
The modern science is characterized by a gradual

development from studies of objects on the macro level

(an object as a whole) to studies of properties of nano�

objects and even of single molecules. This general thesis

can be applied to modern biochemistry and biophysics,

which now use such approaches to study biomolecules as

atomic force microscopy, fluorescence microscopy of sin�

gle molecules, measurement of single channel activities,

and some others. Fluorescence correlation spectroscopy

(FCS) is based on recording fluorescence fluctuations of

single particles arising as a result of Brownian motion

inside a small laser�illuminated volume (confocal vol�

ume). Modern objectives can focus a laser beam into a

spot of fractions of a micron in size and record a signal

from a volume of ~10–15 liter. Time dependence of the flu�

orescence intensity F(t) of fluorescent molecules in solu�

tion or of particles of a dispersed phase is characterized by

appearance of signal fluctuations (jumps) on the back�

ground of a virtually constant basal level signal with low

amplitude. Each jump corresponds to passing of an indi�

vidual particle across the confocal volume. Note that the

amplitude of fluorescence fluctuations is determined by

the number of fluorophore molecules bound with the par�

ticle and does not depend on the particle size. The stan�

dard processing of the time dependence of fluorescence

fluctuations as an autocorrelation function (G(τ)) gives

information about two important parameters: particle

diffusion time (τd), which is directly proportional to their

size, and the number of particles within the confocal vol�

ume (N). FCS is traditionally used to study processes

associated with changes in the mobility of molecules and

complexes, including particle aggregation and interac�

tions of fluorescent particles with supramolecular com�

plexes, lipid vesicles, etc., and the size of objects under

study varies very widely – from a few angstroms for dye

molecules to hundreds of nanometers for nanoparticles.

FCS is actively used in laboratories throughout the

world, but for some unclear reason it is poorly known in
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Russia, although in the late 1970s a world�class FCS set�

up was created in the USSR, in the Institute of Chemical

and Biological Physics, Academy of Sciences of the

Estonian Soviet Socialist Republic (Tallinn) [1, 2], which

was used to obtain fundamentally new results [3�7]. On

the background of the voluminous world literature on

FCS, which in addition to experimental and theoretical

papers includes many reviews [8�21], there are only a

small number of current publications in Russian [22�27],

and one of these works was been performed entirely in a

British laboratory [24]. FCS is essentially very similar to

photon correlation spectroscopy (also called dynamic

light scattering), which is widely used in Russia for meas�

urement of size of nanoparticles in suspension.

The purpose of the present review is to fill a void in

information in Russia about the FCS method. The

authors have constructed a FCS set�up in their laborato�

ry and have obtained their own experience in the efficien�

cy and fruitfulness of this approach.

HISTORY OF DEVELOPMENT OF THE METHOD

FCS is an experimental method based on statistical

processing of fluorescence fluctuations when a small

number of dye molecules are to be recorded. In contrast

to other methods recording a fluorescence signal, in FCS

not the fluorescence intensity signal itself is the most

informative but its deviation from the middle value, i.e.

fluorescence fluctuations. The subsequent autocorrela�

tion of the time signal can give information about the dif�

fusion coefficient and particle concentration. Just this

mathematical transformation gave the name to the

method. Initially, the method was created to study kinet�

ics of chemical reactions. In 1972 Magde et al. [28]

revealed that the new method could be used to study the

binding of ethidium bromide (EtBr) with a double�

stranded DNA molecule:

EtBr + DNA         EtBr⋅DNA.

EtBr is a small fluorescent molecule capable of inter�

calating between DNA bases that is accompanied by a 20�

fold increase in the quantum yield of its fluorescence.

Initially, the set�up included an argon laser with

wavelength of 514.5 nm. The fluorescence was collected

with a parabolic mirror, passed through a solution of

K2Cr2O7 for blocking the exciting light, and was collected

onto a photoelectron multiplier. Then the analog fluores�

cence signal was analyzed with a 100�channel correlator.

Typical concentrations of the preparations were 5 µM

EtBr and 5 nM 20�kDa DNA from calf thymus.

Dimensions of the observation region were 5 µm in

the transversal and 150 µm in the longitudinal direction.

Thus, the observation field comprised 104 molecules.

Processing with a correlator of the signal of the fluores�

cence fluctuations resulted in an autocorrelation function

with diffusion times of 10�100 msec. In the described sys�

tem fluorescence fluctuations arose as a result of two

processes: free diffusion of fluorescent molecules in the

observation volume, and the interaction of fluorescent

molecules with DNA leading to increase in fluorescence.

Analysis of autocorrelation functions obtained for differ�

ent EtBr concentrations resulted in values of binding and

dissociation constants of the complexes, which were

equal, respectively, to 1.5⋅107 M–1⋅sec–1 and 27 sec–1 [28].

The subsequent theoretical and experimental devel�

opment of the method [29�31] promoted the application

of FCS to determine constants of chemical reactions,

particle concentration, molecule aggregation, and rota�

tional and translational movement in two� and three�

dimensional space [5, 6, 29�36]. The method was suc�

cessfully applied to study lipid diffusion in membranes

[35, 37, 38]. The diffusion coefficient D = 9.9⋅10–8 cm2/

sec was determined for a fluorescent molecule of 3,3′�
dioctadecylindocarbocyanine iodide (DiI) in an artificial

bilayer lipid membrane formed from egg lecithin and

cholesterol at the molar ratio of 2 : 1. However, the first

set�ups had a poor signal/noise ratio mainly because of

the low sensitivity of the detector, the presence of a large

number of particles in the laser�illuminated volume, and

insufficient suppression of the background signal.

The single�molecule detection technique combined

with the confocal principle in the works of Rigler et al.

[39] was a great step forward. It opened the possibility for

studies of processes not only in aqueous solution, but also

within intact cells [9, 39, 40].

In the case of one�photon laser excitation, a modern

FCS set�up (Fig. 1) allows the laser beam to pass through

the lens system and to enlarge in diameter to 6�8 mm.

Then the exciting light is directed into the microscope

objective via a dichroic mirror (a wavelength�selective

mirror) and is focused in a sample. Usually a water

immersion objective with numerical aperture (NA) > 0.9

is used. The sample fluorescence is collected by the same

objective and is passed through a dichroic mirror, which

separates it from the exciting light. To isolate the fluores�

cence wavelength, emission filters are additionally used.

A confocal diaphragm (pinhole) on the image surface

limits the passage of the fluorescence signal and provides

for collecting the light only from the confocal volume. In

the scheme presented the light�guide end�wall is used as a

diaphragm. Then the fluorescence photons fall onto a

detector, preferentially an avalanche photodiode or pho�

tomultiplier, which records single photons. Then the sig�

nal is converted by a special computer board functioning

as a correlator. By choosing the confocal diaphragm

diameter, dimensions of the recorded confocal region

were decreased to 0.32 µm in the transversal and to

1.53 µm in the longitudinal direction [39].

