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ABSTRACT: The electrophoretic mobility and the zeta
potential ({) of fluorescently labeled colloidal silica rods,
with an aspect ratio of 3.8 and 6.1, were determined with
microelectrophoresis measurements using confocal microscopy.
In the case where the colloidal particles all move at the same
speed parallel to the direction of the electric field, we record a
xyz-stack over the whole depth of the capillary. This method is
faster and more robust compared to taking xyt-series at
different depths inside the capillary to obtain the parabolic flow
profile, as was done in previous work from our group. In some
cases, rodlike particles do not move all at the same speed in the electric field, but exhibit a velocity that depends on the angle
between the long axis of the rod and the electric field. We measured the orientation-dependent velocity of individual silica rods
during electrophoresis as a function of ka, where k! is the double layer thickness and a is the radius of the rod associated with
the diameter. Thus, we determined the anisotropic electrophoretic mobility of the silica rods with different sized double layers.
The size of the double layer was tuned by suspending silica rods in different solvents at different electrolyte concentrations. We
compared these results with theoretical predictions. We show that even at already relatively high ka when the Smoluchowski
limiting law is assumed to be valid (xa > 10), an orientation dependent velocity was measured. Furthermore, we observed that at
decreasing values of ka the anisotropy in the electrophoretic mobility of the rods increases. However, in low polar solvents with
Kka < 1, this trend was reversed: the anisotropy in the electrophoretic mobility of the rods decreased. We argue that this decrease
is due to end effects, which was already predicted theoretically. When end effects are not taken into account, this will lead to

strong underestimation of the experimentally determined zeta potential.

B INTRODUCTION

Charged particle dispersions, with particles ranging from the
nano- to micrometer range, are present in everyday life. One
could think of small DNA strands, proteins, virusses, micelles,
or charged human made colloids, such as those present in e-ink
and printer toners. Their surface potential is an important
parameter to characterize their stability and interactions. The
always present van der Waals forces are attractive if the particles
are identical." In the case where there are no capping molecules
present on the particle surface that can provide so-called steric
stabilization,” most colloidal particles rely on stabilizing
repulsive forces that are caused by excess charges present on/
in the particles. Therefore, measuring electrophoretic mobilities
of charged particles is of importance for fundamental studies in
a broad range of fields,”™'? in biophysics,'' ~'* but also in more
applied work in industry.'> "

There are fewer papers in which the electrophoretic motion
of rodlike particles, the subject of the present paper, is
evaluated experimentally in solution, compared to papers for
spheres, and most of the published work is from the field of
biophysics using anisotropic biomolecules or particles. At
relatively thin double layers, ka >> 10, where k™" is the double
layer thickness and a is the rod radius, it is well-known that the
electrophoretic mobility of a particle does not depend on its
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shape and it does not rotate in the applied electric field.** For
moderate ka, Henry already predicted in 1931 that the
electrophoretic mobility of infinitely long spherocylinders is
dependent on the orientation of the cylinder with respect to the
applied electric field.*" In general, therefore, a rod moves at an
angle with respect to the field. Henry neglected the relaxation
effect of the double layer, so that the result is only valid for zeta
potentials ({) that are smaller than about 25 mV ({ < kzT/e). A
theory for infinitely long cylinders, where the relaxation effect
was included, was developed by Stigter.””** However, in
practice, rodlike particles such as DNA strands, fd-virus,
microtubules, f-actin, or silica rods are finite and need a more
accurate description. Using numerical calculations to describe
the mobility of finite cylinders, research by both Allison et al.
and Buitenhuis, found that with smaller aspect ratio the
mobility of spherocylinders decreases at small xa, because end
effects become more pronounced.”**®

Experimentally, most electrophoresis measurements were
done using capillairy zone electrophoresis'® or electrophoretic
light scattering.”*”° Using these techniques, only orientationally
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averaged electrophoretic mobilities of the rodlike particles can
be obtained. On the other hand, using optical microscopy, one
can measure the electrophoretic mobility of single rodlike
particles and its dependence on the orientation with respect to
the applied electric field. In this way the mobilities, which in
general can be decomposed into two values, a mobility in the
direction parallel and pergendicular to the rod, can be
measured simultaneously.'"'* In addition, the strong sectioning
capabilities and increased resolution of confocal microscopy,
allow for the investigation of the electrophoresis of
concentrated dispersions on the single particle level. > Here
we make use of the fact that with confocal microscopy it has
recently been shown that both coordinates and orientations of
rodlike silica model colloids can be obtained as well.>” Here, we
use silica rods with aspect ratios of 3.8 and 6.1 to measure the
anisotropic electrophoretic motion as a function of ka. Silica
rods are well approximated by short and rigid spherocylinders,
in contrast to the lon% and semiflexible microtubules and fd-
virus used earlier."”'**> This makes them ideal for use as model
particles.

In this paper, we first describe a method to faster measure
electrophoretic mobility profiles of colloidal particles using a
confocal microscope, as compared to methods used by our
group previously.”* Measuring electrophoretic mobility pro-
files, using optical microscopy in closed capillaries, was
previously done by measuring xyt-series at 10 different depths
in the capillary, which is time-consuming.’~> Using cross-
correlation between subsequent frames in a xyz-stack, over the
whole depth of the capillary, for particles that move all at the
same speed parallel to the electric field, we were able to
significantly decrease the measurement time needed for
microelectrophoresis for rodlike particles in the Smoluchowski
limit of high xa. This method is also valid for spherical particles.
Second, we describe our findings on the anisotropic electro-
phoretic mobility of colloidal silica rods as a function of the
double layer thickness ka, by recording xyt-series at the
stationary plane z,. Using confocal microscopy and particle
fitting algorithms,””** we were able to measure the anistropic
electrophoretic motion on the single particle level. We
dispersed the silica rods in different (mixtures of) solvents of
different dielectric constants (¢,,), which changes both the
surface potential of the particles and the double layer thickness,
k™. To gain additional control over the double layer thickness
in that particular solvent, we also added salt containing a large
cation.

