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Measuring rotational diffusion of colloidal spheres with confocal
microscopy

A confocal-microscopy-based method is reported to concurrently
measure the translational and rotational dynamics of colloidal
spheres in three dimensions.
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We report an experimental method to measure the translational
and rotational dynamics of colloidal spheres in three dimensions
with confocal microscopy and show that the experimental values
reasonably agree with the theoretical values. This method can be
extended to study rotational dynamics in concentrated colloidal
systems and complex bio-systems.

Measuring the diffusion of colloidal particles in a complex fluid
is central for understanding the dynamic behavior of colloids."
The aging behavior of glassy colloidal systems, the enhanced
motion of active colloids, and molecular motors in biological
processes are typical examples.>* Additionally, colloidal diffusion
is reported to be used for exploring the microrheology of soft
materials.>® The translational diffusion of colloidal spheres is
relatively accessible and has been extensively studied. Rotational
diffusion, however, is much more difficult to study due to the
spherical symmetry of the particles. Several methods to measure
the rotational diffusion of colloidal spheres have been reported,
including dynamic depolarized light scattering (DDLS),” dynamic
evanescent wave scattering,® deuteron NMR,” and polarized
fluorescence recovery after photobleaching (pFRAP).™ Structural
and dynamic heterogeneities are typically difficult to detect by
such ensemble-averaging methods. Also, these methods are not
suitable for systems in complex biological environments."*

In recent years, digital video microscopy is attracting much
attention as a powerful tool for the direct visualization of
colloidal suspensions at a single particle level. Together with
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advanced computer tracking algorithms, digital video microscopy
offers sub-pixel resolution for the identification of the positions of
colloidal particles.'” This method is extensively used to track the
translational diffusion of both spherical colloids and anisotropic
colloids."™** Especially for the latter, for examples rods or
ellipsoids, this method can also be extended to measure the
rotational diffusion by tracking any identifiable optical axis of
each particle.">'* However, this straightforward strategy is not
applicable for isotropic spherical colloids due to the lack of
such identifiable optical axes. While retaining the advantages
of single particle tracking, digital holography microscopy has
shown the ability to measure the rotational dynamics of a
single particle by recording a 2D holographic interference
pattern and then fitting it with appropriate theoretical models.
Examples of the measured colloidal particles reported include
rods, dumbbells and spheres.'*'® The drawback of this method
is its expensive computational process. Modulated optical
probes (MOONSs) provide another effective way to track colloidal
rotation at a single particle level. The probe consists of a
fluorescent spherical particle that is half coated with metal.
The metal cap can modulate the excitation and emission of
fluorescence, resulting in moon-like patterns, thus enabling the
tracking of rotation.'”'® Unfortunately, this method is more
suitable for the study of a colloidal system in two dimensions.

Traditional bright field microscopy is limited due to its low
resolution in the z axis. With a confocal pinhole, confocal
microscopy can precisely resolve the positions of colloidal particles
in three dimensions.” As such, confocal microscopy has been
widely used for real space imaging of colloidal systems in colloidal
physics, concerning a variety of topics such as crystallization,
melting and freezing, and glass transition.”*>* Some groups
have developed methods based on confocal microscopy to
measure the rotation of anisotropic particles.'>'* However, for
colloidal spheres, their rotational dynamics have not been
greatly explored with confocal microscopy to date. Rotational
diffusion of colloidal spheres has been used to explore the
decoupling of translational-rotational motion in concentrated
colloidal systems.>*?® In this communication, we demonstrate a
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Fig. 1 Illustration of the method of measuring rotational diffusion using
eccentric colloidal spheres. (a) Schematic model. u(t) is the unit vector
from the center of the shell pointing to the center of the core. (b) TEM
image of an eccentric particle. The dashed circle indicates the position of
the small particle. (c) Single channels of an eccentric particle showing two
distinct colors excited by two different laser lines, 458 nm (left) and 561 nm
(middle). The red color indicates the position of the shell and the green
color indicates the position of the core. The right image in (c) shows an
overlay of the two channels. (d) A confocal image overview showing
several of the particles shown in (c). The scale bar in (c) is 1 pm.

quantitative method to concurrently measure the translational
and rotational diffusion of colloidal spheres with confocal
microscopy. Our strategy is to build an identifiable fluorescent
optical axis inside colloidal spheres via chemical synthesis while
retaining the uniform surface chemistry of each colloidal sphere.
To realize this idea, we devised and synthesized eccentric core-
shell colloids (Fig. 1a) where the core was marked with one dye
and the shell was marked with another dye. The two dyes are
readily distinguishable with confocal microscopy; thus, the
center of mass of either the core or the shell can be identified
independently. The optical axis is referred to the vector from the
center of the shell to the center of the core, as shown in Fig. 1a.
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By following the motion of this optical axis with a confocal
microscope, we can determine the rotational dynamics. In this
communication, we validate this method for colloidal spheres in
dilute suspensions as a proof-of-principle.

