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Fluorescence recovery after photobleaching (FRAP) and single particle tracking (SPT) techni-
ques determine the di®usion coe±cient from average di®usive motion of high-concentration
molecules and from trajectories of low-concentration single molecules, respectively. Lateral dif-
fusion coe±cients measured by FRAP and SPT techniques for the same biomolecule on cell
membrane have exhibited inconsistent values across laboratories and platforms with larger dif-
fusion coe±cient determined by FRAP, but the sources of the inconsistency have not been
investigated thoroughly. Here, we designed an image-based FRAP-SPT system and made a direct
comparison between FRAP and SPT for di®usion coe±cient of submicron particles with known
theoretical values derived from Stokes–Einstein equation in aqueous solution. The combined
iFRAP-SPT technique allowed us to measure the di®usion coe±cient of the same °uorescent
particle by utilizing both techniques in a single platform and to scrutinize inherent errors and
artifacts of FRAP. Our results reveal that di®usion coe±cient overestimated by FRAP is caused
by inaccurate estimation of the bleaching spot size and can be corrected by simple image analysis.
Our iFRAP-SPT technique can be potentially used for not only cellular membrane dynamics but
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also for quantitative analysis of the spatiotemporal distribution of the solutes in small scale
analytical devices.

Keywords: Di®usion coe±cient; °uorescence recovery after photobleaching (FRAP); single
particle tracking (SPT).

1. Introduction

Fluorescence recovery after photobleaching
(FRAP) and single particle tracking (SPT) have
been used to estimate the di®usion coe±cients of
macromolecules in biological media because di®u-
sion process is a key mechanism for biomolecular
transport in micro-environment such as sca®olds
and membranes. In addition, quantitative mea-
surement of di®usion of solutes is crucial in drug
delivery system and cell morphogenesis. In the
FRAP system, a micron-sized region full of °uor-
ophores is instantaneously bleached by a high-in-
tensity laser irradiation. Subsequently, °uorescence
is recovered by the di®usion of both bleached and
unbleached molecules and di®usion coe±cient is
determined by analysis of the °uorescence recovery
curve. FRAP had been originally devised by Axel-
rod et al.1 and has been improved by a number of
researchers.2–4 As opposed to FRAP, SPT traces
the trajectory of each molecule conjugated with
nanoparticles and reveals the structure of cell
membrane as well as the dynamic behavior of the
molecule. SPT also has been studied for many years
and applied to various areas, such as measurement
of di®usion coe±cient of quantum dot-labeled pro-
tein5 and membrane receptors conjugated with gold
nanoparticles.6

Despite many researches, di®usion coe±cients
determined by FRAP (DFRAP) were found to be
inconsistent with SPT measurement (DSPT). Sax-
ton and Jacobson7 reported that DFRAP was 4� 7
times higher than the apparent DSPT for the
mobile fraction of lipids and GPI (glycosylpho-
sphatidylinositol)-linked proteins at the membrane
of cells such as ¯broblast and myoblast. Guo et al.8

measured lateral lipid di®usion in supported lipid
bilayers and giant unilamellar vesicles by SPT and
FRAP on the same samples using di®erent instru-
ments. They found that DFRAP was biased to larger
or smaller values compared withDSPT depending on
the length scales and temporal resolution.8 The
disagreement of the di®usion coe±cients is caused
by interlaboratory or intersystem variations of

several factors, including the condition of sample,
labeling marker, detecting platform and microen-
vironment.7–9 Nevertheless, the errors in di®usion
coe±cients measured by FRAP and SPT have not
been quantitatively analyzed at the same platform.
Stimulated by this, we developed a novel di®usion
measurement technique, image-based FRAP-SPT
(iFRAP-SPT), to determine DFRAP and DSPT from
both methods in a single platform, respectively. In
this study, a direct comparison between FRAP and
SPT was made for di®usion of submicron particles
in aqueous solution with a newly designed iFRAP-
SPT system, which could address the sources of
inherent errors in both techniques.