We show that, even at already relatively high xa, where the
Smoluchowski limiting law is often assumed to be valid, an
orientation dependent velocity is found. Furthermore, at
decreasing values of ka the anisotropy in mobility increases.
However, in low polar solvents with lower values of xa, the
opposite trend was observed. The anisotropy in mobility again
decreases. We argue that is due to the fact that end effects start
to play a role, which was already predicted theoretically.*’

B EXPERIMENTAL METHODS

Model System. We used FITC labeled silica rods (e, ~ 4.5, n¥ =
1.45) that were prepared according to the method of Kuijk and co-
workers.>”*! Additionally, SR29 rods, which were stable in cyclohexyl
chloride (CHC, >98%, Merck), were modified with octadecyltrime-
thoxylsilane (OTMOS, 90%, Sigma-Aldrich).>* Data on the particles
used in this study, can be found in Table 1 and Figure S1. The mean
dimensions of the particles and their standard deviations were
determined from transmission electron microscopy (TEM) images
made with a Philips Tecnai 10 or 12 microscope (Fei Company).
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Table 1. Properties of Silica Rods Used in This Study”

L, nm oy, % D, nm op, % L/D D,/D,
R2 3591 18 587 10 6.1 0.76
SR29 2290 6 600 6.5 3.8 0.81

“L is the end-to-end length of the rod, D is the diameter of the
particle, L/D is the aspect ratio of the particle, and D, and D) are the
estimated translational diffusion coefficient perpendicular and parallel
to the rod’s long axis, respectively, calculated from their TEM
dimensions.

Typically, 80 particles were measured by hand using the program iTem
(Soft Imaging System GmbH, version S).

For measuring zeta potentials using cross-correlation, the particles
were suspended in a refractive index matched solvent mixture, nf =
145, of 85 wt % glycerol (>99%, Sigma-Aldrich) and 15 wt %
ultrapure water (Millipore system), with 0.55 mM lithium chloride
(LiCl). For measuring | and p of silica rods, the R2 silica rods were
dispersed in polar solvents: either 85 wt % glycerol in ultrapure water
or 78 wt % dimethyl sulfoxide (DMSO, >99.9%, Sigma-Aldrich) in
ultrapure water. LiCl was added to the more polar solvents to control
the thickness of the double layer. SR29 silica rods were dispersed in
the nonpolar solvent cyclohexyl chloride (CHC, 98% Alfa Aesar
GmbH & Co KG). Tetrabutylammonium chloride (TBAC, >97%
Sigma-Aldrich) was added to CHC as a salt to control the double layer
thickness. Properties of solvents used in this study can be found in
Table 2.

Sample Preparation. For electrophoresis measurements, a sample
cell was constructed in the following way. A rectangular borosilicate
capillary (Vitrocom, U.K.), with dimensions (x X y X z) of either 40
mm X 1 mm X 0.1 mm or 40 mm X 2 mm X 0.1 mm was attached to a
standard microscope glass slide (Menzel Glizer) using adhesive tape
(Scotch). Two SO um diameter nickel alloy wires (Good Fellow) were
bent into rectangular U-shaped electrodes and inserted in opposite
ends of the glass capillary; see Figure 1b. The typical spacing of the
electrodes was ~2 cm. The wires were attached to the glass slide using
adhesive tape. The as-prepared electrophoresis cell could only be used
once.

The electrophoresis cells were filled with dispersions of silica
particles, using a glass Pasteur pipet (Wu Mainz). The dispersions
prepared had a volume fraction ¢ ~ 0.01. It was checked that no air
bubbles were present between the electrodes, before sealing the cell
with UV-curable glue (Norland Optical adhesive no. 68). The as-
prepared electrophoresis cells were homogenized in a slowly rotating
stage (rotation about the long axis) for 10—60 min before measuring,

Electrophoresis Measurements. The measurements were
carried out as follows: a DC-electric field of 1.0—6.3 V mm™" was
applied between the electrodes, using a wide band amplifier (Krohn-
Hite, model 7602M). The electric field strengths quoted are nominal,
that is, based on the applied voltage and the electrode gap. The real
electric field inside the cell is typically slightly lower due to electrode
polarization and electrode reactions. These potentials are on the order
of 1V, whereas we typically apply a field of ~50 V with an electrode
spacing of ~2 cm. Hence, the difference in nominal field strength used
and real electric field strength is only on the order of a few percent.
During electrophoresis measurements, we did not observe the
occurrence of bubbles near the electrodes due to decomposition
reactions such as electrolysis. We believe this is due to the relatively
low water content in the solvents used. To record the velocity of the
colloids during electrophoresis, we used a laser scanning confocal
microscope (Leica TCS SP8) equipped with a 63X 14 NA oil
confocal-objective (Leica). The sample cell was placed with the long
axis perpendicular to gravity. To measure electrophoretic mobility
profile parallel to gravity (Figure 2b), we used a Nikon C1 confocal
microscope equipped with a 40X 1.2SNA oil confocal-objective
(Leica) mounted on a microscope body that was tilted 90°. Here, the
sample cell was placed with the long axis parallel to gravity, which
prevented the formation of a density gradient across the depth (z) of
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Table 2. Properties of Solvents Used in This Study”

p, g mL7! fp 7, mPa s Ea
CHC 0.993 (25 °C)** 1.46265 (20 °C)* 1.5675 (25 °C)** 7.6 (25 °C)*°
DMSO 1.096 (25 °C)*’ 1.477 (25 °C)*’ 1.99 (25 °C)¥’ 484 (25 °C)*®
glycerol 1258 (25 °C)¥ 1.474 (20 °C)¥ 1410 (20 °C)* 41.1 (20 °C)*
78 wt % DMSO/water 1.096* (25 °C)*’ 145 (22 °C) 3.542% (25 °C)Y7 56.1% (25 °C)*
85 wt % glycerol/water 1219 (25 °C)¥ 1.45 (20 °C) 81 (25 °C)*! 49.6% (20 °C)*