In some modern FCS set�ups a two�photon excita�

tion is used, which makes possible the excitation at the

→→kbind

kdiss
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doubled wavelength as compared to the usual excitation

spectrum of the dye fluorescence (Fig. 2). The probabili�

ty of absorption of two photons by the same molecule is

proportional to square of the radiation intensity. This

leads to isolation of a very small volume near the focal

surface where due to the maximal intensity of the exciting

light the two�photon excitation of molecules occurs, on

one hand, and they can be irreversibly bleached, on the

other hand. These features of the two�photon excitation

are very advantageous for measurements within cells [41,

42]. In contrast, the one�photon excitation is associated

with bleaching of a significant number of fluorescent

molecules upwards and downwards from the confocal

volume. In the case of the two�photon laser excitation, no

confocal diaphragm is required and the total flux of fluo�

rescence photons directly falls onto the photoelectron

multiplier, then onto the amplifier, and then onto the cor�

relation board. Unfortunately, the high price of lasers

used for the two�photon excitation markedly prevents

their use in practice.

In 1974 Koppel [43] for the first time statistically ana�

lyzed standard deviations of experimental autocorrelation

curves. Consideration of influences of different factors

(detector characteristics, confocal volume size and shape,

concentration of particles in the confocal volume, laser

radiation intensity, etc.) on the recorded signal promoted

the further development of theoretical analysis [40, 44, 45].

Different applications of FCS were developed for analysis

of particles with the same or similar diffusion coefficients

[46�49]. Such works enlarged the fields for using the

method for studies on different biological objects.

Alongside other methods of confocal fluorescence

microscopy, FCS is today a standard approach that is

rather simple in practice and is characterized by a high

time and spatial resolution permitting the recording of

signals on the level of single molecules.

EXPERIMENTAL AND THEORETICAL BASES

OF THE METHOD

Confocal volume and approaches for its determina�
tion. The confocal principle widely used in modern

microscopy is an important component in current appli�

cations of the FCS method. The term “confocal” corre�

sponds to locating a confocal diaphragm (pinhole) at the

surface optically coupled to the focal surface of the objec�

tive. This principle is shown in Fig. 3. 

The region that is responsible for a detected signal of

a fluorescent marker (molecule) in the framework of the

above�described optical system is usually called the con�

focal volume, which is ~1 fl (10–15 liter). But this defini�

tion of the confocal volume does not strictly determine its

limits because isolation of the fluorescence signal from

the noise can differ in efficiency. The size and shape of the

confocal volume are determined by both characteristics

of the focused exciting light and the system of the confo�

cal recording of fluorescence. Moreover, parameters of

the confocal volume depend on the properties of the sam�

ple (medium refractive index, photophysical features of

the fluorophore) and also on the coverglass thickness and

on other experimental conditions [50]. The confocal vol�

Fig. 1. Principle of operation of set�up for fluorescence correla�

tion spectroscopy.
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ume is usually presented as an ellipsoid with r0 and z0

coordinates in the transversal and longitudinal direction,

respectively (Fig. 4).

All these parameters influence the spatial function of

the probability distribution of detecting a sample particle,

which determines borders of the confocal volume. This

function is often given as the Gaussian probability distri�

bution, and in this case the confocal volume can be pre�

sented as an ellipsoid limited by size parameters z0 and r0,

which are included in the Gaussian distribution.

Moreover, a concept of the observation volume, or the

effective volume, is also used, which is defined as the

region in space where the probability of detecting the

marker molecule is more than 1/e2 of the maximal level.

In the case of the Gaussian distribution, the confocal vol�

ume size exceeds the effective volume size 23/2�fold [51]:

(1)

There are the following main approaches for finding

dimensions of the confocal volume [51]: measurement of

a series of autocorrelation functions of diffusion of a flu�

orescent molecule in a solution with the known concen�

tration; measurement of the autocorrelation function of

diffusion of fluorescent molecules with the known diffu�

sion coefficient; measurement of a signal of fluorescence

intensity of fluorescent spheres (sphere dimensions are

smaller than those of the confocal volume) fixed on the

coverglass.

In the first approach the autocorrelation functions of

diffusion of fluorescent dye molecules with known con�

centration are recorded in a series of dilutions. Then the

effective volume is calculated by the formula:

Vef = N/NAc,                                 (2)

Fig. 3. Principle of confocal filtration of a signal. The laser beam (continuous line) is directed into the microscope objective with the selective

mirror (SM) and is focused onto the point P0 within the depth of the object under study. Fluorescence emitted from this point (dashed line) is

collected with the objective and focused with the lens L at the conjugate focal surface of the objective on passing through a hole in the confo�

cal diaphragm (CD) to the photoelectron multiplier (PM) (a). Fluorescence emitted from the points P+ (b) and P– (c) is defocused on the CD

and does not reach the PM. This ensures suppression of the fluorescence emitted from the points of the sample located higher and lower than

the focus of the objective.
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where N is the number of fluorescent molecules in the

confocal volume, c is molar concentration of the sub�

stance, NA is Avogadro’s number.

An advantage of this approach is its independence of

optical characteristics of the set�up and, consequently, it

has no need for assumptions concerning the function of

light distribution within the confocal volume. However,

this approach is labor�consuming and requires samples to

have definite photophysical properties. Conventional

dyes including rhodamine 6G and sulforhodamine B can�

not be used for calibrating the set�up by this approach

because they are rapidly adsorbed onto the glass surface.

The other method is based on the hypothesis that the

probability distribution of recording the particles within

the confocal volume can be approximated with the

Gaussian function in three�dimensional space. Then

approximation of the experimental autocorrelation curve

(see below) will allow us to determine the diffusion time

τd of fluorescent molecules. If the diffusion coefficient of

a substance is known, the size of the effective volume can

be calculated by the formula:

Vef = π3/2k(4Dτd)3/2,                        (3)

where k = z0/r0.

The main advantage of this method is the rapid cali�

bration. But accuracy of the determination depends on

the accuracy of determination of the diffusion coefficient

in water of the conventional fluorescent marker rhod�

amine 6G. In the literature values of this coefficient vary

from 250 to 426 µm2/sec at 22°C [39, 52�54].

Independently of the FCS methodology, the confo�

cal volume can be determined by scanning a signal of the

fluorescence intensity of fluorescent spheres fixed on a

coverglass. The dimensions of these spheres must be lower

than the geometric parameters of the confocal volume.

Figure 5 shows such measurements for fluorescent

spheres with diameter of 100 nm in three directions (y–x,

z–x, and z–y) [51].

Autocorrelation function. The designation indicates

that the correlation is assessed based on the finding of

correlating (similar, associated) values during their deter�

mination within a certain time interval T. This is realized

by comparing the signal intensity at moment t and (t + τ)

over the whole period of recording the signal (Fig. 6). A

strict determination of the autocorrelation function is

given by Eq. (4):

,      (4)

where F(t) is a function of the fluorescence intensity

depending on the time t.

In the literature a normalized autocorrelation func�

tion is often used resulting from division of Eq. (4) by the

multiplier <F(t)2>:

.                      (5)

The normalized autocorrelation function takes val�

ues from zero to one.

For the function G(τ) analytical expressions have

been obtained for cases of free movement of a particle

within the three�dimensional space [29], a particle move�

ment within the flow of a fluid [31, 55], a chemical reac�

tion leading to changes in the particle brightness [11, 29].

For the case of three�dimensional diffusion the following

expression is valid:

Fig. 5. Measurement of confocal volume dimensions by scanning the fluorescence intensity of immobile spheres. Gray outlines correspond to

90, 50, and 13.5% of the maximal fluorescence intensity. In the figure edges experimentally obtained borders of the confocal volume are shown

in the corresponding surfaces (figure modified from work [51]).
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,               (6)

where τd is the diffusion time, i.e. the dwell time of the

particle inside the confocal volume before its exit due to

free diffusion; N is the average number of particles inside

the confocal volume; r0, z0 are geometrical parameters of

the confocal volume.

