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Line FRAP with the Confocal Laser Scanning Microscope for Diffusion
Measurements in Small Regions of 3-D Samples
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ABSTRACT We present a truly quantitative fluorescence recovery after photobleaching (FRAP) model for use with the
confocal laser scanning microscope based on the photobleaching of a long line segment. The line FRAP method is developed
to complement the disk FRAP method reported before. Although being more subject to the influence of noise, the line FRAP
model has the advantage of a smaller bleach region, thus allowing for faster and more localized measurements of the diffusion
coefficient and mobile fraction. The line FRAP model is also very well suited to examine directly the influence of the bleaching
power on the effective bleaching resolution. We present the outline of the mathematical derivation, leading to a final analytical
expression to calculate the fluorescence recovery. We examine the influence of the confocal aperture and the bleaching power
on the measured diffusion coefficient to find the optimal experimental conditions for the line FRAP method. This will be done for
R-phycoerythrin and FITC-dextrans of various molecular weights. The ability of the line FRAP method to measure correctly
absolute diffusion coefficients in three-dimensional samples will be evaluated as well. Finally we show the application of the
method to the simultaneous measurement of free green fluorescent protein diffusion in the cytoplasm and nucleus of living A549

cells.

INTRODUCTION

Fluorescence recover after photobleaching (FRAP) is a well-
known fluorescence microscopy method for studying the
mobility of molecules and nanoparticles on the microscopic
scale (1,2). Since its conception in 1974 by Peters et al. (3) it
has found widespread application in the biophysical, biolog-
ical, pharmaceutical, medical, and material sciences. For
example, FRAP has been used to study the translational
mobility of all kinds of molecules in the cytoplasm of cells
(4-8), nuclei of cells (5-7,9-11), and membranes (12-15).
FRAP has also been used to study the mobility of macro-
molecules in extracellular matrices (1,16-20) and pharma-
ceutical solutions and gels (21-27).

In a FRAP experiment, a powerful light beam is used to
irreversibly photobleach the fluorescent molecules in a
micron-sized area of the sample. After photobleaching, pho-
tobleached molecules will gradually move out of the photo-
bleached area and are replaced by unbleached molecules from
the surroundings. Due to this diffusional exchange, the fluo-
rescence inside the photobleached area will recover as a
function of time and can be monitored by a highly attenuated
light beam. Analysis of the recovery dynamics with an appro-
priate physical model yields information about the local
effective diffusion coefficient and the fraction of mobile
fluorescent molecules inside the bleach area (23).

During the first two decades since its introduction, FRAP
was mainly based on the photobleaching by a stationary light
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beam focused by the microscope objective lens to a small
spot (28-33). Later on, when the confocal laser scanning
microscope (CLSMs) became a commercially available and
widespread instrument, spot-photobleaching was gradually
replaced by photobleaching with a scanning laser beam
(1,10,11,22,24,34-43). FRAP is currently a widely used
technique because most commercial CLSMs nowadays are
equipped with the feature to photobleach arbitrary user-
defined areas. However, not so many easy to use and truly
quantitative models exist for the analysis of FRAP exper-
iments with a scanning laser beam. To address this need, we
have recently reported a truly quantitative FRAP method and
model that can be easily used with a CLSM (1). It is based on
the uniform photobleaching of a circular area and can be
used to study diffusion in three-dimensional (3-D) samples.
Although the disk FRAP method yields very accurate diffu-
sion measurements, the uniform photobleaching condition
requires a disk radius of at least 5X times the resolution of
the photobleaching beam. While this is not a problem for dif-
fusion measurements in extended samples such as extracel-
lular matrices or pharmaceutical solutions and gel systems, it
is not optimal for measurements in small objects such as
cells.

Here we report a new truly quantitative FRAP method and
model that uses a very small bleach area. The new FRAP
method can be carried out with a standard CLSM. The
smallest bleach area that can be obtained with a scanning
beam is a single line. We have, therefore, derived the exact
physical solution to the problem of diffusion in a line
photobleached by a focused scanning laser beam and imaged
by a CLSM. The mathematical analysis leads to an analytical
solution that can be easily programmed in a fitting routine for
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the quantitative analysis of the recovery curves. First we will
give an outline of the mathematical derivation that leads to
the final analytical solution. The assumptions that were made
in the derivation and their implications on the experiments
will be discussed as well. We will test the influence of noise,
confocal aperture, and bleaching power separately to assess
the instrumental settings that are needed for optimal results.
The ability of this ‘‘line-FRAP’’ method to accurately mea-
sure absolute diffusion coefficients and mobile fractions in 3-D
samples will be evaluated in detail. Finally, an example ex-
periment will be presented in which the line FRAP method is
used to measure the diffusion coefficient of free green fluo-
rescent protein (GFP) in the cytosol and nucleus of living
A549 cells.