“With p being the density of the solution, np, being the refractive index of the solution, 7 being the viscosity of the solution, and ¢,, being the
dielectric constant of the medium. Values marked with an asterisk (*) were obtained from linear interpolation of literature values.
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Figure 1. (a) Schematic showing the orientation dependent velocity of
a negatively charged spherocylinder subjected to a DC-electric field
adapted from Van den Heuvel et al.'' (b) Sample cell used during
microelectrophoresis. (c) Schematic of flow inside the capillary during
microelectrophoresis.

the capillary due to sedimentation of particles that disturbs the
recording of mobility profiles.

We recorded series of confocal images in two ways. Either we
recorded time series of xy-images (~50—100 images; typical images
size 56 X 56 pm; typical pixel size ~0.1—0.3 ym, time between frames
At = 0.4—1.2 s) at fixed depths; typically ~10 depths over the total
height of 0.1 mm of the electrophoresis cell (210 X 40 s).>~> Or we
recorded an wxyz-stack over the whole depth of the capillary (the

average step size was Az ~ 1 ym and the time between frames At =
0.75 s, total measurement time ~75 s). The precise positions in z of
the top and bottom walls were determined using the reflection mode
of the confocal microscope.

Electrophoretic Mobilities. To derive average particle velocities
from confocal xyt-series, we took two approaches. In the first
approach, we obtained 2D trajectories of particles using particle fitting
and tracking algorithms®”** to find the average displacement and
velocities between frames at height z (xyt particle tracking).
Sometimes, the average displacement of particles between two
consecutive images was larger than the average distance between
colloids, which does not allow for reliable single particle tracking. If
this hippened, we first used cross-correlation between subsequent
frames™ to estimate the average displacement, in integer number of
pixels, parallel to the electric field (x-direction). After that, the average
displacement in x was subtracted from the particle coordinates found.
In this “co-moving” frame of reference, the particles could then be
tracked. To obtain the true particle trajectories, the average
displacement was added back to the x-coordinate after particle
tracking. The second approach was to use the maximum in the cross-
correlation between two consecutive frames to find the average particle
displacement and velocities with subpixel accuracy at height z** (xyt
cross-correlation). Next, to derive the average particle velocities from a
single xyz-stack of the whole depth of the capillary, we used cross-
correlation; cross-correlation of subsequent frames at height z provides
the average particle displacement (xyz cross-correlation). Due to the
finite time interval between frames in the stack, particles will appear at
shifted positions in subsequent frames.

The electrophoretic mobility of the particles is related to the
velocity of the particles, and given by

u(z) = v(z)/E (1)

where v is the mean particle velocity (m s™') and E is the electric field
strength (V. m™). During electrophoresis measurements inside a
closed capillary, a parabolic Poiseuille flow sets up in the sample cell,
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Figure 2. Electrophoretic mobility profiles of R2 rods measured in three different ways. Particles were dispersed in 0.55 mM LiCl 85 wt % glycerol—
water, ka ~ 24.5. (a) Measured perpendicular to gravity, { = —47.0 + 0.5 mV. (b) Measured parallel to gravity at a field strength of 3 V mm™, { =
—47.0 + 1.6 mV. The dashed vertical lines indicate the stationary planes. The lines indicate a parabolic-fit through the data. We set z = 0 ym at the
maximum of the parabolic profile. Error bars, for xyt cross-correlation and xyt particle tracking, indicate the standard error of the measurement,
which is typically smaller than the size of a symbol. The given standard deviation on { is the standard deviation on the three different estimates of ¢

obtained from the parabolic fits through the data.
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due to electro-osmosis of the fluid;** see Figure 1c. Thus, the motion
of the particles in the sample cell is a result of the superposition of the
electrophoretic velocity and the flow profile setup the by electro-
osmotic flow (EOF). At the stationary planes, z = z,, the net flow of
the fluid is zero, and the particles solely translate because of their
electrophoretic mobility yy = p(zy,) and the superimposed Brownian
motion of the particles. In a rectangular cell, the stationary planes
(24a) are located at™

Zaw _ L, 4(3)51
h 3 ) k (2)

where k is the ratio of the minor and major cross-section of the
capillary, h is the distance from the center of the cell (z = 0) and either
of the walls. We fitted the obtained mobility profiles to a parabolic
function, and set z = 0 at the maximum of the parabolic profile and
assumed this to be the center of the capillary. From the value of the fit
at z,,, we derived the true electrophoretic mobility. For our capillaries,
we measured a depth of 2k & 110 um and z,, is located at (eq 2) zy,
~ + 32.7 um (k =~ 20) V + 33.7 um (k =~ 10).

In order to determine the anisotropy in mobility (u;/p;) of our
silica rods, we generally recorded only at z,, image series of typically
~50—100 frames. An exception was the samples of R2 silica rods
dispersed in 85 wt % glycerol in water; in this case, we took xyt-series
at 10 different depths of the sample. The typical images size was 95 X
9S pm; pixel size 0.37 pm; the time interval between subsequent
frames At = 0.2—0.9 s.

