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a b s t r a c t

In this article, we review the application of fluorescence correlation spectroscopy (FCS) methods to stud-
ies on live cells. We begin with a brief overview of the theory underlying FCS, highlighting the type of
information obtainable. We then focus on circular scanning FCS. Specifically, we discuss instrumentation
and data analysis and offer some considerations regarding sample preparation. Two examples from the
literature are discussed in detail. First, we show how this method, coupled with the photon counting his-
togram analysis, can provide information on yeast ribosomal structures in live cells. The combination of
scanning FCS with dual channel detection in the study of lipid domains in live cells is also illustrated.

� 2018 Elsevier Inc. All rights reserved.
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1. From point to circular scanning FCS

1.1. Nano-historical overview

Fluctuation methods have been utilized for more than a cen-
tury, dating back to the theoretical work of Albert Einstein in
1905 [1] and Marian Ritter von Smolan Smoluchowski (1906) [2]
on Brownian diffusion and the experimental studies by Theodore
Svedberg on colloids in 1911 [3]. Application of fluctuation analysis
to light scattering began in the 1960s, and in the early 1970s Elson,
Magde and Webb developed fluorescence correlation spectroscopy
(FCS) and used it to study binding reactions and chemical kinetics
[4,5]. Independently, in 1974, Ehrenberg and Rigler developed the
method to study rotational diffusion of macromolecules [6]. In
1990, Denk and Webb [7] demonstrated microscopy based on
two-photon excitation and in 1995 Berland, So and Gratton put
the two technologies together, namely two-photon excitation
microscopy and Fluctuation Correlation Spectroscopy (FCS), and
demonstrated the potential of this methodology for intracellular
measurements [8]. Elliott Elson, one of the pioneers of FCS, has
written a series of historical overviews of the method well worth
the attention of anyone with a sustaining interest in FCS [9–11].

Scanning FCS refers to an extension of FCS where the focal vol-
ume is moved relative to the sample to measure correlation func-
tions in both space and time. Scanning FCS was introduced in 1976
by Weissman [12], who used a circular rotating sample cell (keep-
ing the excitation volume fixed) to expose several statistically
independent volumes to the illumination beam providing, in addi-
tion, a way of separating the desired fluctuation from the noise. In
1986 Petersen [13] published FCS measurements in 3T3-cells using
a custom designed linear translating stage having a position
detector allowing control of the sample position with a precision
of �20 nm.

1.2. Fluorescence correlation Spectroscopy: fluctuations in one spot

The basic principles of FCS have been discussed in many publi-
cations [11,14]. Initially, microscopy and FCS were realized using a

single point of excitation and observation as illustrated in Fig. 1
[14]. Some instruments use standard confocal pinhole methods
to achieve the very small observation volume while others use
two-photon principles which are intrinsically confocal [15]. In
point FCS, the small illumination volume is kept immobile and
the signal fluctuations detected will arise from the instrumental
noise and from the stochastic Brownian motion of molecules mov-
ing randomly in and out of the illumination volume as a function of
time. As the figure indicates, if the concentration of fluorophores is
sufficiently low, then fluctuations in the signal are evident. Analy-
sis of these fluctuations provides information on the motility
(diffusion coefficients), concentration (number of particles) and
association state (molecular brightness) of the particles responsi-
ble of the fluctuations observed. To extract this information, data
can be analyzed by using the Autocorrelation Function (ACF) or
the Photon Counting Histogram (PCH).

Consider the data stream depicted in Fig. 2. The average fluores-
cence intensity in the data stream is termed hF(t)i, while the vari-
ation of any point from the average is termed dF(t). To calculate the
autocorrelation function, G(s), the intensity at some time, t, is mul-
tiplied by the intensity at a later time, t + s, as illustrated in Fig. 2a.
The average of this product, carried out for many values of s, is
then divided by the square of the average fluorescence intensity
to generate the value G(s).

GðsÞ ¼ < dFðtÞ � dFðt þ sÞ >
< FðtÞ>2 ð1Þ

By carrying out this calculation over many s values, an entire auto-
correlation curve is constructed, as shown in Fig. 2b. Two parame-
ters can be recovered from the ACF analysis: the diffusion
coefficient (Dcoef) and the average number of particles in the obser-
vation volume (�N) given by the inverse of G (0) and multiplied by a
constant (c) that depends on the illumination profile.

For PCH analysis [16,17] the probability of detecting photons
per sampling time is calculated from the histogram of the detected
photons, comparing the theoretical with the experimental distri-
bution. The occupation number of particles freely diffusing in

Fig. 1. Fluctuations are measured in a small volume (femtoliter range). The small illumination volume is generated either by the use of pinholes or directly by using two-
photon excitation.
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