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Abstract. To understand processes in a living cell, so-
phisticated and creative approaches are required that can
be used for gathering quantitative information about large
number of components interacting across temporal and
spatial scales without major disruption of the integral net-
work of processes. A physical method of analysis that can
meet these requirements is fluorescence correlation spec-
troscopy (FCS), which is an ultrasensitive and non-inva-
sive detection method capable of single-molecule and
real-time resolution. Since its introduction about 3 de-
cades ago, this until recently emerging technology has
reached maturity. As commercially built equipment is
now available, FCS is extensively applied for extracting
biological information from living cells unattainable by
other methods, and new biological concepts are formu-
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lated based on findings by FCS. In this review, we focus
on examples in the field of molecular cellular biology.
The versatility of the technique in this field is illustrated
in studies of single-molecule dynamics and conforma-
tional flexibility of proteins, and the relevance of confor-
mational flexibility for biological functions regarding the
multispecificity of antibodies, modulation of activity of
C5a receptors in clathrin-mediated endocytosis and mul-
tiplicity of functional responses mediated by the p53 tu-
mor suppressor protein; quantitative characterization of
physicochemical properties of the cellular interior; pro-
tein trafficking; and ligand-receptor interactions. FCS
can also be used to study cell-to-cell communication,
here exemplified by clustering of apoptotic cells via by-
stander killing by hydrogen peroxide.

Key words. Fluorescence correlation spectroscopy; cell biology; protein conformation; p53; intracellular transport;
ligand-receptor interactions; apoptosis.

Introduction

If a picture is worth a thousand words, then nondestruc-
tive observation of molecules in living cells is priceless to
cell biologists. Various fluorescence-microscopy-based
techniques, such as fluorescence recovery after photo-
bleaching (FRAP) [1–4], fluorescence loss in photo-
bleaching (FLIP) [3], fluorescence resonance energy
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transfer (FRET) [1, 4, 5], fluorescence correlation spec-
troscopy (FCS) [6–10], multiple-photon excitation fluo-
rescence microscopy (MPEFM) [11], fluorescence life-
time imaging microscopy (FLIM) [12], total internal re-
flection fluorescence microscopy (TIRFM) [13], and
related techniques that have evolved in the past decade
are, at the present time, probably the most sensitive tech-
niques that can detect and identify molecules in the cell;
measure local concentrations in different parts of cells;
analyze molecular motion; detect chemical interactions



and characterize them in terms of chemical thermody-
namics and kinetics; and reveal single-molecule confor-
mational transformations. As a result, the knowledge
gathered by application of fluorescence microscopy-
based techniques [14] in investigating cellular events has
brought about new understanding of the cell structure and
its complex dynamics at a molecular level.
The potential of FCS, which is non-invasive, has an ulti-
mate detection limit of a single molecule and real-time
resolution capacity, is not very widely appreciated.
Therefore, we introduce here basic theoretical concepts
of FCS and present breakthroughs in cellular molecular
biology achieved by this approach in the past decade.
Our aim is to show that FCS can be applied to study dif-
ferent aspects of cellular dynamics and to emphasize the
importance of the biological information that was ob-
tained. 

FCS

The principles of FCS were formulated about 30 years
ago [15–19] in the frame of a physical method called
fluctuation correlation analysis. In this method statistical
analysis of the time course and the amplitudes of sponta-
neous fluctuations in the number of particles occurring in
a very small volume of a system is performed to derive
conventional diffusion transport and chemical rate coef-
ficients. Building on advantages of fluctuation correla-
tion analysis and benefiting additionally from the high
sensitivity and spectroscopic selectivity of fluorescence
measurements, pioneers in the FCS field at Cornell Uni-
versity, Elliot Elson and Watt Webb and colleagues [15,
16, 18, 19], Måns Ehrenberg and Rudolf Rigler at the
Karolinska Institute and Manfred Eigen at the Max
Planck Institute [17, 20–22] developed a theoretical ba-
sis and built state-of-the-art equipment to perform deli-
cate fluorescence fluctuation measurements, setting cor-
nerstones not only for FCS but also for fluorescence pho-
tobleaching recovery [23–28], multiphoton FCS [29, 30]
and multiphoton microscopy [31–33]. 
After its introduction in the seventies, the early use of
FCS involved large excitation volumes and long correla-
tion times, and the object was prone to photodestruction.
Only after introducing technological improvements [19,
21, 22] did FCS acquire its present properties: single-
molecule detection sensitivity and short measurement
times, allowing studies of fast dynamic processes in liv-
ing cells even if reporter molecules are present at low lev-
els. In addition, recent advances and development of new
techniques that enable protein labeling within cells, either
by genetic fusion with fluorescent proteins or by labeling
with small organic fluorophores [7, 34], further speeded
up the rapid expansion of FCS applications in live cell
studies.
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Instrumentation and basic working principles
Instrumentation for FCS is nowadays commercially avail-
able from several manufacturers. A schematic presenta-
tion of a typical FCS setup is given in figure 1. To induce
fluorescence, the sample is illuminated by incident light
of a certain wavelength delivered by a laser. The laser
beam is reflected by a dichroic mirror and sharply fo-
cused by the objective to form a miniature, yet very well
defined volume element in the sample. The volume from
which fluorescence is detected is further reduced by a
pinhole (confocal aperture) in the image plane, to reject
out-of-focus light and provide an elliptical volume ele-
ment (fig. 1, insert; see appendix: Intensity detection
function). This is crucial for providing a very small vol-
ume element (in today’s equipment the observation vol-
ume from which fluorescence is detected is typically
about 2 ¥ 10–16 liters), and enables a submicrometer res-
olution facilitating detection at defined loci, as well as
quantitative and background-free analysis. 
Following the absorption of energy, fluorescent mole-
cules lose energy through photon emission. The light
emitted by fluorescing molecules passing through the
confocal volume element is separated from the exciting
radiation and the scattered light by a dichroic mirror and
barrier filter, and transmitted to the detector, which re-
sponds with an electrical pulse to each detected photon.
The number of pulses originating from the detected pho-
tons, recorded during a specific time interval, corre-
sponds to the measured light intensity. Thus, in one ex-
perimental run we register changes in fluorescence inten-
sity in time (fig. 1a).
To evaluate the gathered data, i.e. to analyze time series
sampled at regular intervals during one run, statistical
methods of data analysis are applied to detect non-ran-
domness in the data. Typically, this is done by temporal
autocorrelation analysis, but other ways of data analysis
such as higher-order autocorrelation functions [35, 36],
fluorescence intensity distribution analysis (FIDA) [37,
38], photon-counting histograms (PCHs) [39, 40] and re-
cently developed fluorescence cumulant analysis (FCA)
[41] can be also applied. 

