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ABSTRACT In several experiments, we study the diffusion of microspheres with different radii
in microarrays filled with a variety of aqueous solutions of ethylene glycol. We study diffusion in
open and closed (sealed) microarrays. In sealed nanoliter wells, the tracers show pure diffusion,
whereas in open reactors, a radial outward-directed evaporation-induced liquid flow is super-
imposed onto the diffusion. In general, one of the following quantities can be calculated if the others
are known: the temperature, the viscosity of the medium, the radius of the microbeads, or the
diffusion constant. The estimated diffusion constants in closed microarrays are in good agreement
with theoretical predictions based on the Brownian motion. We monitor the motion of the mi-
crobeads under a microscope and extract their paths in time from the digital recordings. Ambiguous
paths due to the crossing of two trajectories can be detected. We show that low microsphere
concentrations or high viscosities do not hamper a robust estimation of the diffusion parameters.
Microsc. Res. Tech. 65:218–225, 2004. © 2005 Wiley-Liss, Inc.

INTRODUCTION
The characterization of the mobility of tracer mole-

cules is an important issue in molecular cell biology,
e.g., the diffusion of membrane proteins provides im-
portant information about membrane structure and
interactions between membrane parts. The diffusion
constant is one important feature to characterize mo-
bility. One way to estimate the diffusion constant in
living cells is Fluorescence Recovery After Photo-
bleaching (FRAP) (Axelrod et al., 1976; Sprague et al.,
2004). Here, after photobleaching of a small region, the
recovery of the intensity in that region due to diffusion
from the surroundings is monitored. Another way to
measure diffusion is by is single particle tracking
(Kubitscheck et al., 2000). This method does not only
allow for measuring the diffusion constant, but also for
characterizing the motion from Mean Square Displace-
ment (MSD) graphs (Qian et al., 1991) if one particle
can be traced over a sufficiently long time or from jump
histograms (Kues and Kubitscheck, 2002) if a suffi-
ciently large number of molecules is observed for a
short amount of time.

Up to now, most work has been directed towards the
accuracy and precision of the estimated diffusion con-
stant as measured by particle tracking (Kutsumi et al.,
1993; Qian et al., 1991; Saxton, 1997). Their work was
solely based on simulations of the diffusion equation,
possibly including binding effects. Based on the perfor-
mance in simulation experiments, conclusions were
drawn w.r.t. relevant biological questions. We investi-
gate experimentally the process of estimating the dif-
fusion constant and compare the results with a known
ground truth obtained from the relation of the diffusion
constant with three other parameters: the viscosity of
the medium, the radius of the tracer, and the temper-
ature. We also analyze the influence of the location

estimation of each tracer per time point on the system-
atic error of the diffusion constant.

Proteins are probes of a size comparable to the sur-
rounding molecules in the cell. This makes it unreliable
to compute their diffusion constant from the above-
mentioned three parameters, as there is no satisfactory
relation between diffusion and the bulk viscosity for
these probes (Valeur, 2002). Therefore, we study in
several experiments the diffusion of microspheres with
radii in the order of 50–1,000 nm in the nanoliter wells
of micromachined microarrays (Dietrich et al., 2004;
Young et al., 2003). A variety of aqueous solutions of
ethylene glycol is used as a medium. We perform the
experiments in open and sealed wells. The sealing is
achieved by a glass cover slip to prevent evaporation.
This ensures that the liquid is stationary for these
cases, as evaporation in (circular) microwells leads to
an outward-directed radial flow (Doel and Vliet, 2001;
Rieger et al., 2003). However, we also investigate the
diffusion in the open wells to study the changes in the
MSD graphs and to study the influence of a liquid flow
on the diffusion constant estimation.

