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Abstract

Scanning fluorescence correlation spectroscopy (sFCS) is the generic term for a

group of fluorescence correlation techniques where the measurement volume is

moved across the sample in a defined way. The introduction of scanning is

motivated by its ability to alleviate or remove several distinct problems often

encountered in standard FCS, and thus, to extend the range of applicability of

fluorescence correlationmethods in biological systems. These problems include

poor statistical accuracy in measurements with slowly moving molecules,

photobleaching, optical distortions affecting the calibration of the measurement
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318 Zdeněk Petrášek et al.
volume, membrane instabilities, etc. Here, we present an overview of sFCS

methods, explaining their benefits, implementation details, requirements, and

limitations, as well as relations to each other. Further, we give examples of

different sFCS implementations as applied to cellular systems, namely large-

circle sFCS to measure protein dynamics in embryo cortex and line sFCS to

measure protein diffusion and interactions in unstable membranes.
1. Introduction

Fluorescence correlation spectroscopy (FCS) is a powerful tool to
measure local concentrations, molecular weights, translational and rotational
diffusion coefficients, chemical rate constants, association and dissociation
constants, and photodynamics in vitro as well as in vivo (Bacia and Schwille,
2003; Bacia et al., 2006; Kim et al., 2007; Rigler and Elson, 2001). It is based
on the statistical analysis of intensity fluctuations caused by fluorophores
diffusing through a small (� fL) detection volume (for details see Fig. 15.1)
and requires only a low concentration (�0.1–100 nM) of labeled molecules,
minimizing the interference of the labeling with the system. The introduc-
tion of commercial confocal FCS systems has promoted the use of FCS so
that it can now be considered a well-established technique. However,
standard FCS suffers from several limitations of applicability, especially in
complex biological systems. Optical artifacts (Enderlein et al., 2005) such as
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15.1 Principle of FCS. (A) The sample is illuminated by focusing the laser
through an objective. The emitted photons are then spectrally filtered and
ed with an avalanche photodiode. A pinhole provides axial confinement to result
iny (sub-femtoliter) detection volume. (B) Fluorophores diffusing through the
ion volume give rise to a fluctuating intensity trace F(t) from which the autocor-
n curve G(t), which measures the self-similarity of the signal, can be calculated.
arameters of interest, for example, the diffusion time tD or number of particles
detection volume N, are obtained by fitting a mathematical model to the

imental correlation curve.
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varying cover slide thickness, refractive index mismatch, optical saturation,
or aberrations change the size of the detection volume, which precludes the
precise calibration necessary for quantitative concentration or diffusion
measurements. Slow diffusion in biological samples demands long measure-
ment times—at least 105 times the slowest timescale found in the system
(Tcherniak et al., 2009)—and the long residence times in the detection
volume promote photobleaching. Finally, measurements on biological
membranes are especially challenging, since even tiny membrane move-
ments or instabilities lead to severe artifacts.

To overcome these limitations, modifications of standard FCS have been
developed (Dertinger et al., 2007; Digman et al., 2005; Ruan et al., 2004),
one of the most successful being sFCS (Petrášek and Schwille, 2008c). sFCS
employs a moving detection volume instead of a static detection volume,
which has several advantages (Box 1): sampling of a larger volume increases
Box 1 When to use sFCS

Decide whether to use standard FCS or sFCS. In the following
situations sFCS may be superior to standard FCS:

� Slow motion. The molecules diffuse (or move) very slowly, with diffu-
sion times in the range of tens (hundreds) of milliseconds or longer.
There are not enough fluctuation events during the permissible
measurement time and the calculated autocorrelation is too noisy,
especially at long lag times. By scanning the sample, the measurement
is performed at more locations, thus improving the statistics.

� Optical distortions. The measurement is performed within an optically
inhomogeneous medium, such as cells or tissues, where the focused
laser spot can be deformed, changing its size and shape. This invalidates
the calibration of the volume size by an independent measurement,
necessary in standard FCS to determine diffusion coefficients and
particle numbers. Choose one of the types of sFCS where the volume
calibration is replaced by an exact knowledge of the scan path. Small-
circle sFCS is useful when the measurement has to be limited to a small
part of the sample, while large-circle or line sFCS simultaneously
improves the signal-to-noise ratio in case of slowly diffusing molecules
by sampling a larger area.

� Photobleaching. Due to slow motion, the molecules stay too long in the
laser focus and are more likely to become photobleached, resulting in
distortions of the correlation curve. Choose a type of sFCS with a
larger scan path, whereby more molecules are probed for a shorter
time, thus reducing the risk of photobleaching and at the same time
improving the statistics.

(continued)



Box 1 (continued)

� Membrane motion. When measuring motion on surfaces, for example,
in biomembranes or on cell cortex, the surface itself may be moving in
an uncontrolled way. Scanning perpendicularly to the surface makes it
possible to eliminate these motions in the data analysis.

� Complex motion. The molecular motion is more complex, possibly a
combination of diffusion and flow with static features, or multicom-
ponent or anomalous diffusion. Choose a scan path in combination
with spatiotemporal correlation analysis that can reveal complex
motion patterns.

� Parallel measurement. Need to measure simultaneously at more loca-
tions? It may be possible to choose a scan path that passes through all
these locations, and the subsequent data analysis produces separate
results for each position.
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the statistical accuracy for slowly moving molecules and leads to shorter
measurement times; short residence times in the detection volume reduce
the effect of photobleaching; and the scan speed can be determined with
high accuracy, eliminating the need for calibrating the detection volume.
The application of sFCS is especially beneficial in measurements on
biological membranes where diffusion is usually very slow. Here, an alter-
native implementation of a moving detection volume has proven very
useful: choosing a scan path that is perpendicular to the membrane plane
eliminates the effect of membrane movements and instabilities (Ries and
Schwille, 2006).

In the following, we describe experimental steps to perform sFCS
measurements (see also Box 2) and discuss applications and limitations.
We start with a general description of the common features of sFCS.
Then we will discuss specific implementations (circular sFCS and line
sFCS with a perpendicular scan path) in detail and present their applications.
2. Implementation

sFCS is typically performed on a confocal laser scanning microscope
(CLSM) where the sample can be imaged before the scan path is chosen, and
which makes it possible to scan the measurement volume during the actual
scanning fluorescence correlation spectroscopy (sFCS) measurement across
the sample in a user-defined way. The CLSM determines what scan paths
can be used. While linear paths of any length and angle are typically possible



Box 2 How to proceed

1. Choose the scan path based on the motivation for using sFCS, and the
scan parameters depending on the speed of molecular motion, sample
size, etc.