Temporal autocorrelation analysis of FCS data 
and interpretation
In temporal autocorrelation analysis we first derive the
intensity autocorrelation function C(t). C(t) gives the cor-
relation between the intensity of light, I(t), measured at a
certain time, t, and its intensity measured at a later time 
t + t, I(t + t). The intensity autocorrelation function may
be defined as an ensemble average:

(1a)C I t I t( ) ( ) ( )τ τ= 〈 + 〉



or, alternatively, as a time average of the product I(t)
I(t + t) measured over a certain accumulation time T:

(1b)

Since the unprocessed data in FCS are essentially fluo-
rescence fluctuations over the mean fluorescence inten-
sity ·IÒ, it is also possible to express the autocorrelation
function through fluctuations of light intensities ∂I(t) =
I(t) – ·IÒ and ∂I(t + t) = I(t + t) – ·IÒ, at times t and 
t + t, respectively. In this way, the intensity autocorrela-
tion function is defined as: 

C(t) = ·IÒ2 + ·∂I(t)∂I(t + t)Ò (1c)

Regardless of the form of expression (1a)–(1c), as they
are all equivalent, it is not convenient to use the intensity
correlation function in practice because its value depends
on properties of the applied experimental setup (see ap-
pendix: Intensity detection function). Therefore, instead
of using the intensity autocorrelation function, it is more
convenient to use the so-called normalized autocorrela-
tion function, G(t), defined as:

(2a)

which is independent of properties as laser intensity, de-
tection efficiency and fluorescence quantum yield.
For further analysis, the normalized autocorrelation func-
tion G(t) has to be plotted for different lags, i.e. for dif-
ferent autocorrelation times t. In molecular systems un-
dergoing stochastic fluctuations, we observe random
variations of G(t) around the value G(t) = 1. For pro-
cesses that are not random, an autocorrelation curve is
determined (fig. 1b). Typically, one observes a maximal
limiting value of G(t) as t Æ 0, decreasing to the value of
G(t) = 1 at long times, indicating that correlation between
the initial and the current property value has been lost.
Very often only the so-called non-uniform part of the nor-
malized autocorrelation function is analyzed. In this case
one observes a maximal limiting value of G(t) as t Æ 0
that decreases to the value of G(t) = 0 at long times. The
limiting value of G(t), as t Æ 0, is then inversely propor-
tional to the absolute concentration of the fluorescing
molecules, as we shall show later.
Thereafter, the experimentally obtained autocorrelation
curve has to be compared to autocorrelation functions de-
rived for different model systems to identify an appropri-
ate time series model. For example, if one fluorescent
species is present in the sample and there are no in-
tramolecular changes affecting the fluorescence of the
observing molecules, the intensity fluctuations will re-
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Figure 1. Schematic presentation of the instrumentation for FCS. (a) Light emitted by fluorescing molecules passing through the confo-
cal volume element (the confocal volume element is magnified in the inserts) is transmitted to the detector, which responds with an elec-
trical pulse to each detected photon. The number of pulses originating from the detected photons, recorded during a specific time interval,
corresponds to the measured light intensity. Thus, in one experimental run we monitor how the intensity of fluorescence changes in time.
(b) The electrical signal is gathered in regular time intervals, transferred to a digital signal correlation unit, and the corresponding normal-
ized autocorrelation curve G(t) is calculated on line. Autocorrelation function is fitted to the experimentally determined autocorrelation
curve. In this particular example, the experimentally determined autocorrelation function is fitted with the three-dimensional diffusion au-
tocorrelation function given in equation (3).



flect the passage of fluorescent particles through the ob-
servation volume. Since the passage of fluorescent parti-
cles is governed solely by diffusion, the best fitting of the
autocorrelation curve (fig. 1b) will be obtained by an au-
tocorrelation function describing free diffusion of fluo-
rescent particles [21]: 

(3)

