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10.1 INTRODUCTION
In the field of membrane lipid and protein dynamics, fluorescence recovery after
photobleaching (FRAP) and single-particle tracking methods have provided ample
evidence that lipids and proteins could have their motion restricted by interaction
with other lipids and with the cell cytoskeleton.1–8 Fluorescence correlation spectroscopy (FCS) is a relatively new method in this field that has received particular
attention recently because of the possible combination with super-resolution microscopy methods.9–14 In this context, the use of very small volumes of excitation or
variable volumes of excitation15 was considered necessary to unravel to transport
of molecules at the nanoscale. However, most of the FCS studies done so far are
based on the original idea of measuring temporal correlation at a single point in
the membrane. Measuring a single location in the membrane is restrictive since the
temporal fluctuations at one point cannot reveal local microstructures or the anisotropic molecular transport in membranes. In this contribution, we discuss fluctuation
methods based on spatial correlation that reveal the dynamics of membrane lipids
and proteins at the nanoscale.16–27 We show here that spatial correlations intrinsically contain more information than the classical temporal correlation first introduced with the single-point FCS. Spatiotemporal correlation approaches have the
215
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potential to shift the paradigm in the use and kind of information that can be derived
from fluctuation methods for membrane studies. Also, spatiotemporal correlation
can complement single-particle tracking experiments with much higher sensitivity
and faster time scale.
One way to introduce the basic concepts in FCS is to emphasize the spatial distribution that arises owing to the diffusion of molecules. For example, if a molecule
is at a given location at time τ = 0, as the time evolves, the probability of finding
the same molecule at a given distance from the original point can be described by a
three-dimensional (3D) Gaussian function in which the variance σ2 of the Gaussian
increases with time according to the following expression:
σ2 = 4Dτ,

(10.1)

where D is the diffusion coefficient and τ is the time. Figure 10.1 schematically
illustrates this idea.
We use the concept depicted in Figure 10.1 to illustrate in Figure 10.2 some of the
methods used to measure the diffusion of particles in 3D and also in the cell membrane.
As shown in Figure 10.2 at time τ = 0, the particle is at the origin. The variance of
the Gaussian describing the spatial distribution is zero at this time. Then, at a later time,
the particle can be found at different locations as shown in Figure 10.2 for panels a
through c. As illustrated in Figure 10.2a, the probability to find the particle at the location indicated by the dark gray circle, or observation volume, decreases with time. The
reason to use a circle in this schematic representation of the process in Figure 10.2 is to
account for the way the fluctuations are measured, generally by focusing a laser beam
to a diffraction-limited spot. At very long time, the probability for the same particle to
be within the circle in Figure 10.2a becomes very small. If we multiply the probability
to find the particle in the circle at time t = 0 multiplied by the probability at a later time
t, this product will start high and then will become small at long times. This schematic
representation of the spatial and temporal evolution of the probability density of finding
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FIGURE 10.1 Fick’s law for diffusion describes the evolution of the probability to find a particle
at a location r at time t if the particle was at the origin at t = 0. This figure emphasizes the concept
that the spatial distribution of this probability is Gaussian in a uniform medium. The width of the
Gaussian increases linearly with time while the amplitude of the Gaussian decreases with time.
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FIGURE 10.2 Schematic representation of different FCS techniques. In all cases, a particle
is at the origin at time = 0 and then the particle diffuses so that the probability of finding
a particle at a larger distance increases with time. The small dots graphically indicate this
probability. The positions of the dots are identical in the three parts of the figure to emphasize
that the physical process is the same but what is different is the way we observe the diffusion.
(a) In the single-point FCS, we observe the system always at the same point and we measure
the decay of the probability of finding the particle within the volume of observation indicated
by the circle at the origin. (b) In the scanning FCS and RICS technique, we gradually move
the volume of observation. If the movement is fast, we rapidly decrease the probability to
observe the same particle. (c) In the spatial cross-correlation technique, we simultaneously
observe different volumes and then we calculate the probability that a particle that was in the
circle at the origin at t = 0 will appear in the shifted circle at a later time. This probability is
initially zero, increases with time, and then finally decays to zero.

a particle at a given location gives us the opportunity to put the different techniques
under a common scenario used for fluctuation spectroscopy and to introduce the concept of spatially correlated fluctuations. The simplest implementation of the correlation
methods is when the intensity fluctuations are measured at the same point. This method
is commonly known as single-point FCS (Figure 10.2a). Another variant is when the
point of observation is moved systematically as in line (or circular) scan FCS or in a raster scan motion as in the raster image correlation spectroscopy (RICS) method (Figure
10.2b). Finally, other methods measure the intensity fluctuation at two or more points
simultaneously such as the method called pCF (pair correlation function). Alternatively,
measuring fluctuations of many points simultaneously can be done with the image mean
square displacement (iMSD) method (Figure 10.2c). There are other variants of the FCS
technique that are included in Table 10.1 with a short description.
All the techniques mentioned in Table 10.1 can have additional prefixes such as
“cc” for cross-correlation.
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spFCS
lsFCS
ICS
tICS
RICS
STICS
kICS
PICS
iMSD
pCF
pCH
N&B