Solvent Conductivity. An estimate for the Debye screening
length, k™!, was obtained from the measured conductivities of the
solvents used. The conductivities of the polar solvents were measured
with a CDM 230 conductivity meter (Radiometer Analytical). The
conductivity of CHC, an apolar solvent, was measured using a
Scientifica 627 conductivity meter. We assumed that ions contributing
to the conductivity in CHC were H" and Cl” and independent
migrations of ions. The conductivity is related to the concentration of
dissociated salt, given by.

o =cA,

©)

¢ is the measured conductivity (Sm™), A, is the limiting molar
conductance of the salt at infinite solution (Sm* mol™") in the given
solvent, and c is the concentration of dissociated salt.

Using Walden’s rule, one can calculate A, for different solvents,
using literature values of known species. Walden’s rule state that the
product of the limiting conductance and the viscosity is a constant for
the same species in different solvents.

Agn® = AgnP (4)
The superscript denotes the particular solvent and # is the viscosity
(Pa s) of the solvent. In order to calculate A, for CHC, we used
known literature values for HCI in ethanol, AE" = 843 S cm?
mol™,* #®°H = 1,08 mPa s.** For polar solvents, we assumed that
ions contributing to the conductivity were Li* and CI". In order to
estimate A, in polar solvents, we used literature values for LiCl in
glycerol: AFFel = 27.1 x 10% S em? mol™,*¢ g = 910 mPa s (25
°C).*' Literature values for viscosities of the different solvent(-
mixtures) used can be found in Table 2. Using the relation between
the ionic strength and conductivity, we can calculate k' using the
following relation, valid for monovalent ions:

1 €,.€0ksgT
K = |
ZI\L\ce2 (5)

with N, being Avogadro constant and ¢ being the concentration of
dissociated monovalent salt in the solvent.

For the polar solvents, either we used solvents with added LiCl or
we used solvents without added salt. In the 85 wt % glycerol—water
mixture, without any salt added, the ionic strength was controlled by
the trace ions that are always present. For this mixture, we measured a
conductivity of 0.168 uS cm™'. Although we do not know the
composition of the trace-ions, we used the limiting conductivity for
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LiCl in glycerol to estimate the screening length, which we estimated
to be k' ~ 32 nm. When 0.55 mM LiCl was added to the 85 wt %
glycerol—water mixture, all the trace ions in the solution were masked
by this salt. For this mixture, we measured a conductivity of 1.13 uS
cm™, with a corresponding screening length of k™' ~ 12 nm. For the
78 wt % DMSO—water mixture, without any salt added, we measured
a conductivity of 0.260 xS cm™', with a corresponding screening
length k71 ~ 132 nm. When 0.067 mM LiCL was added to the solvent,
we measured a conductivity of 1.6 xS cm™, with a corresponding
screening length of k' ~ 53 nm. For silica rods dispersed in CHC, we
aimed for large screening lengths. Therefore, trace ions were removed
as much as possible from the solution.*” Activated alumina was added
to a vial of CHC that was left on a roller-bench overnight. The cleaned
CHC was then separated from the alumina by centrifugation.
Molecular sieves, with a pore size of 4 A, were added to the cleaned
CHC. The measured conductivity of the cleaned CHC was 10pS cm™,
which corresponds to a screening length of k™! ~ 7 um. Moreover, to
decrease the double layer in CHC, also a saturated solution of TBAC
in CHC was made. This was done by adding TBAC to cleaned CHC
(up to a concentration of 260 mM),*® and left to equilibrate for 1
week. We then diluted the solvents to 0.26 uM and 0.026 M. The
measured conductivity of ~0.026 yM TBAC in CHC was 108 pS
cm™, which corresponds to a screening length k™' ~ 2.2 ym. The
measured conductivity of ~0.26 yuM TBAC in CHC was 4800 pS
cm ™!, which corresponds to a screening length k™! ~ 0.33 um.

B THEORETICAL FRAMEWORK

The relation between the zeta potential { and electrophoretic
mobility p is given by

2€,.€0

p = f(ka, {) 3

(6)

Here €, is the dielectric constant of the solvent, ¢, is the
permittivity of vacuum, 7 is the viscosity of the medium (Pas),
and f(xa,{) is a correction factor that also takes the relaxation
effect into account.”’ ™ In the Smoluchowski limit (ka > 1),
f(ka) approaches to 3/2 and this relation is then valid for
particles of any shape.

For (infinitely) long rods oriented parallel to the electric field
(kL/2 > 1) and ignoring relaxation effects ({ < kzT/e), the
relatzi(l)n between { and y is just the Smoluchowski limiting
law:

emeoé‘

n (7)
For infinitely long rods oriented perpendicular to the electric
field, the electrophoretic mobility is given by”' ™’
emGOC

n (®)
Approximations of f, (ka, {) are depicted in Figure 5,"°° and
fi1(xa) approaches 1 at ka > 1 and 1/2 at ka < 1.

Hence, for ka < 10 the electrophoretic velocity of a cylinder
is orientation dependent, such that the rod moves at an angle

with respect to the electric field. The experimentally
determined anisotropy in mobility can be defined as

fJ_ (Ka; C) = /’tl//'tH 9)

Measuring the electrophoretic mobility using scattering
technigues, one obtains the orientationally averaged mobi-
1

Iity:23’

=

K = fJ_ (ka, {)

2
“u

Hg = 3

P (10)
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By recording the trajectories and corresponding orientations of
rods in an electric field using confocal microscopy, we can
obtain g and 1, separately. We determine the particle velocity
parallel v, and perpendicular v, to the applied electric field.
Figure la shows the frame of reference; here the subscripts ||
and L are taken with respect to the rod’s long axis. The
orientation dependent velocities of the rods in the x and y
direction are related to y and p L' given by

v = [y = p)eos” 0+ (uy + pyop(2))]E (11)

1 .
v, = [E(ﬂ“ — p )sin ZG]E (12)
where pigop(z) is the mobility of the particles due to the electro-
osmotic flow inside the sample.