In equation (3) N is the average number of molecules in
the observation volume, wxy and wz are radial and axial
parameters, respectively, related to spatial properties of
the detection volume (fig. 1, insert), t is the autocorrela-
tion time and tD is a characteristic decay time, typically
called the diffusion time because it presents the average
lateral transition time of the particle through the volume
element. Spatial properties of the detection volume, rep-
resented in equation (3) by the square of the ratio of the
radial and axial parameters [(wxy/wz)2], are determined
experimentally in calibration measurements [42]. The
calibration is performed in vitro, by using a solution of a
dye for which the diffusion time (tD) is known. The auto-
correlation curve derived in the calibration experiments is
fitted by the autocorrelation function (3) using the known
diffusion time (tD) of the dye, and the value of (wxy/wz)2 is
determined from the best-fitting curve. 
The diffusion time, tD, of the investigated component is
determined from the autocorrelation function (3) that
best matches the actual, experimentally determined auto-
correlation curve using the value for (wxy/wz)2 determined
from the calibration experiments. This parameter, derived
directly from FCS measurements, is related to the trans-
lation diffusion coefficient D:

(4)

which is related to the size of the fluorescent molecules
via the Stokes-Einstein equation:

(5)

In equation (5) k is the Boltzmann constant, T is absolute
temperature, h is the solvent viscosity and R is the hydro-
dynamic radius of a hypothetical compact sphere in a vis-
cous medium.*
Furthermore, as can be seen from equation (3), the limit-
ing value of G(t) as t Æ 0 is related to the average num-

ber of molecules in the observation volume (N), i.e. it can
be used to determine the absolute concentration (c) of the
fluorescing molecules. For example, if G(t) = 2.1 at t = 0
(fig. 1b), and the observation volume is V = 2.0 ¥ 10–19

m3, the concentration of the fluorescent molecules in the
sample is c = 7.5 ¥ 10–9 mol dm–3.
Thus, although the measured fluctuations are utterly sto-
chastic by themselves, their average rate of relaxation to
the equilibrium value is not stochastic. Rather, it is con-
strained by macroscopic properties of the sample. And it
is exactly this interrelation that makes it possible to apply
fluctuation analysis to obtain information about physi-
cochemical properties of the investigated system such as
mobility coefficients, concentration, apparent hydrody-
namic radius, chemical reaction constants and rates,
binding and dissociation constants. 
In cases other than the analyzed example of free diffu-
sion of a single fluorescent species, the autocorrelation
function attains forms different from the one given in
equation (3) because all processes leading to statistical
fluctuations in the fluorescence signal will induce a 
characteristic decay time in the autocorrelation curve.
We give several examples of autocorrelation functions
relevant in biological and biochemical applications in
the appendix.
When applied in systems with more than one component,
autocorrelation analysis has a practical detection limit
that depends critically on the quantum yields, concentra-
tions and differences in diffusion times of the molecules
investigated [43]. For example, to distinguish two parti-
cles by the previously described second-order autocorre-
lation analysis of data, their diffusion times have to differ
by a factor of 1.6 for bright fluorophores, or even more if
they are less bright, meaning that their masses should dif-
fer about 5–8 times. Using data analysis techniques such
as FIDA and PCH, which enable distinction of fluores-
cent species by differences in their molecular brightness
and not by their diffusion coefficients, such obstacles can
be overcome successfully, as was recently shown in in
vivo protein interactions studies [44]. 

Physical cell biology approach by FCS

FCS is not merely a technique, but a rather general
methodology effective in characterizing cellular pro-
cesses on a molecular, subcellular, and intercellular
level. In the following sections, we shall describe in
more detail some applications of FCS that have impact
for molecular and cellular biologists. Even though the
selected topics are from diverse areas, they present only
a fraction of work going on in the field of FCS. There-
fore, to give a more complete overview of current
achievements by FCS, we summarize references to re-
lated works in table 1. 
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Conformational fluctuations of single molecules
One central problem in molecular biology is to under-
stand how the physicochemical properties of a single
macromolecule determine its biological function in a liv-
ing cell. Due to its submicrometer spatial resolution in
two lateral directions (typically the detection volume is
smaller than 0.5 mm ¥ 0.5 mm ¥ 2 mm), FCS may be per-
formed on precisely defined locations, and may be ex-
ploited to detect individual macromolecules adsorbed or
bound to surfaces, and track transformations as they per-
form their biological function. This strategy was applied
in model systems to study the conformational dynamics

of DNA oligomers [89], horseradish peroxidase (HRP)
[90, 91] and flavin reductase [92] at the single-molecule
level. Unlike the previously described diffusion experi-
ments, in kinetic studies fluorescence fluctuations occur
due to transitions between fluorescent and non-fluores-
cent states caused by a particular structural transforma-
tion or a chemical reaction. Kinetic parameters for the un-
derlying process can be derived from the corresponding
temporal autocorrelation functions [90, 93].
FCS experiments demonstrated that enzymatic activity of
HRP on a single- molecule level varies broadly. To exam-
ine the origins of distributed kinetics in a single HRP
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Table 1. Recent reviews and applications of FCS in studies of biological systems.