Single-point FCS, the original method
Line scanning FCS, used to analyze many points along a line
Image correlation spectroscopy, used to measure protein aggregation
Time ICS, calculates the time ACF at each point in an image
Raster scan ICS, temporally correlates adjacent points in an image
Spatiotemporal ICS, correlates points in subsequent frames
K-space ICS, computes correlations in the k-transformed space
Particle ICS, fits particle positions and correlates in subsequent frames
Image mean square displacement, uses STICS correlations for spatial probabilities
Pair correlation function, calculates cross-correlation between points at a given distance p
Photon counting histogram, analyzes brightness of particles at a single point
Number and brightness analysis, calculates number and brightness from first and second
moments of intensity fluctuations

10.2 THE AUTOCORRELATION FUNCTION
The spectrum of the fluctuations at a given location is generally represented by the
autocorrelation function (ACF). Starting from an expression of the fluorescence
intensity as indicated in Figure 10.3, we define the ACF as shown in the logical
scheme of Figure 10.3.
F(t) = κQ dr W(r)P(r,t)
F(t) = F(t) – F(t)

Photon counts
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TABLE 10.1
Technique Comments

G(τ) =

F(t) F(t + τ)
F(t) 2

Time
Average fluorescence

τ

t

t+τ

FIGURE 10.3 The fluorescence intensity F(t) is proportional to instrument factors indicated
by κ, the molecule quantum yield Q, and the convolution of the probability P(r,t) that a molecule is in the profile of illumination W(r) where t is the time and r is the spatial coordinate.
The fluorescence fluctuation δF(t) is defined as the fluorescence at times t subtracted by the
average fluorescence 〈F(t)〉. The brackets 〈〉 indicate temporal average. The normalized correlation function G(τ) is defined in the figure that also shows schematically the intensity
fluctuations, the average intensity, and the delay τ between points at which the correlation
function is computed.
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FIGURE 10.4 Typical ACF curves for proteins in solution and in cells as indicated in the
figure. All correlation functions are normalized to 1 at very short correlation times. The gray
area indicates the region where the major changes in the ACF occur for proteins in cells.

If the profile of illumination is Gaussian in all dimensions and if the changes in
concentration follow Fick’s law described in Figure 10.1, then the correlation function can be calculated by simple integration of the definition given in Figure 10.3.
−1

G (τ) =

γ 
4 Dτ  
4 Dτ 
1 + 2  1 + 2 

N
w3 DG  
z3 DG 

−1/ 2

(10.2)

This is the common form of the ACF for temporal fluctuations owing to diffusion in
3D. Some typical measurements of the ACF are shown in Figure 10.4 for proteins in
solutions and in cells.
The fluorescence fluctuations measurement at a single point or more points also
contains information about the amplitude of the fluctuation. Several approaches were
proposed to statistically analyze the amplitude of the fluctuations. In the single-point
approach, the method is called PCH, which stands for photon count histogram,28–30
and in the contest of image analysis, it is known as N&B, which stands for number
and brightness analysis.19,31,32
In this chapter, we will discuss the application of the fluctuation methods that
are more relevant for the studies of membrane systems, which have particular
requirements.

10.3 THE PRINCIPLE OF SCANNING FCS
Scanning FCS can be performed with a commercial confocal microscope with analog detectors or a homebuilt two-photon laser scanning system with photon counting
detectors. If we can move the point at which we acquire FCS data fast enough to
other points and then return to the original point “before” the particle had left the
volume of excitation, then we can “multiplex the time” and collect FCS data at several points simultaneously as schematically shown in Figure 10.5a.33
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FIGURE 10.5 (a) Schematic representation of the scanning FCS principle. The method
measures the intensity at several points in very rapid sequence and returns to the first point
before the fluctuation has decayed. (b) The fastest time to return to the original position using
the galvo scanner, which is common in commercial laser scanning microscopes, is achieved
by performing an orbital trajectory.