2. Experimental Methods

2.1. Sample preparation

We prepared suspensions of 210 nm (FC02F, Bangs
Laboratories; �ex;peak ¼ 480 nm/�em;peak ¼ 520 nm)
and 500 nm (Fluosphere F8813, Invitrogen; 505 nm/
515 nm) °uorescent particles in distilled water to
compare DFRAP with DSPT. Concentrations of
210 nm and 500 nm particles were 2mg/mL and
4mg/mL, respectively. We also prepared 70 kDa
°uorescein dextran (D1823, Invitrogen; 494 nm/
521 nm) solution with concentration of 20mg/mL
to estimate the axial bleaching pro¯le in 3D FRAP
measurement. For further testing of the iFRAP-
SPT system, we also prepared specially designed
1�m °uorescent particle (T8880, Invitrogen;
488 nm/560 nm) suspension at the concentration of
2.5mg/mL.

As shown in Fig. 1(a), a sample chamber
was prepared by attaching two coverslips
(18mm� 18mm) spaced by 18mm onto a glass
slide (25mm� 75mm) and a coverslip
(18mm� 50mm) is placed on top of the attached
coverslips to make a 170�m gap between the bot-
tom slide and the upper coverslip. We ¯lled the
space (� 55�L) with the particle suspension
and the edges of the slide were sealed with colorless
nail-polish to avoid drying. Images were acquired
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through the slide glass placed at the bottom of the
sample chamber. The temperature of the samples
was maintained at 25�C using a heating plate (HP-
R-10, Live Cell Instrument) during the measure-
ment to minimize the e®ect of temperature on the
determination of di®usion coe±cients.

2.2. Instrumentation

Figure 1(b) is the schematic of our iFRAP-SPT
con¯guration. In the present system, careful atten-
tion should be paid to the alignment of the excita-
tion laser beam which was solely used for
photobleaching the °uorescent sample. A 488 nm
Ar-ion laser beam (35 LAP 431, Melles Griot) was
aligned using two pinholes and two mirrors to be
focused near the center of the sample. We used two
pinholes to con¯rm that the Ar-ion laser was
propagated parallel to the optical bread board
where optical components were installed. We ad-
justed two mirrors to control the direction of the
beam toward an inverted microscope. We made a
¯ne adjustment of the mirrors again, which enabled
the laser beam to be aligned on the sample.

In the FRAP experiments, we bleached the
sample for approximately 250ms with the laser
beam at the output power of 23mW through a 40�
=0:75 NA objective (UPlanFL N, Olympus), and
the bleaching time was controlled by the shutter
located in front of the laser. To illuminate the
°uorescent particle suspension, we used a mercury
lamp with a neutral density ¯lter; thus, we could

monitor the °uorescence recovery at 0.09mW. The
°uorescence images were acquired by a CCD cam-
era (Sensicam, PCO) at 4 frames per second after
photobleaching the sample at an inverted °uores-
cence microscope (IX71, Olympus). We used a
software (AQM6, Kinetic Imaging) to control the
laser shutter in synchronous with the camera.

3. Data Analysis

During FRAP experiments, we obtained the time-
series images of the samples as well as the °uores-
cence recovery curves as shown in Fig. 2. Photo-
bleached spots are clearly observed at time 0 and
the bleached spot is recovered thereafter, as shown
in Fig. 2(a). ImageJ software (http://rsb.info.nih.
gov/ij/) was used to analyze the time series images
procured from FRAP and SPT. We obtained
gray level pixel values in the bleached area for the
FRAP analysis and normalized them by plotting
the fractional °uorescence recovery curve given as
follows:

fðtÞ ¼ F ðtÞ � F ð0Þ
F ð1Þ � F ð0Þ ; ð1Þ

where F ðtÞ is the °uorescence intensity at indicated
time, F (0) represents the °uorescence intensity
immediately after photobleaching and F ð1Þ
denotes the °uorescence intensity at the moment
when the recovery is complete. Lateral di®usion
coe±cient, DFRAP, can be determined by ¯tting
fðtÞ to the equations below for the bleaching

(a) (b)