Via the Einstein relation (Einstein, 1905), one of the
following quantities can be calculated if the others are
known: the temperature T, the viscosity of the medium
�, the radius of the microbeads r, or the diffusion con-
stant D
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D �
kBT

6��r . (1)

The denominator of eq.(1) is the Stokes friction coeffi-
cient � � �/F of a sphere with radius r in a fluid with
laminar velocity �. The connection between the random
motion of the microspheres and their average displace-
ment is given by the diffusion equation

��t � D�	 f�x,t	 � 0. (2)

The expected position of a tracer particle after a time t
is the initial position, but the variance of the observa-
tion is growing linearly with time


x2� � 2nDt, (3)

where n is the number of observed spatial dimen-
sions, i.e., each dimension contributes an equal 2Dt.
Here we have to keep in mind that the diffusion
constant is independent of the dimensions observed
and that the well is a 3D environment for the mi-
crobeads but we only observe 2D projections, thus
measuring 2D distances. Therefore, for our evalua-
tion we have to use 
x2� � 4Dt. The same result is
obtained using the 3D relation and then applying

the stereological correction factor for an ensemble

xob

2 ���0
1 1 � z2 dz/�0

1dz 
x3D
2 � � 2/3 � 6Dt � 4Dt.

In our experiments, we want to measure the diffu-
sion constant via observations of the variation of the
squared displacement as a function of the radius of the
microspheres and as a function of the viscosity of an
aqueous solution of ethylene glycol. Finally we can
compare the measurements with the theoretical values
from eq.(1).

MATERIALS AND METHODS
We monitor the motion of the fluorescent microbeads

under a microscope and extract their paths in time
from the digital recordings. In Figure 1a–d we show
typical images of wells filled with fluorescent micro-
spheres. We used microspheres with radii of 55, 95,
280, 485, and 1,050 nm in solutions ranging from pure
water to pure ethylene glycol (C2H4(OH)2). For all ex-
periments, we acquired between 150 and 360 time
frames (100–600 s).

The experiments were performed with a Leica DM
RXA confocal microscope, 20/0.40 lens (in wide-field
mode) with a Hamamatsu ORCA-ER C4742-95 CCD
camera. The images were recorded with 12-bpp resolu-
tion and had a size of 1,344  1,024 pixels. The sam-
pling density in the x- and y-direction was measured by
placing a stage micrometer under the microscope: �x �

Fig. 1. Images of different
microspheres in nanoliter wells
filled with an aqueous solution of
ethylene glycol in nanoliter wells
(all displays log stretch). The im-
age size is 1,334  1,024 pixels
or 408  311 �m2. a: Square well
with pure water r � 95 nm. b:
Round well with pure ethylene
glycol r � 95 nm. c: 10% ethyl-
ene glycol r � 1,050 nm. d: 50%
ethylene glycol, r � 55 nm. For
the processing, a region of inter-
est is manually selected such
that the well borders are ex-
cluded.
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�y � 0.304 �m or 3.29 samples/�m. The microarray
with wells of a size of 200  200  40 �m for closed
wells and a diameter of 200 �m and a depth of 6 �m for
the open wells was placed on a cooling stage that kept
the temperature constant at T � 20°C (closed wells)
and T � 25°C (open wells). Rhodamine-stained micro-
spheres (Fluospheres, Molecular Probes, Leiden, The
Netherlands, �cx � 580 nm and �cm � 605 nm) were
used as tracer particles in all solutions. The microar-
rays were etched in silicon dioxide at DIMES (Delft
Institute for Microelectronics and Submicron Technol-
ogy).

For the closed wells, beads with radii in the range of
r � 55–1,050 nm were used and viscosities in the range
of � � 1.00–19.9 mPas. For the open wells, we used a
single bead size of r � 280 nm and three different
solutions with viscosities in the range of � � 1.5–
14 mPas. The bead size and well depth were chosen to
be identical to earlier experiments (Doel and Vliet,
2001; Rieger et al., 2003). We sealed the microarrays
with a cover slip and then applied nail polish to prevent
evaporation of the sample for the closed well experi-
ments.

Diffusion Estimation and Tracking Algorithm
To estimate the displacement per tracer particle, we

follow the individual particles over time and record
their space-time position. In recorded images as de-
picted in Figure 1, there are many visible microspheres
present (dependent on the radius of the spheres).
Tracking of “blobs” is difficult if there is a high density
of blobs. Below, we describe a practical and simple
algorithm. For more sophisticated tracking methods,
see for example Bergsma et al. (2001) Cavallo (2002),
and Gerlich et al. (2001).

