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Position-Sensitive Scanning Fluorescence Correlation Spectroscopy

Joseph P. Skinner, Yan Chen, and Joachim D. Mdller

School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455

ABSTRACT Fluorescence correlation spectroscopy (FCS) uses a stationary laser beam to illuminate a small sample volume
and analyze the temporal behavior of the fluorescence fluctuations within the stationary observation volume. In contrast,
scanning FCS (SFCS) collects the fluorescence signal from a moving observation volume by scanning the laser beam. The
fluctuations now contain both temporal and spatial information about the sample. To access the spatial information we
synchronize scanning and data acquisition. Synchronization allows us to evaluate correlations for every position along the
scanned trajectory. We use a circular scan trajectory in this study. Because the scan radius is constant, the phase angle is
sufficient to characterize the position of the beam. We introduce position-sensitive SFCS (PSFCS), where correlations are
calculated as a function of lag time and phase. We present the theory of PSFCS and derive expressions for diffusion, diffusion
in the presence of flow, and for immobilization. To test PSFCS we compare experimental data with theory. We determine the
direction and speed of a flowing dye solution and the position of an immobilized particle. To demonstrate the feasibility of the
technique for applications in living cells we present data of enhanced green fluorescent protein measured in the nucleus of COS

cells.

INTRODUCTION

Along with the introduction of fluorescence correlation
spectroscopy (FCS) (1), a similar fluorescence method for
the determination of molecular weight of DNA was
introduced (2). This method autocorrelates the fluorescence
of a rotating sample excited by a stationary laser beam. This
and similar FCS techniques that scan multiple volumes are
called scanning fluorescence correlation spectroscopy
(SFCS). In the past three decades SFCS has taken on a
variety of forms and was applied to a number of systems.
Briefly, SFCS has been used to correlate spatial fluctuations
for particle counting and aggregation measurements (2—6)
and also combined with temporal fluctuation analysis to
study translational diffusion as well (7,8).

So far, the spatial information embedded in SFCS
experiments has not been explicitly considered. To make
use of spatial information we synchronize data acquisition
and the movement of the scanning excitation beam. By
introducing a direct relationship between the fluorescence
signal and its position at all times, we are able to introduce
position-sensitive SFCS, where correlations are calculated as
a function of lag time and position. Although many different
scan trajectories are feasible, a scan path that is closed and of
simple geometry is needed to allow the derivation of ana-
lytically tractable models. A circular scan path is the most
straightforward to use. Two parameters characterize its path,
the scan radius and the time-dependent phase angle. Because
the radius of a circular scan path is constant, each scan
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position is characterized by its corresponding phase. This
allows us to introduce correlation functions that depend on
the lag time and the phase. We refer to this technique as
position-sensitive SFCS (PSFCS).

This article introduces the theoretical framework of
PSFCS and develops models of the correlation function for
free diffusion, for diffusion in the presence of uniform flow,
and for the case of immobilized particles. We also present
experimental data for each case to support our theory.
PSFCS and regular SFCS are closely related. The SFCS
correlation function is the phase average of the PSFCS
correlation function. We first discuss regular SFCS for freely
diffusing particles and extend the theory to the case of uniform
flow and immobilization. In addition, we show that SFCS is
useful for reducing the effects of photobleaching present in
FCS correlation data.

By applying the PSFCS technique to a flowing dye
solution we are able to determine the diffusion coefficient,
the flow direction and the flow speed directly from the
experimental data. FCS is unable to detect immobilized
particles, because its fluorescence simply adds to the back-
ground without introducing fluctuations. PSFCS, on the other
hand, is sensitive to immobilized particles, because scanning
of the excitation beam across the particle introduces periodic
excitation of its fluorescence. We experimentally show that
PSFCS allows us to determine the position of an immobi-
lized particle.

A major motivation for developing position-sensitive
SFCS lies in the application of the technique inside single
cells to characterize diffusion, transport processes, and
immobilized proteins. As proof of principle that our
technique works in cells we present position-sensitive
SFCS data of enhanced green fluorescent protein measured
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in COS cells. The data are described by a model of freely
diffusing proteins.

THEORY

To introduce the PSFCS technique we first review the theory
behind FCS and SFCS. We begin by describing the relevant
expressions to derive the FCS autocorrelation functions for
diffusion and flow. SFCS for diffusing particles is then
described and also applied to particles in the presence of
flow. Finally, we modify the definition of the autocorrelation
function and introduce PSFCS. PSFCS is sensitive to the
position of the scanned beam. We derive theoretical
expressions of the PSFCS correlation functions for diffusion,
flow, and immobilization.

FCS

In FCS experiments, fluorescence is collected from very
small observation volumes (~1 fL). We express the fluo-
rescence of particles with a particle concentration C(7, ¢) at
position 7 and at time ¢ as,

F(t) = k / ") T(7) C(7,1)dQ = « / PSF(7) C(7, 1)dS),
1)

where I(7) is the intensity of the excitation source at position
7, and T(7) is the spatial dependence of the collection effi-
ciency of the instrument. The number # equals the number of
photons simultaneously absorbed for excitation, d{) indi-
cates integration over all space, and the constant k takes the
quantum yield, the extinction coefficient, and the
optical detection efficiency into account. In the second
equality we introduce the point spread function PSF (7) of
the instrument as the product of the n-th power of the
excitation intensity I(¥) and the collection efficiency T'(F) of
the instrument.

As particles continuously enter and leave the observation
volume, the number of molecules varies and fluctuations in
fluorescence is observed. The resulting fluctuations in the
fluorescence intensity are defined by (9,10)

SF(1) = F(t) — (F) = k / PSF(PSC(F,1)dQ),  (2)

where (F) is the time-averaged fluorescence intensity and
8C(7,t) = C(F,t) —(C) is the concentration fluctuation,
with {C) being the average concentration of the fluorophores.
The fluctuations in the recorded fluorescence signal are used
to determine the autocorrelation function,

_ (BF(1)3F(t+ 7)) _ (3F(0)F(r))

G(T) <F)2 <F)2

3
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In the second equality we assumed that the measured
physical process is stationary. The correlation function of a
stationary process depends only on the time difference 7, which
is called the lag time. The autocorrelation function G(7)
characterizes the average temporal decay of fluorescence fluc-
tuations and provides information about dynamic processes
of the fluorophores, such as diffusion times and kinetic re-
action coefficients. Theoretical autocorrelation functions are
explicitly constructed by inserting Egs. 1 and 2 into Eq. 3,

- ([[ PSF(F) PSF(F') 8C(F,1) 8C(F',t + ) dQ dQ")

G(r 2
[(C) [ PSF(7)d]

“

where 7 and 7 correspond to positions at time ¢ and
t+7, respectively. We model the PSF of the instrument as the
n-th power of a three-dimensional Gaussian (3DG) function,

n 2n(x* +y°)  2n7
PSFipg(x, y, z) = A" exp —# il N )
Wo 2y

Here A is the maximum intensity of the beam, wy is its
beam waist, and z( describes the axial length of the excitation
volume. We introduce the parameter @ as the ratio of the
axial/radial beam waist a = zo/wy. The autocorrelation
function for the case of freely diffusing fluorophores and
a 3DG PSF is then,

Gol7) = G(0) ! ©)

/(1 +71/1p)4/1+ T/azfrD’

where the diffusion time is given by mp = w% /4nD and D
is the diffusion coefficient of the fluorophore. The fluctua-
tion amplitude G(0) is inversely proportional to the av-
erage number of molecules N in the observation volume,
G(0) = y/N, where the shape factor y depends on the shape
of the PSF. The shape factor for a three-dimensional
Gaussian function is 1/(2v/2).

