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Real time visualization and tracking of colloidal particles with 3D resolution is essential for probing the
local structure and dynamics in complex fluids. Although tracking translational motion of spherical par-
ticles is well-known, accessing rotational dynamics of such particles remains a great challenge. Here, we
report a novel approach of using fluorescently labeled raspberry-like colloids with an optical anisotropy
to concurrently track translational and rotational dynamics in 3 dimensions. The raspberry-like particles
are coated by a silica layer of adjustable thickness, which allows tuning the surface roughness. The syn-
thesis and applicability of the proposed method is demonstrated by two types of probes: rough and
smoothened. The accuracies of measuring Mean Squared (Angular) Displacements are also demonstrated
by using these 2 probes dispersed in 2 different solvents. The presented 3D trackable colloids offer a high
potential for wide range of applications and studies, such as probing the dynamics of crystallization,
phase transitions, biological interactions and the effect of surface roughness on diffusion.
© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Studying colloidal dynamics via time-resolved locations of indi-
vidual particles can provide microscopic insight into a variety of
physical phenomena in different phases of matter [1-5]. Especially
in systems with an intrinsic inhomogeneity, correlating the
dynamics with the location inside the material can provide unique
information that cannot be obtained with techniques that take an
ensemble average over all particles, or any other bulk method.
Examples of research areas where local translational dynamics
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have been analyzed for this purpose include dense suspensions
[6], glassy materials [7-9], polymer networks [10,11], spatially
confined materials [12-15], food products [16], cell biology
[17,18] and virus infection mechanisms [19].

In contrast to the many studies on translational dynamics,
research related to rotational dynamics is rather scarce. This has
been ascribed to a lack of experimental approaches for capturing
rotational motion [20]. Rotational dynamics can shed a unique
light onto various dynamic phenomena that cannot be accessed
only with translational degrees of freedom, such as motion in
glassy and supercooled states (where decoupling between transla-
tional and rotational diffusion emerges) [21-23]; particle adsorp-
tion and self-assembly at fluid interfaces [24,25]; interfacial
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dynamics at solid-liquid interfaces [26] and biological interactions;
such as viruses binding to membranes [27].

Ensemble averaged rotational diffusion of colloids has been
studied by techniques such as fluorescence recovery after photo-
bleaching (FRAP) [28,29], depolarized dynamic light scattering
[30] and nuclear magnetic resonance (NMR) spectroscopy [31].
These bulk methods fall short in identifying local (dynamic)
heterogeneities. Measuring rotational diffusion via individual
probe particles can provide valuable local information in terms of
dynamic length scales and structural signatures of complex fluids,
such as local defects and crosslink densities in polymer networks
[32], local rheology of soft materials [33], or intrinsic features of
active fluids in biochemical processes [34].

In recent years, different strategies have been used towards
tracking the rotational motion of diffusive probes of both spherical
and anisotropic particle shapes such as rods, ellipsoids, and particle
clusters [35-39]. Here, geometrical anisotropy is widely utilized
because it naturally provides an identifiable optical axis to track
angular displacements [20]. For spherical colloids, the lack of such
a natural frame of reference requires a design where the optical
isotropy is broken. A common type of such probes is the modulated
optical nanoprobes (MOON) [40,41]. This type of Janus particle
usually consists of a fluorescent sphere that is half coated with a
metal layer. Although these rotational probes are attracting inter-
est in various fields [42], they have some drawbacks too. Due to
the metal coating on one side, the surface chemistry is no longer
uniform, and refractive index mismatches with the surrounding
medium may compromise the image quality, especially for biolog-
ical systems and high volume concentrations. Recently a new type
of spherical shaped rotational probes was introduced [23,43].
These probes are bicolor or multicolor colloidal spheres with an
eccentric core(s) shell structure, requiring multiple excitation
wavelengths to be used. Although they provide homogenous sur-
face chemistry, the centers of the core and the shell may not coin-
cide precisely. In the case where connected cores with different
labels are utilized, they have to be overgrown to a rather large size,
to attain a (near) spherical overall shape.

In this work, we introduce a simple method for i) synthesizing
fluorescently labelled raspberry-like spherical probes and ii) using
them for simultaneously accessing rotational and translational
dynamics in 3D. Our probes are made by densely covering a large
silica (SiO,) core with many small SiO, particles, a fraction of
which is fluorescently labeled. By coating these raspberries with
a layer of silica of controllable thickness, we obtain particles of
variable roughness while maintaining uniform surface chemistry.
The optical anisotropy, introduced via the fluorescent tracers,
allows for simultaneous tracking of the translational and rotational
motion of each probe in 3D, using just one fluorescent dye. We
demonstrate a proof of concept by tracking 2 types of probes
(smoothened and rough) in the dilute regime, and measuring the
Mean Squared (Angular) Displacements.