The first step in our algorithm is to segment the
blobs from the background. For the larger micro-
spheres, the signal-to-noise-ratio (SNR) is good as
there is sufficient fluorescent material present. For
smaller radii, the signal decreases rapidly because the
total fluorescence goes with the third power of the
radius and hence the (Poisson noise limited) SNR with
r3/2. Another complicating fact is the large depth-
of-field. The well depth of 40 �m yields that many
objects are severely defocused. Particularly the smaller
objects become hard to detect since the apparent depth-
of-field is dependent on the particle size (Ellenberger,
2000). The larger spheres can be detected far away
from the focal plane where smaller spheres already
“vanish.” As a preprocessing step to enhance the blobs,
we use a tophat filter I � maxf (minf (I)) (Verbeek et al.,
1988). A manually selected threshold is applied to seg-
ment the objects. The objects in each time frame are
labeled automatically. Starting from all detected ob-
jects in the first time frame, the nearest object in the
following time frame is located (within a search radius
of a few times the expected motion in this time inter-
val). Due to the projection and finite resolution of the
microscope, multiple “overlapping” objects may appear
as a single blob. This in combination with other detec-
tion errors can produce ambiguous paths. With a post-
processing step, only unique paths are extracted.
Where two paths cross, we minimize the sum of the
total path length. From theses paths, the diffusion
constant is calculated from non-overlapping pairs at

time points �i, i � �t�, �i � �t � 1, i � 2�t � 1�, . . . of
positions of an object. With this method, several inde-
pendent estimates for D can be obtained from one
tracer particle. A high number of pairs N is desirable to
get a robust estimate for the diffusion constant.

As the microwells are limited in size, tracers, may
strand at the well’s sidewall. This would greatly mis-
lead any diffusion calculation, therefore, only an inner
region, several sphere radii from the border, is consid-
ered for the tracking. Microspheres that strand at the
bottom or drift on the liquid surface are not detected at
all, as the plane of focus is positioned in the middle of
the well.

Sub-pixel estimation of the blob location is achieved
by measuring the center of mass (intensity) inside a
mask around the blob. See Localization accuracy and
the MSD graph for a discussion of the effect that the
localization error has on the mean square displacement
(MSD) graph and the estimated diffusion constant.

It is to be expected that the outlined algorithm will
not work equally well under all circumstances. The
tracking will always choose the closest particle (which
might not be the right one). The tracking will fail or
choose the wrong particle more often for high diffusion
constant and for high densities of tracer particles. In
these cases, the algorithm is to be expected to produce
a negative bias (underestimation of the true displace-
ment). Evaluation of the algorithm on simulated
Brownian motion of blobs in images has been done to
verify this behavior.

Diffusion and Directed Motion in the Wells. The
velocity of the evaporation flow in open wells is not
constant over time during evaporation and is also de-
pendent on the radial position of the tracer (Rieger et
al., 2003). However, the velocity profile changes only
slowly except in the last phase of the evaporation pro-
cess, when the liquid meniscus approaches the bottom
in the middle of the well. Therefore, we expect the
motion in the early phase to be a superposition of
diffusion with a constant velocity in the order of 0.1–
0.3 �m/s (Rieger et al., 2003).

A superposition of directed motion with diffusion
gives rise to the following additional term in eq. (3)


x2� � 2nDt � v2t2, (4)

i.e., directed motion is characterized by a parabolic
curve in the MSD graph. As a side note, restricted
motion (due to confinement) is characterized by a curve
that reaches a plateau value for larger lag times �t.

