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ABsTRACT  In the original theoretical development of fluorescence photobleaching recovery with circular or Gaussian laser intensity
profiles (Axelrod et al., 1976, Biophys. J.) the bleaching process is assumed to obey first order kinetics in the fluorescent probe.
While this is reasonable in most cases where oxygen participates in the photolysis reaction, some processes may obey second
order kinetics in the fluorophore concentration due to dimerization. Accordingly, we present here an analysis of the fluorescence
recovery when the photobleaching process is taken to be second order in the probe. Analytical solutions for small bleaching levels
indicate that the fluorescence recovery curve is very similar to that measured following a bleaching process first order in the probe.
Numerical solutions for moderate bleaching levels show that the recovery is qualitatively similar, but quantitatively different.
Because the shape of the recovery curve provides no evidence as to the order of photobleaching, we recommend continued use of
the previous theoretical analysis. However, it must be borne in mind that the diffusion coefficient is increasingly underestimated as
the extent of photobleaching is increased. The true diffusion coefficient is obtained in the limit of small levels of photobleaching.

Estimates of the fractional recovery are not affected by this approach.

INTRODUCTION

Fluorescence Photobleaching Recovery (FPR) has been
used to investigate the mobility of a large number of
probes in biologically important systems. The theoretical
basis behind FPR was presented by Axelrod et al. in
1976 (1). In that paper, the effects on the fluorescence
recovery due to diffusion, flow, and a combination of
both are discussed. In all cases, however, the kinetics of
the photochemical reaction is taken to be first order in
the fluorescent probe. This assumption is based on the
premise that the chemistry of photobleaching involves
oxidation of the fluorescent probe by singlet oxygen
(2, 3). In most biological systems, the oxygen concentra-
tion is sufficient to allow the oxidation to be first order in
the probe, and to occur without interference from other
possible photochemical processes.

Recently, we have employed FPR to examine the
mobility of naphthacene adsorbed on silica gel surfaces
in vacuo (4). In this system, the photolysis reaction can
lead to either oxidation of naphthacene if sufficient
oxygen is present (5-9), or dimerization (10-12). In
solution, we find that both of these reactions are first
order in ground state naphthacene, but on the silica
surface, the kinetics are more complex.

In this study we examine the effects of second order
photobleaching kinetics on recovered diffusion parame-
ters (diffusion coefficient D, and fractional recovery X))
from an FPR experiment. The recovery portion of the
simulated experiments are very similar in shape, imply-

ing that the original theory outlined by Axelrod et al. (1)
can be used to fit data in most cases. Little effect is seen
on the fractional recovery, but as the extent of bleaching
increases, the error on the recovered diffusion coeffi-
cient increases if one uses only the original theory.

THEORETICAL SECTION

The procedure of Axelrod et al. (1) starts with the definition of the
time-dependent fluorescence intensity ( f (f)) which is measured dur-
ing an FPR experiment:

f@ = gea) [T 1) c0 ) &, (1)

where g accounts for instrumental losses, € and Q are the molar
extinction coefficient and fluorescence quantum yield of the probe,
and A is the attenuation of the excitation source. C(r,f) is the
concentration of the probe, which is dependent on both radial position
() and time (¢). I(r) represents the laser beam intensity profile. A laser
beam of Gaussian intensity profile is defined by:

I1(r) = I, exp (—=2r*/w?). )

w represents the experimentally determined laser beam width where
the intensity drops to exp (—2) of the maximum value.

Assuming the photobleaching follows a pathway first order in the
fluorescent probe, the rate equation of bleaching is given by:

dC(, 1)
- =AI()C(r, 1), A3)
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where A represents a photochemical quantum yield. Integration of Eq.
3, where time zero is taken to be at the end of the bleaching pulse
gives:

C(r,0) = Cexp (-M\I(r)t"), )

where C is the average prebleach probe concentration and ¢’ is the
duration of the bleaching pulse. Using the form of the intensity profile
given in Eq. 2 and defining K to be (A I, ¢'), which is a measure of the
extent of bleaching, Eq. 4 gives:

C(r,0) = Cexp[-K exp (=2r*/w?)]. o)

Using Eq. 5 as the initial condition, Axelrod et al. (1) determined the
solution for the time-dependent fluorescence intensity from Eq. 1 to
be:

ge QPC\ & (=KY)
f(t)=( A ‘),,gn![l+n(1+2‘/‘rn)], ©

where P is the power of the laser and 7, is the characteristic diffusion
time, and is related to the diffusion coefficient (D) by:

D= (1)2/4713- (7)

If we assume that the photobleaching is second order in the
fluorescent probe, the rate equation (Eq. 3) must be replaced by:

dC(r, 1) , 2
—5 = N IO ). ®

The solution for the initial postbleach concentration then is:

C(r,0) = ©)

1+ CN I’

where N\’ is the photochemical quantum yield for the second order
process. Defining a photobleaching parameter K’ to be (C\'¢' 1),
the initial postbleach concentration can be expressed as:

C(@r,0) = (10)

1+ K'exp (-2r'/w?)’