Fig. 1. (a) Schematic of sample chamber made of a slide and coverslips. (b) Con¯guration of iFRAP-SPT system.
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intensity with a uniform circular disk pro¯le of
radius w0:

fðtÞ ¼ exp � 2�D
t

� �
I0

2�D
t

� �
þ I1

2�D
t

� �� �
; ð2Þ

where I0 and I1 are modi¯ed Bessel functions and
�D ¼ w2

0=4D, and with a Gaussian pro¯le1

fðtÞ ¼ F ðtÞ=F ð1Þ � F ð0Þ=F ð1Þ
1� F ð0Þ=F ð1Þ ;

F ðtÞ=F ð1Þ ¼
X1
n¼0

ð�KÞn
n!

1

1þ nþ 2nt=�D
; ð3Þ

where K is a bleaching factor. F (0)/F ð1Þ = exp
(�KÞ for the uniform circular disk and F ð0Þ=F ð1Þ
¼ K�1½1� expð�KÞ� for the Gaussian pro¯le.
Equations (2) and (3) assume 2D free di®usion in a
bleached region without recovery from above and
below the focal plane.

We also ¯tted the data using an analytical solu-
tion given for the 3D photobleaching measurement
of isotropic di®usion with same 3D Gaussian
pro¯le for illumination and detection10: Iðx; y; zÞ ¼
I0 exp½�ðx2 þ y2Þ=w2

0 � z2=w2
z0�, where I0 is the

maximum illumination intensity and w0 and wz0 are
the beam waists in the radial and axial directions,
respectively. The °uorescence recovery for 3D iso-
tropic free di®usion is given by

F ðtÞ=F ð1Þ ¼
X1
n¼0

ð�KÞn
n!

� 1

ð1þ nþ 2nt=�DÞ
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið1þ nþ 2nt=��DÞ
p ; ð4Þ

where � ¼ w2
z0=w

2
0 which de¯nes axial bleaching

pro¯le with a given w0. The bleaching factor, K,
was chosen to produce an approximately 50% re-
duction in °uorescence immediately following
bleaching. K ¼ 0:69, 1.59, and 2.5 for uniform cir-
cular disk pro¯le, 2D Gaussian pro¯le, and 3D
Gaussian pro¯le, respectively.

Figure 2(b) shows fðtÞ measured for di®usion of
210 nm particles and a ¯tted curve with Eq. (3). We
determined DFRAP of the particles in water using
Eqs. (2)–(4) with w0 ¼ 21:1�m measured by laser
beam pro¯ler (SP620U, Ophir Optronics Solutions)
and � ¼ 9:59 obtained by setting it as a free pa-
rameter in analysis of fðtÞ for di®usion of dextran.
The uncertainty on � is �3:72 with 95% con¯dence
bounds.

Figure 3(a) shows the representative trajectory
of a 210 nm particle di®used in water. STP analysis
was conducted according to the method reported by
Haggie et al.5 We calculated the mean square dis-
placement (MSD) from the trajectory of each par-
ticle traced by ImageJ manual tracking plugin. For
the randomly di®using particles, MSD is de¯ned as
follows:

MSD ¼ hr2ðn�tÞi ¼ 1

N � n

XN�n�1

j¼0

� f½xðj�tþ n�tÞ � xðj�tÞ�2 þ ½yðj�tþ n�tÞ
�yðj�tÞ�2g ðn ¼ 0; 1; 2; . . . ;N � 1Þ;

ð5Þ
where �t is the time step, ðxðj�tÞ; yðj�tÞÞ is the
particle position at time t ¼ j�t and N is the total

(a) (b)

Fig. 2. (a) FRAP images of °uorescent particles (d ¼ 210 nm). Photobleached spot recovers by particle di®usion with increasing
time. Scale bar ¼ 50�m. (b) Corresponding °uorescence recovery curves.
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number of images acquired for an individual parti-
cle. The centroid of the particle image was used to
generate a particle trajectory and those particles
moving out of focal plane were not considered in
SPT analysis to determine lateral DSPT.

