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On the limits of digital video microscopy
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PACS. 82.70.Dd — Colloids.
PACS. 05.40.-a — Fluctuation phenomena, random processes, noise, and Brownian motion.
PACS. 61.20.-p — Structure of liquids.

Abstract. — We explore the limits of digital video microscopy which is established as a
standard method in physics, chemistry and biology. At particle distances close to contact we
observe small but systematic deviations between the optically measured and the real particle
distances. This difference is caused by the overlap of the optical images between neighboring
particles. Exemplarily we discuss the consequences of this effect on pair potential measurements
of charge stabilized colloids in confined geometries.

During recent years, the interest in experimental studies with micron-sized colloidal par-
ticles which are suspended in liquids is strongly increasing. Driven by Brownian motion, such
particles rapidly sample their accessible configurational space thus making them dedicated for
real time “simulations” under conditions which are not easily accessible with numerical meth-
ods [1-5]. Another motivation for using colloids is founded on their use as mesoscopic handles
which can be attached to nanometer-sized objects. Since the position of colloidal particles
can be conveniently controlled with laser optical tweezers, such tethering experiments allow
to study, e.g., mechanical properties on a single molecule level [6,7]. In many of the above
experiments positional information of colloidal spheres is obtained by digital video microscopy
which is capable to resolve particle positions with sub pixel resolution down to about 10 nm
(for a review see, e.g., [8]). However, despite the general importance and the widespread use
of this technique, only few studies on the limitations of this method exist. This is particularly
true for particle distances close to contact where the optical images of the colloids start to
overlap. In this regime experimental investigations are mandatory because earlier calcula-
tions based on simple reflection algorithms predict a systematic overestimation of the particle
distances near contact by about 80 nm [9].

In this letter we investigate the accuracy to which particle distances close to contact can
be extracted with digital video microscopy. Our analysis shows that due to minute opti-
cal distortions caused by overlapping particles images, systematic deviations Ar between the
measured and the true particle distance occur. Since Ar changes sign as a function of the
particle distance, this effect can pretend attractive components in the pair potential of entirely
repulsive systems. Therefore, our findings presented in this letter may resolve the ongoing
controversial debate on the apparent long-ranged attraction of likely charged colloids under
confinement [10-12].
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Fig. 1 — Cross-section of the intensity distribution of a transparent colloidal particle derived from the
image in the inset. Experimental data (symbols) and arbitrary analytical fit function (solid line).
Inset: typical snapshot of a colloidal particle observed by video microscopy.

Our measurements were performed with aqueous suspensions of highly charged, monodis-
perse silica spheres with diameter ¢ = 1.5 um which were confined between a cover slip and
a microscope slide. A well-defined distance d between the plates was achieved by adding a
small amount of polystyrene particles (o = 1.96 um) to the suspension which act as immobile
spacer particles. After confining the suspension, the cell is sealed with epoxy resin which
yields stable conditions over several months. The silica spheres have been demonstrated to
form a monolayer with out-of-plane excursions on the order of less than 100nm [13]. For
details of the sample preparation we refer to [11]. The particles were illuminated with an
incoherent white-light source from above under Kéhler conditions. For the imaging we used
an inverted optical microscope equipped with an oil immersion objective (100x, N.A. = 1.25)
and a CCD camera. For further analysis those images were digitized with a frame grabber
(8-bit gray-scale resolution) and stored on the hard drive of a computer.

The inset of fig. 1 shows a typical snapshot of a transparent colloidal particle under bright
field illuminating conditions. The bright central spot and the darker ring around the particles
are typical for images of transparent colloids and are in good agreement with the results of
other authors [11,12,14]. From the digitized intensity distribution we calculated a cross-section
of the intensity distribution (symbols in fig. 1). The solid line is an (arbitrary) analytical ex-
pression [ (x) which was chosen to yield best agreement with our experimental data. As can be
seen, the intensity has a maximum at the particle center and rapidly decays in radial direction.
It is important to realize that before the intensity reaches a constant background level it falls
below this value around = ~ 0.5. When comparing the spatial extension of the intensity dis-
tribution with the geometrical size of the particle, it is also obvious that the particle image is
blurred over almost twice the sphere diameter o. Due to the radial symmetry of the problem,
from I(x) one easily obtains the corresponding two-dimensional (2D) one-particle intensity
distribution I1p(x,y). Both, the undershooting of the intensity below the background and
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Fig. 2 — Cross-section of the intensity distribution of two colloids close to contact. Experimental data
(symbols) and linear superposition of the analytical one-particle intensity function (solid line) from
fig. 1. The dashed line indicates the threshold value applied to the image processing algorithm for
extracting the measured center-to-center particle distance from optical images. Inset: snapshot of
two colloidal particles obtained by video microscopy.

the (compared to o) enlarged optical image of the particles are in qualitative agreement with
calculations of Ovryn who made a complete numerical analysis of the imaging of transpar-
ent colloidal spheres. By means of Mie theory calculations he computed the electromagnetic
field scattered by a spherical particle under plane-wave illumination conditions and how it is
imaged by a high numerical aperture microscope objective [15,16].