With these initial conditions, the solution for the time-dependent
fluorescence intensity for K’ < 1 becomes:

«QPC| &

K'Y
f(')=[gA (=K")

1 +n+2t/)]° 1

The solution follows the same procedure outlined by Axelrod et al. (1)
and involves a series expansion of [1 + K' exp (—2r*/w?)]™"." This
expansion is only valid for values of (K’ exp (—2r*/w?)) less than unity

'The series expansion employed in the derivation of Eq. 11 is:

1 +X)"' = (=X) for |X| < 1(13),
n=0
where X =K' exp (—2r%/w?).

Note in the text we refer to K’ being less than unity and not K’ x exp
(—2r*/w"). This is valid because r = 0 is part of the radial component.

(13), which corresponds to less than ~50% bleaching at the center of
the beam. It is evident from comparisons of Eqs. 6 and 11 that the
recovery curves are very similar in form. Only the n! term in the
denominator of Eq. 6 is missing in Eq. 11, and the bleaching parameter
has a different interpretation (but is still a constant for a certain
duration of bleaching and initial prebleach concentration). The effect
of the n! term is that the series in Eq. 6 converges more rapidly, but for
small extents of bleaching this is a small effect.

Forvaluesof K’ > 1, the series in Eq. 11 diverges. This greatly limits
the usefulness of Eq. 11 as a solution to which data are fit because X' is
a fitting variable in most cases. Analytical solutionsto Eq. 1 forK’ > 1
with the initial condition of Eq. 10 have escaped us so far.

We note that for small bleaching levels the recoveries are analyti-
cally similar. We further recognize that there is no physical reason to
expect a singularity or unusual change in behavior at K’ = 1. Thus, the
shape of the recovery should be qualitatively similar at large K’ values
also. In most cases it will be advantageous to fit experimental data to
the result of Eq. 6 and use an empirical formula to estimate the error in
the recovered diffusion parameters. The next section is intended to
illustrate this latter point.

SIMULATION SECTION

Fluorescence recovery curves ( f (f)) can be calculated
for simulated FPR experiments by using either Eq. 6 or
11. Nine values for the extent of bleaching ranging from
14 to 50% bleaching at the center of the beam, and three
values of T, (5, 10, 25 s), are used in these simulations,
with 10% random noise added to the data. In all
simulations, 38.4 s of data were calculated with the count
time of 100 ms/data point. All simulated data is fit using
the original theory (Eq. 6) developed by Axelrod et al (1,
14).

Eq. 6 provides the recovery after a bleaching process
first order in the probe. An example of a simulated
recovery curve is presented in Fig. 1, curve a. After
fitting, all recovered values of the fractional recovery are
unity, as expected. Also, all recovered values of the
diffusion coefficient are within 3% of the theoretical
input value and are independent of the extent of
bleaching. These are in effect the control data (Table 1).

Eq. 11 generates the recovery of the fluorescence
intensity after a bleaching process which is second order
in the probe. An example is given in Fig. 1, curve b. To
allow for direct comparison, the same values of 7, and

The analogous series expansion employed to derive Eq. 6 is:

(=XY
n!

exp (—X) = z for all X (13), where in this case

X = Kexp (—2r*/w?).

For small bleaching levels the relationship between the recovery
curves differ only by the (1/n!) term. This result is independent of the
illumination profile. The discussion here will also apply, in principle, to
uniform or airy disc illumination profiles.
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FIGURE1 Comparison of the recovery portions from two simulated
FPR experiments. (¢) The recovery after a bleaching process first
order in the probe (——). (b) The recovery after photobleaching
second order in the probe (---). Note that the intensity is integrated
over the beam and is directly comparable to the measured fluores-
cence intensity.

the same time base are used. Also, the same extent of
bleaching at the center of the beam (i.e., C(0, 0)/C) is
used. Table 1 clearly shows that at low bleaching levels
the correct estimate of the diffusion coefficient is ob-
tained, but as the extent of bleaching increases the
estimate of the diffusion coefficient decreases. In all
cases the correct fractional recovery is obtained.