Special scientific editions and reviews on FCS applications in biology
Biological Chemistry 382: 2001
Fluorescence Correlation Spectroscopy: Theory and Applications, Rigler R. and Elson E. (eds), Springer, Berlin
Current Pharmaceutical Biotechnology 5 (2), 2004

[1], [7–10], [45–51]

Theoretical developments and advances
New concepts to measure fluorescence energy transfer via FCS [5]
Factors influencing FCS measurements on membranes [52]
Fractal analysis of fluorescence time series as a method to investigate anomalous diffusion [53]
Bias in FCS measurements [54]
Development toward application in highly heterogeneous systems [55]
Experimental artefacts in confocal FCS [56]
Concentration fluctuations in an oscillating chemical reaction system [57]
Standard deviation and accuracy in FCS [58]
High-order and dual-color correlation to probe non-equilibrium steady states [59]
Correction of artefacts in FCS measurements arising due to afterpulsing [60]
Unavoidable artefacts in FCS measurements due to photophysical properties of the fluorophore [61]

DNA structure and interactions
Dynamics of bubble formation in double-stranded DNA [62]
Dynamics of NCp7-mediated nucleic acid destabilization [63]
Formation and dissociation of the polyethylenimine/DNA complex [64]
Association of oligonucleotides with positively charged liposomes [65]
DNA looping by NgoMIV restriction endonuclease [66]
Dynamics of large semiflexible DNA chains [67]
Transport of nucleosome core particles in semidilute DNA solutions [68]
Rates of Mg2+ and Na+ dependent conformational changes in a single RNA molecule [69]
Denaturation of dsDNA by p53 [70]

Protein structure, interactions and function
Gag-Gag interactions during retrovirus assembly [71]
Stability of drug-induced tubulin rings [72]
Precipitation and size distribution of the Abeta(1)(-)(40) amyloid beta peptide in solutions [73]
Thermodynamic analysis of ssDNA-protein interaction [74]
Conformational dynamics and folding of the intestinal fatty acid binding protein [75]
Transportation of large transporting complex of tubulin [76]
Thrombin-induced fibrin polymerization [77]
p53 binding to double-stranded DNA oligonucleotides [78]

Ligand-receptor binding and diffusion
Binding of protoberberine type 2 alcaloids on the GABAA binding site [79]
Induction of seed germination via the strigolactone receptor [80]
Study of functional ribosomal complexes [81]
Protein incorporation in viral membranes [82]
Dynamics of ANS binding to tuna apomyoglobin [83]
Specific binding of proinsulin C-peptide to human skin fibroblasts [84]
Insulin binding to membrane receptors in renal tubular cells [85]

Applications in genetics
Gene expression analysis [86]
Integrin targeting for in vitro gene transfer [87]
Intracellular dynamics of a gene delivery vehicle [88]



molecule, further analysis of data, in the form of higher-
order correlation functions, was performed [91]. Such
analysis indicated that widely distributed variation in en-
zymatic activity on a single-molecule scale appears be-
cause of alterations in molecular conformation arising
due to thermodynamic fluctuations. This interpretation
was later supported by theoretical analysis showing that
intramolecular fluctuations appearing on a time scale
shorter than the chemical reaction time scale may indeed
result in rate coefficients that are different from average
values observed for large number of molecules [94]. This
means that HRP molecules exist in several thermody-
namically slightly different conformations, and each con-
formation may show different enzymatic activity. For
some conformations enzymatic activity is high, implying
fast substrate turnover, whereas some conformations are
inactive, i.e. they show no enzymatic function. 
Besides showing widely distributed activity, correspon-
dence between the conformation of a single HRP mole-
cule and its past intercourse with the substrate was also
revealed. This means that HRP molecules that were ex-
posed to the substrate behave differently from molecules
that were not exposed – HRP molecules that encountered
the substrate more often attain the active conformation,
whereas unexposed enzyme molecules attain any confor-
mation from the set of conformational structures (the so-
called ergodic assumption). Again, this was explained as
a consequence of intramolecular transformation in a sin-
gle HRP molecule. 
These results have several important implications for cel-
lular biology. First, it is important to establish whether
conformational dynamics of a single HRP molecule in-
fluences its chemical performance at low concentrations
only, as in the in vitro model, or also at higher concentra-
tions relevant for subcellular organelles that are crowded
by this and other macromolecules. What is the biological
relevance of different conformers? Are they capable of
catalyzing secondary reactions (catalytic promiscuity), or
do they serve other functions that are not enzymatic, but
may be structural or regulatory (a feature of proteins that
is often referred to as moonlighting) [95]?
Second, they provide evidence for the long-existing hy-
pothesis on protein structure that is nowadays known as
the new view [96]. In contrast to the traditional standpoint
on proteins as structurally restricted and functionally dis-
tinctive, the new view postulates the existence of proteins
as an ensemble of conformational isomers [96–99]. Con-
formational isomers are characterized by similar, but dis-
tinctive values of relative Gibbs free energies and exist in
an equilibrium state. Therefore, the free energy profile of
the ensemble resembles a ‘rugged energy landscape’,
rather than a smooth single well [100]. When the ligand
binds to the protein, it binds predominantly to the con-
former having the highest affinity. This disrupts the pre-
viously existing equilibrium, and the net reaction will be