The number of fluorophores within the confocal vol�

ume is inversely proportional to the autocorrelation func�

tion value in the limit of short time periods, i.e. at τ → 0

[29]:

G(τ → 0) = 1/N.                            (7)

This simple relation is valid not only for the case of

Gaussian distribution of the probability of the particle

being detected, but also in the general case for more com�

plicated distributions. It follows from Eq. (7) that fluctu�

ations in the fluorescence intensity damp on an increase

in the number of particles within the confocal volume.

Histogram of fluorescence intensity distribution. The

time dependence of fluorescence can be analyzed by cal�

culating not only the autocorrelation function but also by

using the distribution histogram of the fluorescence

intensity, the photon counting histogram (PCН).

According to its definition, this distribution corresponds

to dependence of the incidence of a signal with the given

value (P(F)) on the value itself, i.e. on F. The histogram

shows the probability of presence within the confocal vol�

ume of molecules with a particular fluorescence intensity

relative to the total number of recorded events. Thus, in

contrast to the autocorrelation function, the PCH ana�

lyzes the distribution of fluorescence intensity of the par�

ticles that occur within the confocal volume during the

observation time but not the mobility of these particles.

The main features of PCH can be explained in a sim�

plified system when the confocal volume is a region of

space with uniform probability of detecting a particle. In

the case of particles with the same brightness, the proba�

bility of occurrence of N particles in the confocal volume

is described by the Poisson distribution:

,                               (8)

where λ is the average number of particles over the obser�

vation period. Due to the above�adopted condition of

uniform probability of detecting the particle within a

definite volume, PCH has also to have Poisson distribu�

tion. However, a nonuniform distribution of the proba�

Fig. 6. Principle of autocorrelation treatment of fluorescence sig�

nal fluctuations. a) A typical time dependence of fluorescence of

rhodamine 6G (R6G) at the excitation wavelength of 532 nm. b)

Some data from panel (a) are shown on another time scale. The

lower record is shifted by the time τ in relation to the upper

record. F
–

is the average level of the signal. To find the autocorre�

lation function at the given value of τ, it is necessary to summa�

rize the product of values of the signals shown in these two

records. c) The resulting autocorrelation function of the R6G

fluorescence fluctuations (points) and its approximation by Eq.

(6) (curve).
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bility of detecting the particle, as well as a random tra�

jectory of the particle movement within the confocal vol�

ume cause distortions in the intensity distribution his�

togram that results in noticeable deviations from Poisson

distribution.

For the case of two�photon excitation when the dis�

tribution of the particle detection can be well described

by a Gaussian function, mathematical algorithms were

derived to find a function for approximating experimen�

tal histograms, and this approach was tested in some

experiments [48, 56�58]. It was shown that this approach

could assess the brightness of a particle even in a system

containing other particles with similar diffusion coeffi�

cients but with different brightness [47, 49, 59]. But, as it

has been said earlier, two�photon excitation set�ups are

still rarities. Therefore, we do not discuss in detail publi�

cations concerning PCH analysis on two�photon excita�

tion.

However, let us analyze a key work to obtain an idea

about possibilities of this type of FCS. This approach was

used to determine stoichiometry of the binding of a fluo�

rescently labeled ligand of a retinoid X�receptor located

in the nuclear membrane of cells [60]. A series of control

measurements were performed in vitro and in vivo to cal�

culate the brightness dependence of a fluorescent mark�

er molecule GFP on concentration of the preparation.

Over a wide concentration range the luminosity of the

single fluorophore molecule was constant in both solu�

tion and in nuclear membrane being ~4000 photon/sec

per molecule. In the case of a heterogeneous system

(monomer/ dimer) the recorded value of the particle

brightness (εapp) will be intermediate between the bright�

ness values of the monomeric (ε1) and dimeric (ε2)

forms, and the contribution of each of these complexes

to the total brightness will depend on the numbers of,

respectively, monomeric (N1) and dimeric (N2) particles

by the equation:

.                          (9)

COS strain cells were transfected with subsequent

expression in them of GFP�labeled ligand for the retinoid

X�receptor of the nuclear membrane. Increasing the lig�

and concentration increased the brightness of the lig�

and–receptor complex, which suggested oligomerization

of the receptor. However, the value of the complex bright�

ness was intermediate between the corresponding values

for the monomeric and dimeric GFP forms, and the

authors explained this to be caused by the low concentra�

tion insufficient for complete dimerization of the recep�

tor. The addition to the cells of an activator of the recep�

tor, 9�cis�retinoic acid, induced a rapid dimerization that

was in a good agreement with the in vitro data for this

receptor [61].

APPLICATIONS OF FLUORESCENCE

CORRELATION SPECTROSCOPY

Studies of interaction and aggregation of biologically
active molecules. Determination of mobility (diffusion

coefficient) of fluorescent particles represented by fluo�

rescently labeled biopolymers is the most common appli�

cation of FCS in biology. Because the diffusion time τd is

inversely proportional to the diffusion coefficient,

,                                (10)

and, consequently, is directly proportional to the particle

size,

,                              (11)

(k is the Boltzmann constant, T is temperature, η is vis�

cosity of the solution, R is the particle radius), this

parameter will change on aggregation of molecules under

study or on formation of complexes with other polymers.

The determination of τd was used for studies of pro�

tein–protein, protein–lipid, and ligand–receptor inter�

actions, and also of aggregation of biomolecules under

the influence of different factors. Studies of such interac�

tions include analysis of autocorrelation functions of flu�

orescence fluctuations of a free fluorescent ligand, which

as a rule has a small size, and of this ligand in complex

with biomolecules (Fig. 7).

Aggregation of amphipathic biopolymers capable of

producing micelles in aqueous solution is studied using

lipophilic dyes, e.g. octadecyl rhodamine B (R18), which

can be accumulated in the micelles. Analysis of autocor�

relation functions resulted in determination of the aggre�

gation number (N) of a lipopolysaccharide (LPS: E. coli

0111:B4) in aqueous solution [62]:

,                         (12)

where cmc is the critical concentration of micelle pro�

duction, [LPS] is the lipopolysaccharide total concentra�

tion, and [Mic] is the concentration of micelles.

Based on measurements of amplitude of the R18

autocorrelation function, the number of micelles was cal�

culated within the confocal volume Np,lim, and then the

micelle concentration in aqueous solution was calculated

using the formula:

,                            (13)
f



504 PEREVOSHCHIKOVA et al.

BIOCHEMISTRY  (Moscow)   Vol.  76   No.  5   2011

where Vf is the confocal volume. The experimentally

found value N = 168 ± 4 was constant over a wide range

of the lipopolysaccharide concentrations (0.7�150 µM).

Biopolymer aggregation can be recorded more

directly by determination of the increase in diffusion time

τd under conditions of covalently bound fluorescent label

with the polymer under study. This approach was used to

study β�amyloid protein aggregation in solution [63�65]

and α�synuclein protein aggregation in vitro [66]. The α�

synuclein aggregation plays a crucial role in Parkinson’s

disease, and mutant proteins found in the patients are

more prone to aggregation than the wild type [67]. The

authors found that proteins of the immunophilin family

markedly accelerated aggregation of α�synuclein labeled

with the dye Bodipy, which increases the diffusion time

(τd) of labeled α�synuclein. The diffusion coefficient

measured for the monomer was (5.8 ± 0.65)⋅10–11 m2/sec

that on the calculation for the globular protein corre�

sponded to the radius of 4.3 ± 0.5 nm. Upon termination

of the aggregation, the diffusion time was two�three

orders higher than at the beginning of the experiment. It

is difficult to determine dimensions of such complexes

based on data of the autocorrelation function because flu�

orescence fluctuations with a high amplitude significant�

ly contribute to the form of the autocorrelation function.