For systems of particles undergoing diffusion and
uniform flow with velocity V, the concentration is governed
by

aC(7,1)
ot

Without loss of generality we will assume that the flow is
in the positive y-direction, Vg = vgy. This equation can be
used to calculate the functional form of the autocorrelation
function Gpg(7) for diffusion and flow as has been outlined
previously (10,11),

= —DV’C(#,1) — ¥ VC(¥,1). 7

Gore(7) = Go(7) exp [_(T/”)z} _

T+ 7/m Gp(T)F(1). (8)

The autocorrelation function Gpg(7) is the product of the
function Gp(7) and the flow factor F(7). We also introduced
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the flow time 7 = wy/+/n vg, which characterizes the time it
takes for crossing the PSF by flow alone.

It is often sufficient to describe experimental data using
a two-dimensional Gaussian function. We arrive formally at
this function by taking the limit of the 3DG function where
the beam waist ratio goes to infinity, a— o. The auto-
correlation function for the two-dimensional Gaussian PSF
model is similarly derived from Eqgs. 6 and 8 by taking the
limit, a — 0.

SFCS

So far we have discussed the case of a stationary PSF. In
SFCS the PSF is no longer stationary and depends on time.
We describe SFCS for the simple case of a circular scan
pattern, with the scan vector,

7 (1) = rycos(¢, + wt)X + rysin(¢p, + wt)y, ©)]

which rotates the center of the PSF through a circular orbit
with angular frequency w and scan radius r,. The phase ¢,
determines the position of the PSF at the start of the scan
when ¢ = 0. Any stationary point spread function PSF(7) can
be transformed into a scanning-FCS point spread function by
PSF(7 —7(t)). The three-dimensional Gaussian PSF, for
example, has the following functional form in the case of
circular scanning,

Skinner et al.

The autocorrelation function for SFCS can be factored
into two functions; the regular correlation function for dif-
fusing particles Gp(7) in the absence of scanning (Eq. 6) and
a scan factor for diffusing particles (4),

2 Q: 2

Sp(r) = exp —w . (12)

Equation 12 introduces the dimensionless scaled radius

p=rs/wp. The scan factor modulates the autocorrelation

function as shown in Fig. 1 A. The unscanned correlation

function Gp(7) (dashed line) is the envelope of the scanned

correlation function G(7) (solid line) (Fig. 1 A). One can see

that as the scan radius goes to zero, p— 0, the scan factor

approaches unity, Sp(7) — 1, thereby reducing the autocor-

relation function in Eq. 11 to the special case of the un-
scanned correlation function.

SFCS for uniform flow and diffusion

We derived the autocorrelation function Gspg(7) for SFCS
in the presence of uniform flow in addition to diffusion,

Gsor(7) = Gor(7)So(T)ly {W}

= Gpr(7)Spr(7), (13)

PSF(x,y,z,t) = A" exp

SFCS for diffusion

For particles undergoing random translational diffusion
with a diffusion coefficient D, the functional form of the
SFCS autocorrelation function can be calculated by in-
serting Eq. 10 into Eq. 4. The following expression re-
sults (4):

G,(1) =Gp(7)Sp(T). an

2n((x = rycos(dhy + )" + (v = rysin(y + @))) ZHZZ] (10)
" =

where the function /y[x] refers to the zeroth-order modified
Bessel function of the first kind with argument x. We see that
Gspr(7) is the product of the autocorrelation function in the
absence of scanning (Eq. 8) and the scan factor Spg(7) for
the diffusion and flow model. This scan factor is defined as
the product of the Bessel function and the scan factor for
diffusion (Eq. 12). In the limiting case where flow is very
slow or nonexistent, 7 — %, both the Bessel function and

08 | ]

o(t)
6(r)

FIGURE 1 Theoretical curves for SFCS
for diffusion and diffusion with flow. (A)
For the diffusion-only case the FCS
autocorrelation function (dashed line) is
the envelope of the SFCS curve (solid line).
Correlation functions are modeled for 7p =
] 1ms, p=1, and w = 27f, where f = 2 kHz.
] (B) In the presence of flow the SFCS
function (solid line) is not enveloped by the
FCS correlation function (dashed line). The
correlation was calculated for a flow time

7 {ms)
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the flow factor approach unity and Eq. 13 reduces to Eq. 11,
the SFCS autocorrelation function for diffusing particles. A
plot of the autocorrelation function described by Eq. 13 is
shown in Fig. 1 B along with the unscanned autocorrelation
function for flow and diffusion (dashed line). The flow time
in this model is set to 1 ms. Note that, contrary to the
diffusion-only case, the SFCS autocorrelation function
Gspr(7) is not enveloped by the unscanned correlation
function Gpp(r) for all correlation times. The unscanned
correlation function crosses the SFCS autocorrelation func-
tion at 7 ~ 1.4 ms and starts to envelope its minima. This
increase in the correlation amplitude is a result of particles
flowing across the scan circumference. The particles that
appear at the opposite side of the scan circumference, 180°
from the initial point of entry, are intercepted by the scanned
beam providing an additional source for correlations not
present in the unscanned case. The transition time is
determined by the time a particle needs to travel across the
diameter of the scan trajectory. At earlier times the majority of
particles are still confined within the volume of the PSF. These
particles are revisited by the laser beam every scan period,
which gives rise to the peaks in the correlation amplitude.

Position-sensitive SFCS

Scanning of the excitation beam leads to a time-dependent
location of the PSF. The center of the PSF is described by the
time-dependent scan vector 7s(¢). Assuming a circular scan
path, the scan vector 7(¢) is conveniently expressed by its
length ry and a time-dependent phase angle,

Gesi(t) = (¢ + 0t)

The angle varies continuously with time between 0 and 27
and the phase offset ¢y characterizes the position of the PSF
at t = 0 (Fig. 2). This offset is experimentally controlled by
synchronization of the scanning electronics and the data
acquisition card. We may formally write the fluorescence

mod 2. (14)

FIGURE 2 Depiction of the position-sensitive coordinate system. The
coordinate system shows how the different angles relevant to the PSF
position and the flow vector are defined in a right-handed coordinate system.
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F(dpsg,t) and its fluctuation 8F(¢pgg,t) as dependent on
both time ¢ and phase angle ¢pgp. As time increases the PSF
scans its circular trajectory returning to its initial position
with a period of 27/w. Thus, we may describe physical
properties associated with a particular spatial position of the
PSF by autocorrelating the fluorescence fluctuations with
respect to a particular phase angle ¢. Consider an arbitrary
function f(¢psg(t), ), which depends both on time and the
angle. We define the average of f(¢pgp(?), f) with respect to
a particular phase ¢ by,

j;iof((ﬁPSF(t)? 1) 8(psi(t) — b)dt
fti05(¢’PSF(t) — ¢)dt )

(e = (15)

The function f (¢pgr(?), f) is integrated over the complete
measurement time 7. The 8-function 6(¢ppgp(7) — @) ensures
that only times with the proper phase are picked during the
integration process.