The open symbols in fig. 2 correspond to the intensity cross-section taken from a snapshot
(inset of fig. 2) of two silica particles close to contact. In contrast to fig. 1, in the presence
of a second colloidal sphere the intensity distribution becomes slightly asymmetric around
the particle centers. This is different compared to fig. 1. Assuming that the optical im-
age of a particle pair follows from a linear superposition of single-particle images (incoherent
image formation) the intensity distribution of two colloids with center-to-center distance r
is given by Iop(z,y;r) = Lip(x —1/2,y) + L1p(x + 7/2,y) — Iy, where Iy accounts for the
background intensity. The solid line in fig. 2 corresponds to the cross-section Iop(z,y = 0;7).
The excellent agreement with the experimental data clearly demonstrates that under our
illumination conditions a linear superposition yields accurate results. Having obtained an
analytical expression for Iop we now can calculate optical images for different particle dis-
tances r. From these images we obtain the optically determined particle center distances r,,
by applying a standard image processing algorithm. After subtraction of a uniform threshold
T we calculate the intensity weighted centroids of the two particles within the areas defined
by Iyp(x,y;r) > T [8]. The threshold T is indicated by the dashed line in fig. 2. From this
we obtain the difference between the (via digital video microscopy) measured and the true
particle distance 2Ar = r,, — r. The results are plotted in fig. 3 as solid line wvs. r,, and
show a small but systematic signature which we also observed for other particle sizes. For
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Fig. 3 — Ar vs. ry, determined numerically (black solid line) and experimentally (grey solid line). The
error bars indicated the change of Ar upon variation of the applied intensity threshold for particle
detection by £10%.

1 <7, <1.15 the measured distance overestimates the real particle distance while the oppo-
site is the case for 1.15 < r,,, < 1.8. This change in sign is in contrast to earlier calculations
where the spheres images were modeled with parabolic caps which then results in a monotonic
behavior of Ar(r,,) [9]. The error bars in fig. 3 denote the change of Ar upon variation of
the applied intensity threshold 7' by +£10% and indicate that the threshold value has (within
certain limits) only a small influence on Ar.

In order to compare the calculated particle images in fig. 2 with experimental data, we
performed accurate measurements of the center-to-center distance distribution between par-
ticle pairs in a highly diluted colloidal system. With the above-described image processing
algorithm we first determined the position of an isolated colloid which was irreversibly bound
to the substrate to act as an immobile positional reference particle (due to van-der-Waals
forces one always observes some of our particles stuck to the glass surfaces). Due to randomly
distributed digitization noise in the CCD camera and the frame grabber which is unavoidable
in video microscopy, the time-averaged measured particle position distribution is a Gaussian
with a half-width of 15nm (corresponding to our experimental resolution). The center of this
distribution is identified as the true reference particle position (Z,cf, Yrer). Then a second free
colloid was confined in the vicinity of the reference particle by an optical laser trap. In this
trap, which was formed by a slightly defocused, vertical incident Gaussian laser beam (TEMy,
A = 532nm) with a half-width of about 4 um and a power of 50mW, the sphere performed
in-plane fluctuations owing to the Brownian motion. From the recorded images we determined
the time-dependent position of the fluctuating particle (free(t), Yfree(t)) in the laser trap.
From this we obtain Ar(t) = rp,(t) — /[@ free(t) — Tref]? + [Yfree(t) — Jres]? which is plotted
vs. Ty, in fig. 3 as a grey curve. Since we have only knowledge about the true position of one,
namely the reference particle, the factor two on the left side of the equation is missing here.
The data points which scatter within our experimental resolution are in excellent agreement
with the above results obtained from calculated particle images and show the same systematic
deviation between the via video microscopy measured and the real particle distance. We want
to emphasize that all parameters for the image processing (in particular the threshold value
T') were identical for the experimentally and the numerically obtained intensity patterns.
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Fig. 4 — Measured pair potentials vs. the measured (open symbols) and the corrected (closed symbols)
particle distance of two colloidal particles in confined geometry obtained by video microscopy. The
data are shifted in vertical direction for clarity. The solid line corresponds to a least-mean-square
fit to a screened Coulomb potential with fit parameters Z* ~ 8000 + 4000 and x ~ 0.1nm~*. The
dotted lines are guides to the eye.