THEORY
Photobleaching of a long line segment

In almost all FRAP models the assumption is made that the
photobleaching process can be described by first-order
reaction kinetics (1,11,28,31,33,36,38,44-46). We have
recently shown that this is not necessarily the case for the
high-power photobleaching phase in a FRAP experiment
(2). However, we have also shown that first-order reaction
kinetics can still be used in the mathematical derivation as
long as the resolution of the bleaching beam (focused by the
microscope objective lens) is not a fixed value but a variable
that changes as a function of laser power. We will therefore
assume first-order photobleaching kinetics here and keep in
mind that the resolution of the bleaching beam rg. is a
variable parameter. In the experimental section we will
discuss how rg. can be determined for a particular FRAP
experiment.

We have shown before (1) that the fluorophore concen-
tration after bleaching, Cy(x, y, z), of a single line segment of
length / (see Fig. 1) along the x axis can be calculated from:

= Co(x, y,z)e 0>, (1)

Cb(x7yaza T)

where

1/2
K(x,y,z) = / L(x"(x — x',y,z)dx’, )
-1/2
and « is the photobleaching rate of the fluorophore, v the
scanning speed of the bleaching laser beam, and L(x) is the
function that describes the modulation of the bleaching laser
intensity along the line segment [—//2,1/2] and has values
between 0 and 1, where 0 means light switched off and
1 means maximum bleaching intensity. During the bleaching
phase of a FRAP experiment, the bleaching intensity remains
constant: L(x) = 1. We will further assume to be working
with low numerical aperture (NA) lenses with a virtual
cylindrical beam profile and a Gaussian radial intensity

distribution:
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FIGURE 1| (A) A focused laser beam with effective resolution rq. is

scanned along the x-direction with speed v. From position x = —I/2 to +1/2
the laser intensity will be increased to photobleach a line segment of length /.
The length of the line segment is 10 X rq in this example. (B) The laser
beam has a Gaussian radial intensity distribution / with resolution rg.
according to Eq. 3. The function L describes the modulation of the laser
intensity and is 1 for x € [—1/2,1/2] and 0 anywhere else. According to Eq.
2, the convolution of / with L leads to the effective intensity distribution
K for bleaching of the line segment. (C) Surface plot of the 2-D function
K(x,y) as calculated from Eq. 4. K is uniform along x *‘far from the edges’’
and has a Gaussian profile along y according to Eq. 5.

_2X2 + y2

Ib(x,y,z) = Ipe e 3

We make the assumption of a low NA lens because we
want to apply the FRAP method to 3-D samples. The use of
low NA lenses avoids a significant contribution to the
recovery from diffusion along the z axis (1,33) and reduces
the complexity of the mathematical problem further on. In
the experimental part we will discuss the conditions for
which this assumption is valid. Note that, if one is working
with thin two-dimensional (2-D) samples, Eq. 3 is valid for
an objective lens of any NA. Combining Eqgs. 2 and 3 leads
to:
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where erf is the well-known error function (see Fig. 1 C). To
allow us to find an analytical solution to the FRAP model, we
will now make the assumption of the bleached line segment
being much longer than the resolution of the bleaching beam,
i.e., [ > ro.. Then, at sufficient distance from both ends, i.e.,
—1/2 <« x < 1/2, Eq. 4 reduces to:

2
_9Y
K(x,y,z) = \/jlm,mee )

The last assumption implies that the fluorescence recovery
will have to be analyzed at sufficient distance from the ends
of the bleached line segment to avoid a contribution from
diffusion along the x-direction. Combining Egs. 1 and 5, we
finally find that the fluorophore concentration after bleaching
of a long line segment can be calculated from:

V2
-2

Colx,3,2) = Col,y,2)e ™ ™ ©)
where Ky = \/gr()el()b% is called the bleaching parameter
because it determines directly the amount of bleaching.

Fluorescence recovery after photobleaching
of a long line segment

After the photobleaching of the line segment, the bleached
fluorophore molecules will be replaced by intact fluoro-
phores by diffusion. The fluorophore concentration distri-
bution at a time ¢ after photobleaching can be calculated by
solving Fick’s second law (47):

0 0

—C(y,t) =D=-C(y,1), 7

P (v, 1) 32y (v, 1) (7
for the initial condition Eq. 6. D is the diffusion coefficient.
The diffusion equation can be solved by applying a Fourier
transform to the y-coordinate, finally leading to:

to (K n _ 20y

TS = PR T S

n=0 I’l'

C(y,1)

where a, = 1+n(1+2¢/7,) and the characteristic recovery
time 7, = r3,/4D.
The fluorescence F as observed by a CLSM is calculated
from the convolution product of the fluorophore concentration
s —2Z

distribution C and the confocal PSF I. = [y.e e e e

ron=af [ [ Twwws

X C(y" —y,t)dx'dy'dz’,
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where ¢ is a constant factor taking all relevant quantum
efficiencies and attenuation factors into account. Combining
Eqgs. 8 and 9 with the confocal PSF finally leads to:

F t +oo (. K n _ 2ny2
M — Z ( 0) T0e (nr;c + (a _ n) ) 1/2 m-(z)C + (an —n)r(z)e ,
F 0 n—0 n!

(10)

where F|, is the observed fluorescence before bleaching. To
take an additional mobile fraction & into account, Eq. 10 has
to be substituted into the right-hand side of

F(y,t) = F(y,0) + k(F(y,1) — F(y,0)), (a1

where F(y,0) is the fluorescence at t=0, which is
immediately after photobleaching.