The standard definition of the autocorrelation function
(Eq. 3) used by SFCS ignores the phase information. How-
ever, we would like to use this information and therefore
define two types of fluctuations that will depend upon the
phase,

6F(¢’7t) = F(d)’t) - <F>7 (16)
8F(¢,1) = F(,t) — (F),. (17)

The fluctuation 6F (¢, r) measures the deviation from the
averaged fluorescence (F), whereas 8F(¢,t) characterizes
the deviation of the signal from the average fluorescence
(F)4 at the phase angle ¢. This allows us to define two dif-
ferent position-sensitive correlation functions,

Gy, 7) = (OF (s (1), I)SFEZ";SF(I +7),t+ 7))4;7

(18)

2 . <6F(¢PSF([)’ t)8F(¢PSF(t +71),t+7))
Goldm) = (FYo(Flyrar .

19)

Equations 18 and 19 require a stationary fluorescence
signal, so that the correlation function only depends on time
differences 7. Both position-sensitive functions characterize
the correlation between fluorescence fluctuations at phase
position ¢ with the fluctuations occurring a time 7 later at
phase position ¢+ 7, but differ in the denominator. The
function G4(¢, 7) normalizes the correlation of the fluctua-
tions to the square of the total average fluorescence (FY),
whereas Gy (¢, 7) normalizes the fluctuations to (F)g and
(F)$+wr» Which describes the average fluorescence at phase
positions ¢ and ¢+w 7. We refer to Eq. 19 as the phase-
normalized correlation function. The differences between
both correlation functions will be discussed in more detail
later when we consider the correlation of deterministic
signals. For the moment we would like to point out that
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averaging the position-sensitive autocorrelation function
Gy (¢, 7) over all phase angles returns the standard SFCS
autocorrelation function,

1 2

Gs(t) = 7/ Gy(¢,7)dp = OF(QRF(T)

=), () (20)

Averaging the phase-angle normalized correlation func-
tion G¢ (¢, 7) over all phase angles only returns the standard
SFCS autocorrelation function, if the average fluorescence is
independent of angle, (F) = (F).

PSFCS for uniform flow and diffusion

We define the flow velocity vector Vg = v cos g £+v sin 6 y,
where the flow angle O is measured counterclockwise as
shown in Fig. 2. The position-sensitive autocorrelation
function, calculated from Eq. 19 is,

Gd,((ﬁ, 7) = Gpr(7)Sp(7)
4 \/npr sin(wt/2) sin(0p — 07/2 — $)
(1 +7/7p)

exp

@1

Equation 21 describes the correlation between the phase
angle ¢ and the phase angle ¢+ w7 as a function of lag time 7.
During the lag time 7 particles diffuse and flow in the direc-
tion of Vg, while the position of the PSF advances in phase
by wr.

In the presence of flow, the structure of the PSFCS curve
depends on the chosen phase angle. To illustrate this
dependence Fig. 3, A and B, show position-sensitive
autocorrelation curves in the presence of flow along the x
axis (O = 0) for a phase of ¢ = 7 and ¢ = 0, respectively.
The correlation is graphed as a function of lag time 7 along
the bottom axis. The corresponding change in phase angle
wT is displayed on the top axis. The correlation function was
calculated for a flow time of 7¢ = 1 ms, a scaled radius of
p = 1, a diffusion time of 7p = 1 ms, and a scan frequency
of 2 kHz. The dashed line represents the regular, unscanned
correlation function in the presence of flow and diffusion
using the same parameters as for the position-sensitive
correlation functions. Per definition, both FCS and PSFCS
functions must be equal for phase angles that are integer
multiples of 277. However, the regular correlation function
envelops the scanned correlation function for a phase of
¢ =0 (Fig. 3 B), but this is not the case for a phase of
¢ = . As shown in Fig. 3 A the regular correlation function
envelopes the maxima of G (7, 7) at early correlation times,
whereas at later times it envelopes the minima of G (7, 7).
This behavior is similar to the situation encountered in SFCS
and is a consequence of the presence of flow.

To understand the structural changes of the PSFCS
autocorrelation function with phase angle from a physical

Biophysical Journal 89(2) 1288—1301

Skinner et al.

point of view, we first consider the case ¢ = 7 (see Fig. 3 A).
Correlations are determined with respect to position A (see
inset of Fig. 3 A). Flow is moving particles in the positive
x-direction. It takes a time of p7 for particles to cross the
entire scan circumference by flow, i.e., from point A to point
B in the figure. At early times (7 < pTg) particles are still
within the vicinity of point A. Every time the PSF returns to
point A, it revisits the particles, which results in maxima of
the correlation amplitude. The average particle will move
along the x axis toward the opposite side of the scan
circumference, 7 radians away from point A. The particles
are intercepted by the moving PSF as they cross point B.
Revisiting of the particles at point B instead of at point A
results in a shift of the maxima of the correlation amplitude
by m for 7> pre. Because A is the point on the scan
circumference that is furthest away from the average position
of the particles for 7 > p7p, the correlation function exhibits
a minimum whenever point A is revisited. Because FCS and
position-sensitive SFCS correlation functions are identical
for phase angles that are integer multiples of 27, the minima
are now enveloped by the FCS curve.

Now, let us consider correlations calculated with respect
to ¢ = 0 (see Fig. 3 B). Flow directs the particles away from
the entire scan circumference (see inset of Fig. 3 B). In other
words, the average particle trajectory will not cross the scan
path at later times. Because position B will always be the
closest to the average location of the particle, maxima of the
correlation amplitude occur for phase angles that are integer
multiples of 27. Note that the amplitude of the correlation
function decays faster for a phase angle of ¢ = 0 than for
¢ = . This is because particles move, on average, away from
the entire scan circumference for ¢ = 0, whereas they first
move across the scan circle before moving away for ¢ = .

These structural changes in the position-sensitive corre-
lation signal as a function of phase angle invite one to
perform a global analysis of data, where all possible phase
angles are considered. This approach leads to two-dimen-
sional correlation functions. Fig. 3 C shows the surface plot of
Eq. 21 as a function of lag time 7 and phase angle ¢. Its
contour is plotted in Fig. 3 D. These plots show the structural
change that occurs by calculation of correlations as a function
of space and time in the presence of flow. By looking at the
contour, we see that the greatest structural change and overall
slowest decay occurs at ¢» = 7 corresponding to particles
flowing across the center of the scanning circle. At the other
extreme, ¢ = 0, decay is clearly much faster.