MSD Graphs and the Estimation of Diffusion
Constant. What is the best approach to estimate the
diffusion constant and the MSD graph once the tracks
(x, y, z, t positions of the particles) have been obtained?
We suggest the following approach (let T be the total
number of acquired time frames):

1. Compute the MSD graph from non-overlapping in-
tervals.

2. Characterize the motion in an MSD graph up to max
�t � T/2, better T/4.

3. Compute the diffusion constant from �t � 1 for pure
diffusion and from a fit to 2nDt � v2t2 for directed
motion.
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For the computation of the MSD graph, Saxton (1997,
see the appendix) recommends to use averaging over
dependent pairs, i.e., 
x2� � �t � i is computed as a run-
ning average with size i instead of the average over
independent pairs as shown above. The main reason is
that a uniform sampling ensures equal weights to all
data points. The differences in the two approaches are
small for the MSD graph and the estimation of diffu-
sion constant for small time lags. For large time lags,
neither method gives reliable results. However, the
application of the dependent average is error prone as
people tend to show error-bars of one standard devia-
tion computed from the average over correlated data
and forget to apply the correct statistical treatment as
in Qian et al. (1991). Furthermore, it is unclear in an
application with binding effects if and how the statis-
tics are influenced by the reaction kinetics.

In important earlier work by Qian et al. (1991) and
Saxton (1997), a weighted fit of eq. (3) or eq. (4) to the
MSD graph was suggested as the best approach to
estimate the diffusion constant. The statistical weight
of the ith point is its inverse variance from the formu-
las of Qian et al. (1991). This is the best method though
more easily implemented in practice is to use the most
reliable point only, i.e., �t � 1, and disregard the rest
as the weight is exponentially decreasing. For �t � 1,
the independent and dependent averages are equal.
When using a weighted fit to the full MSD graph,
diffusion constants obtained from averages over inde-
pendent and dependent pairs are practically equal
(Saxton, 1997).

Localization Accuracy and the MSD Graph. The
accuracy of the estimated MSD depends on the accu-
racy with which a blob can be localized, as from these
locations the (squared) distances are derived. Let �loc

be the statistical uncertainty in the localization of x0
and let it be Gaussian distributed; then we see that the
estimated MSD has an offset dependent on the dimen-
sionality n and �loc

2

MSD � 
x2� �
1

�2��loc
2 	n/2�

��

�

dx �x � x0	
2e� �x � x0	2/2�loc

2

(5)

� 2n�loc
2 � x0

2 . (6)

Next, we show that in the case of sealed wells this
offset is negligible. If we assume very conservatively a
localization uncertainty of �loc � .5 pixel, we have with
a sampling density of 3.27 pixel/�m an offset of
0.0935 �m2 in the MSD graph. In cases where there is
a low localization accuracy (due to undersampling
w.r.t. the Nyquist frequency) and/or little displacement
(due to larger r or high �), this offset can be of interest
and can influence the results when the offset is
ignored.

RESULTS
In Table 1, we show the estimated diffusion con-

stants for different aqueous solutions of ethylene
glycol and different radii of the microspheres. We
show the values computed for pairs separated by one
time frame (the absolute time step varies slightly
around 1 s). The number of initial tracers is given
along with the number of pairs N used. We display
the mean and the 95% confidence interval. Further-
more, we show the values obtained from a fit to the
MSD graphs. In Figure 2, we show MSD graphs for a
few of the experiments in closed wells. In Figure

TABLE 1. Estimations of the diffusion constant Dtheo � kBT/6��r1

r[nm]

% ethylene glycol in aqueous solution �[mPas] at T � 20°C

D[�m2/s]
0 10 50 70 100

1.00 1.27 3.8* 6.3* 19.9

55 1.03 Dtheo
1.83 � 0.19 Dexp
1.23 � 0.36 Dfit
(124/2,459) (n/N)

95 2.26 1.78 0.594 0.358 0.113 Dtheo
1.49 � 0.083 1.30 � 0.092 0.513 � 0.0262 0.380 � 0.027 0.100 � 0.005 Dexp
1.25 � 0.021 1.47 � 0.12 0.531 � 0.0582 0.337 � 0.0007 0.103 � 0.016 Dfit
(58/2,493) (105/2,881) (98/4,182) (235/2,324) (23/2,222) (n/N)

280 0.766 0.603 0.201 0.122 0.0384 Dtheo
0.860 � 0.083 0.612 � 0.077 0.248 � 0.036 0.128 � 0.006 0.0491 � 0.0024 Dexp
0.712 � 0.0733 0.730 � 0.031 0.213 � 0.010 0.126 � 0.001 0.0495 � 0.0007 Dfit
(6/438) (11/261) (6/252) (48/2,424) (30/1,753) (n/N)