As p, can only be derived from a fit of the data to eq 11, in
practice we derive both (4 — p;) and p; from eq 11. Using
the effective mobility eq 10, we determine the zeta potential ¢
of the rods
m_C[l

3

2
He = + gfl (K'tl)]

(13)

B RESULTS AND DISCUSSION

Figure 2 shows the electrophoretic mobility profiles obtained
for R2 rods dispersed in a 85 wt % glycerol—water mixture with
0.55 mM LiCL In this solvent, ka > 10 and we assume the
Smoluchowski limiting law is valid. Hence, the rods move all at
the same speed parallel to the electric field. We measured the
electrophoretic mobility profiles perpendicular to gravity and
compared the different methods. First, the electrophoretic
velocity of the particles was recorded at 10 different depths
inside the capillary by recording confocal xyt-series. The mean
particle mobility at height z was determined either by
determining particle trajectories (xyt particle tracking) or by
measuring the mean displacement using cross-correlation
between subsequent frames (xyt cross-correlation). Next, a
confocal xyz-stack was recorded over the whole depth of the
capillary. The mean displacement of particles between
subsequent frames in z was determined by using cross-
correlation between subsequent images in the xyz-stack.
Hence, a velocity profile of the particles as a function of z
inside the sample cell could be obtained from one recorded
measurement volume (xyz cross-correlation). In all three
experiments, there were around 60 rods present in every
recorded frame. All three methods gave similar electrophoretic
mobility profiles and show that the mobilities did not depend
on the electric field strength used. This was also the case for the
fast xyz cross-correlation method.

When the viscosity # of the solvent in which the particles are
dispersed is low and the density of the particles does not match
the density of the solvent (0cooid # Psolvent)s Sedimentation can
occur during the time of the measurement (or creaming for
particles with a density lighter than that of the solvent, which is
not the case here). For silica particles > 300 nm, that is a
concern. Although the sedimentation velocity is small
compared to the electrophoretic velocity, accumulation of
particles near the bottom can disturb the measured mobility
profiles. To prevent significant sedimentation during measure-
ments, the sample cell can be placed with the long axis parallel
to gravity and the electrophoretic mobility profile is then
measured parallel to gravity.’ Figure 2b shows the electro-
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phoretic mobility profiles, measured parallel to gravity, obtained
by the same methods as described above. We corrected for the
effect of gravity on the apparent mobility of the particles, by
taking the average of the two mobility profiles with different
field direction, canceling out any effect of gravity. For R2 rods
using the Smoluchowski limiting law we found { = —47.0 + 1.6
mV. This is the same value within the error as was found when
the electrophoretic mobility was measured perpendicular to
gravity: = —47.0 + 0.5 mV (Figure 2a). We thus found similar
results for electrophoretic mobility profiles measured parallel to
gravity and mobility profiles measured perpendicular to gravity.
Measurement on silica spheres also showed that the three
different measurement methods give similar results.’

To compare the robustness of the different measurement
methods, we calculated the 95% confidence intervals for the
estimated electric mobility from the fit of the different
measurement methods using Matlab (version R2016a). We
calculated these intervals from data in Figure 2 and from van
der Linden et al;” see Table S1. This interval is on average
smaller for the xyz cross-correlation method, compared to the
xyt particle tracking and xyt cross-correlation method. Thus, the
determination of the mobility profile using the xyz cross-
correlation method is the most robust.

To summarize the results thus far, the three different
methods to measure electrophoretic mobilities gave similar
results. We also found similar results for the electrophoretic
mobility profiles measured parallel to gravity and the profiles
measured perpendicular to gravity. The fit of the mobility
profile for xyz cross-correlation is the more robust, compared to
the two other measurement methods. Moreover, the xyz cross-
correlation is much faster (~75 s) than our earlier measure-
ment technique xyt particle tracking (210 X 40 s). Because xyz
cross-correlation is much faster, sedimentation during the
measurement is less of a problem. But also the Segre and
Silberberg effect or flow focusing®” will affect the measurements
less. The Segre and Silberberg effect describes that, during
laminar Poiseuille flow in a capillary, particles tend to position
themselves at 0.6R from the center of the capillary. We
observed this unfavorable flow focusing effect during electro-
phoresis experiments after measuring for 23 min. Hence, with
xyz cross-correlation one can measure the electrophoretic
mobility profile before this effect sets in.

The xyz cross-correlation method of measuring electro-
phoretic mobility profiles can be applied to both colloidal rods
and spheres. However, for rods this is only possible in the limit
of high xa > 10, since the method measures only the mobility
component parallel to the field (u,). Because at lower ka rods
have an anisotropic mobility that depends on the angle the rods
have with respect to the applied electric field (as described
above in the Theoretical Framework). In principle, xyz cross-
correlation can still be used at low xa by using eq 13 and
assuming infinitely long rods, one can obtain { from the
measured poq.”"°" However, measuring both s, and U to
obtain { should be more accurate. The electrophoretic mobility
of the R2 rods was measured at xa =~ 24.5, for which we
measured an anisotropy in mobility of u;/u; = 0.98 (see
below). Thus, the rods moved almost parallel to the electric
field, and we assumed that the small anisotropy in mobility did
not significantly affect the measured {. Finally, we wish to
remark that the cross-correlation method works best if (long-
range) order in the sample is absent, otherwise one will find
several peaks in the cross-correlation matrix, making it difficult
to determine the real displacement of the sample.
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Anisotropic Electrophoretic Mobilities of Silica Rods.
As observed earlier for microtubules,'' we observed that the
electrophoretic velocity and direction of electrophoretic motion
of the colloidal silica rods was in some cases dependent on the
orientation of the rods with respect to the electric field; see
Figure la. This is in line with eqs 11 and 12. A diagram of the
electric field components acting on a silica rod that is oriented
at an angle @ with respect to the electric field is shown in Figure
la. The electric field is along the x-axis to the right. The
resulting velocity is not parallel to the electric field, but points
toward the long axis of the rod, as in general y; < p.