PSFCS for diffusion

We now examine the case of a diffusing species in the
absence of flow. The position-sensitive SFCS correlation
function is formally derived from Eq. 21 by taking the limit
TF — o0 ,

Gy(b,7) = Gp(7)Sp(7). (22)
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The correlation function for a purely diffusing species is
independent of the phase angle ¢, as expected, because the
diffusion process is isotropic. As a consequence of this in-
dependence from the phase angle the PSFCS correlation

function is identical to the regular SFCS correlation function
shown in Eq. 11.

Gimm ((:bv 7) =

Flow transports particles away from point B
without ever crossing the scan circumference.
The correlation surface as a function of lag time
and phase angle is shown (C) along with its

contour (D). The flow direction is identified by
the fastest decay of the correlation as a function

of phase angle. The parameters used for the
model are the same as for Fig. 1.

I(F,t) = PSF(¥ — F,(¢,1))A8 (F — 7). (24)
where A represents the photon count rate of the particle
when located at the center of the PSF. Inserting Eq. 24 into

Eq. 18 results in the following form of the autocorrelation
function:

(exp[—2nap cos(y)] — L[2nap]) (expl—2nap cos(y — )] — l[2nacp))

PSFCS for an immobilized particle

In contrast to the correlation function for a stationary PSF, the
scanned autocorrelation function is sensitive to immobilized
particles. An orbiting PSF sweeps across the immobilized
particle and excites it. This creates an intensity trace char-
acterized by a peak repeating every scan period due to the
fluorescence of the localized particle. To use the position-
sensitive technique on an immobilized particle, we use the
fluctuations defined by Eq. 16 and calculate the position-

sensitive autocorrelation function according to Eq. 18 for
a single particle located at

7, = acos 0X + asin 0y,

(23)
in the XY plane. The parameters a and 6 are the radial and
angular positions of the particle, respectively. The fluores-
cence intensity of the immobilized particle is described by

2 , 25)
(L[2nap])

where & = a/wy and y = 6 — ¢. Knowledge of the scan
radius allows the determination of the particle’s position
from its polar coordinates a and 6 by fitting of experimental
data. Note that the standard autocorrelation function for the

immobilized particle is determined by averaging Eq. 25
about the angle ¢ (see Eq. 20),

_ [4nap cos(wT/2)]
(Io[2nap))’

We would like to point out that fluctuations as defined
by Eq. 17 are not suitable for correlating the signal from an
immobilized particle. The fluorescence signal of an immo-
bilized particle is deterministic, in contrast to the random
signal of a diffusing particle. The fluorescence only depends
on the phase angle and is independent of time. In other
words, the instantaneous and average fluorescence at phase

Ginm (7)

1. 26)
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angle ¢ are equal, F(¢,7) =(F),, and their fluctuations
vanish, 8F(¢,1) =0. The disappearance of fluctuations
leads to a vanishing phase-normalized correlation function
Gd,(d),T). However, this property is useful to separate
fluctuations due to immobilized sources and fluctuations
arising from stochastic processes within the same system.
This will be discussed in more detail later.

PSFCS for independent species

In many experiments a mixture of species is present. If the
species are statistically independent from one another, then
the autocorrelation function is a superposition of the auto-
correlation functions of each species. In regular FCS, the
autocorrelation function of each species is weighed by the
square of its fractional intensity (Thompson, 1991). It is
straightforward to show that the position-sensitive autocor-
relation G4 (¢, 7) of a mixture follows the same relationship

Gy, 1) = Z$'>>z

Gio(®,7) = X £ Gis(b,7),  (2D)

where f; is the fractional intensity of the i-th species. The
phase-normalized correlation function th (¢, 7) of a mixture
is also given by a superposition of the correlation functions
of each species Gi4(¢,7),

. e FF)prar 4
G¢ (¢7 T) - Zi:<th>¢<th>¢+m7 GLd) (¢7 7)

= Y fiahsroGio(d, 7), (28)

but the weighing factor of the i-th species is given by the
product of the fractional intensity f; 4 at phase ¢ and the
fractional intensity f; 4+or at phase ¢+w7.

MATERIALS AND METHODS
Experimental setup and procedures

Experiments were conducted on a homebuilt two-photon fluorescence
fluctuation microscope. The two-photon excitation source is a mode locked
titanium-sapphire laser (Tsunami, Spectra Physics, Mountain View, CA)
pumped with an intracavity doubled Nd:YVO, (Spectra Physics) laser. The
laser beam is scanned in a circle using an X-Y galvonometer scanner (model
6350, Cambridge Technology, Cambridge, MA) driven by a computer-
controlled arbitrary waveform generator (AWG) (PC instruments, Law-
rence, KA). The beam passes through a beam expander before entering
a modified Axiovert 200 microscope (Zeiss, Gottingen, Germany). A 63X
oil immersion objective with a numerical aperture of 1.4 (Zeiss) focuses the
laser light into the sample. Fluorescence is collected with the same objective.
A dichroic filter (675DCSXR, Chroma Technology, Brattleboro, VT)
separates the fluorescence from the excitation light. The fluorescence after
passing through a tube lens is descanned with a 10X microscope objective
(CP-Achromat N.A. = 0.24, Zeiss) for SFCS experiments. A PMT (model
H7421-40, Hamamatsu City, Japan) positioned at the afocal plane detects
the light. For instrument calibration experiments an APD (model SPCM-
AQR-14, Perkin Elmer, Vaudreuil, Canada) was positioned at the focal point
of the tube lens to measure fluorescence. The TTL pulses produced by the
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PMT or APD were registered in an FCS data acquisition card (ISS,
Champaign, IL) and stored in computer files for analysis. For the position-
sensitive measurements the FCS card and AWG board are synchronized
by clocking them with two phase-locked function generators (HP3325A
and 33250A, Hewlett Packard/Agilent Technologies, Palo Alto, CA) op-
erating at frequencies that are integer multiples of one another to ensure that
each scan cycle corresponds to an integer number of measured data points.

All experiments were conducted with an excitation wavelength of 780
nm and a power at the sample of ~2 mW or less. Data were collected for ~2
min for all experiments presented. The scan frequency used for the
experiments was 2 kHz. The scan radius was calibrated by focusing the light
through a 10X objective onto a position-sensitive device (PSD) (Pacific
Silicon Sensors, Westlake Village, CA) mounted on the microscope. The
corresponding scan radius for the 63X objective was obtained by dividing
the measured value for the 10X objective by 6.3. To accurately determine
the position of the scanned beam at all times, we monitored the phase delay
between the electronic input signal of the driver of the galvanic mirrors and
the output of the PSD device with an oscilloscope at 2 kHz. The observed
phase delay was taken into account in the analysis of the data. The beam
waist was calibrated from measurements of fluorescein in an eight-well slide
(Nalge Nunc International, Naperville, IL) with an APD. The experimental
autocorrelation curve was fit to theory using a fixed diffusion coefficient of
300 wm?/s to determine the beam waist of the instrument. Measurement of
EGFP was conducted in an eight-well slide as well. For flow experiments,
Teflon tubing was connected to both sides of a square borosilicate capillary
(800 wm inner diameter) (Vitrocom, Mountain Lakes, NJ), which was
mounted on the microscope. Sample solution was loaded into a syringe and
connected to one end of the tubing. By varying the height of the input syringe
and the output tube a pressure gradient is produced that initiates flow.