2. Perform the measurement. Ideally, the full raw data (photon arrival
times) are saved, and the correlation is calculated by the analysis
software.

3. Calculate the correlation. The algorithm in general depends on the scan
path, and some preprocessing may be necessary, for example, due to a
moving membrane when measuring diffusion within unsupported
membranes.

4. Apply corrections for photobleaching and other irregularities, if
necessary.

5. Fit the data with a model dependent on the scan path, and obtain the
desired parameters.
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with available commercial instruments, circular paths can usually be realized
only with homebuilt setups.

Apart from the possibility to scan the measurement volume, the techni-
cal requirements for sFCS are identical with those of standard FCS. The
main points making a CLSM capable of FCS measurements are briefly
summarized in the following paragraphs, while details are extensively
described in the literature (Petrov and Schwille, 2008).

The critical parameter for a successful FCS measurement is the size and
shape of the measurement volume. This is determined by the focusing of
the excitation laser beam, and by the detection geometry of the emission
signal. The water immersion objective used should have high numerical
aperture to produce a small focus and collect a maximum signal, and a
correction collar that allows adjustment for different coverslip thicknesses.
Exact positioning of the correction collar yields an undistorted focus, a
crucial requirement for any FCS measurement. On the detection side, the
confocal pinhole should be adjustable, in both its size and its lateral (ideally
also axial) position. The pinhole is not necessary if two-photon excitation is
employed.

Another important element is the detector. The standard is an avalanche
photodiode, a photon counting detector with high quantum efficiency.
Other important parameters of the detector are low dark count (few
hundreds of counts per second or less) and weak afterpulsing (ideally of
low amplitude and short decay, microseconds or less). The same detector
can be used for photon counting imaging, which is becoming increasingly
common nowadays in lowlight, single molecule, and quantitative imaging
applications (Becker et al., 2004).
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The signal from the detector consisting of pulses for each detected photon
is processed by the computer. It is desirable to store thewhole raw data, that is,
the arrival times of all photons, with sufficiently high temporal resolution. This
gives the user maximal freedom in the subsequent data analysis. Hardware
correlators are practical for alignment and monitoring purposes because they
provide the autocorrelation in real time, but should be used in sFCS only
together with other means for obtaining the raw fluorescence signal.

Commercial laser scanning microscope systems that provide FCS capa-
bility include Confocor 3 with LSM-510 or LSM-710 microscopes (Zeiss,
Jena, Germany), TCS SMD FCS (Leica, Wetzlar, Germany), DCS-120
Confocal FLIM system (Becker & Hickl, Berlin, Germany), and Micro
Time 200 (Picoquant, Berlin, Germany). The latter two companies also
provide all hardware necessary for an implementation of FCS and sFCS in
an existing, either commercial or homebuilt, confocal scanning microscope.
LSM-710 (Zeiss) is available with an implemented raster image correlation
spectroscopy (RICS, see below) option, a type of sFCS.
2.1. Scan paths

The choice of the scan path depends on several factors, mainly on the type
of molecular motion motivating the use of sFCS, the sample size and shape,
and the options provided by the instrument. All the scan paths considered
here lie within the focal plane (do not move to different z positions) and are
realized by scanning the laser beam, not the sample stage, which would not
be possible to realize at sufficient speed.

The scan paths can be divided into two groups: linear and circular. This
division is to some extent due to practical reasons. Line scans can be easily
performed with commercial CLSMs. Although the commercial scanning
microscopes equipped with galvanometer scanners are also capable of cir-
cular scans, this option is usually not software-implemented. The user is
limited to homebuilt instruments where the scan path can be controlled
with full flexibility.

The circular path with large radius is more or less equivalent to a linear
path, and what is said about one is mostly valid for the other. The only
difference is in the calculation of the correlation. With the linear path, the
termination of the line and possible changes of direction in case of bidirec-
tional scanning have to be taken into account. With the circular path, all
points along the circle are equivalent; therefore, no presorting of the data
stream is necessary, simplifying the calculation of the autocorrelation. Addi-
tionally, circular scans can be faster than linear scans and feature more
constant scanning velocities since they require no rapid acceleration.

Themost relevant differences between the line and circle scans canbe found
in the double-line scan, which would be difficult to realize in a circular
configuration, and in a small-circle scan, which does not have a line equivalent.
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In the following, we briefly describe each scan path and its main area of
application (see also Table 15.1).

2.1.1. Single-line and large-circle scans
Large-range scans are typically applied in the following situations: when the
molecules move slowly and averaging over a larger population is desired,
when spatiotemporal correlation of the molecular motion is of interest, or
when we wish to perform correlation analysis at many locations along a line
simultaneously. By large range we mean scan path lengths many times larger
than the linear dimension of the measurement volume.

When the molecules move slowly, the FCS measurement at one position
suffers from poor statistics, because insufficient numbers of molecules pass
through the measurement volume during the measurement time (Tcherniak
et al., 2009). This results in low accuracy of the fluorescence correlation
especially at long correlation times, affecting the values of recovered para-
meters (diffusion time and particle number). By scanning the focused excita-
tion beam, the measurement is effectively performed at many locations, their
number approximately given by the ratio between the length of the scan path
and the size of the volume, thus improving the signal-to-noise ratio.

The fluorescence autocorrelation in standard FCS describes the temporal
dynamics of molecules leaving the measurement volume. Spatiotemporal
correlation curves additionally contain information about the spatial spreading
of the molecules from their original location. This additional information is
needed to characterize more complex motion than simple diffusion, such as
Table 15.1 Scan paths and their properties

Scan type Main benefit/application References

No scanning Fast diffusion, simple

implementation,

inhomogeneous sample

Rigler and Elson (2001)

Single-line,

large-circle

Slow motion, photobleaching,

robustness, spatiotemporal

correlation

Petrášek et al. (2008b) and

Ries et al. (2009a)

Small-circle Robustness, precision,

small area

Skinner et al. (2005) and

Petrášek and Schwille

(2008b)

Double-line Robustness, precision,

membrane motion

Ries and Schwille (2006)

Raster Slow motion,

spatiotemporal correlation

Digman et al. (2005)

Perpendicular

to membrane

Membrane motion Ries and Schwille (2006)
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multicomponent diffusion, combination with flow, reaction kinetics, or
anomalous diffusion. This has been exploited in spatiotemporal image corre-
lation spectroscopy (STICS), a type of correlation analysis applied to a
sequence of images (Hebert et al., 2005). sFCS also gives us access to spatio-
temporal correlation, as described below. Although sFCS features only one
spatial dimension (along the scan path), it has higher temporal resolution than
STICS, enabling studies of faster processes.