2. Material and methods
2.1. Materials

TetraEthoxySilane, 25 wt% Ammonia, analytical grade ethanol
(99.9%, Emsol), 0.1 N nitric acid solution (HNOs), anhydrous
dimethyl sulfoxide (>99.9%) and glycerol (99.5%) are purchased
from Sigma Aldrich. All purchased chemicals are used as received.
Deionized water (resistivity: 18 MQ cm™') is obtained from a Mil-
lipore Synergy instrument. Core SiO, particles (r = 1.06 um) with
amine (NH;) surface modification are purchased from Microparti-

cles GmbH. Two types of smaller SiO, particles (berries) are used:
fluorescent particles, (sicastar-greenF, plain, r = 0.15 pm) are pur-
chased from Micromod Partikeltechnologie GmbH, while plain
SiO, particles are synthesized via the Stober method [44,45].

2.2. Synthesis of fluorescently labelled raspberries

Raspberry particles are synthesized by coating the surface of
positively functionalized (-NH2) SiO, spheres (core, r = 1.04 + 0.0
33 pum) with a dense layer of negatively charged small SiO2
spheres (berry, r = 0.160 = 0.014 um) via electrostatic heteroaggre-
gation [46]. While the presence of (+) amine groups on the cores,
and (-) silanol ones on the berries already favors such aggregation,
an optimization of the pH is needed to obtain interparticle bonds
that are strong enough to prevent detachment by stirring forces.
Meanwhile, also the stability (against homo-aggregation) has to
be preserved for both cores and berries. Using HNOs to adjust
the pH, Zeta potential measurements are conducted at varying
pH for the aqueous dispersions of the particles. The results (shown
in SI Fig. S1) indicate an optimal pH of 4.5, where, {cre = +31 mV
and Cperry = —28 MV, ayoperry = —21 mV.

Besides the zeta potentials, also the mixing ratio of the cores
and berries has to be considered. The number of berry particles
needed to ensure dense coverage on a core particle is estimated
by calculating how many berry particles can be fitted into the shell
space between a hypothetical sphere with a radius of [Reore + 2-
Rperry] and a core particle. For our system, this calculation gives
386 berries per core. In practice more berries are needed to ensure
colloidal stability throughout the self-assembly process. Especially
at the initial stages where the cores are only partially covered by
berries, ‘bridging aggregation’ (berries binding to two cores) must
be avoided. To prevent this, a 10 times higher dose of berries is
used.

To obtain optical anisotropy, a mixture of equally sized plain
and fluorescent berries is used (see Fig. 1a), with a mixing ratio
that typically leads to 4-5 fluorescent berries per particle. Assum-
ing that all berries have an equal probability of being bonded to a
core surface, the proportion of fluorescent berries is chosen to be
~1.0%. The hetero-aggregation is achieved by adding cores to a sus-
pension of berry particles (~1% wt) under mild stirring, and giving a
reaction time of 1 h. Excess berries are removed by 3 cycles of grav-
ity settling and redispersion in aqueous solution at pH 4.5.

To preserve mechanical integrity and to modify the surface
roughness, a silica layer is overgrown on to these colloids via
seeded growth [47]. Fig. 1b and 1c show confocal fluorescence
images of typical probes without/with fluorescent berries. Fig. 1d
and 1e show SEM and TEM images for 2 systems differing in the
layer thickness and hence in final size (they are identical other-
wise): Surface rough probes (RP) with an rms roughness of
58 nm (4.5% relative to average raspberry radius) and Smoothened
probes (SP) with 23 nm rms (1.5% relative).

2.3. Characterization methods

The hydrodynamic radii of the two berry systems, as measured
with Dynamic Light Scattering (Malvern Zetasizer Nano ZS), are
used to obtain equal sizes via seeded growth on the plain silica
[48]. The size distributions of the cores, berries and probes are
measured from TEM images (Philips CM300ST-FEG, 300 kV). Radii
are measured from the fitted largest Feret diameter (Image], FIJI).
Core and berry size distributions are shown in SI Fig. S2. SEM
images are obtained with a Zeiss MERLIN HR-SEM. The mass den-
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Fig. 1. (a) [llustration of the synthesis of the probe raspberries. (b, c) Superimposed brightfield and fluorescence images of raspberry probes without/with fluorescent berries
(white scale bars are 2 pm). A movie of their Brownian motion can be seen in the Supporting Information as S.mov1. (d, e) SEM and TEM images of rough (RP) and smoothened

probes (SP) (red scale bars are 1 pm).

sity of the raspberry particles are measured with pycnometry and
found to be 1.62 + 0.06 g/cm®.