The MSD curve obtained by Eq. (5) shows °uc-
tuations for large time intervals, as shown in Fig. 3
(b), because the number of data points is not su±-
cient to give a small standard deviation. Thus, we
need to determine a cuto® time (tcutoff) for each
MSD curve. We used tcutoff ¼ N=4 and con¯rmed
the validity from the analysis of particle trajectories
generated by Monte Carlo simulation. Least
squares ¯tting was conducted by using the ¯rst
three points on each MSD versus time plot to
determine the microscopic di®usion coe±cient,
D0�2 ¼ MSD0�2=4ð2�tÞ. DSPT of the particles were
computed by taking averages of D0�2 values plotted

in Fig. 3(c). D0�2 values measured for 1�m particle
are added as reference.

4. Results and Discussion

We used di®erent-sized submicron particles as
samples for this study because we could compare
di®usion coe±cient of the particles measured by
both FRAP and SPT with those obtained by
Stokes–Einstein equation given as follows:

DSE ¼ kBT

3��d
; ð6Þ

where kB is Boltzmann's constant (1:38� 10�23 J/
K), � is the viscosity of water at 298K (0.91 cP), T
is the absolute temperature of water (298K), and d
is the particle diameter (210 nm or 500 nm). For
dilute particle suspensions, the ratio of viscosity

(a) (b)

(c)

Fig. 3. (a) SPT trajectory of 210 nm particle. Scale bar ¼ 2�m. (b) MSD versus time plot. (c) Microscopic di®usion coe±cients for
particles with di®erent diameters (d ¼ 210 nm, 500 nm and 1�m). n ¼ number of particle trajectories.

Determination of di®usion coe±cient by FRAP and SPT
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with monosized particles (�) divided by the viscosity
of the pure °uid (�f) can be described by

�

�f
¼ 1þ 2:5	þ 6:2	2; ð7Þ

where 	 is the particle volume concentration.11 If we
assume 	 ¼ 1%, which is 2.5–100 times higher than
what we used, then �=�f ¼ 1:0256, implying that
even 1% particle suspension does not a®ect the vis-
cosity of the solution nor di®usion coe±cient of the
particle signi¯cantly.

Table 1 shows the comparison between DFRAP,
DSPT, and DSE. There is a fairly good agreement
between DSPT and DSE (2.30�m2/s versus
2.28�m2/s for 210 nm and 0.96�m2/s versus
0.96�m2/s for 500 nm particles). DFRAP exhibits
the largest values regardless of the ¯tting equation
(2.67–3.23�m2/s for 210 nm and 1.23–1.52�m2/s
for 500 nm particles). The standard deviations are
obtained from the curve ¯tting for FRAP and from
repeated experiments for SPT.

The 1=e2 radii in the lateral and axial dimensions
of the bleaching volume were w0 ¼ 18:0�m
and wz0 ¼ 55:7�m, respectively. The axial blea-
ching dimension (2wz0) is less than the
thickness ¼ 170�m of the sample chamber, which
ensures that isotropic free di®usion occurs in the
three-dimensional (3D) space at our experimental
setup. In the FRAP analysis of isotropic free di®u-
sion, di®usion coe±cient is scaled with w2

0=�D where
�D can be determined by ¯tting measured fðtÞ to

Eqs. (2)–(4). As �D values computed from our
Monte Carlo simulation of 2D/3D FRAP with given
bleaching intensity pro¯les were in close agreement
with those deduced from our measurement, we
attempted to correct w0 by analysis of °uorescence
images recorded at t ¼ 0 s immediately after pho-
tobleaching process. Following the method pro-
posed by Pucadyil and Chattopadhyay,12 we
obtained w0 ðcorrectedÞ ¼ 18:0�m which is ap-
proximately 14.7% smaller than w0 measured by the
beam pro¯ler. This error could be partially caused
by di®usion of the particles before the ¯rst image
was acquired after photobleaching as there was an
inevitable time lag due to limited frame rate of the
camera used in our system. Applying the corrected
w0, DFRAP values were recalculated and listed in
Table 1. After correction, DFRAP falls in the range
1.95–2.35�m2/s for 210 nm and 0.89–1.11�m2/s for
500 nm particles and those are reasonably in
agreement with DSPT and DSE except for DFRAP