Due to the high sensitivity of FCS, concentrations of pro�

teins to be determined by this method can be much lower

than for similar measurements with the light scattering

method.

Analysis of autocorrelation functions and measure�

ment of diffusion coefficient combined with determina�

tion of the fluorescence anisotropy was also used to study

the interaction with DNA of such proteins as a transcrip�

tion activator NtrC [68] and 7�aminoactinomycin D [23].

In addition to the high sensitivity, this approach makes it

possible to make determinations over a wide range of val�

ues of pH, salt concentrations, and temperature.

Dissociation constants of NtrC are shown to significantly

depend on the buffer composition and are two orders dif�

ferent (0.014 and 5.8 nM) for 15 and 600 mM potassium

acetate, respectively. It should be noted that the fluores�

cence anisotropy could be measured using an FCS set�

up, which in this case is used as a microfluorimeter [25].

This approach was used to determine the binding con�

stants of 7�aminoactinomycin D with DNA [23].

Consider in more detail an approach for assessment

of the binding of a labeled ligand with a receptor, the lat�

ter having a significantly lower diffusion coefficient. Such

a system is exemplified by the interaction of labeled anti�

gens with antibodies to them [69�71], of labeled oligonu�

cleotides with DNA and RNA [72, 73], or of proteins

with lipid vesicles [74�77]. The diffusion time τd and the

particle concentration in the confocal volume N were

already discussed as main parameters of the autocorrela�

tion function. In the system consisting of molecules with

different τd values, the contribution of each type of parti�

cles (i = 1, 2, 3, …, M) to the autocorrelation function

value will be expressed as follows:

Fig. 7. Interaction of a fluorescently labeled ligand with a nonfluorescent partner resulting in a shift of the autocorrelation function to longer

diffusion times τd due to formation of complexes and decrease in diffusion coefficient of the bound ligand.

1.2

0.8

0.4

0.0

10–7 10–5 10–3 10–1

Correlation time τ, sec

A
u

to
co

rr
e

la
tio

n
 G

(τ
)

τ1

τ2



FLUORESCENCE CORRELATION SPECTROSCOPY 505

BIOCHEMISTRY  (Moscow)   Vol.  76   No.  5   2011

,   (14)

where Ni is the average number of particles, qi is the nor�

malized intensity of fluorescence, and Gi(τ) is the auto�

correlation function of component i [78]. In the case of a

system consisting of two types of particles (e.g. a free flu�

orescently labeled protein P and a complex of this protein

with liposomes V) the amplitudes of the autocorrelation

functions can be represented as:

,       (15)

where Np and Nv are the numbers of free protein and lipo�

some particles, respectively, N′ is the number of particles

consisting of liposome complexes with the bound protein,

and α is the average number of protein molecules per

liposome.

Using this approach, constants of the protein bind�

ing with liposomes can be calculated:

,                     (16)

where [P]mem is the bound protein concentration, [P]tot is

the initial protein concentration, and [L]acc is the total

lipid concentration. The total amount of protein does not

change, i.e. N0 = αNv + Np. Then

.          (17)

The Ap value can be calculated by approximation of

experimental autocorrelation diffusion curves of a protein

bound with liposomes using the two�component Eq. (14),

and the N0 value can be calculated by approximation of

the autocorrelation function of a free fluorescent protein

in solution using Eq. (6). This approach was used for

determination of binding constants of a fragment of the

protein MARCKS (myristoylated alanine�rich C�kinase

substrate) with liposomes different in the lipid composi�

tion, and results of the measurements were compared

with data obtained by the routine determination of bind�

ing of a radiolabeled protein with the subsequent cen�

trifugation of complexes [74]. The data were in a good

agreement. FCS was also used to determine the binding

with liposomes of other important proteins [79�81] and

also the binding of proteins with natural membranes [40].

Among the great variety of biologically active mole�

cules with bright fluorescence, photosensitizers are espe�

cially interesting. Photosensitizers are compounds that on

absorption of a light quantum can generate reactive oxy�

gen species (singlet oxygen and free radicals) having a

photodynamic effect [82]. Many studies have revealed

that the binding with the cell plasma membrane is an

important stage of biological action of photosensitizers

[83]. FCS allows researchers to obtain quantitative infor�

mation about the binding of photosensitizers with both

artificial [84] and natural membranes [27, 85] and also to

study mechanism of this binding. In particular, by FCS

the interaction of the central metal atom in the phthalo�

cyanine molecule with the phosphate group of phospho�

lipid was shown to be an important factor for the binding

of metallophthalocyanine photosensitizers with phospho�

lipid membranes [84, 85].

In particular, FCS studies of ligand−receptor systems

are exemplified by studies on the interaction of different

fluorescent ligands with receptors attached to nonfluores�

cent artificial spheres with a diameter in the range of

nanometers. This approach was used to study the interac�

tion of estrogen β�receptors with a fluorescently labeled

protein as a coactivator of these receptors (SRC�1) in the

presence of 17�β�estradiol and tamoxifen [86]. Analysis

of the autocorrelation functions of the free ligand and of

the ligand–receptor–sphere complex allowed the authors

to calculate the equilibrium dissociation constants.

FCS can be used not only to measure particle mobil�

ity in solution, emulsion, or suspension, but also to deter�

mine the two�dimensional diffusion of particles in artifi�

cial and natural cell membranes [18, 87, 88]. Thus, FCS

was used for determination of diffusion coefficients of flu�

orescently labeled lipids in a lipid bilayer, and the effect of

cholesterol on their movement within membranes of

giant liposomes was studied [89, 90]. This system is also

characterized by formation of lipid domains with differ�

ent phase state that results in a significantly different

mobility of lipids depending on their position within the

liposome. Recording the FCS signal in different places of

the membrane of an immobile lipid vesicle, the following

values of diffusion coefficients for the lipophilic dye Dil�

C20 were found: D = 3⋅10–8 cm2/sec in a liquid phase and

D = 2⋅10–9 cm2/sec for a cholesterol�enriched phase. The

resulting values are in good agreement with data obtained

by the method of fluorescence recovery after photo�

bleaching (FRAP).

FCS was also used to measure lipid and protein dif�

fusion in plasma membranes of cells [91�93]. These works

confirmed the earlier found anomalous diffusion in cell

membranes associated with existence of membrane

immobile subdomains, the so�called rafts, and also of

cytoskeleton�associated structures [94].

The determination of particle diffusion in a mem�

brane requires that the membrane be precisely located

within the center of the confocal volume. An approach

was proposed for optimization of such experiments by

measurement of a series of autocorrelation functions at

different positions of the confocal volume relatively to the

′
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membrane surface (the z axis) [95, 96]. By approximating

the dependence of τd on z of the proposed function the

coefficient diffusion value can be found for a particle

within the membrane with precision significantly higher

than for a single determination of τd.