At first glance, the deviation between the measured and the true particle distance seems to
be rather small (about 1% of the particle diameter) and it appears questionable whether such
a tiny effect may have a noticeable influence on experimental results. In order to demonstrate,
however, that even small deviations Ar can indeed pretend sizable effects, we measured the
pair potential of two free colloidal particles which were both confined in the above-described
laser trap. From the measured distance distribution P,,(r,,) we extracted the pair potential
U(rm) via Pp(rm) = Poexp[—(UL,, + U2, + U(ry))/kpT] with UL accounting for the
potential energy of the two particles induced by the optical laser field. In the central region
which is sampled by the particles, we confirmed that U, elﬁ is to good approximation a parabolic
potential. Under these conditions the total energy is given by the sum of a contribution
depending on the particle distance and one depending only on the center of mass of the
colloidal pair. This allows one to obtain Uelx% and U(r,,) in the same experiment (in case of
non-parabolic light traps the external potential must be first determined by the probability
distribution of a single colloidal particle inside the laser trap [17]). When plotting the resulting
pair potential vs. the uncorrected distance 7, (open symbols in fig. 4) a shallow minimum
around 1.20 with a depth of about 0.25k5T" is observed. In order to demonstrate the effect
of the optical artifact on the pair potential, from the measured distance distribution P, (7, )
we first calculate the corresponding corrected distribution P(r) = P, (ry,)%%=. Since 9rm=
depends on the particle distance 7, (see fig. 3) this leads to a nonlinear correction of P(r) and
thus to a qualitative change in the true pair potential which is plotted in fig. 4 as closed symbols
(for clarity the data are shifted in vertical direction by 1kgT"). The most striking feature of the
correction is the disappearance of the minimum compared to the uncorrected pair potential.

Long-ranged attractive components in the pair potential at distances 1.20 < r,, < 1.50
and strengths of several tenths kg7 (similar to the uncorrected potential in fig. 4) were

reported by several groups when measuring the pair potential of charge-stabilized colloidal
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particles in confined geometries (d < 20 um) [10-12,18]. This so-called like-charge attraction
(LCA) provoked a controversial and still ongoing discussion in colloidal science because it
challenges our current understanding of colloidal interactions. Despite intense theoretical and
numerical studies, however, no conclusive explanation of LCA is available while at the same
time mean-field theories even refute the existence of a minimum in the interaction potential
of likely charged colloids independent of the specific confinement conditions [19, 20].

In face of the striking similarity of the uncorrected pair potential in fig. 4 and the character-
istic features of LCA, we believe that the above-mentioned studies of other authors [10-12,18]
are contaminated by the optical artifact as described here. This interpretation is also consis-
tent with the fact, that LCA was only observed under confinement while pair-potentials in
thick samples cells are experimentally confirmed to be entirely repulsive [17,21]. The effec-
tive screening length in confined geometries is dominated by the counterions of the charged
glass walls of the sample cell which strongly screen the pair interaction and result in particle
distances below 20. In this regime, the particle images start to overlap and thus lead to the
artifacts as reported here. This is in contrast to unconfined samples where the electrostatic
screening due to counterions of the walls is much smaller and particle distances below 20 are
hardly sampled. In this case Ar ~ 0 and video microscopy yields accurate results.

Finally, we compared the corrected pair potential with a screened Coulomb potential (solid

line in fig. 4) U(r) = (Z*)z)\B(eTi[:g] )QEXP[T_M] with Z* the effective colloidal charge, R the
particle radius, k the inverse Debye screening length, and A = 0.72 nm the Bjerrum length in
water. As fitting parameters we obtain Z* ~ 800044000 and x ~ 0.1nm~'. In particular, Z*
is close the value obtained in an independent measurement for the same particles in a thicker
sample cell where only particle distances above 20 were sampled.

It is an interesting question, to what extent the artifacts as described here are present
in confocal microscopy. While the imaging process in confocal microscopy differs somewhat
from conventional video microscopy, both techniques are diffraction limited and we assume
that qualitatively similar artifacts occur. A possible solution to avoid these artifacts are core-
shell particles with a fluorescent core [22]. For sufficiently small cores, the corresponding
fluorescent images do not overlap even when the particles are at contact. Therefore we expect
that under these conditions no artifacts will occur.

In summary, we have demonstrated that optical artifacts caused by overlapping images of
adjacent objects can pretend slightly wrong particle distances as determined with digital video
microscopy. Accordingly, if no corrections are applied, the interpretation of small particles
distances has to be taken with care. This is particularly important for colloidal interaction
studies in confined samples where particle distances below 20 are sampled. At those distances
optical artifacts can pretend long-ranged attractive components.

We want to thank J.-L.. ARAUZ-LARA and A. RAMIREZ-SAITO for the preparation of thin
sample cells, and A. ROHRBACH for helpful discussions.
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