It is worth recalling the assumptions we have made in the
derivation of the line FRAP model that are to be met by the
experimental conditions:

1. The fluorescent molecules in the sample have to be
initially uniformly distributed. This means that there
should be no concentration gradient present before
bleaching that gives rise to net diffusion.

2. The diffusion process takes place in an infinite medium.
This means that during the time period over which the
recovery is observed, the diffusion front should not have
reached any boundaries at which it will be reflected and
influence the free diffusion process (47). By examining
the sample with the confocal microscope, the user can
choose an area that fulfills these requirements.

3. An objective lens of low NA should be used for
bleaching and observation of the fluorescence recovery
in a 3-D sample. Lenses of high NA can be used as well
in combination with ‘‘thin’’ samples as long as: a), the
bleaching profile along the axial direction stretches
throughout the entire sample to avoid diffusion along
the axial direction; and b), the part of the bleaching
intensity distribution inside the sample is nearly cylin-
drical, which implies that, the higher the NA, the smaller
the sample’s thickness will have to be.

4. The fluorescence recovery should be analyzed suffi-
ciently far from the start and end point of the bleach line.

5. The bleaching phase has to be sufficiently short to avoid
recovery during bleaching.

6. Finally, there should be no flow present in the medium
that can contribute to the fluorescence recovery.

MATERIALS AND METHODS
FRAP equipment

The FRAP experiments were performed on a CLSM (model MRC1024 UV,
Bio-Rad, Hemel Hempstead, UK) modified to be able to bleach arbitrary
regions (35) and equipped with a 4 W Ar-ion laser (model Stabilite 2017,
Spectra-Physics, Darmstadt, Germany). A 10X objective lens (CFI Plan
Apochromat; Nikon, Badhoevedorp, The Netherlands) with an NA of 0.45
was used. On the Bio-Rad MRC1024, however, the back aperture of this
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lens is only partially filled, resulting in a lower effective NA and an
increased resolution radius of 1o = 1.0 um. The power of the laser light
coming out of the objective lens was measured with a laser power meter
(Ophir, Wilmington, MA).

Test solutions

Two different fluorophores have been used for the evaluation of the line
FRAP model: R-phycoerythrin (Molecular Probes, Leiden, The Nether-
lands) and fluorescein isothiocyanate dextrans (FITC-dextrans) (Sigma-
Aldrich, Bornem, Belgium) of different molecular weights (FD2000:
M = 2X10° g/mol, FD464: M = 4.64X10° g/mol, FD167: M = 1.67X10°
g/mol, FD71: M = 71.6X10* g/mol). R-phycoerythrin was supplied as a
suspension of 4 mg/ml in 60% saturated ammonium sulfate and 50 mM
potassium phosphate, pH 7.0. Following the supplier’s instructions, the
suspension was centrifuged at 5000 rpm for 10 min, after which the
pellet was dissolved in PBS buffer, pH 7.4. This suspension was brought
into a semipermeable membrane and dialyzed against the same buffer
for 24 h. The final suspension volume in the membrane was ~1.8 ml and
was further diluted by adding PBS buffer to obtain a final concentration of
~1 mg/ml.

Before performing FRAP measurements on solutions of fluorescent mole-
cules, the concentration range has to be determined in which a linear relation
exists between the observed fluorescence and the concentration of the fluo-
rescent molecule. Based on the outcome of such experiments, the following con-
centrations have been chosen: 1 mg/ml for R-phycoerythrin, 10 mg/ml for
FD2000, 2 mg/ml for FD464, 6 mg/ml for FD167, and 6 mg/ml FD71. Next,
solutions of the fluorescent molecules were prepared in HEPES buffer contai-
ning varying amounts of sucrose. The sucrose was used to vary the viscosity of
the solutions and hence the diffusion coefficient of the fluorescent molecules.

To perform FRAP experiments, the fluorescent solutions were ‘‘sand-
wiched’” between a microscope slide and a coverslip sealed by an adhesive
spacer of 120 wm thickness (Secure-Seal Spacer; Molecular Probes) in
between. Such a microscopic chamber is small enough to eliminate any
currents in the solution while retaining a 3-D sample environment. The
496.5-nm line of the Ar-ion laser was used for excitation of R-phycoerythrin
and the 488-nm line for the FITC-dextrans.

Cells

To generate GFP expressing cells, A549 cells were injected in the nucleus
with a GFP encoding plasmid and incubated overnight. The gWIZ GFP
encoding plasmid (5799 bp) was purchased from Gene Therapy Systems
(San Diego, CA). A549 cells (African green monkey kidney cells, ATCC
No. CCL-81) were cultured in DMEM without phenol red (Gibco,
Merelbeke, Belgium) containing 2 mM glutamine, 10% heat deactivated
fetal bovine serum (FBS), and 1% penicillin-streptomycin (culture medium)
at 37°C in a humidified atmosphere containing 5% CO,. A549 cells were
grown to 80% confluence on glass-bottomed coverslips (part No. PG-1.5-
14-F, glass bottom No. 1.5, MatTek, Ashland, MA) and injected in the
nucleus using 1 wg/ml plasmid DNA in water. Microinjection was per-
formed with a Femtojet microinjector and an Injectman NI 2 micromanip-
ulator (Eppendorf, Hamburg, Germany). Subsequently, the cells were
incubated overnight to allow for GFP expression.

