

we obtain as a solution
and the corresponding probability density function of

the unfolded state lifetime
We recognize immediately that our constant a is

the inverse time constant tu, and thus the rate coeffi-

cient kf. It is this connection with the single-molecule

world that illustrates why exponential decays are

so abundant in chemical kinetics. The concepts of

stochastic processes and statistical physics are thus

crucial for the description of single-molecule experi-

ments, and a wide range of theoretical methods for

their rigorous analysis have been developed (Barkai

et al. 2009).
Current Developments and Future Prospects

Even though many types of single-molecule

experiments have reached a high level of maturity, as

illustrated by high throughput applications (▶ Single-

Molecule Sequencing) and the availability of

commercial instrumentation (Resch-Genger 2008),

the methodology is still advancing at a high rate.

Essential components of the instrumentation, includ-

ing lasers, detectors, and counting electronics, are

continuously being improved, and many extensions

of existing single-molecule techniques have been

developed. Examples are the combination of single-

molecule spectroscopy with ▶microfluidics

(▶Microfluidics for Single Molecule Detection),

▶ atomic force microscopy (▶ Force-Fluorescence

Spectroscopy), ▶ particle trapping, and ▶ zero mode

waveguides (▶Zero-Mode Waveguides). With the

development of free electron lasers (▶ Single-

Molecule Methods), the prospect of obtaining much

more detailed structural information from single

molecules than currently possible is on the horizon.
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Summary

Single-molecule spectroscopy can be used to resolve

and quantify the properties of individual molecules or

subpopulations even in heterogeneous assemblies

or environments, which are often inaccessible in

ensemble experiments. Fluorescence spectroscopy

has been a particularly popular single-molecule tech-

nique, owing to its extreme sensitivity and versatility.

For example, single-molecule spectroscopy allows

individual molecules to be localized and their motions

to be tracked; in combination with F€orster resonance

energy transfer (FRET), inter- and intramolecular dis-

tances and distance distributions can be quantified;

time-resolved measurements allow the determination

of mechanisms for a wide range of biological pro-

cesses, such as binding, assembly, conformational

changes, or the action of biomolecular machines;

dynamics and diffusive processes can be investigated

on timescales down to nanoseconds with fluorescence

correlation spectroscopy; and many of these methods

can be applied both in vitro and in vivo. Besides its

increasing use in biophysical research, single-

molecule spectroscopy has also led to important

applications, such as super-resolution microscopy and

high-throughput DNA sequencing.
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Synonyms

Single-molecule methods; Single-dye tracing
Definition

The use of optical microscopes and tracking algo-

rithms to obtain movement trajectories of individual

particles or molecules in vitro or in living cells.
Basic Characteristics

Single-particle tracking (SPT) has become an impor-

tant class of techniques for studying how individual

particles or molecules move in vitro or in living cells.

This has been made possible by the development of

bright and photostable probes, quantitative labeling

techniques, simple and stable fluorescence micro-

scopes as well as sensitive and fast cameras.

The study of individual particles is important when

the particles are heterogeneous, for example, because

they are in different conformations, in different bind-

ing states, or in different microenvironments. In such

cases, information is lost by averaging over the ensem-

ble of particles. SPT can be used to study how diffusion

properties change on different length- and timescales

and can reveal, for instance, that diffusion is fast on

a short length-scale but slow on a long length-scale.

One of the advantages of SPT is that it keeps track of

the identities of particles over time, which is essential

if one is interested in for how long time a particle is

bound to an immobile target or in a particular mode of

translocation. One good example is single-virus track-

ing in living cells, which made it possible to identify

the different phases of infection and the mechanism of

cell entry (Rust et al. 2008). In vitro SPT has made it

possible to study for example how motor proteins walk

on actin filaments and microtubules with nanometer

resolution (Selvin et al. 2008). Here, the single-particle

nature and time resolution of SPT are essential to

resolve the individual discrete steps, which clearly

would be lost by averaging over a population of parti-

cles or over time.

Fluorescence-based SPT typically requires a stable

epifluorescence or total internal reflection fluorescence

(TIRF) microscope with laser excitation, a high-

numerical-aperture objective and a sensitive and fast

charge-coupled device (CCD) camera. Optimal illumi-

nation conditions depend very much on the probe and

the sample. However, just like any type of fluorescence

imaging, high-precision tracking requires a good sig-

nal-to-background ratio. Therefore, laser excitation is
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