Sample preparations

Fluorescein and Alexa488 (Molecular Probes, Eugene, OR) dyes were
diluted to nanomolar concentration. The stock concentrations of dyes were
determined by absorption spectroscopy using the extinction coefficient
quoted by the manufacturer. Fluorescein was diluted in a phosphate buffer
(pH = 8.5). Alexa488 dye was diluted in a solution containing ~60%
glycerol (Roche, Indianapolis, IN) and ~40% water. For in vitro measure-
ments, EGFP protein was purified according to Patterson et al. (12) and
diluted in phosphate buffer (Dulbecco’s phosphate buffered saline,
Cambrex, Walkersville, MA). To measure EGFP in vivo, COS-1 cells
were transiently transfected, and fluorescence of EGFP was recorded in the
cell nucleus. Samples for immobilization experiments were prepared by
drying 26-nm fluorescent spheres (Duke Scientific, Palo Alto, CA) on the
coverslip of an eight-well slide. Alexa488 solution was later added to the
well introducing a second, randomly diffusing species.

Data analysis

To analyze data using the position-sensitive technique, we developed a new
algorithm for calculating the autocorrelation, which was implemented in a
program written for IDL (Research Systems, Boulder, CO). The new pro-
gram was tested using unscanned data from a fluorescent dye solution. The
algorithm gave the same results as the standard autocorrelation algorithm.

Fitting was done using the Levenberg-Marqaurt method in Mathematica
(Version 4.2, Wolfram Research, Champaign, IL). To weight the fits, a data
set was divided into 10 segments from which 10 autocorrelation curves were
calculated. The standard deviation for each data point was calculated across
the 10 autocorrelation functions and used to assign errors to points in curves
generated from the entire data set. The errors quoted for the fit parameters are
the square roots of the diagonal terms of the error matrix (13) unless
otherwise noted. Calibration measurements yielded a value of @ = 5.5 using
a three-dimensional Gaussian PSF. Comparison to the two-dimensional
Gaussian resulted in deviations ~5% for 7p and <1% for 7 and p. These
values are within the experimental error and therefore fitting was done using
the two-dimensional Gaussian PSF.
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RESULTS
SFCS

SFCS data were obtained for Alexa488 in the glycerol/water
solution. A sinusoidal signal with amplitude of 150 mV and
frequency of 2 kHz was applied to the galvanic scan mirrors.
We collected regular FCS data without scanning as control.
The triangles in Fig. 4 represent the regular autocorrelation
function. A fit to Eq. 6, assuming a two-dimensional
Gaussian PSF returned a diffusion time of 0.45 ms. The
SFCS data (diamonds) were fit to Eq. 11 assuming a two-
dimensional Gaussian PSF with the diffusion time fixed to
0.45 ms, in accordance with the previous measurement. Fig.
4 shows the fitted SFCS curve (solid line) together with its
residuals. The regular correlation function envelopes the
scanned autocorrelation function as expected. The fit gives
p = 1.09 £ 0.01. Using the beam waist from calibration of
0.37 £ 0.03 wm this yields a radius of 0.40 = 0.03 um. This
is in good agreement with the independent measurement
using the PSD mounted on the microscope, which led to
a radius of 0.37 = 0.05 wm.

SFCS and photobleaching

The ability to recognize and control photobleaching in FCS
experiments is important. Photobleaching in one-photon
excitation is easily spotted by the telltale reduction in the
average fluorescence signal during the measurement because
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FIGURE 4 SFCS data of a diffusing dye solution. Alexa488 in glycerol
solution was scanned at a frequency of 2 kHz and an amplitude of 150 mV.
The FCS autocorrelation curve (A) is the envelope of the SFCS autocor-
relation curve (). The fit (solid line) gives p = 1.09 £ 0.01 for the scaled
radius and a reduced y” of 1.3. The normalized residuals for fitting the SFCS
curve are shown below.
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of the depletion in fluorophores along the path of the laser
beam. Photobleaching during two-photon excitation is
strictly limited to the vicinity of the focal volume. Conse-
quently, no reduction in fluorescence intensity is observed
during the experiment even in the presence of severe photo-
bleaching. However, the decay of the autocorrelation func-
tion speeds up because of bleaching, which leads to
unphysical parameters if not recognized. For example, the
fitted diffusion time decreases as photobleaching leads to
a more quickly decaying correlation function.

Scanning of the PSF through the sample may be used to
reduce the effects of photobleaching. To show this, a power
study was performed using FCS and SFCS measurements on
EGFP in aqueous solution at the approximate powers of 0.5,
1.5, and 1.75 mW. Selected experimental correlation curves
from this study are shown in Fig. 5. The diamonds represent
the correlation function obtained for a power of 1.75 mW at
the sample, and the solid line through the data is a fit to
a regular diffusion model. In addition, we show the fit to the
correlation function from the FCS data taken at 0.5 mW as
the dashed line. This correlation function decays more
slowly than the curve taken at the higher power of 1.75 mW,
thereby indicating the presence of photobleaching in the data
taken at 1.75 mW.

The SFCS correlation function measured at a power of
1.75 mW, while scanning the beam, is shown as the squares
in Fig. 5. Clearly, the scanning autocorrelation function is
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FIGURE 5 SFCS and FCS correlation functions of EGFP at different
powers. The dashed line shows the fit to an FCS curve taken with a power of
~0.5 mW at the sample with a diffusion time of 7p = 0.21 = 0.01 ms.
Another FCS measurement of the same sample was taken at a higher power
(~1.75 mW). A fit (solid line) of the correlation function (<) to a diffusion
model returned an apparent diffusion time of 7p = 0.15 = 0.01 ms. The
dotted line represents a fit of SFCS data ([J) taken at the same power (~1.75
mW) and determined a diffusion time of 7p = 0.19 = 0.01 ms. The fitted
diffusion time as a function of power is shown as an inset. The diffusion time
of the FCS measurements (A) decreases by 30% over the power range
studied because of the onset of photobleaching. The diffusion time of SFCS
experiments (<) on the other hand is significantly more robust.
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not enveloped by the regular correlation function taken at the
same power (diamonds), as the theory suggests, but is
enveloped by the regular correlation function measured at
the lower power of 0.5 mW (dashed line). The fitted
diffusion times of the FCS and SFCS data provide
a characterization of the severity of photobleaching and are
shown in Fig. 5 (inset) as a function of power. Each power
study was conducted twice and the averaged diffusion time is
plotted (reduced X2 ~ 1.5 for the fits). The diffusion time
measured for FCS experiments (friangles) decreases as a
function of power from a value of 0.21 = 0.01 ms at 0.5 mW
to a value of 0.15 = 0.01 ms at a power of 1.75 mW. This
decrease in the diffusion time by ~30% indicates the on-
set of photobleaching. The diffusion time measured for
SFCS experiments (diamonds) decreases from a value of
0.21 £0.01 — 0.19 = 0.01 ms over the power range studied,
which corresponds to a reduction of only ~10%, which is
within experimental error. These data clearly demonstrate
that SFCS is less sensitive to photobleaching than regular
FCS experiments. By scanning the PSF through the sample,
the proteins are less likely to bleach during the shortened
time in which they are in the excitation volume.