in a direction that tends to reduce the effect of ligand
binding, i.e. it shifts the equilibrium in the direction of
the formation of the conformer with the highest affinity
for the ligand. 
Conformational flexibility of proteins was invoked as
regulatory mechanism in several recent studies. James et
al. [99] have shown that the antibody SPE7 (a monoclonal
immunoglobulin E (IgE) raised against a 2,4-dinitro-
phenyl hapten) can adopt at least two different conforma-
tions existing in an equilibrium state, that these confor-
mations are independent of the presence of antigen and
that each conformation can confer a different antigen-
binding function. This is the first example of antibody
multispecificity achieved through conformational diver-
sity of the protein molecule. This strategy is biologically
relevant because conformational isomers that adopt mul-
tiple functions increase the antibody repertoire.
In the FCS study of mechanisms by which activity of cell
surface receptors is modulated in eukaryotic cells, a
broad distribution of rate constants for trapping C5a re-
ceptors in clathrin-coated pits is suggested to be crucial
for efficient clathrin-mediated endocytosis [101]. It is es-
tablished that different conformational isomers of the re-
ceptor bind to the immobile cell component, with differ-
ent rates creating a rugged energy landscape for binding,
i.e. a multiple binding-unbinding equilibrium between
the receptor and the immobile cell component. Again,
conformational diversity enhances biological activity by
allowing a broad distribution of residence times, ensuring
efficient trapping of receptor proteins, and sufficient time
for incorrectly targeted proteins to dissociate from the pit
before it is internalized.
An FCS study of the p53 tumor suppressor protein re-
sulted in a new model of activation of this latent tran-
scription factor based on its conformational flexibility
[102–104]. p53 activation leads to apoptosis or cell cycle
arrest and is critical for cell differentiation and senes-
cence. The choice of functional response appears to be
determined by a subset of genes activated or inhibited by
p53. Changes in protein conformation may attenuate p53
affinity for different types of DNA binding sites in the
promoters of these subsets. Alternatively, distinct p53
conformations may be assumed upon binding to struc-
turally diverse DNA target sequences [78, 103]. Alloster-
ism of p53 target DNA sites has been described as se-
quence degeneracy, the variability in the number of half-
sites composing these target sites, the different length of
spacers connecting half-sites and the palindromic nature
of these sites, allowing the formation of cruciform DNA
structures [105–107]. It has been suggested that p53 in a
conformation, bound to the ‘inhibitory’ sites, preferen-
tially recruits histone deacetylase complexes [105] to
chromatin, whereas p53 in a conformation, specific for
the ‘activatory’ DNA complex, interacts predominantly
with histone acetyltransferases. Accordingly, inhibition
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of transcription by p53 is mediated by histone deacetylase
mSin3a [108, 109], whereas p53 involves histone acetyl-
transferases such as p300/CBP, PCAF, TRRAP and
ADA3 when it activates transcription [110–112]. Taken
together, these data support the general model [103] pos-
tulating that p53 assumes different conformations when
binding to DNA target sites with diverse topological
properties. Distinct p53 conformations might favor the
recruitment of specific coactivator constellations and
corepressors, which would cooperatively modulate tran-
scription of subsets of target genes critical for different
physiological responses.
Finally, conformational diversity is not necessarily re-
stricted to proteins, and may be relevant for other bio-
macromolecules [89]. Therefore, it is important to estab-
lish whether it is relevant in living cells, and in which way
it may affect the biological functions of these molecules. 

Quantitative characterization of cellular interior 
in living cells
Quantitative characterization of the heterogeneous cellu-
lar interior in physical and chemical terms is a prerequi-
site for understanding biological processes at a molecular
level. Gathering information on physicochemical condi-
tions in living cells, where molecular transformations and
interactions take place in different phases, on phase
boundaries, in crowded conditions, under concentration
and electrostatic-potential gradients and fluxes of energy
and matter, i.e. under conditions that are often far from
thermodynamic equilibrium, is a first step towards a
more comprehensive understanding of parameters gov-
erning chemical reactions in vivo. FCS is particularly
useful in this respect, because it enables study of bio-
chemical reactions in well-defined locations in intact cel-
lular systems.
FCS was applied to determine the concentration, spatial
localization and behaviour of reporter molecules in the
cytoplasm [113, 114], membranes [19, 53, 82, 101, 115–
118] and nuclei [119–122] in living cells. It was found
that reporter protein molecules, labelled with small fluo-
rescent molecules or fused with green-fluorescent protein
(GFP), are generally subjected to drags that are 2–10
times larger, and diffuse at rates that are 40 to 100 times
slower in cellular compartments compared to aqueous
buffer solutions. Whether molecules experience larger
drags in the cellular interior simply because of its in-
creased apparent viscosity, or because of interactions
with cellular elements, can be distinguished. In case of
binding, fractions of bound and unbound reporters were
determined. 
There are many benefits from non-invasive local deter-
mination of physical and chemical properties of subcellu-
lar elements. For example, by measuring the diffusive
properties of molecules, transient interactions, which are

reflected in FCS measurements as anomalous diffusion
(see e.g. [53] and references therein), may be revealed; by
measuring drags experienced by molecules in different
areas of the cytoplasm, such as the zone of cytoplasmic
streaming, bulk cytoplasm and cytoplasm adjacent to cel-
lular structures, local apparent viscosity of these regions
could be determined, and cytoplasmic spatial inhomo-
geneity in terms of apparent viscosity could be mapped.
Such information may be used in living cells to identify
very fast, often diffusion-limited, transient reactions, es-
timate their rates and investigate how they change in cel-
lular structures with different viscosities [97].
Another important point in determining local concentra-
tions and diffusion rates is that we may begin to under-
stand on a quantitative level how molecular crowding, lo-
cal differences in pH, ionic strength and redox potentials
influence the course of biochemical reactions [123, 124].
By distinguishing non-equilibrium steady states main-
tained through a continuous exchange of energy and mat-
ter from equilibrium states without flux [59] and by
studying the interplay of diffusion and chemical kinetics
in living cells, we may come closer to understanding how
non-linear processes in non-equilibrium cellular environ-
ments lead to biological complexity: how it is possible to
escape limitation by diffusion in the glucose phospho-
transferase system in bacterial cells, and why this is not
possible in eukaryotic cells [125], what critical number of
molecules is required to establish cellular rhythms and
how robust they are in respect to molecular noise [126,
127], how physicochemical mechanisms of self-organi-
zation lead to formation of spatial receptor-ligand synap-
tic patterns in the intercellular junctions (observed in T-
cell/antigen-presenting cell junctions with different ma-
jor histocompatibility complex peptides and in natural
killer cells, for example) and what their role is in cell-cell
interactions [128], and how non-linear mechanisms of
spatiotemporal symmetry breaking lead to pattern forma-
tion in somitogenesis [129]. Understanding these cellular
mechanisms at a molecular level is not an unrealistic
goal, thanks to computational power and mathematical
modeling [126, 127, 130–132]. However, to achieve it,
meticulous experimental mapping of local conditions in-
side the cell has to be accomplished first. 