By now great experience has accumulated in the

application of FCS to living systems. For example, the

autocorrelation function of fluorescently labeled calmod�

ulin (Alexa 488 calmodulin) in the HEK293 cell cyto�

plasm was shown to be significantly shifted to longer time

values compared to the autocorrelation function of isolat�

ed calmodulin in aqueous solution and to be character�

ized by several diffusion components [17]. This seemed to

be associated with the higher viscosity of the cytoplasm

and with formation of protein complexes with different

cell components leading to a decrease in the diffusion

coefficient in the cytoplasm.

FCS combined with FRAP was used to study the

movement of oligonucleotides in the nucleus of cultured

rat myoblasts [97]. The diffusion coefficients were deter�

mined for fluorescently labeled oligodeoxythymidine and

of oligodeoxyadenine with the length of 43 nucleotides

[97]. By FCS the major fraction of the two oligonu�

cleotides was shown to move in the nucleus with the dif�

fusion coefficient of 4⋅10–7 cm2/sec that corresponded to

the diffusion coefficient in aqueous solution. A large frac�

tion of intranuclear oligodeoxythymidine (45%) was also

recorded which, as discriminated from oligodeoxyade�

nine, gave another slow component with diffusion coeffi�

cient ≤1⋅10–7 cm2/sec. Later, this slow component was

shown to correspond to a complex of oligodeoxythymi�

dine with polyadenine of intranuclear RNA. The two sep�

arate components were not detected by the FRAP

method, and the diffusion coefficient value in this case

was intermediate between the similar values for the fast

and slow components measured by FCS. In the case of

oligodeoxyadenine the diffusion coefficient values meas�

ured by the two methods were in good agreement.

FCS is actively used to study the interaction of lig�

ands with receptors on natural membranes. Thus, the

interaction of fluorescently labeled proinsulin C on plas�

ma membrane receptors was studied on some human cell

strains [40]. The affinity constants were found to be in the

range of tenths of nanomoles depending on the cell type.

The interaction was shown to be specific by suppressing

the binding with specific inhibitors. Later, the interaction

of the fibroblast growth factor receptors (Fgfr1 and Fgfr4)

with their ligand Fgf8 in Danio rerio cells was studied in

vivo [98]. This was done by introduction into the cells

during embryogenesis of mRNAs of the corresponding

proteins conjugated with the fluorescent proteins. The

diffusion coefficients of the Fgfr receptors under study

were determined in the plasma membrane, as well as con�

stants of their affinity to Fgf8. Studies on ligand/receptor

complexes in the cells using FCS were recently consid�

ered in a detailed review [16].

FCS was also used for diagnostics of different dis�

eases, including HIV�infection and tuberculosis [99,

100]. On identification of HIV�infection, FCS was com�

bined with an isothermal amplification of DNA/RNA,

which allows selectively increasing the concentration of

HIV�1 RNA. To synthesize DNA from the RNA template

under analysis, a fluorescently labeled oligonucleotide

primer was used specific to a region of the HIV�1 gag

gene. The specific hybridization and elongation of the

DNA chain due to the amplification resulted in an

increase in the diffusion time of the fluorescently labeled

molecule that was recorded by FCS. Such a modification

of the isothermal amplification of DNA/RNA has some

advantages. First, the process is monitored in real time by

an increase in the diffusion time of the fluorescent mole�

cule. Second, the process can be analyzed simultaneous�

ly in a large number of samples under study. Third, reac�

tion systems need not be opened, which prevents the risk

of contamination. To study the amplification kinetics of

the Mycobacterium tuberculosis genomic DNA, the poly�

merase chain reaction was used instead of the isothermal

amplification of DNA/RNA [100].

An interesting modification of FCS is a simultaneous

measurement of fluorescence of two independent dyes

(so�called two�color FCS) [101]. This allows researchers

very accurately measure hybridization of oligonucleotides

carrying two different fluorescent labels. The appearance

of a cross�correlation signal indicates the formation of a

complex between two nucleotides. Note that this

approach does not require energy transfer from one dye to

another, and this is its essential difference from fluores�

cence resonance energy transfer (FRET), which is also

frequently used for detecting formation of intermolecular

complexes and intramolecular interactions. In this case

the cross�correlation signal indicates a simultaneous

appearance of two labels within the confocal volume.

Using FCS for studies on kinetics of chemical reac�
tions of biologically active molecules. In their first presen�

tation of the FCS approach Magde et al. [28] demon�

strated the possibility of studying kinetics of chemical

reactions of biomolecules, in particular, the interaction of

DNA with ethidium bromide. Consider in more detail the

theory of FCS as applied to the monomolecular reaction

of isomerization [11]:

A       B .

Assume that the A state of the substance is fluores�

cent and the B state is not fluorescent (fluorescence

quantum yields are QA = Q, QB = 0) and that the diffusion

coefficients do not change during the isomerization (DA =

DB = D). Then the A and B concentrations will change

due to diffusion processes and to the chemical reaction:

,   (18)

→→kAB

kBA
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The solution of these equations [29] results in the

following expression for the autocorrelation function:

, (20)

where N = (CA + CB)V is the total number of A and B mol�

ecules within the volume under observation, K = kAB/kBA =

CB/CA is the equilibrium constant of the chemical reaction,

and τR = (kAB + kBA)–1 is the relaxation time of the chemi�

cal reaction.

Equation (20) contains two components, one of

which is similar to that presented in Eq. (6) describing the

autocorrelation function for three�dimensional diffusion,

whereas the other corresponds to the contribution of

chemical reaction. For the time interval τ << τR,τd ampli�

tude of the autocorrelation function is inversely propor�

tional to the number of fluorescent molecules A

(G(τ→0) = 1/NA, NA = CAVconf). If the rate of the chemi�

cal reaction is higher than the diffusion time (τR << τd),

then for time intervals longer than τR the autocorrelation

function is mainly determined by diffusion (Eq. (6)), and

in this case G(τ→0) = 1/N, i.e. the amplitude of the auto�

correlation function depends on the total number of mol�

ecules that are associated with fast transitions between the

A and B states.

The transition of a molecule from the fluorescent

state into the nonfluorescent state can be associated with

protonation/deprotonation of the molecule as has been

observed for the case of green fluorescent protein (GFP)

[102]. Analysis of the GFP autocorrelation functions at

different pH values revealed that the transition time was

300 µsec at pH 7 and decreased to 45 µsec at pH 5, and

80% of molecules transited into the nonfluorescent state.

At alkaline values of pH the transition time was 340 µsec

and was not associated with protonation/deprotonation.

The authors supposed that the flickering of protein fluo�

rescence at pH 8�11 could be associated with an

intramolecular transfer of a proton or with changes in the

protein conformation.

In work [103] a simpler system was represented by

transitions between the fluorescent and nonfluorescent

states of the dye fluorescein in aqueous solution. In par�

ticular, the characteristic time for transition from the

deprotonated doubly charged fluorescent form into the

singly protonated anionic poorly fluorescent form at

pH 9.4 was 5.4 µsec. In subsequent work of this laborato�

ry FCS was used to study the lateral mobility of protons

on the lipid membrane surface and the dissociation/bind�

ing of protons to the lipid surface [104]. This study was

performed using two fluorescently labeled lipids based on

phosphatidylethanolamine: one of them was conjugated

with fluorescein and the other with Oregon Green. At pH

> 8 protonation of the surface dye included the interac�

tion of the proton with the total surface of the membrane

(i.e. the membrane acted as a proton�collecting antenna),

whereas at lower pH values the dye was protonated with�

out involvement of the membrane, i.e. in the same way as

in solution.