485 0.442 0.348 0.116 Dtheo
0.410 � 0.14 0.392 � 0.06 0.137 � 0.009 Dexp
0.331 � 0.17 0.463 � 0.183 0.116 � 0.001 Dfit
(3/42) (3/162) (18/1,591) (n/N)

1050 0.204 0.160 Dtheo
0.153 � 0.13 0.174 � 0.051 Dexp
0.447 � 0.17 0.186 � 0.005 Dfit
(19/898) (2/364) (n/N)

1Measurements were performed with different combinations of microsphere radii and aqueous solutions of ethylene glycol. Viscosity values from Lide (1992), where
values with * have been interpolated. 0% indicates pure water and 100% pure ethylene glycol. The mean value and the 95% confidence interval are shown for all
measurements (Dexp) and the standard error for the fits to 4Dt (Dfit). n is the number of tracer particles extracted in the first time frame and N the number of position
pairs used to compute D � 
x2� / 4�t ��t � 1.
2The average of three repetitions of the same experiments.
3Here we fitted 4Dt � v2t2 since during the experiment, there was a visible evaporation of induced liquid flow towards the borders of the well. See also the MSD
graphs.
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3a,b, we show MSD graphs for closed that leaked and
for open wells in Figure 3c,d. The fits were done to
diffusion motion only where a straight line was ob-
served and to a combined diffusion and directed mo-
tion where a parabola was observed. A straight line
clearly indicates diffusion behavior. A parabolic curve
indicates an additional velocity component due to evap-
oration induced liquid flow in the open wells. In cases
where we observe a parabolic curve for “sealed” wells,
this shows that the sealing of the wells with a cover slip
did not completely prevent evaporation. The velocity
values obtained from the fits to the MSD graphs in
Figure 3c,d of about 0.2 �m/s are in good agreement
with values predicted and experimentally observed in
early stages of the evaporation (Rieger et al., 2003).

The statistics are based on the estimation of an
unknown mean from N independent normal distrib-

uted measurements (Student t-distribution). The es-
timated mean � lies with a probability of 1 � �

within � �
s

�N
t�/2 (N � 1), where � � 0.05, N the

number of pairs, s the measured standard deviation,
and t�/2 (N � 1) a tabulated value for the left- and
right-sided percentile of the Student t-distribution
(Bronstein et al., 1999). For our measurements we
have N � 20, t�/2 (N � 1) � 2.

In Figure 4, we plot the estimates for Dr (scale in-
variant) as a function of 1/� and for D� (viscosity in-
variant) as a function of 1/r. In general, the estimated
values for the macroscopic diffusion constant are in
agreement with the microscopic theory. We observe
higher deviations from the theory for low viscosities
and small marker sizes.

Fig. 2. Mean square displacement (MSD) graphs for selected experiments in closed wells. Indicated
are the volume percentage of ethylene glycol and the diameter of the beads used in the experiment. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com]
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DISCUSSION
We showed that an absolute measurement of diffusion
constants is possible with an image analysis technique.
The presented experiment is in line with the one by the
botanist Brown who noticed that pollen grains suspended
in water jiggle when observed through the lens of a mi-
croscope (Brown, 1829). The prediction of the microscopic
theory agrees with the macroscopic measurements.

The estimated diffusion constants are for both modal-
ities (open and closed wells) in good agreement with the-
oretical predictions based on the Brownian motion and
the flow model in the wells. We verify the degree of
reliability of diffusion constant estimation not only from
simulations but also from experiments with a known
ground truth. The evaporation induced flow in the open
microwells introduces a velocity component that is super-

imposed on the diffusion. The magnitude of this velocity
and the diffusion constant can be reliably calculated also
in these cases. For our algorithm, it is desirable to only
have a few number of initial tracers resulting in a low
density so that the tracking will not fail. To compensate
for a lower number of pairs, the measurement time
should be long, which enables more independent esti-
mates from the same tracer particle.
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