Figure 3a shows a sequence of cut outs of confocal images of
the electrophoretic motion of R2 silica rods dispersed in a 78

E—> b E—>»

t (# frames)

150
x (pixels)

20 20

Figure 3. (a) Confocal images from an xyt-series of the electrophoresis
of R2 silica rods in DMSO-—ater xka = 2.2. Silica rods show an
orientation dependent velocity with respect to the applied electric
field. (b) Overlay of frames from an xyt-series of the electrophoresis of
a silica rod dispersed in CHC ka = 0.04, 30 frames, t = 11 s, At = 0.37
s, E=2V mm™. At t = 0, the color of the rod is blue. The rods still
exhibit rotational diffusion, due to Brownian motion. (c) Several
trajectories of SR29 rods dispersed in CHC, ka = 0.04, during
electrophoresis. Position of the center of mass is plotted. Minimum
length of trajectory displayed here is 20 frames.

wt % DMSO in water mixture, without any salt added, xa = 2.2,
taken at height z = zy,. In these frames, the rods that are
highlighted have different orientations with respect to the
electric field. The movement of the rods is not exactly parallel
to the electric field, but the velocity has a component in the
direction of the long axis of the silica rod; see Supporting
Movie 1.

Figure 3b shows an overlay of subsequent confocal images
taken of the electrophoretic motion of SR29 silica rods in
CHC, xa = 0.04, taken at height z = z,,. The time interval
between the images was At = 0.37 s. In total, 30 frames were
used to make the overlay. At t = 0 s, the color of the rod is blue.
The rod moved in a more or less straight line in the direction
opposite to the electric field direction, and due to rotational
Brownian motion its orientation fluctuated; see Supporting
Movie 3.
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The orientation dependent velocity of silica rods, dispersed
in 78 wt % DMSO in water, ka = 2.2, during electrophoresis
can be clearly observed by eye. However, for rods dispersed in
pure CHC, xa = 0.04, it is harder to observe the orientation
dependent velocity by eye, because the anisotropy in mobility is
smaller.

In order to quantify the exact electrophoretic mobilities of
rods orientated parallel and perpendicular to the electric field,
we used particle tracking. In each frame we determined the
orientations of the rods and recorded their displacements since
the previous frame. The displacements were converted to
mobilities parallel and perpendicular to the electric field, and
were averaged in bins of 4° in 6. Figure 4a shows the result for
the measured orientation dependent mobility of the R2 silica
rods dispersed in 78 wt % DMSO—water, ka = 2.2, at E = 1.14
V mm™". Note that the mean square angular displacement, due
to the rotational Brownian motion, of the rods in the interval
between frames (0.374 s) is about 12°. The electric field was
pointing in the positive x-direction. The green symbols indicate
the mobility of the rods in the y-direction g, which is
perpendicular to the applied electric field. The red symbols
indicate the mobility of the rods in the x-direction parallel to
the electric field. When the rod was oriented perpendicular or
parallel to the electric field (8 = —90° V 90° or 6 = 0°), only a
mobility component y, was observed, parallel to the electric
field. For rods that were not completely oriented parallel or
perpendicular to the electric field (—90° < 8 < 0° or 0° < 0 <
90°), a mobility component perpendicular to the electric field
H, was found, which was either positive or negative. In other
words the rods dispersed in a 78 wt % DMSO—water mixture
showed an orientation dependent velocity, and depending on
the orientation, they also had a velocity component in the
positive or negative y-direction. The solid lines in Figure 4a are
a fit of eqs 11 and 12 through the unbinned data. From the
fitted amplitude (4 — p;) and offset (u;) of eq 11, we
determined y, y), and the anisotropy in mobility y, /. In this
case, the measured anisotropy was u, /i = 0.664 + 0.006. The
zeta potential was determined using eqs 9, 10, and 13. In all
cases, we used eq 11 to obtain (s — p;), and values obtained
from eq 12 were 0—20% off from the value found by eq 11. The
difference may arise because the fitted values for (4 — 4, ) and
4, in eq 11 are dependent on each other, whereas y, is not of
any influence in eq 12 to determine (y — s, ). Figure 4b shows
the corresponding histogram of displacements of R2 rods in the
x and y direction, respectively parallel or perpendicular to the
applied electric field. Because the rods behave Brownian, their
orientation fluctuates and hence we find a distribution of
displacements (see eqs 11 and 12). Moreover, the main
displacement due to the electrophoresis is parallel to electric
field, and hence the histogram of displacement in the x-
direction is centered around a negative displacement.