Protein trafficking
The majority of soluble and membrane-bound macro-
molecules are transported from sites of their synthesis to
locations in the cell where they perform their functions.
The rate at which they migrate determines the rates of
many biochemical reactions and may constrain a variety
of cellular functions, as is well documented in the chemo-
tactic response of Escherichia coli [123]. In addition,
rates at which molecules migrate in living cells cannot be
directly extrapolated from in vitro measurements [123].
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Therefore it is important to measure such properties in
vivo.
To investigate transport through the cytosol and plastids
of plant cells, diffusion of GFP and GFP fused with a pep-
tide that targets it to plastids was studied by FCS [133].
For fluorescence detection at a low scattering background
and minimal interference with cell viability, a two-photon
excitation of the dyes is used.* The FCS detection vol-
ume was focused on different positions within the cell to
investigate protein motion in the cytosol and along the
plastid stromule, and special attention was given to dis-
tinguish effects that arise due to differences in viscosities
of these cellular structures from other interfering effects.
It was established that GFP moves by free diffusion [eq.
(3)] in the cytosol, and its diffusion coefficient is deter-
mined to be about 2–3 times smaller than in aqueous so-
lutions. However, the flow characteristics of GFP fusion
protein targeted to plastids through the plastid tubules
(stromules) are not simple, and can be described by a
mixed mode diffusion model having contributions from
both free diffusion and active transport (see appendix,
table A, AF8). It was determined that free diffusion in
plastid tubules was about 50 times slower than in the cy-
tosol, and about 100 times slower than in aqueous solu-
tions, whereas the velocities of active transport and free
diffusion of GFP molecules were determined to be com-
parable. 
Besides being the first successful application of FCS to
decouple passive diffusion from active transport [133],
and setting an example for future applications, this work
gives interesting insight into cellular transportation strat-
egy. At short distances, the rate at which molecules mi-
grate by active transport is comparable to that of free dif-
fusion. However, active transport is apparently more 
efficient for long-distant transportation. Thus, it is advan-
tageous to transport protein molecules from plastids to
distant locations within the cell by active transport along
plastid tubules, despite the energy requirements, whereas
free diffusion is probably preferred for short-distance
transportation within the cytosol.

Cell signaling and information exchange
Living cells exchange information through physicochem-
ical processes that occur consecutively and/or in parallel
at different levels of spatial organization and on a multi-
tude of temporal scales. The involved events may be ex-

tremely fast and highly localized, e.g. binding of signal
molecules to membrane receptors, or may be slower and
spatially expanded, as in highly coordinated wave propa-
gation and translocation of signaling molecules through
the cellular interior [135]. 
FCS provides a unique opportunity to investigate differ-
ent aspects of intra- and intercellular communication in
vivo and in real time. To this end, FCS was applied suc-
cessfully to extensively study ligand-receptor binding
[136–146]: to investigate ligand-induced oligomeriza-
tion and formation of specific somatostain receptors
[147], expression and clustering of the ionotropic 5HT3

receptor in human embryonic kidney cells [82]; diffusion
of PKCbI (a subtype of protein kinase C) in the cytosol
and plasma membrane of human embryonic kidney cells,
and mechanisms of its translocation and anchoring [114];
and mechanisms for trapping transmembrane G protein-
coupled receptors during endocytosis [101]. 
Having generated individual results and characterized
ligand-receptor binding kinetics [142], determined the
status of receptors [146], investigated mechanisms of
their translocation [114], determined properties and com-
position of membranes in which receptors are embedded
[148], and assessed how local membrane topography and
composition influences apparent mobility of receptors
[53], we may integrate these results into a coherent
framework and acquire a deeper understanding of how
these properties, which are intricately coupled and super-
imposed one on another in living cells, influence the out-
come of internal cell-signaling pathways. 

Peroxide-induced apoptosis in bystander cells
In the above-mentioned examples the FCS approach
based on temporal autocorrelation analysis was used to
investigate properties of the reporter molecules, which
were either endogenously fluorescent or were fluores-
cently labeled. An alternative approach is to use the ultra-
sensitivity of the FCS equipment and its capacity for very
fast measurements to monitor the formation of a fluores-
cent reporter that is being formed upon interactions with
the non-fluorescent compound of interest. Such an ap-
proach was utilized to study intercellular communication
in bystander cell killing in real time [149]. 
The phenomenon of bystander killing was first observed
in cell cultures in vitro, when it was noticed that cells
killed individually by exposure to a-particles or X-rays
increase the incidence of apoptosis in non-hit bystander
cells [150–152]. To examine the mechanisms, a model of
bystander-cell killing in cell monolayers was developed
[149]. When spontaneous apoptosis occurred, or when
cell death was triggered by deprivation of growth factors
or expression of the p53 tumor suppressor protein, clus-
ters of apoptotic cells were formed, suggesting that dying
cells emit chemical death signals that kill viable by-
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* In two-photon excitation FCS [29, 30, 45, 134], excitation occurs
by simultaneous absorption of two photons (time span between ab-
sorption events is less than 10–15 s). Excitation occurs in a precisely
defined subfemtoliter focal volume, where the focused light inten-
sity is high enough to allow simultaneous absorption. Two-photon
excitation FCS does not require confocal detection, and provides
for higher penetration depth in biological tissue and lower photo-
toxicity.



