Appendix:

Fundamentals of FCS:

FCS was introduced in the early 70s for researching dynamic processes in biochemical systems of thermodynamic equilibrium (Magde et al., 1972; Elson and Magde, 1974; Magde et al., 1974). The idea for FCS is based on the observation of intensity fluctuations of fluorescent molecules within a small detection volume (Fig.1). In the simplest event of a freely diffusing fluorescent molecule, these fluctuations are the result of statistical fluctuations in the number of molecules passing in and out of the volume of interest. However, intramolecular processes, such as the transfer in non-fluorescent triplet states, which lead to fluctuations in the fluorescence-emission signal, can also be detected, provided they expire after a period smaller than the time spent by a molecule in the detection volume. FCS also allows for the analysis of association/dissociation kinetics of chemical reactions and for the analysis of the aggregation of molecules (for review see Krichevsky and Bonnet, 2002; Hess et al., 2002; Schwille et al., 1997). For a quantitative analysis of dynamic processes within solutions, correlation analysis with the use of laser-excited fluorescence signal, I(t), may be performed. The Autocorrelation Function (ACF; G(()) of the intensity fluctuation, (I(t),  is calculated for this (Fig.3). The fluctuations, (I(t), result from the timed average <I(t)> of the measured fluorescence signal, I(t), thus (I(t)=I(t)-<I(t)> (Fig.4). The derived experimental ACFs are then, via curve fitting (Marquardt-Levenberg Algorithm), evaluated and compared with theoretically derived model functions.
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Fig.4

FCS Set-up:

The basic structure of an FCS set-up consists of a microscope with a confocal epifluorescence and detection beam (Fig.1). This special arrangement makes it possible to image only the object-region, which is found directly at the environment of the focal plane of the microscopes objective. In contrast to conventional fluorescence microscopes, this set-up offers a higher axial resolution. The basic principal of fluorescence microscopy is based on the use of a pinhole in the detection beam by the epi-illumination of an object through a microscope-objective with a higher numerical aperture (NA(1.2). This principal allows for lateral limiting of the focus volume on a diameter (lateral displacement of the 1/e2-intensity waste) from d(0.5 (m and axial limitations of a few micrometers. Thus, detection volumes smaller than a femtoliter are possible. Figure 1 shows the basic structure of an FCS set-up. A columnised laserbeam with the wavelength (exc hits a dichroic mirror (colour splitter: (exc is reflected while the emission wavelength, (em, is transmitted) in the rear-aperture of the objective ((-corrected) and is focussed to a focal point (see above). The resulting focal volume is positioned in a dye-containing solution such that only fluorescent molecules that have just diffused through the focus are excited.  In this way the generated fluorescence, of wavelength (em, is partly collected at the objective and, after it has passed through the dichroic mirror, is imaged by the tube-lens in the image plane lying in-between. The maximum angle, (, under which the fluorescence light can still reach the objective, is given by the numerical aperture, NA=n sin(, of the objective (n is the refractive index of the medium between the objective and the object). By positioning an aperture in the image plane (or in a conjugated plane), only those photons that pass through the pinhole, and arise from the immediate environment of the focal plane, reach the objective. For practical reasons (alignment possibility) the pinhole is subsequently imaged 1:1 on the photodetector. The photoavalanche-diode detects the photons and generates a voltage pulse for these emitted photons (Fig.2). The probability that a photon is detected and an impulse is produced is 70-80%. A correlator-card integrated into the PC registers this pulse and calculates the ACF of the signal "on-line". 

ACF for 3D Diffusion:

In the event of Brownian motion the fluctuations of the fluorescence signal, (I(t), are, at constant excitation intensity, a result of fluctuations in the concentration, 
[image: image2.wmf])

,

(

t

r

C

r

d

, of the diffusing fluorescent molecule. The probability to find an exact number of molecules, N, in a small volume of observation, V, at a definite time point is given by a Poisson distribution. 
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A characteristic trait of the Poisson distribution is that the expected value and the variance of the random variable are equal, thus <N>=<((N)2>. For the intermediate concentration, <C>, and its fluctuation, <(C>, in a volume V this means that:

<C>V=<((C)2>V2
or  <((C)2>=<C>/V. After the transfer of an infinitesimally small volume element this gives:
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Therefore, at a definite time point, t, the concentration fluctuations at different positions, 
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, are independent from each other. With this condition the correlation function 
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 of the concentration fluctuations 
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which gives (Elson and Magde, 1974):
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The time point zero, t=0, is chosen here. D represents the diffusion constant of the analysed molecular species. Thus, it can only come to a correlation between the concentration fluctuations at positions 
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 at different times, as the diffusion also gives the probability that a molecule diffuses in the considered time period from position 
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By using the correlation function 
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 of the concentration fluctuations, the theoretical ACF, G((), of the intensity fluctuations, (I(t), can be calculated in the event of 3D diffusion. The fluorescence signal, I(t), is proportional to the number of fluorescent molecules in the illuminated detection volume:
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 represents the measurable emission intensity at the position 
[image: image18.wmf]r