Experimental FRAP protocol

The line FRAP method presented here can be carried out in two different
ways, as can be seen from Eq. 10. First it is possible to record confocal xy-
images of the fluorescence recovery after photobleaching of the line
segment. From each of the xy recovery images, the fluorescence intensity
profile along y (perpendicular to the bleach line) can be extracted and fitted
directly by Eq. 10 to obtain the diffusion coefficient D. Although this
method is the most accurate one since the entire fluorescence distribution is
used to calculate D, its use in actual practice is limited because of the usually

2175

limited frame rates of CLSMs. This means that a CLSM will generally not be
fast enough to image the recovery process at a sufficient sampling rate.
Instead it will be much more likely to use the CLSM in xt-mode, where the
laser beam is scanned repeatedly along a single line. The image that results
from an xz-experiment consists of the same line that is displayed over time,
as illustrated in Fig. 2. The FRAP protocol in xt-mode consists of the
following sequential steps:

1. Record a number of line-scans at a low intensity to obtain the prebleach
fluorescence signal Fj.

2. Activate the bleaching protocol to bleach a long line segment. The
bleaching of the line segment may be repeated a number of times to increase
the amount of bleaching. However, the overall bleach time should be
small enough to avoid any significant recovery during bleaching.

3. Record the fluorescence recovery by continuing the xz-scan at a low
intensity.

This method has the advantage of the recovery process being sampled at
the CLSMs line-scanning rate (488 Hz for the CLSM of this study). It has the
disadvantage that information from only a part of the bleach area is used.
It also has the disadvantage that possible movement or flow in the sample
cannot be easily detected, which could be an issue for very slow diffusion
with long recovery times. The expression that should be used for fitting the
recovery curve from an xt-experiment is Eq. 10 for y = 0:

F(O,t o (—K,)" _
(F’ oy ,,f) roe(nrg, + (an —mrg) ™% (12)
0 n=0 M

On the CLSM, the sample is at first positioned on the microscope stage
and the location of interest is brought into focus. As will be shown in the
experimental section, the confocal diaphragm should be set to a small value
to obtain correct results. For the 10X objective lens used in this study on the
Bio-Rad MRC1024, the iris should be set to =1.5. The CLSM is set to xt-
mode and a suitable zoom setting is chosen. Next, the length of the bleach
line is defined in the photobleaching software, as well as the number of
prebleach lines and the number of times the bleaching scan should be
repeated. Then, the FRAP experiment is started and the xz-images are
recorded. Two examples of x-FRAP images are shown in Fig. 3. On the
Bio-Rad MRC1024, at ‘‘normal’’ scanning speed, the pixel dwell-time is
2.4 us and the time period between two line-scans is 2.048 ms. The images
usually consist of 512 X 512 pixels. In case of slow recovery, multiple
postbleach xt-images may be recorded.

FIGURE 2 If the CLSM is working in xt-mode, the same line is scanned
repeatedly, resulting in an xz-image consisting of the same line that is
displayed over time. The x-mode can be used for the line FRAP model. First
a number of prebleach scans are recorded at a low laser intensity to
determine the fluorescence intensity before bleaching. Next, a user-defined
line segment is bleached at high laser intensity. Finally, the laser beam is
switched back to its low intensity to record the fluorescence recovery after
photobleaching.

Biophysical Journal 92(6) 2172-2183
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FIGURE 3 Two examples of xt-images are
shown of a line FRAP experiment on a fluores-
cent solution (R-phycoerythrin with 36% (w/w)
sucrose). First, 100 lines are recorded at a low
laser intensity to determine the fluorescence
before bleaching. Next, a line segment of 50 um
long is bleached with the 10X lens at 1 mW for
image A and 4 mW for image B. After bleaching,
the laser intensity is switched back to its previous
(low) level to record the fluorescence recovery.
As explained in the main text, the FRAP curve is
extracted from the xt-images by defining a main
ROI (white rectangle) and a background ROI
(black rectangle). The final recovery curves
(black data points) are shown below images A
and B. The solid gray line shows the best fit of the

line FRAP model to the experimental recovery
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curve. At the start of an image, the scanning
beam of the Bio-Rad MRC1024 is stationary for
a short period of time before actually starting the
scanning movement. As a result, the fluores-
cence becomes bleached at the position where
the laser beam is stationary. This is the reason
why all x~-images have a bleach spot at the upper
left comer that also recovers over time. This
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Data analysis

An image processing program was written to extract the experimental
recovery curve from the xt-images. As indicated by the white rectangle in
Fig. 3, a rectangular region of interest (ROI) can be defined of a certain
length and width to calculate the fluorescence intensity as a function of time.
The width of the ROI determines the number of pixels over which the
fluorescence signal will be averaged for each line in the image. To correct
for possible laser intensity fluctuations or possible bleaching while imaging
the fluorescence recovery, a reference background ROI (BG) can be
chosen as well (black rectangle in Fig. 3). To obtain the final recovery
curve, the following calculations are performed: first, the ROI fluorescence
curve is normalized against the BG curve; next, the average prebleach
fluorescence is calculated from the prebleach lines; and finally, the
fluorescence curve is normalized to the prebleach fluorescence. We note
that, as always, it is important to set the zero-level of the confocal detectors
correctly: zero fluorescence should give zero intensity in the images. Two
examples of such final FRAP recovery curves are shown in Fig. 3 as well.
The experimental parameters are finally determined by a least-squares fit of
Eqgs. 11 and 12 to the experimental recovery curve, as is shown by the gray
curves in Fig. 3.