standers. Synchronization of apoptosis in a limited group
of adjacent cells suggests that the half-life of the emitted
death substance is roughly in the order of time required
for its diffusion across cell clusters. This notion limited
the number of possible substances to NO and H2O2,
which are known to have a half-life in the order of sec-
onds, are toxic and easily diffuse through cell mem-
branes. To distinguish between them, the influence of NO
and H2O2 inhibitors on bystander killing was examined.
Cell clustering was inhibited by catalase, an enzyme
known to be peroxide scavenger, whereas it was unaf-
fected by NO inhibitors, suggesting that H2O2 functions
as an extracellular cell-death signal.
The FCS instrument was applied to identify and quantify
the amount of H2O2 through its capacity to oxidize the
trapped non-fluorescent 5-(and-6)-carboxy-2¢,7¢-dichlo-
rodihydro-fluorescein and produce a fluorescent reporter
5-(and-6)-carboxy-2¢,7¢-dichloro-fluorescein with a char-
acteristic fluorescence spectrum [149]. Fluorescence in-
tensities were measured by the FCS instrument, and the
amount of H2O2 was evaluated from a calibration curve
[149]. In this example, autocorrelation analysis was not
performed because it would give information about diffu-
sion properties of the reporter molecule which is not rel-
evant for the problem considered. These experiments
demonstrated that viable cells emit low levels of H2O2,
whereas the dying apoptotic cells generate 100–1000-
fold higher amounts of this toxic compound. Average
H2O2 levels inside apoptotic cells (2 mm below the cell
surface) were similar to that at the cell surface, whereas
in the surrounding medium a H2O2 concentration gradient
was observed, with the highest level at the cell surface
(table 2). Thus, peroxide was apparently produced inside
apoptotic cells, and released into the extracellular
medium. 
Peroxide concentrations inside apoptotic cells and in the
nearby medium are determined to be in the range of those
released by activated macrophages and neutrophils,
which are as high as 5–10 mM [153–155], and the cu-
mulative concentration released by apoptotic cells is ap-
parently sufficient to kill viable bystanders. 
These findings raise several important questions. First of
all, why do apoptotic cells produce a toxic substance?

Does the spatial distribution of the released toxic com-
pound have a purpose in cell-cell interactions that is yet
unknown? Is clustering of apoptotic cells a general phe-
nomenon characteristic for normal tissue during develop-
ment, and pathological conditions when massive cell
death is induced by toxic influences or tissue damage? 

Concluding remarks
In the past few years speed, sensitivity and time resolu-
tion of FCS measurements have been considerably en-
hanced. FCS has thus risen from a technique valued for
its ability to detect and identify sparse molecules, which
is important for analytical purposes and medical diagnos-
tics [46, 156–159], to a very powerful methodological
approach to tackle basic problems in cell biology. Ex-
tending the classical temporal autocorrelation FCS to
dual-color cross-correlation analysis [160–165], spa-
tially resolved analysis [121], fluorescence intensity
analysis [166] and fluorescence intensity and lifetime dis-
tribution analysis [167], and combination with other tech-
niques such as multiple-photon microscopy and imaging
[33, 113, 134], fluorescent resonance energy transfer
[165], total internal reflection [23, 68, 101] and second
harmonic generation microscopy [32, 169] will expand
the potential of FCS for biological applications even fur-
ther. 
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Appendix

Intensity detection function
For the confocal setup and the laser beam profile that are common
in today’s equipment, the detection volume within the confocal vol-
ume element from which fluorescence is being detected can be ap-
proximated by an ellipsoid (fig. 1) [21, 22]. The intensity detection
function from this ellipsoid volume element can be expressed in the
following form:

(6)

In equation (6), I is maximal intensity of the laser light beam, s
is the optical absorption cross section, ff is the fluorescence quan-
tum yield of the applied dye, k is the maximum value of the light
collection efficiency, x and y are coordinates perpendicular to the
optical axis, z is a coordinate along the optical axis (along which
the laser beam propagates), wxy and wz are radial and axial parame-

ters, respectively, related to spatial properties of the detection 
volume.

Autocorrelation functions
Prior to taking FCS measurements, it is very important to take no-
tice of processes (free and anomalous diffusion, active transport, in-
tracellular compartmentalization, chemical reactions, photophysi-
cal processes etc.) that may lead to fluctuations in the fluorescence
signal, because all processes leading to statistical fluctuations in the
fluorescence signal will induce a characteristic decay time in the au-
tocorrelation curve. Only then can one select a proper theoretical
correlation function to model the experimental data and be assured
that they are accurately interpreted. In table A, we give examples of
autocorrelation functions for several different model systems that
are relevant in biochemical investigations.