Additionally, the knowledge of spatiotemporal correlation makes it
possible to determine from one experiment the diffusion coefficient D
and the size of the measurement volume w0. In standard FCS, these two
parameters are combined in the diffusion time tD ¼ w2

0=4D, and to calcu-
late D, the volume size has to be determined in an independent measure-
ment with a molecule of a known diffusion coefficient. The effect of
possible optical distortions, which can invalidate this calibration in standard
FCS, is avoided in sFCS, because the volume size is determined indepen-
dently from the fit. The spatial calibration of the scan path is determined by
the instrument only, can be performed relatively easily, and is generally not
affected by the optical properties of the sample.

Another useful feature of long scan paths is the reduction of the proba-
bility that any observed molecule will be photobleached. Due to the motion
of the focused laser beam, the total light dose is distributed over a larger area,
and the residence time of individual molecules within the focus is reduced.
This lowers the chance of photobleaching compared to situations where the
slow-moving molecule diffuses through a stationary focus (Petrášek and
Schwille, 2008a; Ries et al., 2009a; Satsoura et al., 2007).

When we are interested in correlation analysis at more positions but
cannot perform the measurements sequentially, for example, because the
sample changes in time, sFCS can be used to perform the measurements in a
semi-parallel way. The scan path is chosen so that the beam passes through
all the points of interest, the raw data (fluorescence signal) are then sorted
depending on the position, and the data from each position are correlated,
producing autocorrelation curves at each location. The sorting of the raw
data requires that the relation between the fluorescence signal and the
position at which it was recorded is known.

The size and shape of the scan path is largely governed by the sample.
With the exception of the application described in the last paragraph, the
sample should be homogeneous along the scan path, since the obtained
results represent an average over the measured area. Generally, larger scan
paths are preferable due to better averaging.

2.1.2. Small-circle scan
Circular paths with a radius comparable to the size of the measurement
volume are suitable for robust and accurate measurements of diffusion
coefficients in situations when the size of the probed volume is not
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known or can be affected by the sample (Petrášek and Schwille, 2008b). The
principle is the same as with other correlation methods where spatiotemporal
correlation is measured: by introducing another spatial measure (scan radius
(Petrášek and Schwille, 2008b), distance covered per unit time (Ries et al.,
2009a), distance between two foci (Dertinger et al., 2007)), the diffusion
coefficient and the volume size in the model function become decoupled
and can be determined independently from the fit, resulting in robustness to
optical distortions. Small-circle scan is optimal for this purpose: since the radius
is small, the correlation values at all lag times are nonzero, and therefore carry
useful information, unlike the large-circle scan, where the correlation values
outside the narrow peaks are zero (Fig. 15.2). Another important feature is
that the scan with a small radius covers a minimal area, meaning that the
measurements can be performed also on samples without large homogeneous
areas, as is typical in cells.
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Figure 15.2 Large-circle sFCS in aC. elegans embryo. (A)The laser beam is scanned in a
circleonthe flat partof theposterior (p)cortexof theembryowhereGFP::PAR-2 localizes;
the anterior half (a) is without PAR-2. (B) The autocorrelation of the fluorescence signal
consists of peaks spaced by the scan period 1/f with their amplitude decreasing as in
standard FCS. (C) The spatiotemporal correlation of the same signal shows additionally
the lateral spreading of the GFP-labeled molecules.
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2.1.3. Double-line scan
An alternative way to reach the same goal as described in the previous
paragraph is to use double-line scan, whereby two parallel lines separated by
a known distance comparable to the measurement volume size are scanned
sequentially. Spatial cross-correlation of the signal between the two lines is
then used to determine the diffusion coefficient without the need to know
the volume size (Chiantia et al., 2006; Ries and Schwille, 2006).
2.1.4. Raster scan
Combination of line scans offset in a perpendicular direction results in a
raster scan, commonly used for imaging in laser scanning microscopes.
Correlation of raster scan data is the basis of raster image correlation
microscopy (RICS) (Digman et al., 2005). In RICS, the correlation of the
signal is performed along the scan line and in the direction perpendicular to
the scan line, giving access to two different temporal scales. Raster correla-
tion is closely related to image correlation spectroscopy, which is described
elsewhere (Wiseman et al., 2000).
2.1.5. sFCS with membrane motion
When molecules diffuse within a membrane, or another two-dimensional
structure, and the membrane moves, due to undulations, cell growth or
dynamics, or other reasons, the standard FCS faces the problem that the
autocorrelation function contains the contributions of both, molecular and
membrane motion, which cannot be easily separated. The solution by
means of sFCS is to scan the laser focus in a line perpendicular to the
fluctuating membrane surface and to correlate the intensities from
subsequent passages of the beam through the membrane. Only the signal
from around the maximum in each scan line is correlated, regardless of
where this maximum occurred, thus eliminating any effects of membrane
motion (Fig. 15.4). The temporal resolution in this case is limited to the
scan period; this is, however, often sufficient due to relatively slow motion
of molecules in membranes.