determined by Eq. (2).
As the light paths for illuminating the sample

with the laser beam and the mercury lamp are
separated in our iFRAP-SPT system, FRAP and
SPT measurements can be applied simultaneously
to a binary mixture. We used the °uorescent par-
ticles with large stokes shift (488 nm/560 nm). We
captured the time series images through the objec-
tive. By separating the emission wavelength of the
°uorescence, we could conduct FRAP and SPT
analyses to determine DFRAP of 70 kDa dextran and

Table 1. Di®usion coe±cients (D) determined by FRAP, SPT and Stokes–Einstein equation.

FRAPa

Sample = D*(�m2/s) w0 ¼ 21:1�m w0 ðcorrectedÞ ¼ 18:0�m SPTb Stokes–Einstein equation

Fluorescent particle 2:67� 0:06 1:95� 0:04 2:30� 0:31 2.28
(d ¼ 210 nm) (2D uniform disk) (2D uniform disk) (n ¼ 5)

3:13� 0:07 2:28� 0:05
(2D Gaussian) (2D Gaussian)
3:23� 0:07 2:35� 0:05

(3D Gaussian, � ¼ 9:59) (3D Gaussian, � ¼ 9:59)

Fluorescent particle 1:23� 0:04 0:89� 0:03 0:96� 0:15 0.96
(d ¼ 500 nm) (2D uniform disk) (2D uniform disk) (n ¼ 12)

1:49� 0:05 1:09� 0:04
(2D Gaussian) (2D Gaussian)
1:52� 0:06 1:11� 0:04

(3D Gaussian, � ¼ 9:59) (3D Gaussian, � ¼ 9:59)

Note: *All values are reported as mean� standard deviation.
aThe standard deviations are obtained from curve ¯tting.
bThe standard deviations are obtained from repeated experiments.
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DSPT of 1�m particle mixed in distilled water, re-
spectively. Figures 4(a)–4(d) show the FRAP and
the SPT images (insets) obtained by iFRAP-SPT
platform. The half time recovery (t1=2) calculated
from the °uorescence recovery curve allows us
to estimate the di®usion coe±cient of the °uores-
cein dextran (Fig. 4(e)). The MSD-time plot for
the random motion of each °uorescent particle
also allows us to estimate the di®usion coe±cient
(Fig. 4(f)). There was a good agreement between
DSPT ¼ 0:44� 0:12�m2/s (n ¼ 4) (Fig. 3(c)) and
DSE ¼ 0:48�m2/s for 1�m particle. DFRAP of the
70 kDa dextran was 8:24� 0:15�m2/s and
7:42� 0:12�m2/s for the bleaching intensity with
the 2D and 3D Gaussian pro¯les, respectively.

The hydrodynamic radius of the 70 kDa dextran
was known to be 5:1� 0:7 nm13 and empirical
equation of the hydrodynamic radius of FITC-dex-
tran was reported14 as follows:

rh ¼ 0:015M 0:53�0:02
w ; ð8Þ

and the calculated hydrodynamic radius (rh) is
5:6� 1:4 nm where Mw is the molecular weight (g/
mol). The viscosities for the 70kDa dextran at three
di®erent concentrations are given by a manufacturer.15

The concentration of the solution of our °uorescein
dextran sample was 20mg/mL. From the extrapola-
tion of the viscosity shown in Ref. 15, the viscosity was
calculated to be 1.336 cP at the concentration of our
dextran sample. Assuming that the shape of

°uorescein dextran is spherical, DSE ¼ 14:31�m2/s
from the Stokes–Einstein equation. DFRAP for 70kDa
dextran measured in aqueous solution by other re-
search groups exhibits a wide range of values
depending on experimental conditions including the
concentration of dextran solution, the temperature
of solution and method for FRAP measurement;
23�m2/s for 4mg/mL at 23�C,16 33�m2/s for
25mg/mL at 19�C,17 and 43.7�m2/s for 10mg/mL
at 22�C.18 It is remarkable that the di®usion coef-
¯cient for the dextran sample was estimated to be in
the same order of magnitude compared to that
measured by the FRAP in spite of the assumptions
of the shape and viscosity for the dextran used in
this study. These results assure that the di®usion
coe±cient measured by our iFRAP-SPT is reason-
ably accurate.