Special requirements related to FCS application in biological
systems
When FCS measurements are to be performed in biological systems,
it is very important to be aware of distinctive properties of these sys-
tems that may lead, when not properly accounted for, to erroneous in-
terpretation of FCS data. Therefore, we would like to draw attention
to the most common obstacles that may cause a faulty interpretation
of FCS measurements in biological systems. As many potential
sources of errors are already recognized and well characterized, we
shall just point them out here, and we direct the readers to references
describing in detail how to avoid and resolve such problems. 
1) In many applications of FCS the exobiotic under investigation is
not intrinsically fluorescent, and hence has to be labelled with a flu-
orophore. Addition of a fluorophore may change the biological
and/or physicochemical properties of the substance in such a way
that it no longer shows characteristics of the parental compound
[170, 171]. Therefore, fluorescent probes have to be selected care-
fully to induce minimal perturbation in the system under investiga-
tion [34, 172–175]. In addition, when FCS is applied under single-
photon excitation, the fluorescent reporter may become prone to 
irreversible photobleaching because it cannot withstand the high-
intensity irradiation in the laser focus. This may strongly alter the
shape of the autocorrelation curve and hence lead to erroneous data
interpretation (e.g. [7, 163]). Typically, this problem is resolved by
optimizing experimental conditions to avoid strong photobleaching,
i.e. by selecting more stable fluorophores and working with lower-
intensity laser power. However, attempts have been made recently to
take advantage of this phenomenon and extract information about
spatial compartmentalization [176].
2) Interpretation of the FCS measurements is susceptible to errors
arising from background scattering and fluorescence, photon shot
noise and excitation power instabilities. Their effect has to be care-
fully considered and accounted for to meet the specific require-
ments for FCS applications in biological systems [29, 45, 116, 177].
3) It is very important to realize that the experimentally determined
correlation function, which in practice has to be calculated from a
finite data set, can only be regarded as a statistical estimation of the
theoretical correlation function. To avoid significant systematic de-
viation of the experimentally determined correlation function from
the theoretical ensemble average, it is very important to perform
measurements for a sufficiently long time and to average them over
an adequate number of repeats. Or, if it is not possible to perform
long time measurements, as is often the case with living cells, one
has to know how to estimate the bias and how to correct the exper-
imental autocorrelation function [54]. 
4) When FCS measurements are to be carried out to characterize
cellular processes, application of standard FCS autocorrelation
functions, in forms given in table A, may sometime lead to erro-
neous results. There may be several reasons for such deviations. 
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Table A. Examples of autocorrelation functions for different model systems relevant in biochemical investigations.

AF1 Two-dimensional diffusion of a single fluorescent species

AF2 Free diffusion of a single species and triplet formation

T, average equilibrium fraction of molecules in triplet state
tT, triplet correlation time, related to rate constants for intersystem crossing and the triplet decay

AF3 Free diffusion of unbound ligand and the ligand-receptor complex

y, fraction of ligand bound to the receptor 
tD1

, diffusion time of the unbound ligand
tD2

, diffusion time of the bound ligand 

AF4 Free diffusion of unbound ligand and diffusion of a ligand bound to a surface

y, fraction of bound ligand 
tD1

, diffusion time of the unbound ligand
tD2

, diffusion time of the bound ligand

AF5 Concentration fluctuations around a chemical equilibrium coupled with diffusion

The chemical reaction analyzed is AB ¤ A* + B; A* is the only fluorescent species
F, average fraction of molecules in the non-fluorescent state AB
tC, chemical relaxation time from which rate constants are derived

AF6 Restricted (anomalous) diffusion due to interactions with fixed or mobile structures

a, restriction coefficient; for free (Brownian) diffusion a = 1, and for restricted diffusion a < 1
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∑∑ Detection volume may be confined by intracellular compart-
mentalization rather than by the geometry of the optical
setup. In the derivation of standard autocorrelation functions
(table A) it is assumed that the volume within which diffusion
occurs is much larger than the confocal volume element in
which fluorescence is being recorded. This may not be true for
living cells where, due to different morphological properties of
the cell, the detection volume may be of the same size or smaller
than the confocal volume element. In addition, inside a living
cell the volume in which fluorescence is being detected need not
have the ellipsoid-like shape given by equation (6), but may be
altered by presence of membranes or cell particles [178].

∑∑ Diffusion pattern through a volume element may be dis-
torted by a nearby obstacle. If a particle bounces back from a
nearby obstacle, a membrane or large cell particle, for example,
it may immediately re-enter the detection volume. This will be
reflected in FCS measurements as an increased residence time,
i.e. as an increased characteristic decay time tD, and may be
wrongly interpreted and associated with a smaller diffusion co-
efficient and, hence, with a larger particle size.  

∑∑   Diffusion properties depend on physicochemical character-
istics of nearby membranes. Intracellular structures are usually
bound by soft lipidic membranes undergoing thermally driven
mechanical fluctuations [179]. Innate fluctuations of a nearby
membrane may modify the geometry of the detection volume
and/or the number of particles in the detection volume, and
hence will reverberate in FCS measurements [52, 180]. Thus,
autocorrelation functions AF4, AF6 and AF8, in the form given
in table A, can be applied to describe diffusion in standard, un-
confined, detection volumes and binding to a single rigid mem-
brane, whereas these approximations are no longer valid in the
case of confined detection volumes, restricted diffusion in one
dimension (diffusion between two rigid membranes) and diffu-
sion close to membranes undergoing mechanical fluctuations. In
such cases, the autocorrelation functions ought to be augmented
to account for the particulars [180]. In addition to membrane
composition [148], its local morphology, i.e. its shape, and ori-
entation with respect to the observation volume may be reflected
in FCS measurements, and have to be accounted for in a correct
interpretation of FCS data [52, 53].
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Table A (continued)

AF7 Active transport

v, velocity of active radial transport

AF8 Mixed mode diffusion – active transport coupled with diffusion
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