This approach can be combined with a double-line scan described
above, thus gaining the advantage of robustness against optical distortions
(Fig. 15.5).
2.2. Calibration of the scan path

Many of the implementations of sFCS rely on the exact calibration of the
scan path. In circular scan methods, the scan radius must be known; in
double-line and double-focus approaches the knowledge of the distance
between the two scanned lines is required; and with a single-line scan, the
scan speed is important. These dimensions can be determined in the slow
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scan limit by imaging a calibration standard, for example, a Ronchi ruling, a
stripe pattern with well-defined spacing. This calibration need not be valid
at high scan speeds, since the actual response of the scanning device to the
driving commands may vary. Then a ‘‘dynamic calibration’’ is required,
whereby the same scan parameters as during the measurement are used.
In the small-circle scan method and the line-scan method, the dynamic
calibration can be performed by analyzing the signal reflected from the
Ronchi ruling at high scan frequencies (Petrášek and Schwille, 2008b;
Ries et al., 2009a). Another possibility is to use the sensor signal from the
scanners (if available) to determine the exact scanner position. The distance
between two lines can be determined by scanning over a film of immobilized
fluorophores. The bleached traces are then analyzed in a high-resolution
LSM image by fitting the profiles with a double-Gaussian (Ries and
Schwille, 2006).
3. Data Analysis

Data analysis in sFCS can be roughly divided into three steps: calcula-
tion of the correlation from the raw data, application of corrections, and
fitting of the data to extract the parameters of interest. These steps are
described in more detail in the following sections.
3.1. Calculation of correlation curves

The correlation g12(t) of the fluorescence signals F1(t) and F2(t) is defined in
the following way:

g12ðtÞ ¼ dF1ðtÞdF2ðt þ tÞh i
F1ðtÞh i F2ðtÞh i ; ð15:1Þ

where F1ðtÞh i and F2ðtÞh i are the averages of F1(t) and F2(t), and
dF1ðtÞ ¼ F1ðtÞ � F1ðtÞh i, dF2ðtÞ ¼ F2ðtÞ � F2ðtÞh i. The signals F1(t)and
F2(t) can be equal, in which case Eq. (15.1) gives the autocorrelation gðtÞ
of FðtÞ ¼ F1ðtÞ ¼ F2ðtÞ. Alternatively, the two signals can originate from
two different spatial channels, giving spatial cross-correlation, or from two
different spectral channels, as in dual-color versions of FCS, yielding spectral
cross-correlation (see Box 3).

Due to the variability of scan paths and goals in sFCS, several different
ways of calculating the correlation from Eq. (15.1) are employed, in contrast
to standard FCS, where the autocorrelation is either directly provided by the
hardware correlator, or calculated by amultiple-taumethod (Schätzel, 1990).



Box 3 Dual-color cross-correlation spectroscopy

To measure binding between two distinctly labeled molecules,
dual-color fluorescence cross-correlation spectroscopy (FCCS)
(Schwille et al., 1997) can be employed. Here, two spectral channels
are used to calculate the autocorrelation curves and also the spectral
cross-correlation curve. Only if the two binding partners diffuse as an
entity, do they give rise to a significant cross-correlation amplitude that
can then be used to study the degree of binding. Dual-color cross-
correlation can be used in general with all implementations of sFCS
discussed here if two spectral channels are used.

Under the assumption that the red and green detection areas are equal
in size and completely overlapping, we can calculate the relative binding
from the amplitudes of the autocorrelation curves Gr(0) and Gg(0) and
the cross-correlation amplitude Grg(0):

Crg

Crg þ Cg

¼ Grgð0Þ
Grð0Þ ;

Crg

Crg þ Cr

¼ Grgð0Þ
Ggð0Þ ; ð15:13Þ

where Cg, Cr and Crg are the concentration of green-labelled, red-
labelled and double-labelled molecules, respectively.

Overlapping emission spectra and spectral cross talk, usually from the
green fluorophore into the red channel, introduces additional similarities
between the fluorescence fluctuations in the two channels and can
therefore result in a false-positive cross-correlation. Spectral cross talk
can be avoided by using alternating excitation (Muller et al., 2005;
Thews et al., 2005) or has to be taken into account during data analysis
(Rička and Binkert, 1989).

In the case of scanning FCCS spatial heterogeneities can also induce a
false-positive cross-correlation. Correction schemes for heterogeneities
must be explicitly tested on negative controls to avoid this artifact.
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The multiple-tau method takes advantage of the fact that autocorrelations
typically encountered in FCS decay progressively slower at longer lag times t,
that is, the longer the lag time, the smaller the change in the correlation value.
The correlation is calculated at time intervals and bin widths increasing with
the lag time, rather than at fixed intervals with fixed bin width. Since typical
correlations span time periods of many orders of magnitude, the number of
lag times at which the correlation is evaluated is greatly reduced without
losing much information. In commonly used implementations of the multi-
ple-tau method the lag channel width and interval are doubled every m
channels, where m is usually 8, 16, or more. The algorithms for the
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calculation of g(t) from the sequence of the photon arrival times are described
in detail elsewhere (Magatti and Ferri, 2003; Schätzel, 1990).

In sFCSwith a circular path, the periodicmotion introduces modulations
to the correlation of the fluorescence signal. When the molecular motion is
slow, the periodic modulation persists even at long correlation times, and
may be averaged out by the wide bins in the multiple-tau method. Some-
times, it is sufficient to increase the number of constant-width channels m to
32, 64, or more in the multiple-tau method to refine the sampling (Petrášek
and Schwille, 2008b), in other cases linear correlation with constant channel
width has to be used (Petrášek et al., 2008b).

The term ‘‘linear correlation’’ refers to the correlation calculated at lag
times t spaced equally in time and with equal bin width. The direct
calculation from the definition in Eq. (15.1) is computationally too inten-
sive, due to the high number of correlation channels ti and real-time
channels ti over which the averages in Eq. (15.1) are calculated. The
standard way is therefore to exploit the relationship between the autocorre-
lation and the Fourier transform of F(t) together with the efficient algo-
rithms for Fourier transform calculation. A possible problem may be the size
of high-resolution data sets compared to the available computer memory. In
such cases, a solution with an intermediate disk storage for large data files has
been described (Petrášek et al., 2008a).

In sFCS methods with the linear scan path, one typically sorts the raw
data first, depending on the position from which the signal originates. To do
this, the relationship between the signal and the measurement volume
position has to be known at all times. The fluorescence is then a function
of both the position r and the time t: F(r, t), and a spatiotemporal correlation
g(x, t) can be defined as

gðx; tÞ ¼ dFðr; tÞdFðrþ x; t þ tÞh i
FðtÞh i2 : ð15:2Þ

A spatiotemporal cross-correlation for two different signals can be

defined in a way analogous to Eq. (15.1). The spatiotemporal correlation
is calculated either by using the linear correlation method for both time and
space or by combining the multiple-tau correlation for time and the linear
correlation for space.