The origin of the difference in the recovered diffusion
coefficients is easily seen by examining the initial post-
bleach concentration profiles for both cases (Fig. 2). For
a photobleaching process, which is second order in the
probe, many more probes are photolyzed at comparable
r values than for the first order case. As the overall
extent of bleaching increases, the differences between
the two profiles also increases.

Calculation of the diffusion coefficient from recovery
data depends on accurate measurement of the beam

TABLE1 Simulated diffusion parameters after first or second
order photobleaching. Simulated data for various extents of
bleaching and a characteristic diffusion time of 10 s

(D =2.50 x 10 “cm?s).

D/107 ¥ cm?s™ Fractional recovery*

First Second First Second

C(0,0)/C order order order order
0.86 2.49 2.51 1.15 1.13
0.82 257 2.50 1.00 1.00
0.78 2.51 247 1.05 1.05
0.74 2.55 2.48 1.02 1.02
0.68 2.52 2.42 1.05 1.04
0.64 2.57 245 1.02 1.02
0.56 2.54 2.38 1.04 1.04
0.51 2.54 2.33 1.02 1.02
0.50 2.54 2.18 1.02 1.03

*Fractional recoveries greater than unity are unrealistic, but arise
from these values being fitted estimates.

c(r,0)/ C

FIGURE 2 Initial postbleach concentration profiles for photobleach-
ing processes which are first (——) and second (---) order in the probe.
The profiles are generated directly from Eqs. 5 and 10, respectively.
Based on an arbitrary prebleach intensity of 100, for the first order
cases, the initial postbleach intensities calculated from Eq. 6 will be 78,
58, and 39. For the second order case, using Eq. 11, the initial
postbleach intensities are 76, 53, and 28. These last two values are
estimates based on the values from the first order case.

size. Fig. 2 reveals that for the same extent of bleaching
at the center of the laser beam, a second order process
causes the postbleach concentration at larger radial
positions to be much less than in a first order process.
Using the first order theory to fit recovery data, which
follows a second order bleaching process, is therefore
equivalent to imposing a measured beam width that is
smaller than the effective beam width. Hence, the
diffusion coefficient will be underestimated (cf. eq. 7).
As a result, when the extent of bleaching increases, the
difference between the initial postbleach concentration
profiles also increases, i.e., the error on D increases.

For all data examined, we have restricted ourselves to
valid choices of K’, and comparable values of K. Due to
the restriction imposed by the use of the series expan-
sion noted above, this allows us to compare results for
data with at most 50% bleach at the center of the beam.
Within this region, the difference between the two
diffusion coeflicients is as much as 10%. However,
because the extent of bleaching in actual experiments is
often greater, we must, at least qualitatively, estimate
the error on D at larger extents of bleaching. To achieve
this goal we examine the width of the initial postbleach
concentration profiles for each case (Fig. 2). For concen-
tration profiles with 90% bleaching at the center of the
beam, the difference in the measured beam width (used
in the first order case and in the fitting) and the effective
beam width for the second order case is ~35%. This
would lead to an underestimate on D by a factor of 1.8
due to the o’ dependence alone (Eq. 7). At high
bleaching levels, such corrections could become critical.
The clue as to whether corrections are needed will arise
from observations that the measured diffusion coeffi-
cient shows dependence on the extent of bleaching,
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CONCLUSIONS

By investigating the effect of the kinetics of photobleach-
ing on diffusion parameters measured by FPR, we show
that the diffusion coefficient can be drastically underesti-
mated. The kinetics of photobleaching are rarely
reported, and probably rarely measured. We show that
for large extents of bleaching the diffusion coefficient
can be underestimated by a factor of two if one assumes
a first order process when in fact the kinetics are second
order in the probe. The magnitude of the error on the
diffusion coefficient depends greatly on the extent of
bleaching. No apparent effect is seen on the fractional
recovery.

For large extents of bleaching (K > 10) the initial
bleach profile might be approximated by a square well
model, but this will not suffice at intermediate bleaching
levels. It is also possible that measurements of the
bleaching kinetics will reveal neither first nor second
order kinetics. It might then be necessary to solve the
more general diffusion problem with combined first and
second order kinetics. Alternatively, models accounting
for heterogeneity in bleaching of various regions of the
sample could be incorporated. We have not pursued any
of these approaches. Instead we propose that the origi-
nal theory outlined by Axelrod et al. (1) be used to fit all
data because the effect on the diffusion coeflicient is
within a factor of two. If there is compelling evidence
that the diffusion coefficient is dependent on the extent
of bleaching, then a correction factor for the second
order photobleaching may be applied. Alternatively, the
true diffusion coeflicient may be estimated in the limit of
low extents of photobleaching ( <20%).
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