The fastest way to scan several points in a confocal microscope and then return
to the original point is to perform a circular orbit using the scanner galvos (Figure
10.5b). For this motion to occur, two galvos for the x and y axis, respectively, are
driven by two sine waves shifted by 90°, thereby obtaining a projected circular orbit
on the sample. Using current conventional technology, one orbit could be performed
in times of less than 1 to 0.5 ms, or in 0.15 to 0.1 ms using acousto-optic deflectors.
What is the minimum time required for an orbit so that we will not miss the “fastest” diffusion process in a cell? As shown in Figure 10.4, enhanced green fluorescent
protein diffuses in the cytoplasm with an apparent diffusion coefficient of approximately 20 μm2/s. The transit across the laser beam (assuming a w0 of 0.35 mm) is
approximately 1.5 ms (formula used: time = w02 / 4 D). Therefore, if we could perform
a full orbit in approximately 0.5 to 1 ms, we should be able to return to the same
position before a molecule of green fluorescent protein (GFP) should have moved
away from the original volume of excitation. Instead, for the same protein in solution, the motion is too fast and diffusing molecules will be partially missed. This
scenario is shown in Figure 10.4 where the gray band indicates the region of change
of the amplitude of the fluctuation. For all cases of proteins in cells, a characteristics
sampling time of approximately 1 ms is sufficient to see the same protein within the
same volume of illumination (PSF, point spread function). The separation between
sampled points along the orbit depends on the orbit radius and the sampling time.
For an orbit radius of 5 μm, the length of the orbit is approximately 32 μm. Light is
collected along the orbit, generally in the range 64 to 256 points. At 64 points per
orbit, the average distance is approximately 0.5 μm or 0.125 μm for 256 points. If
the orbit period is 1 ms, the dwell time at each point along the orbit is approximately
16 μs (64 points) or 4 μs (256 points), respectively.
Why is the distance between points important? As illustrated in Figure 10.6, if
the orbit radius is larger than 5 μm, the points are separated by more than the width
of the PSF (assuming 64 points per orbit: 2πR/64 ~500 nm). Setting the conditions
of the instrument for no overlap has the result of making the measurements at the
different points partially independent, but it limits the capability of obtaining spatial
correlations along the orbit.
Once the data along the orbits have been measured for approximately 1000 to
10,000 orbits (1 to 10 s), the data stream is presented as a “carpet” in which the
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Overlap

FIGURE 10.6 (a) Particles can be detected at different points along the orbit. (b) If the
observation of the fluctuations is done at well-separated points, we can calculate the ACF at
each point independently. If the points are overlapping, we can obtain additional information
regarding the motions of molecules from one point to adjacent points.

horizontal coordinate represents data along the orbit and the vertical coordinate represents data at successive orbits (kymographs) (Figure 10.7).
There are different approaches that we can use to extract the diffusion of particles,
the number of particles, and their brightness at each point along the orbit. If we consider
the intensity at each point of the orbit and in the carpet representation we select a column
of the carpet, we obtain a time sequence at a specific point of the orbit. Using this time
sequence, we calculate the ACF as shown in Figure 10.8. The sampling time in this time
sequence is equal to the orbit time; the ACF can then be used to extract the local (to the
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Orbit

FIGURE 10.7 (a) Simulation of particles diffusing on a membrane superimposed with the
orbit along which the measurements are taken. (b) In the carpet representation, we plot the
intensity along each orbit (x coordinate) as a function of the orbit number or time (y coordinate). A vertical line in the carpet represents measurements done at the same position of the
image.
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FIGURE 10.8 (a) For the carpet in Figure 10.7b, one line is extracted. Only a portion of
the line is shown. (b) The ACF is calculated for the time sequence in (a). The continuous line
corresponds to the best fit that recovers the value of 10 μm2/s used for the simulations.