We measured the orientation-dependent electrophoretic
mobilities for silica rods over a range of xa. We tuned xa by
dispersing the rods in solvents with different dielectric
constants, and by the addition of salt to change the
concentration of free ions in solutions. Although using different
solvents affects ¢, the value of y /u is much less affected. The
details of the results on the measured orientation dependent
mobilities at different ka can be found in the Supporting
Information (Figures S2—S7). An overview on these results is
presented in Figure 5. The graph shows the anisotropy in
mobility of the two types of silica rods y, /u as a function of
ka. The symbols in the graph are experimental data points of
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Figure 4. Electrophoresis measurement of R2 silica rods dispersed in DMSO—water, without salt added, ka = 2.2. (a) Orientation dependent
mobility in x-direction (red symbols), parallel to electric field, and y-direction (green symbols), perpendicular to applied electric field. Raw data is
binned in 4° wide bins. The error bars indicate the standard error on the binned data points. The solid lines are a fit through the raw data using eq 11
(u,) and eq 12 (,uy). (b) Histogram of displacements of rods in x and y direction. An anisotropy of j /) = 0.664 + 0.006 was found and { = —75
mV. The direction of the electric field was in the positive x-direction, E = 1.14 V mm™". At = 0.374 s. The error on y,/ ), is the estimated standard

error obtained from the covariance matrix of the fitted parameters.
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Figure S. Anisotropy in mobility of silica rods (u;/py) plotted as a
function of xa. The black solid line depicts Ohshima’s analytical
expression of Henry’s solution, for infinitely long rods and low zeta
potential ¢ < kyT/e.*” The dashed, dotted, and dashed-dotted lines
depicts Ohshima’s approximate analytical expression for infinitely long
rods and moderate zeta potentials,so taking the relaxation effect into
account, for I{l & 25 mV, I{l & 50 mV, and I{] & 75 mV, respectively.
The symbols are experimental data points of the measured anisotropy
in mobility. Squares (green) are SR29 rods in CHC, from left to right:
without TBAC added, with ~0.026 uM, and with ~0.26 uM TBAC.
Circles (purple) are R2 rods in polar solvents (DMSO—water and
glycerol—water), from left to right: 78 wt % DMSO—water, 78 wt %
DMSO—water with LiCl, 85 wt % glycerol—water, and 85 wt %
glycerol—water with LiCl. The error bars indicate the estimated
standard deviations.

the measured y1, /) for the SR29 rods in CHC (green squares)
and for the R2 rods in polar solvents (purple circles). The black
line depicts Ohshima’s analytical expression, for Henry’s
solution of infinitely long rods and low zeta potential { <
ksT/e.*” The dashed, dotted, and dashed-dotted lines depict
Ohshima’s approximate analytical expression for infinitely long
rods and at moderate zeta potentials,”® taking the relaxation
effect into account.

For relatively small double layers (R2 rods, purple spheres),
when ka > 2, our experimental data show a similar trend as
theoretical predictions for infinitely long rods.”"*° For SR29
silica rods in apolar solvents with relatively large double layers
(green squares), the experimental data do not agree with
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theoretical predictions for infinitely long cylinders. Rather, u, /
) increases as ka decreases, and the orientation dependent
velocity during electrophoresis becomes less pronounced. The
difference arises because end effects start to play a role.”**” In
this case, the Smoluchowski equation does not hold anymore
for rods orientated parallel to an electric field. Calculations on
short DNA strands (ka ~ 1) orientated parallel to the electric
field, showed that the mobility is significantly reduced
compared to longer DNA strands,”* while the mobility of
rods perpendicular to the electric field remains roughly the
same (compared to infinitely long rods). For theoretical
calculations on fd-virus, a similar trend was observed when the
aspect ratio decreased at values of ka = 3.56 X 107>
Because the Smoluchowski limiting law is not valid anymore
at ka < 2 for short rods oriented parallel to the electric field, this
would lead to an underestimation of { if we used eq 13. Instead,
for y), one should expect a dependence on length, but it is not
known analytically. A first estimate is to replace 4 by a function
with the same ka dependence as that for a rod oriented
perpendicular to the field, or f,(xL/2). In other words, we
expect 4, /py = f1(ka)/fi(kL/2). This is shown in Figure 6 for
aspect ratios L/D = 6.1 and L/D = 3.8 by using Ohshima’s
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Figure 6. Anisotropy in electrophoretic mobility , /u plotted as a
function of ka. Experimental data from Figure S are plotted together
with a modified expression for “finite” rods and moderate zeta
potentials. This was done by assuming that rods oriented parallel to
the electric field are subjected to the same retardation function as rods
oriented perpendicular to the electric field: g, /p) = f(xa)/f,(kL/2).
This assumption predicts that for finite rod sizes y, /) increases as the
size of the double layer increases (ka < 1).
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approximate analytical expression for infinitely long rods and
moderate zeta potentials.”’ It shows indeed an expected
increase of y,/py at xka S 3. This captures the trend in the
experimental data for SR29 rods dispersed in CHC reasonably.

For xa > 1, we find larger values of p,/u; than the
predictions for infinitely long rods. Although our rods have
finite length it may perhaps also partly be attributed to a
projection bias. We measured the projected angles of the rods
onto the 2D image plane. This is mainly of influence for rods
that appear to have an orientation parallel to the electric the
field, as their actual angle with the electric field may be larger.
Hence, when these rods would be completely parallel to the
electric field, their mobility would be larger. Thus, the actual
value of y, /4 is probably smaller than the value we measured.

The anisotropy in mobility in this study was in most cases
determined by recording confocal xyt-series only at a height z =
Zyw because the rods sediment to the bottom during the
electrophoresis measurements before the whole parabolic
electro-osmotic flow profile can be measured. SR29 rods
dispersed in CHC sediment 100 gm in 7 min, the depth of the
capillary. R2 rods dispersed in DMSO—water sediment 100 gm
in 10 min. The drawback of measuring only at z,, is that z, is
located in a steep part of the parabolic electro-osmotic flow
profile. A small error in the position of zy, already causes a
relatively large error in the determination of y;. Only when the
rods were dispersed in a viscous 85 wt % glycerol—water
mixture, the rods did not sediment appreciably during the time
scale of the measurements. In this solvent mixture rods take 6 h
to sediment over 100 ym. In this case, we recorded confocal
xyt-series at 10 different depths inside the capillary; through
this determination of the electro-osmotic flow profile, we could
more accurately determine y;. To overcome the problem of
sedimentation and measure the whole flow profile, a confocal
microscope with a tilted frame can be used,’ such that the
electric field is parallel to gravity. However, due to the relatively
long measurement time needed to obtain u,/u;, we
encountered other difficulties. At a relatively high volume
fraction (¢ & 0.04) of rods swirls occurred in the sample, and
nonuniform settling was observed.””** However, when
decreasing the volume fraction of rods flow focusing” occurred
in the sample within the time scale of the measurement, as
described above. Therefore, we determined the anisotropy in
mobility at height z = zy, for rods dispersed in CHC or
DMSO—water.