Scanning and flow

An Alexa488 glycerol/water solution was used to perform
flow experiments in a capillary. The following sequence of
experiments was performed for each sample. First, position-
sensitive SFCS data were taken in the presence of flow.
Then, scanning was stopped, and regular FCS data were
obtained for the flowing sample. Next, flow was stopped by
closing a valve situated between the syringe and the
capillary. We acquired regular FCS data to provide an
independent measure of the diffusion time. Finally, with flow
still stopped, SFCS data were taken.

Correlation functions from regular FCS measurements
with flow (diamonds) and without flow (triangles) are shown

Skinner et al.

in Fig. 6 A. We fit the correlation curve taken in the absence
of flow and obtain a diffusion time of 0.72 * 0.02 ms. Next,
we fit the correlation function determined in the presence of
flow to Eq. 8 with the diffusion time fixed to 0.72 ms and
obtain a flow time of 0.64 = 0.01 ms. The SFCS correlation
function from the data taken with flow (diamonds) is
presented in Fig. 6 B together with a fit (solid line) to Eq. 13
with p = 0.97. The fit determined a diffusion time of 7p =
0.65 £ 0.06 ms and a flow time of 7z = 0.61 £ 0.01 ms,
which are in good agreement with the parameters determined
from regular FCS experiments. Fig. 6 B also shows the fit to
the corresponding regular FCS correlation function as
a dotted line. The correlation function in the absence of
scanning envelopes the maxima, then crosses the SFCS
correlation function and finally envelopes its minima, as
predicted by theory.

Determination of direction using PSFCS

We again measured a sample of Alexa488 in the presence
and absence of flow while scanning the beam. First, the
position-sensitive correlation function of the data taken in the
absence of flow was determined and is shown in Fig. 7 A.
The shaded region shows the experimental autocorrelation
function as a function of both phase angle ¢ and the lag time
7. The experimental correlation function is only plotted for
phase angles between 0 and 7 to more clearly show the fit
that is represented by the mesh covering all phase angles
from O to 27r. This will be the standard method of showing
fits to autocorrelation surfaces throughout this article. As
described above, we expect in the absence of flow that
Tr— o0, which corresponds to vg — 0. A fit to Eq. 21 gives
mp = 0.77 = 0.02 ms and a flow speed vg = 0.0 = 1.3 um/s,
which indicates the absence of flow. The fitted value for the
flow angle is 110 = 690°. In other words, no flow direction is
discernible from the data as expected for random diffusion.
The correlation function is independent of phase angle ¢,
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FIGURE 6 FCS and SFCS flow measurement
B of an Alexa488 water/glycerol solution. (A) The
FCS correlation function (A) was measured in
1 the absence of flow. Fitting of the data de-
termined a diffusion time of 7p = 0.72 = 0.02
ms. The diamonds represent the FCS correlation
function measured in the presence of flow. The
fit determined a flow time of 7 = 0.64 = 0.01
ms. The residuals of the fit to the data in the pre-
sence of flow are shown below and give
a reduced )(2 of 1.6. (B) SFCS correlation
function (<) of the flowing sample was fit to
theory. The fit returns a flow time of 7p =

0.61 £0.01 ms (reduced )(2 = 1.6). The
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residuals to the fit are graphed below. The dotted
line shows the fit to the corresponding FCS
correlation function as reference. The SFCS
correlation function exceeds the regular FCS
function at later times as predicted by theory.
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because diffusion of the dye is isotropic. A fit of the
experimental correlation function to Eq. 22, which models
the case of pure diffusion, leads to the same correlation
surface as shown in Fig. 7 A, and results in a diffusion time of
b = 0.77 * 0.02 ms and a reduced x* of 1.4.

Next we use PSFCS to determine the direction of flow as
well as its velocity by analyzing data taken with flow present.
The capillary is positioned so that forward flow through it
corresponds to an angle of ~. Fig. 7 B shows the ex-
perimentally determined correlation function and the best fit
to Eq. 21. The experimental data clearly show the fastest
decay for a phase of ~r, which agrees with the experi-
mentally chosen direction. The fit determined a flow time of
7r = 0.97 = 0.01 ms, which corresponds to a flow velocity
of 0.359 = 0.031 mm/s, and a direction of 175.3 = 0.6°. For
an independent determination of the flow speed the duration
of the experiment was timed and the volume of fluid passing
through the capillary measured. These numbers were used to
estimate the flow velocity at a distance of 20 um from the
capillary wall, which corresponds to z-position of the
experiment, assuming a parabolic profile of the flow velocity
within the capillary. We estimated a flow velocity of ~0.32
mmy/s, which agrees well with the fitted value.

Now we reversed the direction of flow without touching
the capillary and increased the flow speed to an estimated
value of ~0.62 mmy/s. Fig. 7 C shows the experimentally
determined correlation function and the fit. The data show
the fastest decay for a phase of ~0, which agrees with
reversing the flow direction. Overall, the correlation decays
faster than the function presented in Fig. 7 B, indicating the
larger flow speed. Fitting reveals a flow speed of 0.569 *
0.050 mm/s and a direction of O = —5.50 = 0.52°. The flow
speed agrees within 1.20" with the independently estimated
flow velocity of 0.62 mm/s. In addition, the fitted phase
angles differ by 180.8°, which is in excellent agreement with
reversing the direction of flow.
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FIGURE 7 PSFCS correlation functions.
The experimental correlation functions are
only shown for phase angles from O to 7. The
mesh represents the fit of the experimental data
to theory. (A) PSFCS correlation function of
diffusing Alexa488. The fit of the experimental
data to theory determines a diffusion time of
mp = 0.77 £0.02 ms. The amplitude of the
correlation function is independent of phase as
expected for diffusion. (B) PSFCS correlation
function of Alexa488 flowing inside a capil-
lary. The fit determines a flow angle of
O = 175.3 £ 0.6° with a reduced )(2 of 1.6.
(B) PSFCS correlation function of Alexa488
with reversed flow direction. Fitting results in
a flow angle of 6p = —5.50=*0.52°. (D)
PSFCS correlation function of EGFP in vivo.
The correlation function is fit by a diffusion-
only model with p = 0.75 £ 0.02 ms.