Monodisperse fluorescent colloidal silica spheres with a
diameter of 247 nm (measured by TEM, polydispersity 4.3%:
mean value divided by standard deviation) was synthesized as
described in ref. 27. The dye molecule rhodamine B isothiocyanate
(RITC) was covalently incorporated into the silica spheres to enable
visualization under a confocal microscope. The silica spheres were
then modified with 3-methacryloxypropyl trimethoxysilane (MPTS)
and then grafted with a thin layer (ca. 20 nm) of polystyrene (PS) via
emulsion polymerization. Finally, we obtained eccentric core-shell
colloidal spheres, denoted as SiO,/poly(MPTS), according to the
reported procedure in ref. 28 (Fig. 1b and Fig. S1, ESIt). The core is
SiO, and the shell is the polymerized MPTS. The as-prepared
particles have a diameter of 941 nm (measured by TEM, poly-
dispersity 5.7%: mean value divided by standard deviation). The
poly(MPTS) shell was marked with the dye coumarin 153.

The SiO,/poly(MPTS) colloidal spheres were dispersed into
solvents with very similar refractive indices. We tested two
systems: one is a mixture of dimethyl sulfoxide (DMSO) and
glycerol (1:3.53, m/m) (e mix = 1.4750, n = 0.23 Pa s) and the
other is Triton X-100 (1. = 1.4920, n = 0.33 Pa s). All the
measurements were performed with a volume fraction less
than 0.005 so that the colloidal spheres formed an extremely
dilute suspension where they did not interact with each other.
The samples were studied with a laser scanning confocal
microscope (Leica TCS SP8 equipped with a 12 000 kHz reso-
nant scanner). All images were acquired in fluorescence mode.
Two excitation wavelengths, 458 nm and 561 nm, were used for
coumarin 153 and RITC, respectively. The scanning time of
each series was 1.03 s, achieved by scanning 512 x 256 X 67
pixels with a pixel size of 24 nm in x-y and 150 nm in z.
Typically, the data recording requires 500 repeats to achieve
reliable statistics. We extracted the positional coordinates of
the core and the shell using a standard Interactive Data
Language (IDL) route'” and calculated the vector of the optical
axis via a home-made program. In order to successfully identify
the centers of mass of the core and the shell, it was necessary
for us to use two highly distinguishable dyes in a single colloid.
As mentioned above, we used RITC for the core and coumarin
153 for the shell. In the free state, RITC typically has excitation
and emission peaks at 546 nm and 568 nm and coumarin 153
typically has excitation and emission peaks at 422 nm and
532 nm in ethanol, respectively. We used two different laser
lines to excite the dyes separately, and the fluorescence signals
were collected by two detector channels. To further avoid
crosstalk between the two dyes, we used sequential scanning
mode. In this case, either the shell or the core can be imaged
independently; therefore, we can also identify their centers of
brightness independently (Fig. 1c and d). For the core, the
center of brightness is the center of mass, and for the shell, the
center of brightness has a slight deviation (<10 nm) from
the geometrical center. In this case, the vector of the optical axis
of each particle can thus be uniquely tracked, which makes it
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possible to track those angular displacements to 180°. However,
for colloidal particles with symmetries, such as rods, an angular
displacement of less than 90° is normally required, as the two
ends are not distinguishable.'®*"* The trajectories of the center
of mass and the orientations of the spheres were obtained by
particle tracking.

The trajectories of a single particle for the free translational
and rotational motions are shown in Fig. 2a and b, respectively,
spanning a time period of 515 s (equal to 500 stacks). Sedi-
mentation induced by the density mismatch between the SiO,/
poly(MPTS) colloids and the solvent does not show an obvious
influence during this measured time period. Following the
method suggested by Savin and Doyle,*® we evaluated the static
error in determining the coordinates of the rotational optical
axis. The colloidal particles were immobilized into a similar
sample cell and imaging was performed under the same con-
ditions as the other experiments. The static error was found to
be 5.5° in our measurements. For a motion-free colloidal
sphere, its translational and rotational diffusions in a viscous
solvent are expected to appear Gaussian. Since our method
allows us to track the diffusion of each colloidal sphere for all
five degrees of freedom, we plotted the probability distribution
of both the center of mass translational displacements and the
optical axis vector angular displacements in Fig. 3. We typically
measured 5 to 15 particles under the same conditions for
statistical purposes. Indeed, as shown by the fitting curves

Fig. 2 (a) Translational and (b) rotational trajectories of a single particle.
The trajectories span a time period of 515 s. The dispersion media is a
mixture of glycerol and DMSO.
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Fig. 3 The probability distribution of particle translational (a—c) and rotational
(e and f) displacements. Each plot was fitted with a single Gaussian function
(red curves). The blue dots are for At = 1.03 s and the green dots are for At =
10.30 s. The dispersion media is a mixture of glycerol and DMSO. A schematic
of one coordinate system for colloidal sphere rotation is shown in (d).