RESULTS AND DISCUSSION
Influence of noise

Because there are three model parameters (D, k, and K) that
are determined from a best fit of the line FRAP model to the
experimental recovery curve, it is worth looking separately at
the influence of noise on the accuracy of the measured
diffusion coefficient D and mobile fraction k. Based on Eq.
12, a FRAP curve was calculated for D = 10 ,u,mz/s, k=1,
and Ky = 0.25 to which a certain percentage of normally
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0.4 06 0.8 artifactcauses the first 150 pixels of the images to
t[s] be unusable. For that reason the main ROI is
chosen toward the right end of the bleach line

rather than at the center.

distributed noise was added. This was repeated for 20X from
which the average recovery curve was calculated to simulate
an ROI of 20 pixels wide. A best fit of Eqs. 11 and 12 was
subsequently performed to calculate D, k, and K. A fitting
to the same curve was done for a fixed value of k = 1 as well
to see if the accuracy to calculate D increases when the
mobile fraction is known. The results are shown in Fig. 4 for
noise levels of 1%, 5%, 10%, 15%, 20%, and 25%. The
result for each noise level is the mean value of 10 sim-
ulations. The error bars are the corresponding standard de-
viations (SDs). The results for D and K, when k was a free
fitting parameter are shown in Fig. 4, A and B. The result for
D when k was held fixed to 1 is shown in Fig. 4 C. As could
be expected, the SDs increase with increasing noise levels. It
is worth noting that in all cases the correct value is found
within the SD. Interestingly, the accuracy (in terms of the
SD) of D is not much better when the mobile fraction is held
fixed to its correct value in the fitting algorithm. We therefore
conclude that in the fitting of the experimental recovery
curves, the mobile fraction k can be one of the fitting
parameters without affecting the accuracy to determine the
diffusion coefficient D.

Influence of the confocal aperture

In the derivation of the line FRAP model, we made the
assumption of a cylindrical bleaching beam whose intensity
distribution does not change along the optical axis. In 3-D
samples, this situation will be best approximated by a low
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parameters, a fit of Eqs. 11 and 12 is
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mobile fraction & is one of the free fitting
parameters are shown in panel A. The
corresponding result for the mobile
fraction k is shown in panel B. The
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results for the diffusion coefficient D when the mobile fraction & is held fixed to its correct value of 1 is shown in panel C. The error flags are the mean * SD values.
Although the SDs increase for increasing noise levels, the correct value is found in all cases within the SD. Comparing the results from panel A with panel C shows
that the diffusion coefficient is not more accurately determined when & is held fixed in the fittings.

NA lens. In reality, however, the illumination intensity
distribution is not perfectly cylindrical, but has a slight
conical shape. This means that the illumination beam
becomes wider at larger distances from the focal plane.
Therefore, when bleaching a single line, the width of the line
will also gradually increase at increasing distance from the
focal plane. The fluorescence recovery after bleaching will
be different along the optical axis as well because it depends
directly on the width (squared!) of the line (cfr. Eq. 10).
When imaging with a large confocal aperture, the detected
fluorescence recovery will therefore be an average of the
recoveries at the different planes along the optical axis.
When fitting the recovery curve with Eq. 12, it is therefore to
be expected that the measured diffusion coefficient will be
lower than the actual value for large confocal apertures. At
the other hand, for a small confocal aperture the detected
fluorescence will come mainly from the cylindrical region
around the focal plane (see Fig. 5) and it is to be expected
that the diffusion coefficient will be measured correctly.

To determine the influence of the confocal aperture on the
measured diffusion coefficient, we have performed FRAP
experiments on R-phycoerythrin (dissolved in a 36% (w/w)
sucrose solution) for different settings of the confocal
aperture. The results are shown in Fig. 6 A where the
measured diffusion coefficient is plotted as a function of the
confocal aperture setting of the CLSM. Each value of D is
the mean value of 10 measurements. The error bars are the
corresponding SDs. Bleaching was done at 500 uW (laser
power coming out of the objective lens). A value of 1.25 um
for ro. was used in the fittings, which is a correct value for
R-phycoerythrin at this bleaching intensity as will be shown
further on. As expected, the measured diffusion coefficient
decreases for large confocal apertures. Within the experi-
mental accuracy, no difference is found for D at iris settings
smaller than 2. The diffusion coefficient of the same solution
was measured with a disk FRAP model (1) as well, yielding
D = 11.83%0.49 um?/s. This is indicated in Fig. 6 A by the
horizontal lines. Indeed a good correspondence is found with

the values measured with the line FRAP model at iris settings
smaller than 2. For the objective lens used here (10X, NA
0.45) on the Bio-Rad MRC1024, an iris setting of 2 means a
pinhole size of ~2.5 airy units (the other iris settings scale
linearly). We note that the results from Fig. 6 depend on the
effective NA of the objective lens being used for photo-
bleaching, which determines how ‘‘cylindrical’’ the bleach-
ing beam is (see Fig. 5). This experiment has to be repeated
for a particular objective lens to determine the correct
maximum confocal diaphragm setting.