For the FRAP technique, the di®usion coe±cient
is estimated by measuring the spot size, w, and the
half time, t1=2, as can be seen in the Eqs. (2)–(4).
Then the combined uncertainty is associated with
the uncertainty in the spot size and the uncertainty
in the half time. The combined uncertainty is
calculated from the following equation19:

UD FRAP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@D

@w
Uw

� �
2

þ @D

@t1=2
Ut1=2

 !
2

vuut ; ð9Þ

where U indicates the uncertainty and the sub-
scripts imply the measurement parameters.

Fig. 4. FRAP and SPT images are acquired simultaneously through the iFRAP-SPT system in a single platform. (a) Before
photobleaching. (b) t ¼ 0 s. (c) t ¼ 5:04 s. (d) t ¼ 10:08 s. Insets present the particle trajectories obtained from SPT experiments.
Scale bar ¼ 50�m. Di®usion coe±cients of °uorescein dextran (70 kDa) and °uorescent particle (1�m) are measured by (e) FRAP
and (f) SPT, respectively.
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The uncertainty in DFRAP ¼ 0:224w2=t1=2 given
by Soumpasis2 can be calculated as follows:

UD FRAP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:448

w

t1=2
Uw

 !
2

þ �0:224
w2

t21=2
Ut1=2

 !
2

vuut :

ð10Þ
The beam spot size of this study was measured to be
12.6–24.5�m and the half time was 10.48–44.68 s.
As the uncertainties associated with the beam spot
size and the half time are measured as 14.7% and
8.5%, respectively, we can evaluate the uncertainty
propagation due to the beam spot size and the half
time. The upper bound of uncertainty of the FRAP
technique is calculated to be 18.6% approximately.

The uncertainty of the SPT technique can be esti-
mated in a similar way to the case of FRAP as follows:

UD SPT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

@D

@MSD
UMSD

� �
2

þ @D

@�t
U�t

� �
2

s

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

4�t
UMSD

� �
2

þ �MSD

4�t2
U�t

� �
2

s
:

ð11Þ
The uncertainties associated with a statistical error in
MSD and time step are found to be 11% and 1%,
respectively, thus we can show that the uncertainty
propagation due to the MSD and the time step is
calculated to be approximately 11.0%, which is less
than the uncertainty propagation of the FRAP tech-
nique. The SPT technique shows better performance
than the FRAP technique in the sense of the uncer-
tainty. The uncertainty of the FRAP technique is
mainly in°uenced by the measurement of bleaching
spot size, which involves errors caused from the reso-
lution and acquisition rate of the images. The uncer-
tainty analysis implies that the performance of the
FRAP can be improved by reducing the uncertainty in
the measurement of bleaching spot size and the half
time. The application of the technique relevant to the
enhancing the image quality in the measurement will
be a subject of the upcoming research.

5. Conclusion

By our novel image-based FRAP technique, we
were able to narrow down the errors of di®usion
coe±cients originated from several artifacts. We
demonstrated that our iFRAP-SPT system could

measure di®usions of dense dextran macromolecules
and sparse microparticles mixed in the same aque-
ous solution by FRAP and SPT, respectively, in
single platform. The iFRAP-SPT system developed
in this study may o®er new opportunities to more
accurately estimate the di®usion of biomolecules
and has potential to be extended to the quanti¯-
cation of hindered di®usion or anomalous di®usion.
Our iFRAP-SPT can be used for not only cellular
membrane dynamics but also quantitative analysis
of the spatiotemporal distribution of the solutes in
small-scale analytical devices.
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