orbit location) diffusion coefficient. The simulation shown in Figure 10.8 corresponds to
particles diffusing randomly with a diffusion coefficient of 10 μm2/s.
For a homogeneous sample, every column should be equivalent, so that we can
calculate the ACF for every column and then fit all the columns either globally or
individually as shown in Figure 10.9.
In this example, the G(0) changes from line to line, because the statistics is poor
(Figure 10.9b, dark gray line), but the diffusion coefficient (Figure 10.9b, light gray
line) is pretty constant at the expected value of D = 0.1 μm2/s. Using the scanning
principle and the carpet ACF, it seems that we are unable to analyze cases where
the fluctuations are fast since we cannot come back at the same location before the
fluctuation dissipates. However, if the molecule that has caused the fluctuation moves
to adjacent pixels, we could capture the fluctuation by correlating the fluctuation at
adjacent pixels. Using spatial correlations, we gain in the detection of fast dynamics
at the expense of spatial resolution.
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FIGURE 10.9 (a) Carpet surface obtained by extracting each column of Figure 10.7b and
calculating the ACF. (b) Carpet fit of each of the ACF functions in (a) to extract the amplitude
G(0) and the diffusion constant from the fit (continuous smooth line). The expected value of
the diffusion constant for this simulation is recovered at each line, while the amplitude (which
is inversely proportional to the number of particles) has much more noise owing to the small
number of particles used in this simulation.
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The RICS method explicitly takes into account the spatial correlation among adjacent
points (Figure 10.10).17,24 Since adjacent points are needed to extract dynamics, we can
have a combination of very high time resolution with sufficient spatial resolution. A
major benefit of RICS is that it can be done using the raster scan pattern (rather than
the circular pattern) that is usually available in commercial laser scanning microscopes.
Another significant advantage is that it can be done with analog detection, as well as with
photon counting systems, although the characteristic of the detector must be carefully
characterized owing to possible time correlations at very short times attributed to the
analog filter found in some microscope electronics. More importantly, RICS provides
an intrinsic method to separate the immobile fraction and can reveal the different spatial
distribution that arises from processes such as weak binding form true diffusion.
The principle of RICS is schematically depicted in Figure 10.10. Briefly, in a raster
scan image, points are measured at different positions and at different times simultaneously. If we consider the time sequence, it is not continuous in time; instead, if
we consider the pixel sequence, it is contiguous in space. In the RICS approach, we
calculate the two-dimensional (2D) spatial correlation function (similarly to the ICS
method of Petersen and Wiseman34,35):
GRICS (ξ, ψ ) =

I ( x , y) I ( x + ξ , y + ψ )
I ( x , y)

Situation 1: Slow diffusion

1

2

3

Spatial correlation
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Situation 2: Fast diffusion
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− 1.

(10.3)

Slower diffusion

Faster diffusion

Pixel

6
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FIGURE 10.10 In situation 1, we schematically show the laser beam moving along a line in
the raster scan pattern. If a particle indicated by the dot moves slowly, as the laser is moved,
the particle can only be found in the very adjacent pixels. In these pixels, the spatial correlation of the fluctuations is high as shown by the line in the graph. In situation 2, the particle
is diffusing fast. The probability of finding the particle in the very adjacent pixels decreases,
but it increases at distant pixels. The spatial correlation decreases at the closest pixels, but it
increases at distant pixels (line in the graph).
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In Equation 10.3, the variables ξ and ψ represent spatial increments in the x and
y directions, respectively. 2D spatial correlation can be computed very efficiently
using fast Fourier transform methods.
To introduce the “RICS concept,” we must account for the relationship between
time and position of the laser beam so that x and y are explored in a specific time
sequence according to the raster scan pattern. The RICS correlation function is generally written as the product of two or more terms. One term accounts for the temporal fluctuations caused by the diffusion and the other term account for the spatial
distribution owing to Fick’s law:
G RICS(ξ, ψ) = S(ξ, ψ) × G(ξ, ψ)

(10.4)

For any diffusion value, the amplitude decreases as a function of time and the
width of the Gaussian increases as a function of time according to the following
relationship also illustrated in Figure 10.11.

(0,255)

(0,0)

Frame #1

Spatially correlate each frame
individually then take the average of all the frames

(0,0)
(0,0)
(0,0)
(0,0)
(0,0)

(0,255)
(0,255)
(0,255)
(0,255)
(0,255)

Frame #100
1

100

FIGURE 10.11 Schematic illustration of the spatial correlation operation. Each pixel in
frame #1 is multiplied by itself and all the products are added. The result of this addition (normalized to the total number of points) is plotted at the (0,0) location in the spatial correlation
function. Then, the pixels of frame #1 are shifted by 1 in the x direction, and the product of
those pixels with the unshifted frame are added, normalized, and plotted in position (1,0) of
the spatial correlation function. This process is repeated for each pixel shifted in the x and y
direction, giving the correlation function schematically shown in the right part of the image.
Many frames can be collected, and the spatial correlation function for each frame is calculated. All the correlation functions obtained can be averaged to increase the S/N.
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The temporal correlation of fluctuations caused by diffusion has the same overall
expression as in Equation 10.1 with the notable difference that the time of pixel sampling depends on the raster scan pattern.