r

. In a well adjusted FCS set-up with a suitable pinhole (the pinhole radius should, when projecting in the object plane, coincide with the lateral "waist-radius" of the focussed laser beam)  this makes it possible to approach a Gaussian distribution:
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where rxy and rz represent the lateral and axial1/e2-radii, respectively, Q represents the quantum efficiency of the dye (with the corresponding excitation wavelength and intensity) and g represents the efficiency of the optical component (lens, mirror, filter) and the photodiode. I0 is the intensity in the centre of the focussed laser beam in the object plane. For the normalized ACF, G((), the fluctuations in the fluorescence signal
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ultimately follows from the use of (4) - (7) (Aragon and Pecora, 1976):
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where <N> represents the average particle number per detection volume, VD. The ratio of the 1/e2-radii, S=rxy/rz, will be represented as a structural factor. The size of the intensity fluctuations relative to the total intensity of the fluorescent light, and thus the amplitude of the ACF, G((), which also decreases with increasing particle number, is the normalized ACF reciprocal of the average particle, <N>. The characteristic time constant, 
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, represents the average dwell period of a molecule in the detection volume, VD. For large structural factors S is equivalent to the half-life of the ACF, G((), thus, 
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 (Fig.3). When the diffusion time, 
[image: image24.wmf]diff

t

, and the amplitude value, G(0), through the adjustment of the theoretical ACF (Fig.3, smooth curve) from the measured ACF (Fig.3, distorted curve), are known, the diffusion constant, D, and the average concentration, <C>, of the dye solution may be calculated. The "detection window" of the provided FCS apparatus lies in the region of 0.1nM to 1µM of dye solution. 

ACF for multi-component solution systems:

The ACF for a system of m different molecular species (index j) with diffusion constants Dj and quantum efficiencies Qj is obtained through simple expansion of the ACF for a one-component system. On the condition that the solute is ideally dissolved, the statistics of the dissolved molecule are independent of each other and the concentration fluctuations of different molecular species are not correlated. The ACF, Gges(() is given according to the sum of the ACFs of the respective molecules, Gj(():
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where 
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 represents the average number of all molecule species in the detection volume, 
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 represents the fractional weight factor for the jth value of the ACF with the associated relative molecular ratio, nj=<Nj>/<Nges> (<Nj>=VD<Cj>) (Elson and Magde, 1974):
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Thus the ACF, Gges((), is obtained through the sum of the weights of the m different Gj((). It is characteristic that the relative value of the jth component is over the square of the quantum efficiency, Qj. Hence, a molecule with double the quantum efficiency contributes fourfold to the total ACF. When all molecules have the same quantum efficiency, Qj=Q, Gges(() is reduced to the following term:
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ACF with triplet-correction factor:

With increasing excitation intensities there is an increased probability that a dye molecule transfers photons in a triplet state following absorption (Fig.5). When a photoelectron occupies a triplet-level, in comparison with the singular state, S1, of the associated molecule, the molecule in the triplet state is not stable (the relaxation from triplet state to ground state, S0, doesn't contribute to fluorescence). The time required to pass through the states S0, S1 and T1 are smaller than the characteristic diffusion time, (diff, of the dye, thus reflecting the fraction of the dye molecule that can be found in the triplet state, with the corresponding triplet relaxation time contrary to the ACF (with Rhodamin dyes the characteristic triplet relaxation time is from 0.1µs-10µs).
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Fig.5

Figure 6 shows the influence of the triplet state on the time course of the ACF. The additional "triplet-bump" in the time course of the ACF is characteristic of the fluorophore and depends strongly on the excitation intensity (the probability for a transfer from an excited state S1 to a triplet state T1 increases with increased excitation intensity). This electron-state model is applied to FCS, in the event that a dye molecule diffuses through the detection volume with temporally constant excitation intensity, the intensity fluctuations represent either the diffusion movements of the molecule or the change in and out of the triplet state (light-dark-flashes).
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Fig.6

The triplet-corrected ACF follows this assumption (Widengren et al., 1995)


[image: image33.wmf];

1

1

1

1

1

1

1

diff

2

diff

ges

ges

j

j

å

=

-

+

+

F

÷

÷

ø

ö

ç

ç

è

æ

-

+

=

m

j

j

S

N

T

e

T

G

T

t

t

t

t

t

t

 


(12)

where T represents the average relative fraction of molecules which can be found in the (dark) triplet state and 
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 represents the average lifetime of the triplet state ("average bunching time"). 
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 can also, in dependence to the transfer rates, kd and kb, change from a light to a dark state, and dark to light, as the case may be (Malvezzi-Campeggi et al., 2001): 
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G(() gives the following for the time point (=0:
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This term shows the influence a population of triplet states has on the ACF. The "triplet-bump" shown in fig.6, for the small (, is thus the outcome of, in comparison to the number of molecules Nges, the apparent available reduced molecular number N´=Nges(1-T) at the triplet ratio, T.
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