In applications where sFCS is used to perform measurements at multiple
locations simultaneously only temporal correlation at desired positions ri is
calculated from the appropriate parts of the raw data F(ri, t).

In the application of sFCS to molecules in fluctuating membranes, the
spatial resolution of F(r, t) is used to select only the part of the signal
originating from the membrane and only temporal correlation is performed.
This principle allows the elimination of membrane motion from the
temporal correlation, and is described in more detail in Section 4.
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3.2. Corrections

The correlation calculated from the raw data often does not only represent the
studiedmolecules but may be influenced by other factors, such as fluorescence
background, gradual fluorophore depletion due to photobleaching, unspecific
long-term fluctuations, etc. Here we describe how these effects can be
corrected for before the correlation is fitted with a theoretical model.
3.2.1. Fluorescent background
The signal background is often caused by the autofluorescence of native
sample structures, but can also originate from optical components of the
instrument, or poor blocking of Raman scattering. The background may be
constant and uncorrelated in time, or exhibit an autocorrelation if it comes
from diffusing molecules. It can be either uniform in space or vary as the
scanning beam passes through different structures.

The effect of a constant background is rescaling of the amplitude of the
autocorrelation g(t) and can be corrected for if the background value B can
be determined independently:

gcðtÞ ¼ Fh i
Fh i � B

� �2

gðtÞ: ð15:3Þ

If the background B(t) is correlated in time and can be measured inde-
pendently from, for example, a control sample without fluorescence label-
ing, then the correlation of B(t) can be incorporated into the analysis as a
fixed second component in a two-component fit (Rigler and Elson, 2001).
3.2.2. Photobleaching
Photobleaching—the irreversible photochemical destruction of a fluoro-
phore—leads to two kinds of artifacts on different timescales. (1)The sudden
disappearance of a fluorophore results in shorter residence times in the
detection volume and apparent faster diffusion. (2) Measurements within a
closed small volume, for example, a cell or a vesicle, can lead to a gradual
fluorescence depletion due to photobleaching. The same effect is encoun-
tered in two-dimensional systems, such as membranes, where the fluoro-
phore depletion is not sufficiently compensated by influx of fresh molecules
through diffusion. Under these conditions, the system is no longer in a
steady state and correlation curves are seriously distorted.

To avoid the first artifact—photobleaching in the detection volume—
the excitation laser power has to be reduced until only a negligible fraction
of fluorophores is bleached. It is advisable to determine the onset of photo-
bleaching with an intensity series.

The second artifact—depletion of fluorophores around the detection
area due to photobleaching—is more difficult to avoid, since it can play a
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role even for minimal excitation laser powers, especially if high concentra-
tions are used. To correct for depletion (Ries et al., 2009a), the slow decay
of the intensity trace F(t) is first approximated by an analytical function b(t).
For a restricted reservoir, the decay can be assumed to be exponential:
bðtÞ ¼ b0 e

�t=tb . If depletion is due to the limited geometry in membrane
measurements or the reservoir is connected weakly to a larger reservoir, a
multiexponential is a good choice, and often two exponentials are sufficient.
With the knowledge of b(t), the intensity trace can be corrected in the
following way prior to calculating correlation curves:

FcðtÞ ¼ FðtÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bðtÞ=bð0Þp þ bð0Þ 1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bðtÞ=bð0Þ

p� �
: ð15:4Þ

This transformation leads to a constant mean value and constant fluctua-

tions with time, not distinguishable from a system in a steady state. The
correlation curve calculated from the corrected intensity trace Fc(t) is no
longer distorted by the decaying intensity and the concentration inferred by
fitting is the initial concentration. Note that this approach does not correct
for the apparent reduction of the concentration and diffusion time due to
bleaching in the detection volume as described in the previous paragraph.
3.2.3. Spatial heterogeneities
In sFCS, the beam passes through different parts of the sample, potentially
crossing brighter or darker static structures or regions with varying back-
ground. This can lead to periodic oscillations in the correlation curve, or to
longtime distortions. Similar distortions may be present at long correlation
times, due to poor statistics. Although these effects cannot be removed by an
independent measurement on a control sample, as with constant back-
ground described above, it is still desirable to eliminate these distortions to
be able to better fit the data. One way to filter out these unwanted fluctua-
tions from the correlation curve is to assume that the measured fluorescence
intensity F(t) can be written as

FðtÞ ¼ f ðtÞhðtÞ; ð15:5Þ

where f(t) is the ‘‘pure’’ signal and h(t) is a modulation function reflecting
either the periodic signal modulation along the scan path or long-term
fluctuations in F(t). In case of no distortions, h(t) ¼ 1. The modulation
function h(t) can be determined either by smoothing the raw data with a
user-defined bin width or by fitting the raw data with an analytical function,
as described above for the depletion case.

It follows from the definition of the correlation function that the desired
autocorrelation gc(t) of f(t) is related to the autocorrelation g(t) of F(t) and
the autocorrelation gh(t) of h(t) in the following way:
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gcðtÞ ¼ ðgðtÞ þ 1Þ=ðghðtÞ þ 1Þ � 1: ð15:6Þ

Care should be taken with the choice of the bin width when calculating
h(t), since this correction filters out all fluctuations on the longer timescale,
without discriminating between the ‘‘true’’ signal and the interfering
background. The correction of Eq. (15.6) remains approximately valid if
the modulation by h(t) is not multiplicative as in Eq. (15.5), but additive,
and if h(t) is small compared to f (t).

The filtering using Eq. (15.6) affects only the temporal correlation
profile, but does not correct the amplitude. This is because the value of
the amplitude depends on the nature of the fluctuations (their variance).
If the nature of the fluctuations is known throughout the measurement, the
amplitude can also be corrected. For example, in the case of photodepletion
as described above, the temporal profile can be corrected by Eq. (15.6) with
hðtÞ ¼ bðtÞ=bð0Þ. The variance of the particle number changes as the
concentration decreases, and it can be shown that the correct amplitude
can be obtained by dividing gc(t) by bð0Þ=bðtÞh i.

It is also possible to use the effects of the static structures on the
autocorrelation to identify immobilized particles, rather than to filter this
information out, as implemented in one form of small-circle sFCS (Skinner
et al., 2005).