FCS was used to study kinetics of formation of

potassium ion complexes with the fluorescently labeled

K+�indicator TAC�K+ [105]. On formation of the indica�

tor complex with potassium ions the free nonfluorescent

indicator transited into a fluorescent state and bound with

potassium ions:

TAC − K+ TAC�K+,

where ka is the complex formation constant and kd is the

complex decomposition constant. Analysis of autocorre�

lation functions at different concentrations of potassium

ions in solution resulted in determination of the complex

association and dissociation constants (0.0020 ±

0.0003 mM–1⋅msec–1 and 0.12 ± 0.02 msec–1, respective�

ly).

FCS was used to study kinetics of interaction of pyro�

nine Y and pyronine B with β�cyclodextrin [106]. On addi�

tion of cyclodextrin the autocorrelation function was shift�

ed to longer times (from 250 to 400 µsec) and a fast com�

ponent G(τ) appeared within the range of 0.1�1 µsec. The

binding of both dyes was fast and limited by diffusion. The

difference between their equilibrium binding constants was

mainly contributed by the difference in the dissociation of

the complex. Diffusion coefficients of the free dyes and

their complexes with cyclodextrins were also determined.

FCS allows researchers to follow the formation of

hydrogen bonds leading to the folding of biopolymers.

Thus, FCS was used to study kinetics of loop formation in a

short�chain DNA molecule [107]. A fluorescent dye (rhod�

amine 6G) was covalently attached to one end of the DNA

molecule and the quencher of rhodamine fluorescence

DABCYL was bound to its other end. Thus, the fluores�

cence was bright in the unfolded state of DNA and signifi�

cantly quenched for hairpin formation. Equation (20) was

transformed for the two�dimensional movement and used

for calculation of kinetic parameters of a chemical reaction

resulting in production of secondary structure of DNA:

,           (21)

where p is the fraction of unfolded molecules, 1/τR = k_ +

k+, k_ is the rate constant of transition from the closed

→→kd

ka

t

t
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(folded) state to the open state, k+ is the rate constant of

transition from the free state to the folded state. Because

the diffusion time of the DNA molecule (τd = 150 µsec)

occurred within the time range of the reaction τR =

5 µsec�1 msec, the control specimen of DNA lacking the

quencher of the rhodamine 6G fluorescence was studied

to calculate τR, i.e. the autocorrelation function charac�

terizing only the diffusion component. For a DNA frag�

ment consisting of 21 nucleotides τR = 134 µsec at 10°C

and τR = 28 µsec at 45°C.

FCS was used to study a similar system, but instead

of fluorescence quenching the energy transfer was deter�

mined from one end of RNA molecule to the other

(FRET) [108]. This study was performed using a pair of

dyes, Cy3 and Cy5. The conformation dynamics of RNA

led to appearance of fluctuations in the FRET signal

within the millisecond range, and these fluctuations

depended on concentrations of magnesium and sodium

ions. The authors concluded that the association/dissoci�

ation of ions did not contribute to the observed intramol�

ecular changes in the RNA molecule. Note that in this

work RNA molecules were immobilized on a strepta�

vidin�coated glass with an additionally attached biotin

molecule.

In work [109] FCS was used to study a superhelix

formation of a 2686�bp plasmid DNA (plasmid pUC18).

In this case fluorescence of the plasmid labeled with rhod�

amine 6G by one base was caused by conformational

dynamics of this elongated molecule with spatial dimen�

sions exceeding those of the confocal volume. The circu�

lar DNA could be circle�shaped and also form helices and

additional loops. The autocorrelation function of loop�

free DNA could be sufficiently described by a simple

equation of diffusion, and the presence of loops led to

appearance of an additional component G(τ) which cor�

responded to fast transitions between different conforma�

tions of DNA.

FCS is used to study conformational dynamics not

only of DNA but also of proteins. The autocorrelation

function was measured for an intestinal fatty acid�binding

protein, or to be more precise, of its cysteine mutant in

position 60 with a covalently bound fluorescein Val60Flu

[110]. Equation (6) describing the pure diffusion dynam�

ics of particles does not adequately describe the G(τ) of

the protein observed in solution. And the measured value

of τd was only slightly over the τd value for free molecules

of the dye (71 and 55 µsec, respectively). However, Eq.

(20), which in addition to the diffusion component also

includes the first order reaction characterizing conforma�

tional dynamics of the protein, described the G(τ) of the

protein very precisely. And the τd value (120 µsec) deter�

mined for the protein under study already sufficiently

corresponded to a particle with such a high molecular

weight. The component involving the conformational

dynamics τR (35 µsec) significantly depended on pH and

disappeared on acidification, which was explained by

denaturation of the studied protein. In work [111] a sim�

ilar approach was used to study dynamics of a small pro�

tein subunit of oxoglutarate dehydrogenase from E. coli.

A number of characteristic times were found for the fold�

ing of this protein, and the shortest time was 500 nsec.

The authors noted that this time was shorter than had

been predicted by the “stochastic ball” model of a

biopolymer.

Using FCS for study of movement of individual mole�
cules in flow systems. FCS can be used to determine rates

of flows of fluorescently labeled particles, including bio�

logically important molecules [55, 112�114]. The formu�

la for the autocorrelation function in the case of particle

movement in a flow with a certain rate is as follows [55]:

,               (22)

where

.                 (23)

In this equation τd and τflow are, respectively, times of

the particle passage across the confocal volume due to

free diffusion and under the influence of a constant flow

of fluid. The τflow value can be used to determine the rate

of the fluid flow:

,                               (24)

where r0 is the confocal surface radius.

Virtually, the flow is usually varied by positioning the

reservoir with a diluted solution of the fluorescently

labeled preparation on a different height. The pressure

drop creates a stationary flow with rate V proportional to

the pressure difference. The flow rate is maximal in the

center of the channel and approaches zero near its walls

[55] in accordance with the parabolic profile of the rate in

the channel section, which is given by the Poiseuille

equation for laminar flow:

,                      (25)

where η is the solution viscosity, l is the channel length,

and d is the channel half�width. In work [55] uridine

phosphate covalently labeled with tetramethylrhodamine

(10–10 M) was used as a fluorescent marker for determi�

nation of the flow rate.

The FCS set�up equipped with a flow capillary is

very like a flow cytofluorimeter and can be used for the
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same purpose [115]. However, despite the external resem�

blance they are significantly different in the geometry of

the focused exciting light. In the flow cytofluorimeter the

exciting light spot is large and the brightness within the

spot is more uniform, which results in a significantly

lower luminescence than in FCS. Therefore, the flow

cytofluorimeter is more appropriate to study whole col�

ored cells because the brightness of isolated organelles of

submicron size is usually insufficient. By contrast, FCS is

sufficiently sensitive for recording luminescence of single

molecules of a fluorophore.

Using the fluid flow in the experimental cell for

increasing the number of recorded events of particle pas�

sage across the confocal volume was described in work

[116] where fluorescently labeled single� and double�

stranded DNA molecules were recorded [116].

Amplitudes of the fluorescence peaks were determined,

and this promoted population analysis of DNA suspen�

sion at different temperatures. Width dependences of

FCS signal peaks and of the area under the peaks on the

flow rate and particle dimensions were analyzed [115].