The visual appearance of the motion of silica rods during
electrophoresis was dependent on the solvent the silica rods
were dispersed in. For instance, in a pure 78 wt % DMSO—
water mixture (ka = 2.2) a large anisotropy in mobility of 4 /u
~ 0.664 was measured for the R2 rods. Hence, the rods showed
a clear orientation dependent velocity during electrophoresis.
When we look at Supporting Movie 1 of the electrophoretic
motion of these silica rods in 78 wt % DMSO—water, we
observed that the silica rods created the impression of
“swimming”. The direction of motion of the silica rods was
approximately in the direction of their long axis. Because the
silica rods still behaved Brownian, the angle of each rod with
respect to the applied electric field fluctuated, so that the
mobility direction changed on a time scale of seconds. The
relatively low viscosity (3.54 mPa s) of the solvent mixture used
in this case results in a calculated rotational diffusion coefficient
D, = 0.032 rad® s™". During 1 s, the rods are expected to rotate

J4D,t = 0.35 rad (20°). The combination of Brownian motion
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and an orientation dependent electrophoretic motion led to an
apparent swimming behavior of these silica rods dispersed in
DMSO when a DC-electric field was applied to the sample. On
the contrary, a sample of silica rods in 85 wt % glycerol—water
showed a completely different behavior (Supporting Movie 2).
The silica rods were pulled in a more of less straight line toward
the positive electrode, without much rotational diffusion of the
rods. This is partly due to the relatively high viscosity of the
medium (81 mPa s) that makes the rotational diffusion of the
rods rather slow D, = 0.0014 rad® s™'. Furthermore, the
measured anisotropy in mobility y, /u; ~ 0.97 did not give rise
to a clear orientation dependent motion. Supporting Movie 3
then again shows that silica rods in CHC translated at an angle
during electrophoresis, without too much “swimming” motion
observed because of fast rotational diffusion. In CHC, the SR29
silica rods had a measured anisotropy in mobility u, /u ~ 0.89.
The much lower viscosity (1.57 mPa s) of CHC, and the
slightly smaller dimension of the SR29 silica rods, compared to
R2 rods, results in a higher D, = 0.195 rad® s™' of the rods.
Hence, rotational diffusion of the rods was clearly visible on top
of the electrophoretic motion the silica rods.

In summary, differences in the observed motions of the silica
rods during electrophoresis were due to differences in viscosity
and the k' of the particles due to the solvent the particles were
dispersed in. These parameters make for an intriguing interplay
between rotational diffusion (Brownian motion) and the
orientation dependent electrophoretic mobility.

B CONCLUSIONS

We showed that measuring the electrophoretic mobility, as well
as the electro-osmotic flow profile, of colloidal particles that all
move at the same speed parallel to the direction of the electric
field, can be done by recording an xyz-stack over the whole
depth of a capillary using confocal microscopy. Recording a
xyz-stack is much faster compared to the method that was used
previously in which xyt-series were recorded at 10 different
depths inside the capillary. In the case of rods that did not
move all at the same speed through an electric field, we were
able to measure the orientation dependent velocity of silica
rods during electrophoresis. From this we could determine the
anisotropy in the mobility of rods, with an aspect ratio around
S, during electrophoresis and compare this with theoretical
values from literature. We showed that even at relatively high
values of ka, where the Smoluchowski limiting law was assumed
to be valid, a small anisotropy in mobility was found.
Furthermore, for the R2 rods dispersed in polar solvent our
data agree qualitatively with the theoretical prediction for
infinitely long cylinders and low zeta potential (ka 2 2).
However, this theory starts to break down at small values of kg,
where ka < 1. At these values, end effects start to play a role.
Also, the value of the measured anisotropy in mobility was
observed to decrease again at smaller values of xa. This was
already gredicted in theoretical calculations for finite
cylinders.”™* If this end effect is not taken into account
while calculating zeta potentials, this will lead to an under-
estimation of the experimentally established zeta potential by
up to a factor two.
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Figures showing TEM images of particles used and the
measurements on the orientation dependent electro-
phoretic mobility of the silica rods in different solvents;
table of data on the 95% confidence interval on the fit for
u (PDF)

Confocal xyt-series of the electrophoresis of R2 silica
rods dispersed in pure 78 wt % DMSO—water, ka = 2.2,
= 3.542 mPa s, €,, = 56.1; anisotropy of u, /u; = 0.664
+ 0.006; time-series shown at 2X real-time; movie
recorded at z = zy,. (AVI)

Confocal xyt-series of the electrophoresis of R2 silica
rods dispersed in pure 85 wt % glycerol—water, ka = 9.2,
n = 81 mPa s, €,, = 49.6; anisotropy of y,/u; = 0.97 +
0.02; time-series shown at 2X real-time; movie recorded
at z = zgy,. (AVI)

Cnfocal xyt-series of the electrophoresis of SR29 silica
rods dispersed in deionized CHC, ka = 0.04, = 1.5675
mPa s, €, = 7.6; anisotropy of,ul/pt” =0.89 + 0.02; time-
series shown at 2X real-time; movie recorded at z = z,,.
(AVI)
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