(

)

−1

(

)
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4 D τp ξ + τl ψ  
4 D τp ξ + τl ψ 
γ 
+
G (ξ , ψ ) =  1 +
1



N
w02
wz2
 


−1/ 2

(10.5)

τp and τl indicate the pixel time and the line time. The correlation owing to the spatial term in the diffusion is given by Equation 10.6:
2
2 
 
2ξδr   2ψδr  
 
 
 +
  w0   w0   
S (ξ, ψ ) = exp  −
,
4 D τp ξ + τl ψ  
 
 
  1 +
w02
 


(

)

(10.6)

where δr is the pixel size. For D = 0, the spatial correlation gives the autocorrelation
of the PSF, with an amplitude equal to γ/N. As D increases, the correlation (G term)
becomes narrower and the width of the S term increases. Figure 10.12 and the caption describe how an experiment is performed using simulated data.
Until now, we have only discussed the principle of the spatial correlation method.
When we apply the RICS approach to cells, we must account for the immobile fraction, since the spatial correlation of the image contains all the spatial features of
the cell rather than just the fluctuations attributed to motion of the molecules. We
need to separate this immobile fraction from the mobile part before calculating the
spatial correlation function. This is achieved by subtracting the average image pixel
by pixel. Furthermore, we need to disregard the correlation at time zero and at shift
(0,0); the correlation at this point contains the noise of the detector. The detector
noise does not propagate to adjacent pixel; it neither has a time memory. If we subtract the average intensity and disregard the zero time–space point, the immobile
bright region totally disappears from the correlation function.
Figure 10.13 shows schematically the procedure to subtract the immobile part
before calculating the RICS correlation function.
As a take-home message for this first part of our contribution, the RICS approach
either along a line or in entire images can be used to measure dynamic rates from
the microsecond-to-millisecond time scale. Anyone with a commercially available
instrument can use it. Immobile structures can be filtered out and fast fluctuations
can be detected. The range of processes that can be measured include the diffusion
of small molecules in solutions and cytosolic diffusion of proteins and can be used to
discriminate other types of processes and interactions such as weak binding, blinking, and conformational transitions.
Although RICS is a quite powerful technique, in the context of membrane biophysics, there are other fundamental processes that are difficult if not impossible.
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FIGURE 10.12 All frames are acquired at the same raster scan speed. (a) Particles diffusing
at D = 0.1 μm2/s appear relatively round at the scanning speed used. (b) The resulting spatial
correlation function mostly reflects the roundness of the particle in the image. (c) The lower
surface is the fit of the spatial correlation function corresponding to D = 0.1 μm2/s. The upper
surface is the plot of the residues of the fit. (d) Raster scan image of particles diffusing at
D = 5.0 μm2/s. The particles appear defocused because they move while they are being measured. (e) The resulting spatial correlation function mostly reflects the partially elongated
shape of each particle in the image. (f) The lower surface is the fit of the spatial correlation
function corresponding to D = 5.0 μm2/s. (g) Raster scan image of particles diffusing at D =
90 μm2/s. The particles appear very elongated because they move away before the next line is
scanned. (h) The resulting spatial correlation function shows a very elongated pattern. (i) The
lower surface is the fit of the spatial correlation function corresponding to D = 90 μm2/s.

RICS is based on correlating fluctuation among adjacent pixels, but the RICS correlation function does not calculate correlations among fluctuations occurring at longer
times corresponding to different frames in a time stack acquisition. Using this more
general approach, we could address questions related to the diffusion as well as the
confinement of the diffusing molecules and measurement of active transport, which
are commonly studied using single-particle tracking.
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Spatial correlation

Spatial correlation Subtract the average Spatial correlation
before subtracting
of entire image after
background
subtracting image

FIGURE 10.13 Logical representation of the algorithm to subtract the immobile structures
in order to obtain the correlation function of only the moving particles. A stack of images is
acquired in rapid succession (approximately 50 to 100 frames). If we calculate the spatial correlation of the image, we will see a characteristic pattern that reflects the spatial structures of
the images rather than the intensity fluctuations. We then calculate the average of all frames
in the stack and subtract this average from each of the frames. Finally, we calculated the
spatial correlation function of the images after subtraction of the average, immobile fraction.

10.5 THE iMSD CONCEPT AND THE GENERALIZATION
OF FLUCTUATION CORRELATION EXPERIMENTS
Molecules on biological membranes move according to an underlying spatial structure
that has been shown by single-particle tracking.1,36 However, single-particle tracking
requires labeling molecules with large probes and a concentration in which each particle
is separated from the other. Particle tracking experiments were quite important because
they have given us information about the structure and dynamics of membranes at the
100–200 nm scale that are not amenable to other structural methods (x-rays, etc.). The
algorithms for determining the trajectory of particles require the motion to be essentially
in 2D and that the particles should not disappear/reappear during tracking. The advantage of single-particle tracking is the detailed information that can be obtained through
the analysis of the mean square displacement (MSD). The MSD provides information
about directed motion, flows, and directionality. However, this is obtained one particle at
a time at a long time range (several seconds per particle) (Table 10.2).
The method that we discuss here (iMSD) provides the value of the MSD similarly
to single-particle tracking but using single-particle fluctuations in an ensemble analysis
approach based on correlation functions.37 This method can be applied to entire images
or parts of images and it is done using fast cameras (in the TIRF configuration for membrane studies) at a relatively high concentration of fluorescent particles. To calculate the
spatiotemporal correlation function, we acquire a stack of images, generally approximately 1000. The STICS correlation function is given by the following expression38:
GSTICS (ξ, ψ , τ) =

I ( x , y, t ) I ( x + ξ , y + ψ , t + τ )
I ( x , y, t )

2

− 1..