It should be stressed that all corrections described here are not specific to
sFCS but are applicable to standard FCS as well.
3.3. Data fitting

3.3.1. Fitting models
Scanning affects the fluctuations of the measured signal, therefore it is only
natural that it becomes visually apparent in the calculated autocorrelation,
and also has to be included in the fitting models. Since the parameters of the
scan are known, scanning does not increase the number of fitting parameters
that might lead to less stable or undetermined fits. To the contrary, sFCS
correlations contain more information, making some of the fitting para-
meters less correlated and the fits more stable.

In the absence of scanning the model functionG0(t) for free diffusion in
three dimensions is

G0ðtÞ ¼ 1

c

1ffiffiffi
p

p
w0

1 þ t
tD

� ��1=2

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
x

1ffiffiffi
p

p
w0

1 þ t
tD

� ��1=2

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
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tDS2
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where c is the concentration, w0 the lateral size of the measurement volume,
w0S its axial size, and tD ¼ w2

0=ð4DÞ the diffusion time. The equation has
been purposefully divided into three terms, each corresponding to diffusion
along one dimension. If the molecular motion is restricted to two dimen-
sions, for example, to a vertical yz or horizontal xy plane, only the
corresponding terms remain. Herewe use the capital symbolG(t) for models
while the lowercase g(t) is reserved for correlations calculated from the data.

Many organic dyes and fluorescent proteins exhibit fast, approximately
exponential dynamics at sub-ms timescales. The origins of these fluctuations
are singlet–triplet transitions, protonation reactions, etc. They are usually
taken into account by introducing a multiplicative term into Eq. (15.7):

G
0
0ðtÞ ¼ G0ðtÞ 1� T þ T e�t=tT

1� T
; ð15:8Þ

where T is the fraction of the molecules in the dark (triplet, protonated)
state, and tT is the characteristic relaxation time. The phenomena investi-
gated with sFCS often occur on considerably longer timescales, therefore
the fast dynamics term can usually be omitted.

To see how the beam motion enters the models it is advantageous to
start with the model for a circular scan:

GðtÞ ¼ G0ðtÞ exp � 4R2 sin2ðot=2Þ
w2
0ð1þ t=tDÞ

� �
: ð15:9Þ

The autocorrelation function with a fixed measurement volume is

multiplied by a scan factor that depends on the scan frequency o and the
radius R, both of which are known. Additionally, the scan factor depends
on the diffusion coefficient D via tD and beam size w0 in a way that
decouples these two parameters, making it possible to determine each of
them independently from one fit. This decoupling is the basis of the
precision and robustness of both circle- and line-scan methods.

The autocorrelation for a linear scan with velocity v follows from
Eq. (15.9) by assuming the limit of large radius, R!1, while maintaining
the constant velocity v ¼ Ro:

GðtÞ ¼ G0ðtÞ exp � v2t2

w2
0ð1þ t=tDÞ

� �
: ð15:10Þ

The spatiotemporal correlation G(x, t) for a linear scan follows directly
from Eq. (15.10) by substituting x ¼ n t:

Gðx; tÞ ¼ G0ðtÞ exp � x2

w2
0ð1þ t=tDÞ

� �
: ð15:11Þ
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This equation at the same time represents a cross-correlation between two
volumes separated by the distance d � x. In practice, the sFCS measure-
ment does not provide us with the spatiotemporal correlation at all values of
x and t, but only at a subset of these. With a linear scan, the correlation is
obtained at points where t ¼ x=v þ nT , where T is the scan period. In case
of the circular scan, it is obtained at points where x ¼ 2R sinðot=2Þ.
3.3.2. Fitting
The calculated and corrected correlation is fitted to the model using stan-
dard nonlinear, least squares fitting procedures as implemented in common
data analysis software (Matlab, Origin, etc.). The results of the fit are the
optimal parameter values that minimize the difference between the model
and the data. We recommend to use weighting of the data points to achieve
fits unbiased toward noisier data points. The weights wi are usually estimated
from the correlations by comparing the variations between n ¼ 2k þ 1 data
points surrounding the data point gi : gi�k; . . . ; giþk. The weight wi is then
taken as the inverse value of the standard deviation of these n points.
A problem may arise when the deviation between the neighboring data
points is not only due to random noise but due to abrupt variations of the
correlation gi, as can happen with correlations modulated by the periodic
scanning motion. The weights in these regions are then underestimated.
In this case, the weights can be estimated from residuals of a preliminary
unweighted fit, or the weights can be approximated by a smooth function,
thus eliminating the bias at points of large variation.
4. Applications

In this section, we describe several applications of sFCS, explaining the
motivation behind using sFCS instead of standard (fixed-focus) FCS, the
choice of the particular scan path, the details of implementation and analysis
not mentioned already in the general part above, and the results obtained,
demonstrating the advantages of the various sFCS approaches.
4.1. sFCS in Caenorhabditis elegans embryo

We have applied circular sFCS with large-circle diameter to the investiga-
tion of PAR-2 protein dynamics on the cortex of living Caenorhabditis
elegans embryo in the first division stage (Petrášek et al., 2008a,b). Several
problems prevented us from using standard FCS in this case: the cortex does
not stay in the same position for a sufficiently long time, the molecules
move very slowly making it impossible to obtain good statistics within the
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measurement time window limited by embryo development, and the slow
motion causes photobleaching artifacts to be overwhelming.

To circumvent these problems, we focused onto the bottom part of the
embryo where a large part of the cortex is flattened and steady due to
contact with the coverslip. Then we chose the largest circular scan path
that still lies within the posterior half of the embryo and along which the
fluorescence intensity is uniform (Fig. 15.2A). It would also be possible to
use a linear scan; however, the length of the circle perimeter is larger than
any line that would fit within the fluorescent part of the embryo, resulting in
better averaging. Additionally, the data processing of the circle-scan data is
more straightforward and no time is wasted due to the laser fly back and
turning points as in the line scan. Scanning the beam practically eliminates
the problems with photobleaching, because the total light dose is distributed
along the whole scan path.

Figure 15.2B shows the measured autocorrelation. The maxima of the
uniformly spaced peaks correspond to a common autocorrelation as known
from standard FCS. The peak spacing is determined by the scan frequency,
300 Hz in this case, a value close to the maximum technically possible with
the setup used. A larger scan frequency would increase the temporal
resolution at short correlation times. The better averaging achieved by
probing many locations along the scan path results in meaningful correlation
values up to the range of 1–10 s, which is not achievable with standard FCS
within the measurement time of 100 s.