The same experiment was repeated on FD167 (dissolved
in a 20% (w/w) sucrose solution). Bleaching was done at
2000 wW. A value of 2.1 um was taken for rq., which is a
correct value for FD167 at this bleaching intensity, as will be
shown further on. The results are shown in Fig. 6 B. In
agreement with the results for R-phycoerythrin, we find that
D is independent of the confocal aperture for iris settings
smaller than 2. The diffusion coefficient obtained with the

Large Small
confocal confocal
aperture aperture

FIGURE 5 Even for low NA lenses, the focused beam profile is not
perfectly cylindrical, but has a slight conical shape. To comply with the
assumption of a cylindrical bleaching beam, the fluorescence recovery
should therefore be imaged with a small confocal aperture to record
information of the cylindrical region near the focal plane alone.
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FIGURE 6 FRAP experiments were per-
formed for varying confocal iris settings on
(A) a solution of R-phycoerythrin (in 36% (w/
w) sucrose) and (B) a solution of FD167 (in
20% (w/w) sucrose). Each value for D is the
mean of 10 measurements. The error bars are

A 18 B 16
16 14
14 12
2 4 Jff ********* % 10
3 1 —————————
0 [m]
8 ({) 6
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coefficient of the same solutions was measured
by the disk FRAP model as well, as indicated
by the horizontal solid line. The dashed lines

<}> the corresponding mean = SDs. The diffusion

disk FRAP model was D = 9.95+0.80 um?/s. Again there is
a good correspondence with the line FRAP model if the iris
is set at a value smaller than 2.

Influence of the bleaching power

We have recently shown that the effective resolution rg. of
the bleaching beam depends on the bleaching power (2). For
this very reason, an independent bleaching and imaging
resolution, respectively, rg. and ry., was taken into account
in the derivation of the line FRAP model. We will now
examine directly the influence of the bleaching power P on
the effective bleaching resolution rg. for both R-phycoery-
thrin and FD167. This can be done by performing line FRAP
experiments for different bleaching powers on a solution of a
known diffusion coefficient. The effective bleaching resolu-
tion ro. can be determined by fitting of the recovery curves
with Eq. 12 for a known value of D.

First, the diffusion coefficient of a solution of R-phyco-
erythrin (in 36% (w/w) sucrose) was measured with the disk
FRAP model: D = 11.83+0.49 um?/s. Next, line FRAP
experiments were performed on the same solution for dif-
ferent bleaching powers ranging from 0.32 to 4 mW (laser
power coming out of the objective lens). The results for the
effective bleaching resolution ry. measured as a function of

indicate the corresponding SD value.

the laser power are shown in Fig. 7 A, where each value is the
mean of 10 measurements. The error bars are the corres-
ponding SDs. These results support directly our previous
results (2): the effective bleaching resolution increases with
increasing bleaching power. For low bleaching powers, rq
approaches a value of 1 wm, which is the real resolution of
the illumination intensity distribution. Because the experi-
mental accuracy decreases for lower bleaching powers, we
suggest using a power between 0.5 and 1 mW for bleaching
of R-phycoerythrin and an r(. value of 1.25 um.

The same experiment was repeated on FD167 (in 20%
(w/w) sucrose). A diffusion coefficient of D = 9.95 =
0.80 um?*/s was found with the disk FRAP model. Line
FRAP experiments were performed on the same solution
for bleaching powers between 1 and 5 mW. We note at this
instance that fluorescein photobleaches less easily com-
pared to R-phycoerythrin. Therefore it was not possible
to obtain sufficient bleaching for powers below 1 mW. The
results are shown in Fig. 7 B. Each value is again the
mean of 10 measurements and the error bars are the cor-
responding SDs. Again we find an increasing bleaching
resolution with increasing bleaching power. For FITC-
dextrans we suggest using a bleaching power between 1 and
2 mW with an r, value of 2.1 um for the 10X objective lens
used here.

A 24 B 32
b .

o b z:i
:
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r, [um]
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22
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FIGURE 7 Line FRAP experiments were
performed for different bleaching powers on
(A) a solution of R-phycoerythrin (in 36%
(w/w) sucrose) and (B) a solution of FD167 (in
20% (w/w) sucrose). The effective bleaching
resolution radius was determined by fitting of
the line FRAP model to the recovery curves.
Each value for rq. is the mean of 10 measure-
ments. The error bars are the corresponding
SDs. The horizontal line in panel A indicates
the mean of all (. values that correspond to a
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bleaching power =1 mW. The dashed lines
indicate the corresponding mean * SD levels.
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Validation of the line FRAP model

Having found the correct settings for the confocal aperture
and the bleaching power, the ability of the line FRAP model
to accurately measure absolute diffusion coefficients can
now be evaluated. This can be done by comparing the diffu-
sion coefficient as determined from line FRAP experiments
with the diffusion coefficient obtained with the disk FRAP
model. This is a valid approach because the disk FRAP model
has already been proven to be able to accurately measure
absolute diffusion coefficients (1).