(10.7)
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TABLE 10.2
Advantages and Limitations of Common Dynamic Techniques Employed to
Measure Molecular Diffusion and Aggregation in Cells
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Technique

Advantages

FRAP, iFRAP, FLIP

Well established, high
signal-to-noise ratio

Single-point FCS/PCH/
ccFCS/ccPCH

Well established, measures
single molecular fluctuations

RICS/ccRICS/N&B/ccN&B

Provides a map of molecular
diffusion and aggregates in
the entire cell, provides
stoichiometry information
Provides detailed information
about directional motion,
diffusion in restricted space

Single-particle tracking

Limitations
Only measures populations, limited
spatial and temporal resolution,
difficult to do in multicolor mode
Difficult to obtain diffusion and
interaction in every position in the
cell, difficult to obtain molecular
interaction and stoichiometry of
aggregates
Works better with fast diffusion and
fast binding (on and off rates)

One particle at a time, the particles
must be bright and isolated from
each other

The correlation function can be calculated using the principles already outlined
in Figure 10.2, based on the excitation profile and a model for the diffusion, in our
case, Fick’s law:
G(ξ, ψ, τ) = g0 p(ξ, ψ, τ) × W(ξ, ψ)

(10.8)

The general expression for the correlation function takes the following form:
 ξ2 + ψ 2 
G (ξ, ψ , τ) = g(τ) × exp  − 2
 + g∞ (τ).
 σ r (τ) 

(10.9)

The term g(τ) corresponds to a decay function that is indicative of the lack of
correlation at a long time. Figure 10.14 shows the general concepts behind the iMSD
approach.
The variance of the Gaussian term can be modeled according to (i) free diffusion,
(ii) confined diffusion, and (iii) transient confinement, with a probability to escape
from confinement.
σ r2 (τ) = 4 Dτ + σ 20

σ r2 (τ) ≅

 τ 
L2 
2
 1 − exp  −   + σ 0
3 
 τc  

(10.10)

(10.11)
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(c)

χ
STICS function

χ

χ
Diffusive component

χ

χ
Immobile component

Time

FIGURE 10.14 (a) Starting from a TIRF (total internal reflection) microscope, a time stack
of images (b) is collected at relatively high speed, generally in the order of 100 frames/s.
(c) The STICS correlation function (Equation 10.7) is applied to the stack. Either a fit of the
correlation function or an estimation of the variance of the distribution is used to construct
the iMSD plot. (e) The function will tend to the immobile part, which is generally subtracted
in this analysis so that only the diffuse component is analyzed (line in e). Under this condition, the ACF will go to zero at long correlation times as shown in (f). (Image reproduced
from Di Rienzo, C. et al., Proc Natl Acad Sci, 110, 12307–12, 2013.)

σ r2 (τ) ≅

 τ 
L2 
2
 1 − exp  −   + 4 Dmacroτ + σ 0

τ
3 
 c 

(10.12)

The three situations are illustrated in Figure 10.15.
One crucial characteristic of the iMSD approach is that the iMSD at time t = 0
converges to σ 20 . This is the size of the PSF. If we determine the size of the PSF with
great precision and we subtract it from the iMSD, then the limiting value should tend
to the size of the particle. Since in our measurements we use molecules that are of
negligible size compared to the PSF, any excess value of iMSD above zero must be
due to a fast motion within the exposure time of the camera (Figure 10.16).
A distinct advantage of the iMSD technique is that we can measure the iMSD
using a line scan. The iMSD is based on correlation rather than tracking, so we do
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FIGURE 10.15 Simulations of different diffusion behaviors typically found in biological
membranes. (a) Free diffusion. (b) For free diffusion, the iMSD increases linearly with the
correlation time. (c) From the slope of the iMSD, we can recover the value used for the simulation over a broad range. (d) Simulation of confined motion in a confinement zone of size
L × L. (e) The iMSD saturates as the correlation time increases. (f) From the saturation value,
we can directly extract the value of L used for the simulations. (g) Simulation of transient
confinement shows that the iMSD has a mixed behavior as shown in (h). (i) Fit of the iMSD
curve provides both the value of the local diffusion and the confinement strength parameter.
(Image reproduced from Di Rienzo, C. et al., Proc Natl Acad Sci, 110, 12307–12, 2013.)

not need to exactly follow the particle for many frames. If the particle disappears and
then reappears like in a line scan, the correlation function will “fill the dots” and the
iMSD could be measured at very high speed in the microsecond range, which is not
attainable yet using cameras. This point will be further discussed in connection with
experimental results.