More information than available from the amplitude of the correlation
peaks shown in Fig. 15.2B can be obtained by replotting the data as a
spatiotemporal correlation (Fig. 15.2C). Spatial information is contained in
the shape of the peaks and is obtained by converting the correlation time into
the spatial correlation coordinatex : x ¼ 2R sinðpf tÞ. This spatial correla-
tion contains information about lateral spreading, and, in principle, makes it
possible to distinguish lateral motion from detachment of proteins from the
cortex. An analysis of the spatiotemporal correlation data shows that the best
description requires a model with at least two diffusion components.

These experiments have been performed using two-photon excitation,
which has the benefit of reduced photobleaching in the embryo as a whole,
since the molecules outside the focal volume are not excited. Additionally,
no signs of phototoxicity are observed. Taken together, these two features
of two-photon excitation enable long observation times, permitting moni-
toring of embryo development.
4.2. Small-circle sFCS

sFCS with a small circular path is a convenient way to measure spatiotem-
poral correlations within a minimum sample volume. In its original appli-
cation (Skinner et al., 2005), it was implemented as position-sensitive
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correlation, which allows determination of not only diffusion, but also
direction and magnitude of flow, immobilization, and any combination of
these. We have applied a simpler analysis, without the position sensitivity,
and used the spatial information encoded in the correlation to determine the
diffusion coefficients in a precise and robust way, even in the presence of
optical distortions and photobleaching (Petrášek and Schwille, 2008b).

When the beam is scanned in a small circle (Fig. 15.3A), the autocorre-
lation is modulated as a result of scanning (Fig. 15.3B), but contrary to the
large-circle scan, the width of the peaks at multiples of the scan period is
comparable to their spacing. In both cases, the model autocorrelation is
expressed by Eq. (15.9). This modulation makes it possible to determine
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Figure 15.3 Small-circle sFCS for robust and precise determination of diffusion
coefficients. (A) The laser beam is scanned in a circle with frequency f and radius R
which is comparable to the measurement volume size w0. (B) The autocorrelation of
the fluorescence signal is modulated as a result of scanning. The upper and lower
envelopes correspond to the autocorrelation at a fixed position and the spatial cross-
correlation at a distance equal to the diameter 2R of the scanned circle, respectively.
From a fit of the data with Eq. (15.9) the diffusion coefficient D and the volume size
w0 ¼ 2a are determined. The sample is eGFP (enhanced Green Fluorescent Protein) in
buffer solution.
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both the diffusion coefficient D and the volume size w0 independently. The
upper envelope of the oscillating autocorrelation is the curve that would be
measured with standard FCS. The lower envelope corresponds to a spatial
cross-correlation between two extreme positions of the moving laser focus,
that is, at a distance 2R, as shown in Fig. 15.3A.

The choice of the scan frequency f will typically be limited by the
instrument and often has such a value that the scan period 1/f is longer
than the diffusion time tD of the investigated molecules. The optimal scan
radius R was shown to lie near the value of 0:5w0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ 1=ðf tDÞ

p
, which is

comparable to the measurement volume size w0. The optimal scan radius
approximately corresponds to the situation where the first maximum of the
autocorrelation at the time 1/f coincides with the maximum of the cross-
correlation forming the lower envelope of the scanning autocorrelation
(Fig. 15.3B).

This implementation of sFCS, apart from yielding the diffusion coeffi-
cient without any knowledge of the volume size w0, was shown to be
more robust than standard FCS against photobleaching and optical distor-
tions that change the volume size. Its potential has been demonstrated both
in solutions and in living cells.
4.3. sFCS with a perpendicular scan path to measure
in unstable membranes

For measurements in biological membranes, membrane movements or
instabilities can be a major problem. Considering the lateral and axial sizes
of the focal spot of �250 and �700 nm, respectively, shifts as small as
100 nm during a measurement time of several minutes are already devastat-
ing and lead to strong distortions of the correlation curves. The choice of a
scan path that is perpendicular to the membrane plane avoids this problem as
the detection volume crosses the membrane in a reproducible way inde-
pendently of membrane movements. This method was first introduced with
a circular scan path to measure membrane dynamics in presence of a strong
background in solution (Ruan et al., 2004). Here we concentrate on the
implementation with a linear scan path (Ries and Schwille, 2006), since it can
be readily used with a commercial laser scanning microscope. In addition, it
can be easily extended to dual-focus FCS for exact diffusion measurements
without the need for calibrating the detection volume, and to dual-color FCS
to measure interactions in membranes.

In this implementation of sFCS, the scan path is chosen in a way that it
crosses the vertical membrane perpendicularly (see Fig. 15.4). The inter-
section of the scan path with the membrane defines the detection area.
During data analysis, the intensity fluctuations in this detection area have to
be extracted to calculate correlation curves. The necessary steps are as
follows:
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Figure 15.4 Principle of sFCS with the scan path perpendicular to a membrane. (A) In sFCS
the detection volume is repeatedly scanned perpendicularly through a vertical mem-
brane. The individual line scans can be arranged as a pseudo-image, (B) where the ver-
tical axis denotes the time. In this pseudo-image the membrane is clearly visible. Due to
membrane movements, the position of the membrane is not constant in time. These
instabilities can be corrected for by shifting each line scan in such a way that the mem-
brane becomes a straight line. (C) For each scan, membrane contributions are added up
to give one point in the intensity trace (D) which can then be used to calculate the
autocorrelation curve G(t) (E).
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1. Construction of pseudo-image. In case a commercial laser scanning micro-
scope, such as Zeiss LSM-510, is used in the line-scan mode, the raw
data will already be in the form of a pseudo-image, where the individual
line scans are arranged next to each other. Then the horizontal axis
denotes the position in the sample and the vertical axis the time. If the
raw data consist of photon arrival times, the reconstruction of the
pseudo-image relies on knowledge of the repetition rate. The use of
beginning-of-line marker signals, automatically inserted into the data file
by the software controlling the scanners, is most accurate. If those are not
available, the repetition rate can be determined from the periodicity of
the signal (Ries and Schwille, 2006).