R-phycoerythrin solutions were prepared, containing
different concentrations of sucrose (30, 36, 40, 44, 48, and
56% w/w), to obtain a range of diffusion coefficients. The
diffusion coefficient of R-Phycoerythrin in each of the
solutions was measured with both the disk and line FRAP
method. The bleaching power was always 1 mW (laser
power coming out of the objective lens) and a corresponding
bleaching resolution ry of 1.25 um was used to calculate the
diffusion coefficients. In Fig. 8, the diffusion coefficients
measured with the line FRAP model are plotted against the
diffusion coefficients measured with the disk FRAP model.
Ideally, the data points should be spread along the diagonal,
which is the case within the experimental error. A r-test (for
distributions with unequal standard deviation and a signif-
icance level of 0.01) on each data pair also confirmed that
both methods yield the same results.

The same experiments were repeated for four FITC-dextrans,
each dissolved in a series of solutions with different con-
centrations of sucrose. The bleaching power was 2 mW and
a corresponding bleaching resolution rg. of 2.1 um was
used to calculate the diffusion coefficients. The results for all
FITC-dextrans are shown in Fig. 9 where the diffusion
coefficient obtained with the line FRAP model is plotted

16

14

: [

10

Dline [“ m2/s]
o]

0 2 4 6 8 10 12 14 16
Dy [MmM7s]

FIGURE 8 The diffusion coefficient of R-phycoerythrin in solutions of
different viscosity is measured with both the disk (five measurements for
each sample) and line FRAP method (10 measurements for each sample).
The diffusion coefficients measured with the line FRAP model are in good
agreement with the values from the disk FRAP model within the
experimental accuracy.
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against the diffusion coefficient obtained with the disk FRAP
model. Again we found a good correspondence between the
line and disk FRAP model within the experimental accuracy
(additionally confirmed by a 7-test on each data pair). We note
that the apparent increasing deviation from the solid lines in
Fig. 9 for increasing D-values is because of the increase in
absolute values. There is no particular tendency in magnitude
of the relative deviation between the results from the disk and
line FRAP methods.

These experiments show that absolute diffusion coeffi-
cients can be measured correctly in 3-D samples with the line
FRAP model on condition that the effective bleaching
resolution is known and the confocal aperture is correctly set.
The experiments also show that, within the experimental
error, it is sufficient to determine the effective bleaching
resolution from a single solution (although there might be a
small change in reality because of the difference in viscosity
and refractive index). By comparing the SD values of the
disk FRAP model with the SD values of the line FRAP
model it is clear that, as expected, the accuracy of the disk
FRAP model is superior to the line FRAP model. While the
relative SD error of D measured with the disk FRAP model is
typically around 5%, it is rather 20-25% for the line FRAP
model. We have observed that the same holds true for the
mobile fraction: the mobile fraction is measured correctly
with the line FRAP model, but with a reduced accuracy as
compared to the disk FRAP model. At the other hand, the
line FRAP method is much faster than the disk FRAP
method because it uses a much smaller bleach area. For the
same reason the line FRAP method can perform much more
localized diffusion measurements as well. We conclude that
both FRAP methods are complementary, each with their own
benefits and limitations. One of both methods can be used
depending on the problem at hand.

The highest diffusion coefficient that can be reasonably
measured with a FRAP method can be estimated based on the
characteristic recovery time (see Eq. 8). Because the disk
FRAP recovery curves usually have very little noise (signal
integrated over many pixels), it is our experience that one
measurement before the characteristic time point is sufficient
to calculate a correct diffusion coefficient. The rate at which
data points can be obtained depends on the maximum frame
rate of the confocal microscope. On the Bio-Rad 1024 used in
this study, the maximum frame rate is approx. 1.5 s per image.
This means that the characteristic recovery time should be at
least 3 s. If one uses a disk of radius 20 uwm this comes down
to a maximum diffusion coefficient of ~30 um?/s. Newer
confocal systems can have frame rates of 0.5 s per image (or
less), which would give a maximum diffusion coefficient of
~100 um?/s. In addition, increasing the size of the disk
allows one to measure even faster diffusion. The size of the
bleach area in case of the line FRAP method is determined by
the effective bleaching resolution (which is a function of the
objective lens, the fluorophore, and photobleaching laser
power). For the objective lens of this study and not too high

Biophysical Journal 92(6) 2172-2183
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FIGURE 9 The diffusion coefficients of four
types of FITC-dextran in solutions of different
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viscosities is measured with both the disk and line
FRAP method: (A) FD2000, (B) FD464, (C)
FD167, and (D) FD71. The diffusion coefficients
measured with the line FRAP model (10 measure-

ments for each sample) are in good agreement with
the values from the disk FRAP model (five mea-
surements for each sample) within the experimental
accuracy.
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bleach powers we found an effective bleaching resolution of
1.25 pwm for R-phycoerythrin. Because of the higher noise
level, one rather needs ~10 data points before the charac-
teristic time point. Since the line-scan rate is ~2 ms on our
Bio-Rad confocal, the characteristic recovery time should be
at least 20 ms, leading to a maximum diffusion coefficient of
~20 Mmz/s. Newer confocals can have line scan rates of 1 ms
per line, increasing the maximum diffusion coefficient to 40
wm?/s. For fluorescein the effective bleaching resolution was
rather 2.1 wm, giving a maximum diffusion coefficient of 55
wm?/s (and ~100 um?/s for newer confocals). We conclude
that both the disk and line FRAP methods can reasonably
measure diffusion coefficients up to ~100 um?/s on new
CLSMs, although it was limited to ~30 ,umz/s on the Bio-
Rad CLSM of this study.