231

Fluctuation Spectroscopy Methods for Membrane Processes

2
1.5

iMSD (µm2)

R

(b)
.6 µm
.3 µm
R = 0 7 µm
.0
0
R=
µm
R=0

R=0

1

0.5

Downloaded by [University of California, Irvine (CDL)] at 14:02 25 August 2016

0

1
Rexp (µm)

(a)

0

0.5
Time (s)

1

(c)

0.1

0.01
0.01

0.1
Rtheor (µm)
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FIGURE 10.16 Simulations of diffusion of particles of different size. (a) The size of the
particles was varied from zero to 600 nm. (b) In all cases, the intercepts of the iMSD at t = 0
gives the radius of the particle. (c) The recovery of the simulated value always corresponds
to the value used for the simulation. (Image reproduced from Di Rienzo, C. et al., Proc Natl
Acad Sci, 110, 12307–12, 2013.)

10.6 EXAMPLE OF STUDIES OF MEMBRANE LATERAL DIFFUSION
THAT EMPHASIZE THE SPATIAL CORRELATION METHOD
In this example, we show an application of the iMSD spatial correlation method to
determine transient confinement in cell membranes. The original work by Kusumi’s
laboratory36 using single-particle tracking demonstrated that the transferrin receptor
(TfR) is transiently confined and that the confinement is due to interactions of the
receptor with the underlying cytoskeleton as schematically shown in Figure 10.17a.
Images of cells transfected with TfR-GFP are shown in Figure 10.17b. In the TIRF
microscope, images were acquired at 100 frames/s and the iMSD correlation function was calculated and shown at different delays τ (Figure 10.17c). The correlation
decays as a function of time and the amplitude of the correlation function is shown
in Figure 10.17d. The iMSD is calculated as described in Figure 10.14 and plotted in
Figure 10.17e (light gray curve). In accordance with the work of Kusumi et al.,36 we
can clearly see the transient confinement of the TfR. We then treated the cells with
latrunculin, which is known to disorganize the actin cytoskeleton (Figure 10.17f).
After treatment, the receptor moves almost unobstructed as shown in Figure 10.17e
(dark gray curve). We note that this experiment was done with a relatively small
added part to the TfR receptor (the GFP), which better reproduces the biological
situation than the gold particles or antibodies used by Kusumi. Furthermore, in our
experiment, we have a relatively large density of receptors; still, the iMSD can be
obtained with great accuracy.
To further investigate if the barrier that causes the confinement is due to a simple
mechanical obstruction, we performed experiments as a function of temperature in a
relatively narrow temperature range not to affect the cell membrane. We found that
an increase in temperature causes an increase in the rate of hopping over the barrier. An Arrhenius analysis allowed us to determine the barrier height at the origin
of the confinement. Figure 10.18a shows the iMSD as two temperatures and Figure
10.18b shows the iMSD at very short time delays. In Figure 10.18c, we show that

232

Cell Membrane Nanodomains

(a)

(b)
t

(c)

(d)
0.03
G(0,0,τ)

0.025
0.02
0.015
0.01
τ = 0.01 s

τ = 0.05 s

τ = 0.25 s

τ = 0.5 s

0.005 –2
10

τ=1s

100

Time (s)

102

(f )

(e)
0.25
iMSD  σ0 (µm2)

Downloaded by [University of California, Irvine (CDL)] at 14:02 25 August 2016

L

1

–Lat
+Lat

+Lat

0.5
0

0.2
0.15

0

0.5

1
10 µm

0.1

–Lat

0.05
0
0.2

0.2

0.4

0.6

0.8

1

0.2

0.4

0.6
Time (s)

0.8

1

0
–0.2

FIGURE 10.17 Motion of the TfR in cell membranes. (a) Schematic representation of
the membrane and underlying actin network. (b) CHO-K1 cells transfected with TfR-GFP.
(c) The stack of images collected in the TIRF microscope is used to compute the STICS correlation function. (d) The amplitude of the correlation decreases as a function of the delay
time. (e) The iMSD for the TfR is affected by the treatment with latrunculin. (f) Cells treated
with latrunculin lose their shape after 30 min. (Image reproduced from Di Rienzo, C. et al.,
Proc Natl Acad Sci, 110, 12307–12, 2013.)
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Transient confinement if TfR is due to an Arrhenius barrier
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FIGURE 10.18 Temperature effect on the motion of the TfR in cell membranes. (a) As the
temperature increases, the iMSD plot shows a marked increase in the mobility of the receptor.
(b) Detail of the behavior at short times. (c) Calculation of the apparent diffusion coefficient
as a function of temperature. (d) Subtracting the PSF value clearly shows the confinement.
(e) Determination of the confinement parameter L as a function of temperature. (f) Arrhenius
analysis to determine the barrier height (1.4 ± 0.5 eV). (Image reproduced from Di Rienzo, C.
et al., Proc Natl Acad Sci, 110, 12307–12, 2013.)