2. Identification of the membrane. To reduce the background and improve
the signal-to-noise ratio, only the signal in a small window around the
membrane is used to construct the intensity trace. The position of
the membrane at a given time ti can be determined by evaluating the
position of the intensity maximum in an average of several hundred scans
around the ti.

3. Construction of the fluctuating intensity trace. Photons collected within a
time window Dt around the intensity maximum are summed up to result
in the intensity Fi. The time window should be large enough that no
signal from the membrane is lost, but small enough to reject most of the
background noise. A good choice is to include all photons within
�2s� � �2s of the Gaussian approximation of the apparent membrane
profile.



Scanning FCS for the Characterization of Protein Dynamics in Live Cells 339
4. Calculation of the correlation curve. The correlation curve can be calculated
using a standard multiple-tau correlation algorithm (Magatti and Ferri,
2003).

5. Data fitting. The effective detection area is described by a two-dimensional
elliptical Gaussian with an aspect ratio of S ¼ wz/wx. The correlation
function describing the experimental correlation curve is given by
Eq. (15.7) using only the y and z parts (Ries and Schwille, 2006). Note
that due to the limited time resolution of approximately 1 ms, triplet
dynamics need not be included in the model.

A prerequisite for the use of this implementation of sFCS is a vertical
membrane. On the length scale of the detection area (1 mm), the curvature
should be small. This need for a vertical membrane seems to preclude its
application to adherent cells. A solution is to grow cells on glass beads with a
diameter of 10–50 mm. Plasma membranes of cells at the equator of the
beads are predominantly vertical and are well suited for sFCS.

However, inhomogeneities on the micrometer scale due to protrusions
or interactions with the cytoskeleton still limit the applicability of FCS.
Plasma membrane spheres (Lingwood et al., 2008) allow the investigation of
processes in plasma membranes in a much simpler, spherical geometry
which is optimally suited for sFCS. By measuring diffusion coefficients
with dual-focus sFCS, we could show that the cross-linking of the lipid
GM1 by the protein CTxB leads to a lipid-driven raft-like phase separation
in plasma membrane spheres (Lingwood et al., 2008).
4.4. Dual-focus sFCS

To overcome problems caused by optical aberrations, saturation, and other
experimental uncertainties that render calibration measurements to deter-
mine the size of the detection area inaccurate, dual-focus FCS (Dertinger
et al., 2007) can be employed. It employs two spatial detection areas with a
well-defined and known distance. Here, the calibration of the detection
area is replaced by the determination of this distance, which can be
measured more precisely, and, most importantly, is constant for all
measurements.

In two-focus sFCS (Fig. 15.5), two parallel lines, spatially offset by a
distance d, are scanned through the membrane in an alternating fashion. The
intersections with the membrane give rise to two intensity traces F1(t) and
F2(t), from which the autocorrelation curves g1(t) and g2(t) and also the
spatial cross-correlation curves g12(t) and g21(t) can be calculated using
Eq. (15.1).

The model function for the experimental cross-correlation curves in
case of free diffusion is given by Eq. (15.7) (y and z parts) and Eq. (15.11)
with x ¼ d (Ries and Schwille, 2006):
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Once the distance d is known, the diffusion coefficientD, the concentration
c and the waist of the laser focus w0 can be determined directly by fitting the
data with Eq. (15.12) without any additional calibration measurement
(Dertinger et al., 2007). The autocorrelation function follows from
Eq. (15.12) for d ¼ 0.

The photons in the two foci are not collected within the same time
window, but with a delay td, which is usually given by the scan period.
Therefore, the cross-correlation curves are shifted with respect to the
autocorrelation curves by this delay time, and this needs to be taken into
account during data analysis (Ries and Schwille, 2006).

Two lines can be scanned with commercial laser scanning microscopes
by using the frame mode with N � 2 pixels. However, for the maximum
repetition rate, the lines are not necessarily parallel. The following settings
result in parallel lines in the Zeiss LSM-510: bidirectional multitrack mode,
32 � 2 pixels per frame, illumination only during the second track.
4.5. Dual-color sFCS

In membranes, binding can be measured with dual-color sFCS using two
spectral channels (see Box 3). By scanning every other line with a different
color and detecting the photons only in the corresponding channel,
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contributions from two different fluorophores can be separated completely
and spectral cross talk is avoided (Muller et al., 2005; Ries and Schwille,
2006; Thews et al., 2005). From the two intensity traces, red and green
autocorrelation curves and the cross-correlation curve can be calculated. By
fitting the correlation curves with Eq. (15.7), their amplitudes can be
obtained. The relative binding can then be calculated with Eq. (15.13)
below.

We applied dual-color sFCS to study the binding affinities of
the apoptotic proteins tBid and BclXL in giant unilamellar vesicles, microm-
eter sized liposomes (Garcı́a-Sáez et al., 2009). We could show that their
interaction is drastically enhanced in the membrane compared to free
solution.

The application of sFCS is not limited to single cells, but can be
applied to multicellular organisms. In tissue, most cells exhibit large
vertical membranes, well suited for sFCS. We combined dual-focus
sFCS and dual-color sFCS with conventional static-volume FCS to deter-
mine the mobilities and binding affinities of fibroblast growth factor
receptors (Fgfr1, Fgfr4) to their extracellular ligand Fgf8 directly in living
gastrulating zebra fish embryos. Here, dual-focus sFCS was used to mea-
sure the diffusion coefficients of the receptors in the plasma membranes,
and the size of the detection area. This internal calibration is very useful
due to optical distortions in tissue. Dual-color sFCS with alternating
excitation was used to determine the concentrations of the receptors and
receptor–ligand complexes in the membrane, whereas static-volume FCS
measured the free-ligand concentration in the extracellular space (Ries
et al., 2009b). Using global data analysis we could infer the dissociation
constants between Fgfr1 or Fgfr4 and Fgf8 and estimate the endogenous
receptor concentration.
5. Conclusion

We aimed to present the family of sFCS methods with an eye on the
problems they address and the measurement geometries used to implement
them (i.e., the scan path). Successful application of sFCS requires under-
standing of the motivation for using scanning in any given implementation,
as well as a knowledge of its limitations. The general aspects of sFCS,
including implementation and data analysis, were supplemented by several
examples of applications of different sFCS approaches. Altogether, this
article should guide the user not only to reproduce an existing sFCSmethod,
but also to modify it or to design a new implementation particularly suited to
the problem investigated.
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