The width and area of the peak were shown to increase

with an increase in the particle dimensions at constant

rate of flow. The authors proposed using this dependence

for determination of dimensions of particles moving in a

flow with a definite rate.

Mixing of preparations directly within the confocal

volume using microfluidics creates new opportunities for

studies on kinetics of fast interactions. Thus, a modified

microcell was shown where two reacting preparations

were separated by a buffer solution to locate the mixing

only within the laser beam focus [117]. The cell had five

entrances and one exit. Solution A with one type of mol�

ecules was injected into the central channel and solution

B with another type of biomolecules was injected perpen�

dicularly. Along the diagonal a flow of solution A without

biomolecules was used to prevent untimely mixing of the

preparations from solutions A and B. FCS allowed

researchers to completely characterize conditions of the

fluorescence quenching within such a cell and to assess

the rate of mixing of the two solutions by quenching fluo�

rescently labeled dextran under the influence of potassi�

um iodide (the characteristic mixing time is 0.1 msec).

The more sophisticated FCS variant was specially

elaborated to more completely characterize fluid flows. It

is a dual�focus cross�correlation set�up, which provides

for the determination not only of the flow rate but also the

direction of the particle movement. The optical scheme

in this case is fundamentally different from the scheme

shown in Fig. 3 by the presence of two observation vol�

umes with the distance between them of ~2 µm [112]. At

each measurement two cross�correlation curves are

recorded, which correspond to correlation of the fluores�

cence signals within the first and second confocal vol�

umes in the flow direction and against it. The cross�cor�

relation function of the movement in the flow direction

has a peak corresponding to the same particle passage first

across the first and then across the second confocal vol�

ume. If the flow is directed perpendicularly to the vector

connecting the two confocal volumes, the signal cross�

correlation will be absent [112].

FCS can be also used combined with capillary elec�

trophoresis [118�121], which allows charged substances

to be separated in electric field. Theoretically, to reliably

discriminate two fluorescent substances using conven�

tional FCS, they are to have no less than an eighth�fold

difference in molecular weight M (because D ~ M–1/3),

whereas the electrophoretic mobility is proportional to

the charge/weight ratio, i.e. is more sensitive to changes

in the molecular weight [119]. However, changes in the

mobility in an electric field of a series of DNA molecules

revealed virtually absence of mobility dependence on

length, whereas the diffusion coefficient measured by

FCS noticeably changed in accordance with the model of

a rigid cylinder [120].

Determination of blood flow rate in blood vessels is

an important application of FCS in biological studies.

The presence of autofluorescent blood components

including erythrocytes makes it possible to perform stud�

ies without an additional modification of biomolecules or

introduction of markers. Combined with the laser scan�

ning microscopy, FCS was used for determination of

blood flow rate in the brain vessels of embryo of the fish

D. rerio [122]. To visualize the blood vessels, in this exper�

iment GFP was expressed in all endothelial cells of the

vessels. Upon fixation of the embryo, a single vessel was

chosen for subsequent measurements of the flow rate by

FCS. The resulting value of the rate (1.67 mm/sec) was in

a good agreement with the values obtained for vessels of

the D. rerio heart [123].

Analysis of fluorescence peaks in suspension of bright
particles. The processing of a fluorescence signal as an

autocorrelation function is not always optimal for analy�

sis of a system using FCS. Thus, in the case of a mixture

of particles significantly different in brightness, G(τ) will

be virtually completely determined by a contribution of

the bright particles. Moreover, in a suspension of large

particles (liposomes, isolated mitochondria, etc.) in low

concentrations the reproducible measurement of G(τ) is

associated with accumulation of a signal over a long peri�

od (up to some hours) that makes the solution of this

problem difficult. Therefore, another approach was pro�

posed for analyzing such systems – to calculate the num�

ber and amplitude of the fluorescence peaks in the initial

time record of the signal. This approach is very specific

for analysis of electrophysiological data and has a sophis�

ticated mathematical apparatus.

In particular, peaks were analyzed to study the bind�

ing of fluorescently labeled colchicine with tubulin [124,

125]. If a solution contains only fluorescent ligand mole�

cules, the time dependence of the fluorescence signal will

be a straight line with small deviations from the average
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Fig. 8. Time dependences of fluorescence intensity of liposomes carrying two fluorescent markers: a) for lipophilic label; b) simultaneously

measured dependence for hydrophilic label (figure modified from [129]).
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value. The addition into the solution of particles capable

of binding a number of the fluorescent ligand molecules is

accompanied by appearance in the records of fluores�

cence intensity of peaks with a high amplitude specific for

formation of complexes. Because the particles which have

bound different numbers of fluorescent molecules are dif�

ferent in brightness, the authors propose to analyze not

the number of complexes produced, i.e. the peaks, but the

total area under the peaks in the plot of time dependence

of the fluorescence intensity. Control measurements

revealed a linear dependence of this parameter on the

number of particles with the adsorbed fluorescent ligand

[124]. This analysis is usually performed for determina�

tion of the ligand binding constant [124].

A similar approach was used to analyze the binding

of the cationic polymer poly[(2�dimethylamino)ethyl�

methacrylate] (pDMAEMA) with a fluorescently labeled

oligonucleotide (Rh�ON) [126]. Complexes of DNA with

cationic polymers are known to be more effective in

transfection than free DNA. The composition of

pDMAEMA–Rh�ON complexes was studied as a func�

tion of the ratio of cation and anion charges ϕ(+/–). The

authors found that in the complexes of a cationic polymer

with oligonucleotide for which ϕ < 1 the fluorescence was

quenched due to a high concentration of the oligonu�

cleotide on one chain of the polymer. Further increase in

the polymer concentration resulted in an increase in the

number of high amplitude peaks that was associated with

the distribution of the oligonucleotide molecules between

the polymer chains in the concentration insufficient for

autoquenching. Upon reaching a certain ratio of the

charges when each chain of the polymer had one corre�

sponding molecule of the oligonucleotide, the further

increase in the polymer concentration would not lead to

an increase in the number of peaks. Just this was observed

by the authors at ϕ = 15 [126]. The same approach was

used to study the binding of other cationic polymers

[127].

A similar variant of FCS, which included analysis of

fluorescence peaks, was also used to study leakage of a

fluorescent dye from closed lipid vesicles (liposomes)

under the influence of different factors [128�132]. Van

den Bogaart et al. [129, 133] used a modified analysis of

peaks, which included recording of signals of two fluores�

cent markers with different spectral properties. The

authors called their modification dual�color fluores�

cence�burst analysis (DCFBA). One hydrophilic marker

was inside the liposomes, whereas the other marker was

lipophilic and located within the lipid bilayer. If the treat�

ment did not result in formation of pores in the mem�

brane and the integrity of liposomes was retained, the flu�

orescence intensity signals of the two markers were coin�

cident in time and duration because both markers moved

together in each liposome. If a channel�forming agent

was added to the liposomes and dimensions of the formed

pores were larger than those of the hydrophilic marker

molecules, this marker left the liposomes and the fluores�

cence signals ceased to coincide (Fig. 8).

Analysis of the peaks resulted in determination of the

concentration of marker molecules inside liposomes,

which was calculated by the following formula for each

peak:

,               (26)

where Iliposome and Isize�marker are, respectively, the fluores�

cence signal of liposomes and of molecules of inner

markers, and the Iliposome value is greater than a certain

value Ioffset in the time interval t1�t2; the degree 3/2 in the

denominator is associated with location of the fluorescent

label on the surface of liposomes, whereas marker mole�

cules are in the solution within the liposomes.