the apparent diffusion increases with temperature. We paid particular attention to
the behavior of the iMSD at very short times, and after subtracting the value of the
PSF, we realized that the iMSD shows a confinement effect from which we determined the confinement parameter L (Figure 10.18e). In Figure 10.18f, we show the
Arrhenius analysis that shows a single slope. We also observed that the iMSD was
not going to zero, as predicted by the theory.
We hypothesized that the minimum frame time of 0.01 s allowed by our camera
is still too long and that during that time, the protein could diffuse in within the
confinement zone, producing a spot of a given size that is due to motion rather than
to the real size of the molecule (Figure 10.19a).
We then exploited the property of the iMSD that allows us to use a very fast
line scan to explore the very beginning of the iMSD curve (Figure 10.19b). The
iMSD analysis of line scan shows that at very short times, the iMSD goes to zero,
as predicted by the theory. We then determine directly the transition point and we
were able to find independently the size of the confinement zone. This latter result
is quite intriguing because it suggests that only at very fast times can we observe
the “true” behavior of the TfR and that at very short times, the protein diffuses
relatively fast.
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FIGURE 10.19 iMSD behavior at very short correlation times. (a) The values of the iMSD
determined with the camera do not extrapolate to zero. (b) Line scan analysis is used to determine the behavior at very short times. (c) Line iMSD shows that the iMSD goes to zero at very
short times as predicted by the theory. (Image reproduced from Di Rienzo, C. et al., Proc Natl
Acad Sci, 110, 12307–12, 2013.)

10.7 CONCLUSIONS
The development of the concept of spatial correlation in the FCS approach is particularly important for membrane studies. The concept shifts the focus from the
measurements of intensity fluctuations caused by the passage of the molecule in the
volume of illumination to the spatial path taken by the molecule. Given the intrinsic
structural and dynamical nano- and macrostructure of biological membranes, this
shift of paradigm could be very significant. The development of the spatial correlation of the fluctuations requires a more complex mathematical approach but
produces simple and intuitive results that can be inferred directly from the shape
and behavior of the spatial correlation function. The concept of the iMSD method
was key for the discovery of membrane domains and confinement and, in general
macrostructures, comes naturally from mathematical derivation. More importantly,
measurements of fluctuations are done using relatively small fluorescence tags and
on single molecules. There are no large particles attached to lipids or proteins. The
measurement of the spatial correlation can be done either using confocal techniques
or using fast, commercially available cameras. Camera measurements can be supplemented with fast line scans to interrogate a time range that is still not reachable with
current camera technologies. Data analysis is very simple and fast as opposed to
single-particle tracking that requires sophisticated algorithms for determining the
regions of confinement.
A topic not discussed in this contribution is that the iMSD approach can be
done using multiple detection channels similarly to the cross-correlation fluctuation
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techniques. This still unexploited capability could reveal the formation of molecular
complexes and their transport in the membrane. Another subject that is not discussed
here is the measurement of molecular flows, as proposed originally by the Wiseman
laboratory upon the introduction of the STICS technique. The current RICS or iMSD
analysis allows dividing the image in small subimages so that the behavior of a large
portion of the plasma membrane of cells could be studied and compared. Another
interesting topic that is enabled by the RICS technique is the quantification of aggregation and binding. The N&B methods are currently used to analyze the distribution
of the amplitude of the fluctuations, to determine membrane receptor aggregations
and other biologically significant processes.
The fluctuation correlation approach is a powerful method used to determine several membrane properties such as local structure, molecular interactions, and protein
and lipid transport. Although the principles of the method have been known for some
time, only recently has the fluctuation approach been applied to the study of membrane systems in great detail. As originally conceived, the FCS method provides
information about the rate of fluorescence intensity fluctuations at a single point.
During the last few years, the fluctuation analysis has been enhanced to account for
spatially correlated fluctuations. In the context of membrane studies, this evolution
of the fluctuation correlation method has opened new possibilities that have brought
notable insight about the dynamic structures of membranes, both in model systems
and in the membranes of living cells. Since spatial correlation methods are relatively
new, here we review the conceptual framework that has allowed us to develop and
apply the notion of spatial correlation to cellular systems. First, we describe the spatial
correlation approach using schematic graphical representations and then we show a
recent application of image correlation analysis to membrane systems in live cells.
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