PSFCS in vivo

To demonstrate the feasibility of performing position-
sensitive SFCS inside of cells, we measured EGFP in the
nucleus of COS-1 cells using a scan radius of 0.4 um and
a frequency of 2 kHz. The experimental correlation function
is shown in Fig. 7 D together with a fit to Eq. 21. We fit the
data to determine a scaled radius of 1.14 * 0.01 and
a diffusion time of 0.75 % 0.02 ms. The flow velocity from
the fitis 1.8 = 1.4 wm/s, and a flow direction of O = —31 *=
43° with a reduced x? of 1.6. Because we know the scan
radius from calibration, we used the fitted value for the
scaled radius to calculate the beam waist wy = r5/p. Using
this beam waist to calculate the diffusion coefficient from the
fitted diffusion time, we obtain D ~ 20 ,u,mz/s. This value is
in good agreement with measurements for nuclear EGFP in
HeLa cells quoted in the literature (14). The magnitude and
the errors for the flow parameters, 7 and 6, indicate that the
data are independent of flow. Fitting of the data to a model
without flow (Eq. 22) describes the data within experimental
accuracy, yielding the same scaled radius and diffusion time
quoted above for the model that includes flow and a reduced
x> of 1.6. The correlation function shown in Fig. 7 D is
independent of phase angle as expected for diffusion.

Immobilization

We now apply SFCS and PSFCS to immobilized particles. A
fluorescent sphere is immobilized on a coverslip and
measured using a scan radius of 0.4 um at 2 kHz, which
corresponds to a scaled radius of 1.3. Fig. 8 A shows the SFCS
correlation function (diamonds) and its fit to Eq. 26 (solid
line). The fit determined a distance of 0.35 = 0.01 um from
the center of the scan for the immobilized particle. We also
calculated the PSFCS autocorrelation function of the same
data according to Eq. 18 (see Fig. 8 B). As is the case for the
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SFCS correlation function, periodic peaks are visible. Their
maximal amplitude is found for a phase of approximately 7,
which characterizes the angular position of the particle.
Fitting to Eq. 25 yields § = 173.7 = 0.1°and 1, = 0.34 = 0.01
pm. The radial distance of the particle determined by SFCS
and PSFCS agrees within 1o

Next, we measure a mixture where an immobilized and a
diffusing species are present. In this case the choice of nor-
malization for the position-sensitive SFCS is very important
and has a dramatic effect on the autocorrelation function. A
sample containing immobilized spheres and a solution of
diffusing dye was scanned. Position-sensitive correlation
functions were determined using both standard and angle-
dependent normalization as defined in Egs. 18 and 19. Fig. 8§ C
shows the autocorrelation function for standard normalization
of the mixture, and Fig. 8 D presents the correlation function
using angle-dependent normalization. The correlation func-
tion in Fig. 8 C exhibits peaks at a phase of ~/2, which are
due to an immobilized particle. In addition, the function shows
a periodic wave-like structure, which is due to the diffusing
particles. The periodic peaks are absent for the phase-nor-
malized correlation function in Fig. 8 D. We are left with a
phase-independent correlation function indicative of diffusion.
Immobilized particles result in a vanishing phase-normalized
correlation function. In other words, phase-sensitive normali-
zation allows us to focus on dynamic processes and eliminate
static or immobilized sources of fluorescence. The correlation
function of the mixture is, according to Eq. 28, given by,

~ <F diff >2

Gmixture 5 T :—Gi R yT)s 29
ST = Wb, ST 2D
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FIGURE 8 Correlation functions of an immo-
bilized fluorescent sphere. (A) The SFCS corre-
lation function (<) is fit to Eq. 26. The fit with
a reduced y* of 1.4 is shown as solid line and
determines the radial position of the particle as
rp = 0.35 = 0.01 um from the center of the scan.
(B) The PSFCS correlation function of the same
experiment is shown. Fitting of the data deter-
mines both the radial and angular position of the
particle; 1, = 0.34 = 0.01 wm and 0 = 173.1 =
0.1° ()(2 = 1.4). (C) PSFCS correlation function
of the immobilized sphere in the presence of
a diffusing dye solution. The periodic peaks
characterize the presence of the immobile
particle, whereas the decaying, wavelike struc-
ture is indicative of the diffusing dye solution.
(D) Phase-normalized PSFCS correlation func-
tion of the same data as shown in panel C. The
periodic peaks of the immobile particle are
absent. Fitting of the correlation function to
a diffusion-only model yields a reduced x> of 1.3
with a diffusion time of 7p = 0.89 = 0.01 ms.

where (Fgg¢) is the average fluorescence intensity and
Gdiff7¢(¢7 7) is the correlation function of the diffusing
species. Because the fluorescence intensities (Fgier) and (Fior)
are similar, we approximate Eq. 29 by setting the fractional
intensity prefactor to one and fit the correlation function of
the mixture to Gdiff,¢(¢, 7) as defined by Eq. 21. We obtain
areduced x” of 1.3 and a diffusion time of 7p = 0.89 + 0.01
ms, which agrees with the result from regular FCS mea-
surement taken as a control on the same sample.

DISCUSSION

We introduced PSFCS to fully harness the spatial in-
formation contained in SFCS measurements. We presented
the theory of PSFCS and discussed three specific systems:
diffusion, diffusion in the presence of uniform flow, and
immobilization. The technique applied to a diffusing dye
solution verified the isotropic nature of the system. PSFCS
was used to measure the direction and speed of a dye solution
flowing through a capillary. We determined the flow
direction to within a degree, which highlights the directional
sensitivity of the PSFCS technique.

We introduced two different position-sensitive correlation
functions, which use different averages of the fluorescence.
The standard position-sensitive correlation function Gy (¢, 7)
utilizes the time-averaged fluorescence intensity (F),
whereas the phase-normalized position-sensitive correlation
function G¢(¢, 7) uses the average fluorescence (F), at the
phase angle ¢. Both definitions of the correlation function
are identical if the average fluorescence is independent of
the phase, (F), = (F), as is the case for diffusion and flow.
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However, a stationary particle introduces an angle-depen-
dent fluorescence signal. As we discussed earlier the phase-
normalized correlation function of an immobilized particle
vanishes, whereas the standard position-sensitive correlation
function shows characteristic peaks that we used to de-
termine the position of an immobilized sphere. This different
behavior of the two correlation functions is also important
when analyzing PSFCS data, where both diffusing and im-
mobilized particles are present. The standard PSFCS cor-
relation function contains correlations from both the diffusing
and stationary particles. The phase-normalized PSFCS corre-
lation function, on the other hand, removes all correlations
from stationary sources. It is important to note, however, that
the influence of the stationary sources is not completely
eliminated by using the phase-dependent PSFCS function.
The amplitude of the correlation function is still modulated by
the phase-dependent fractional intensity prefactor (see Eq.
29). It is possible to incorporate the prefactor into the fitting
algorithm, although we have not demonstrated this here.
Instead, we set the prefactor to 1, because the variation of the
fluorescence intensity as a function of phase was on the order
of 10%. This approximation resulted in a good fit of the data
with a reduced x” close to 1.

PSFCS correlation functions are converted to SFCS cor-
relation functions by averaging over all phase angles. The
SFCS correlation function for diffusion has been previously
described for a circular scan path (4). We successfully used
their theory to determine the diffusion time of a diffusing dye
by fitting the entire SFCS correlation curve. Previously, only
the envelope of the SFCS correlation function was fit, which
is described by FCS theory. Fitting of the envelope does not
use the full information of the SFCS correlation function and
is not appropriate for a flowing sample. For this case the
SFCS correlation function is not enveloped by the FCS
correlation function (Fig. 1 B) and therefore one must fit the
entire SFCS correlation function. We extended SFCS theory
by developing expressions for flow and immobilized par-
ticles. We applied this theory to determine the flow velocity
of a sample and the radial distance of an immobilized particle
by fitting SFCS data.