APPLICATION TO INTRACELLULAR
DIFFUSION MEASUREMENTS

By way of example, we show the application of the new line
FRAP method to the measurement of free GFP diffusion in
living A549 cells. A long line segment is bleached with the
10X objective lens across the cell interior, as indicated in
Fig. 10 A. The resulting xt-image is shown in Fig. 10 B.
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Because the recovery is due to diffusion perpendicular to the
bleached line, the user has the possibility to do the FRAP
analysis in one or more subregions along the line segment.
We have, therefore, done the analysis for two regions along
the line, as indicated by the letters a (nucleus) and b (cyto-
plasm). The recovery curves from regions a and b are shown
in Fig. 10, C and D. From six similar measurements we
found a diffusion coefficient of 26 + 3 wm?/s in the cyto-
plasm and 29 + 5 um?/s in the nucleus, in good agreement
with what others have reported (5,8,48).

CONCLUSIONS

A new FRAP method has been presented based on the pho-
tobleaching of a line segment that is much longer than the
effective resolution of the bleaching beam. By additionally
excluding diffusion along the optical axis, the recovery
process is reduced to a one-dimensional problem for which
we have been able to find an analytical solution. We have
shown that the latter condition is fulfilled for measurements
in 3-D samples if the bleaching is done with a low NA
objective lens in combination with a small confocal aper-
ture. The line FRAP method is expected to work fine in
combination with objective lenses of higher NA as well, if
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FIGURE 10 Application of the line
FRAP method to a GFP expressing
A549 cell. (A) The white line indicates
the line segment that will be photo-
bleached. Subregions @ (nucleus) and
b (cytoplasm) will be analyzed. Subre-
gion BG is the background region that
will be used in the calculation of the
recovery curves. The scale bar is 20
pm. (B) xt-image showing the line
FRAP experiment. First 100 prebleach
scans are recorded. Next, a single
bleach scan is performed followed by
the recording of the fluorescence re-
covery. (C) The recovery curve as cal-
culated from subregion «a (nucleus)

together with a best fit (gray line)
according to the line FRAP model.

The diffusion coefficient calculated
from this particular measurement is
D = 274 um?s. (D) The recovery
curve as calculated from subregion b
(cytoplasm) together with a best fit
(gray line) according to the line FRAP
model. The diffusion coefficient calcu-
lated from this particular measurement
is D = 24.8 um?s.

0.2 0 02 04 06 08 1 0.2 0
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the sample is sufficiently thin to avoid side effects from the
conical shape of the bleaching beam.

We have recently shown that the effective resolution of the
bleaching beam depends strongly on the laser power being
used for photobleaching (2). By incorporating an indepen-
dent bleaching and imaging resolution into the line FRAP
model, we were able to evaluate these findings quantitatively
for actual solutions of fluorescent molecules. For R-phyco-
erythrin, a strong dependency was found of the effective
bleaching resolution r(. on the bleaching power P. A similar
dependency of r(. on P was found for FD167. We also found
that the ro. value, as determined from a single solution, is
valid for all other solutions of the same fluorescent mole-
cules, regardless of their viscosity (or molecular weight of
the dextran chains in case of the FITC-dextrans).

We have shown that the line FRAP method is able to
correctly measure absolute diffusion coefficients. Compared
to the disk FRAP method, the line FRAP method has the
disadvantage of being less accurate due to a lower signal/
noise ratio. This is because the recovery signal is integrated
from typically 2040 pixels, whereas 1000-2000 pixels are
used for the disk FRAP method. The line FRAP method has
the advantage of using a smaller bleaching region, thus

0.2 0.4 06 0.8 1
t(s)

allowing more localized measurements. A related advantage
is that the line FRAP method is much faster than the disk
FRAP model because the characteristic diffusion time is
proportional to the area of the bleach region. With the line
FRAP method it is also possible to do diffusion measure-
ments in different regions of the bleach line simultaneously.
We have demonstrated this by the simultaneous measure-
ment of the diffusion of free GFP in the cytoplasm and
nucleus of A549 cells.

We conclude that the line FRAP model offers a straight-
forward and fast way to measure diffusion coefficients and
mobile fractions on a microscopic scale in 3-D samples.
Because the bleaching of a line can be easily accomplished
by commercial CLSMs, it can be applied by anyone famil-
iar with the CLSM instrument. Additionally, no extensive
mathematical or programming skills are required because the
final FRAP expressions are very straightforward.
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