(Fig. 3 and Fig. S2, ESIt), they are approximated by Gaussian
functions. We also noticed a deviation from Gaussian distribu-
tion at large angular displacements for two rotational degrees
of freedom; this could originate from the limited statistics, as
we found that the large displacement in A¢ is mainly induced
by a small angular displacement in u(¢) — u(0) of the optical axis
around the polar axis. It should be mentioned that the density
mismatch between the silica core and the poly(MPTS) shell also
induced a deviation of the geometric center from the center of
mass, and this deviation is less than 10 nm in our case by a
simplified estimation. This effect should be negligible. We
calculated the mean square displacement and mean angular
square displacement from these trajectories, and the results are
summarized in Fig. 4. To obtain the translational diffusion
coefficient, we employed the formula

A2 = 6D, (1~ g) +6e2 (1)

where D, is the translational diffusion coefficient, 7 is the image
acquisition time and ¢ is the error. By fitting the translational
dynamics to this formula, we obtained a translational diffusion
coefficient D, = 2.60 + 0.04 x 10> pm? s~ * with an estimated
error ¢ &~ 40 nm.

To obtain the rotational diffusion coefficient, we employed
the formula

A (1) = 2(1 — e ?Pr") 4 267 (2)

where D, is the rotational diffusion coefficient and ¢ is the error.
By fitting the rotational dynamics to eqn (2), we obtained a
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Fig. 4 The mean square displacements (a) and the mean angular square
displacements (b) of eccentric core-shell SiO,/poly(MPTS) colloidal
spheres. Two dispersing media were used: a mixture of glycerol and DMSO,
and Triton X-100. The circles are data, calculated from the measurements,
and the solid curve is the fit with formula (1) for translational motion and
formula (2) for rotational motion. The mass ratio of glycerol to DMSO is 3.53.

rotational diffusional coefficient D, = 7.04 4 0.18 x 10> rad*s™*

with an estimated error ¢ & 5.5°.

As a second test, we used Triton X-100 as the solvent instead
of the mixture of DMSO and glycerol. Following a similar
procedure, we obtained a translational diffusion coefficient
D¢ = 1.56 + 0.06 x 10> pm? s ' with an estimated error
¢ ~ 40 nm and a rotational diffusion coefficient D, = 3.83 =+
0.08 x 10 % rad® s~ with an estimated error ¢ ~ 7.7°.
A comparison between the measured values and the theoretical
values is summarized in Table 1. The theoretical values were
calculated via the Stokes-Einstein equation for the transla-
tional diffusion coefficient and via the Stokes-Einstein-Debye
equation for the rotational diffusional coefficient. The relative
error for the latter is 5% for DMSO/glycerol and 19% for Triton
X-100. In the following section, we briefly discuss several
possible origins of the error. Firstly, the mismatch of the

Table 1 Comparison between experimental and theoretical values of
translational and rotational diffusion coefficients

2 —1)

D (um® s D (s

Solvent Theo. Exp. Theo. Exp.

Glycerol/DMSO  1.99 x 10 2.60 x 10°° 6.74 x 10 ° 7.04 x 10°
Triton X-100 1.38 x 1072 1.56 x 10° 4.70 x 10* 3.83 x 10*
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refractive indices between the silica core and poly(MPTS) and
the dispersion media and the point spread function are known
to induce a distortion of axial distance along the z axis,*® which
induced an error in the determination of the vector of the
optical axis. In addition to performing a correction based on
either experimental measurements or theoretical considera-
tions, a simple solution would be using the same materials
for both the core and the shell by a synthetic route, which is
also expected to be easily index-matched by the solvents.
Secondly, photo-bleaching of the used fluorescent markers is
also a known problem for long-time imaging. The resulting
decrease in the signal/noise ratio can increase the error in
determining the center of brightness. The third origin of error
could be from the polydispersity of the model colloids, as it is
close to 6% in our case. This can be improved by improving the
monodispersity of the colloids.

Conclusions

In summary, we report a confocal microscopy method for
concurrently tracking the translational and rotational dynamics
of colloidal spheres in three dimensions. As a proof-of-concept,
we devised and synthesized bicolor colloidal spheres with an
eccentric core-shell structure and measured their translational and
rotational dynamics in two different dilute systems. We found the
measured values to reasonably agree with the theoretical values
which were calculated via the Stokes-Einstein and Stokes-Einstein-
Debye equations. Because this method is based on confocal
microscopy, it can be applied in 3D to concentrated colloidal
systems, soft materials systems (such as gel, glass, etc.) and
complex bio-systems.
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