SFECS is attractive because it can reduce the effect photo-
bleaching has on the autocorrelation function. In FCS mea-
surements, photobleaching causes an apparent decrease in
the diffusion time because once bleached, a molecule stops
fluorescing while it is still within the observation volume.
Because the probability of photodamage increases with
exposure time, scanning the beam causes a reduction in the
amount of photobleaching at any one particular volume.
Therefore, bleaching will affect a fewer number of fluoro-
phores in any given volume resulting in a more accurate
measurement of the residence time. We conducted a power
study using EGFP in aqueous solution to compare the effect
of photobleaching on FCS and SFCS. At higher power,
photobleaching is quite easily seen. The FCS curve does not
envelope the SFCS curve as expected for pure diffusion (see
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Fig. 5). We found that the diffusion time determined from
FCS was ~25% smaller at the higher power. Using SFCS the
effect was reduced to ~5%, which was within the experi-
mental uncertainty of the measurement at lower power. A
previous study of photobleaching, conducted on dyes,
showed that adding antioxidants such as ascorbic acid can
be used to reduce photodamage (15). However, in many
cases, altering samples in this manner is not an option as it
may modify the behavior of the system under study. For in
vivo measurements the addition of antioxidants is not
a feasible solution. SFCS reduces the effect of photodamage
without altering the sample, which is an inherent advantage
of SFCS over the FCS technique.

PSFCS requires synchronization between scanning and
data acquisition so that the position of the excitation beam is
known at all times. Regular SFCS experiments, on the other
hand, do not require synchronization, because correlations
are calculated independent from beam position. The re-
sponse of the galvanometer scanner is frequency dependent
and requires calibration measurements to determine the
absolute position of the beam at the sample with respect to
the driving signal. We determined the scan radius and the
absolute phase angle with respect to a chosen laboratory
frame using a position sensitive device mounted on the
microscope. A detailed description of the calibration of the
scanner with the PSD has been presented elsewhere (16).
The scanner calibration and the measured beam waist
allowed us to determine the scaled scan radius p, which we
used for fitting data. We alternatively measured a sample
with a diffusion time known from an independent FCS
experiment and used its value to determine the scan radius by
fitting the SFCS correlation function. Both methods yielded
the same scan radius within experimental error.

When conducting our experiments we chose parameters
that would best mimic conditions encountered in the cell.
The Alexa488 dye was slowed in the glycerol solution to
obtain diffusion times 7 ~ 0.5 ms. This is comparable to the
diffusion time found for cellular proteins, an example of
which is the EGFP data presented above. The mechanical
limitations of the scanner place limitations on the minimum
diffusion coefficient measurable. Our galvo-scanner is
limited to scan periods of ~0.3 ms, which suggests a lower
limit on the diffusion time of 0.1 ms. This corresponds to an
upper limit on the diffusion coefficient of ~120 wm?/s, and
is sufficient for cellular studies. Measurements of dyes in
solution (D ~ 300 um?/s) present the fastest diffusion time
one would practically encounter. A resonant scanner with
a frequency of ~8 kHz would be adequate for such studies.

FCS and related techniques have been used to characterize
flow in the past. Shortly after FCS was introduced, it was
applied to systems in which flow or sample translation
occurred (11). More recently, FCS has found applications for
measuring flow in capillary electrophoresis experiments and
in microfluidic structures (17-21). Because FCS is not
sensitive to the flow direction, variations of the technique
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have been introduced to sense direction. For example, by
putting a slit in the excitation beam path the x-y symmetry of
the observation volume is broken, making the decay rate of
the autocorrelation function sensitive to the angle at which
the slit is positioned with respect to the excitation beam. (22).
However, the method requires multiple measurements taken
at different slit angles to determine the flow direction. A
spatial cross-correlation technique sensitive to flow direction
has also been introduced (23-25). In this method two sta-
tionary volumes are excited and the cross-correlation func-
tion between them is computed. This technique is sensitive to
the flow component along the direction of the two excitation
volumes. PSFCS has the advantage that it determines the
absolute direction of flow within the plane defined by the
scan path. We demonstrated an angular resolution of ~1°
with PSFCS. Note that all techniques discussed are essen-
tially insensitive to flow along the axial direction.

PSFCS has been developed to use the spatial and temporal
information embedded in scanning FCS experiments. The
technique most similar to PSFCS was developed by Koppel
and co-workers in which a single line was repeatedly
scanned to create images as a function of both space and time
(7). Correlations were calculated simultaneously in space and
time. However, the technique probes along a single direction
making it insensitive to flow perpendicular to the scan axis.
The method is also relatively slow, because the repositioning
of the beam for each line scan is time consuming. Another
technique that is able to incorporate spatial and temporal
correlations is image correlation spectroscopy (26,27). The
technique has been mainly used to calculate correlations in
space only, although the averaged temporal autocorrelation
function of images has been obtained as well (28). Recently,
acombination of spatial and temporal image correlation spec-
troscopy has been used to study the dynamics and clustering
of membrane adhesion proteins involved in cell migration
(29). The limited time resolution of the technique makes it
best suited for systems with slow dynamics. Another study
employed SFCS to study protein-membrane interactions
with giant unilamellar vesicles (6). However, spatial and
temporal correlations were not calculated simultaneously.
Separate temporal correlations were calculated for each point
along a circular scan circumference traversing the vesicle
membrane. These correlations were then fit to the standard
FCS theory for stationary volumes.

FCS cannot detect immobilized particles. Their fluores-
cence adds to the background without introducing fluctua-
tions. This reduces the measured fluctuation amplitude for
a diffusing sample in the presence of immobilized particles
and leads to a bias in the calculation of the concentration.
PSFCS is useful, because it detects immobilized particles
and in principle allows the simultaneous characterization of
the mobile and immobile fraction of a sample. This is
particularly useful for cellular applications, where binding to
large structures leads to an effective immobilization on the
timescale of the experiment. So far immobilization has not
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been considered when applying FCS in cells. We will ex-
plore in the future the potential of PSFCS to characterize pro-
teins in living cells. For the moment we restrict ourselves to
a PSFCS measurement of EGFP in cells to demonstrate the
feasibility of intracellular applications.

CONCLUSION

We introduced PSFCS and calculated correlations in both
space and time. We demonstrated that PSFCS determines the
direction of flow and the position of a stationary particle. We
also established the feasibility of applying the technique to
intracellular studies by measuring EGFP in COS cells. In
addition, we presented an example of applying PSFCS to a
more complicated system that contains a mixture of mobile
and immobile particles. Within the cellular environment, it is
not unreasonable to expect the presence of such immobilized
particles within the timeframe of single measurement (~1
min). PSFCS has the potential to aid in characterizing mobile
and immobile proteins in cells.
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