This approach was used to study a mechanosensitive

channel MscL [133]. This protein was incorporated into

liposomes colored with the lipophilic label DiO and

loaded with fluorescently labeled molecules of different

size. For compounds with size of 2�3 nm (proteins with

molecular weight below 7 kDa) the concentration of

marker molecules inside the liposomes decreased with the

opening of the MscL channel. Results of studies on single

liposomes using DCFBA were used for assessment of the

incorporation of MscL protein into liposomes. Only 50%

of all liposomes loose their contents on the channel acti�

vation. This means that about a half of the liposomes car�

ried inactive protein. Based on the protein/lipid ratio, it

was calculated that one liposome includes ~10 protein

molecules that form channels. The incorporation effi�

ciency in this case was <10%.

This approach can be very effective also in studies of

ligand/receptor systems. For such studies it is necessary

to prepare liposomes with an incorporated fluorescently

labeled protein, and the ligand also has to carry a fluores�

cent label with a spectrum different from that of the

receptor label. And the ligand affinity for the receptor

must be sufficiently high to exclude the background signal

of fluorescence of the free ligand in solution. This

approach was used for calculation of the binding constant

of the fluorescently labeled protein SecA with the fluores�

cently labeled protein of the SecYEG channel of the

secretion system of E. coli. By changing concentration of

the unlabeled ligand (SecA) the binding constant Kass =

4 nM was obtained [129, 134].

The possibility of using a flow capillary for analyzing

peaks of the fluorescence signal was considered earlier.

An alternative approach is a stirring of a solution of sus�

pension of particles. In our laboratory peaks of the fluo�

rescence signal were analyzed to study the binding of

potential�dependent dyes with isolated mitochondria [26,

135]. Mitochondria are significantly larger than lipo�

t2

t2

t1

t1

size�marker

liposome
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somes; therefore, analysis of G(τ) is difficult or even

impossible because of instability of isolated mitochon�

dria. The analysis of peaks was significantly improved by

stirring the mitochondrial suspension. Figure 9 presents

some records of fluorescence of tetramethylrhodamine

ethyl ether (TMRE) in a mitochondrial suspension with�

out stirring (left side) and under conditions of stirring

(right side). Peaks of TMRE fluorescence are manifested

most distinctly in the middle record performed under

conditions of energization of the mitochondria. De�ener�

gization is associated with a decrease in the membrane

potential leading to exit of the cationic dye into the medi�

um (lower records in Fig. 9). This approach can be used

to analyze binding with mitochondria not only of

hydrophobic compounds but also of such relatively

hydrophilic substances as fluorescently labeled ATP [136]

and of different charged phthalocyanines [85].

It should be noted that the stirring of a suspension of

particles to increase the number of recorded events could

be replaced by translocation of the confocal volume with�

in the cell. This can be realized either by a synchronized

movement of the laser beam and of the confocal

diaphragm (as it takes place in a confocal microscope) or

by shifting the microscope table. This modification of

FCS was realized as early as at the dawn of the develop�

ment of the method [137] and was successfully used to

Fig. 9. a) Time dependence of fluorescence intensity for suspension of mitochondria stained with TMRE (0.3 µM) without stirring: 1) con�

trol record in TMRE solution; 2) non�energized state of mitochondria in the presence of rotenone; 3) energized state of mitochondria upon

addition of succinate; 4) de�energized state of mitochondria upon addition of DNP. b) Scheme of succession of events during interaction

of the dye TMRE with an individual mitochondrion in different energetic states. c) Time dependence of fluorescence intensity for suspen�

sion of mitochondria colored with TMRE (0.03 µM) under conditions of stirring: 1) mitochondria and rotenone; 2) addition of succinate;

3) addition of DNP.
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study oligomerization of proteins in solution [138],

recording trajectories of nanoparticle movements [139],

and also to study protein dynamics and ligand/receptor

interactions in living cells [19].

The considered applications of the FCS method

comprise various fields of investigation, from simple

chemical systems (solution/micelle) to fine regulation

processes at the level of living cells. Applications con�

cerning artificial and natural membranes are presented in

the review most completely. This is associated with the

sphere of primary scientific interests of the authors of the

review. Nevertheless, we tried to describe also the most

specific examples of other applications. Our major pur�

pose was to show by these examples broad possibilities of

the method and allow readers to assess its usefulness for

studies of specific problems.

FCS is characterized by a high sensitivity which

makes it possible to work at concentrations of a fluores�

cent marker equal to ~1 nM in volumes from 10 to

1000 µl, i.e. a typical measurement requires ~10–13 mole

of a substance. However, FCS cannot be considered as a

direct approach for measurement of fluorescence of sin�

gle molecules, because within the typical period of meas�

urements (1 min) statistics are analyzed for a great

ensemble of molecules (typically ~103 molecules), which

allows researchers to average both the features of the

marker itself (brightness, mobility, etc.) and parameters

of its interaction with other components of the system.

Consequently, this method cannot be used to directly

solve problems typical for recording single molecules, e.g.

fluorescence blinking and identification of multiple inter�

mediates of reactions, including different conformational

states in forward and back reaction pathways [140�144].

Thus, FCS is in a halfway of studies on integral properties

of a substance as a whole and on individual properties of

isolated molecules with all consequent advantages and

shortcomings.

The sensitivity of FCS can be characterized by com�

paring studies on the interaction of labeled oligonu�

cleotides with DNA. The sensitivity of FCS approximate�

ly corresponds to the sensitivity of measurements of inter�

actions with a radioactive label, but FCS does not require

operations with radioactivity and physical separation of

the components. For FCS a significantly smaller amount

of a substance is required as compared with measure�

ments using circular dichroism or calorimetric methods.

Moreover, FCS gives additional information about diffu�

sion coefficients, brightness of particles, degree of their

aggregation, concentration of complexes, and, finally,

about kinetics of intermolecular and intramolecular

interactions [12].

If the present review has provoked the reader interest

associated with a specific use of this approach, a question

arises how to realize it. In other words, is it difficult to

make such a set�up in the laboratory? Our experience has

shown that the set�up can be made if the corresponding

blocks are present. The main blocks are a fluorescence

microscope, laser, photoelectric multiplier (PM) (or a

highly sensitive photodiode), and a correlator. A laser,

PM, and correlator are standard components of a rather

widely distributed apparatus for measurement of dynam�

ic light scattering. Moreover, in contrast to gas lasers,

modern solid�state lasers (especially a green one) are

already used rather widely and have been working contin�

uously for a long time. Adjusting an FCS set�up built with

the above�listed blocks is described in the literature in

detail [11, 13]. Our own experience has shown that even

in the absence of practice in working with optical instru�

ments, the adjustment of a self�made FCS set�up takes

only a few days. Note also that companies producing con�

focal microscopes started to produce apparatuses for

FCS. The authors will think their challenge accomplished

if this review proves to the readers that it is necessary to

construct an FCS set�up (or to buy it) and to use it in

their experimental work. No doubt, FCS has to occupy a

more significant place in modern Russian science.

The authors are grateful to Prof. D. B. Zorov

(Belozersky Institute of Physico�Chemical Biology,

Lomonosov Moscow State University) for fruitful discus�

sion of the review and to Prof. Petra Schwille (Dresden

Technical University) for providing us with models of

some figures.
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