The surface coverage of the berries on the raspberries is charac-
terized with atomic force microscopy (AFM), (Dimension Icon, Bru-
ker). Samples are analyzed in air using cantilevers from Mikro
Masch, NSC36 with a spring constant of 0.6 N/m and a sharp Si
tip (Rip < 10 nm). Surface roughness is quantified by calculation
of root-mean-square (RMS) amplitude from AFM height profiles.
The apical zones of individual particles are fitted with a sphere
via least squares regression by a custom made Matlab program.
Subsequently, the radial component of the spherical fit is sub-
tracted from the distance between the center of the smooth profile
and each (x,y,z) surface location[49]. Details of this characteriza-
tion can be found in SI Fig. S6.

2.4. Confocal microscopy experiments

Raspberry particles are dispersed in refractive index matching
solvents (S; or S,), starting from the water-based stock suspen-
sions, and using the known mass densities to calculate the mixing
ratios [50]. The obtained dilute suspensions (~0.3% by volume) are
dispersed in custom made cylindrical glass cuvettes of 6 mm diam-
eter and bottom thickness of ~170 pm (no. 1 coverslips). All mea-
surements are conducted at 20 °C.

A VisiTech ‘VT-infinity® Confocal Scanning Laser Microscope
(CSLM) is used to capture image-time series. The CSLM unit is con-
nected to a Nikon Eclipse Ti-U inverted microscope, a Hamamatsu
digital camera (ORCA-flash 4.1, ~100 fps) and a 100 mW 488 nm
excitation laser source. A 100 x oil immersion objective with
1.49 numerical aperture is used to capture the images. Z-ranges
spanning 6-12 pm are examined, where the lowest focal plane is
set at 10 um above the glass bottom to avoid wall effects on the
particle dynamics. Individual Z-stacks (i.e. time points in 3D local-
ization) are captured using 1024 x 1024 pixels (of effective size
67.5 nm) in (X,Y) and 61-121 steps (of 100 nm) along the Z direc-
tion. The (per experiment uniform) lag time per Z-stack ranges
between 1.7 and 2.7 s. Addressed lag times are in the range where
diffusive motion starts to exceed noise levels. Number of time

points (i.e. Z-stacks) are ranging between 90 and 168 per sample
and the duration of the experiments are up to 408 s.

2.5. Extracting rotation and translation

For optimal visualization, the probes are dispersed in refractive
index matching solvent mixtures (n = 1.45). Solvents are
water-glycerol (S;, 1:4 by weight, n = 59 mPa.s) and water-
glycerol-Dimethyl sulfoxide (DMSO) (S5, 2:4:3 by wt., 1 = 20 mP
a.s). Particle volume fractions are chosen around 0.3%, to approach
the dilute limit while keeping enough particles in the image vol-
ume for obtaining sufficient accuracy. CSLM in fluorescence mode
is used to visualize only the labeled berries. Their Cartesian coordi-
nates are extracted using well-known particle locating algorithms
[51,52]. The located berries are then grouped in clusters to identify
to which raspberry probe they belong; this is achieved using a
maximum distance criterion (see SI for details). Only raspberries
that contain 4 or more non-coplanar tracers are kept. This mini-
mum number is required for simultaneously finding the center
location (x,y,z) and optical radius (Rg;) of the raspberry particle,
which is achieved via least-squares fitting to a sphere. Each
obtained center location then provides an origin in a 3D Cartesian
coordinate system that allows defining the spatial orientation of
the raspberry probe based on the angular positions of the tracer
berries. In this scheme, the translation of each raspberry is
extracted from the time-dependent center location, leaving the
rotational motion to be measured from the changes in orientation
via applying rigid body transformations in between consecutive
time steps [37]. The key steps involved in dissecting translational
and rotational motion are illustrated in Fig. 2. We have used a
modified algorithm, based on Ref. [37], to calculate angular dis-
placements from a rotational transformation matrix in terms of 3
Euler angles.

Xi1 Xi
Yia | =R| Vi (1)
Zit1 Zi

where [X, y, z] coordinates denote the location of an individual
berry tracer at i time step and R is the rotational transformation
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Fig. 2. Key steps in measuring translation and rotation of a raspberry probe: (a) 3D localization of the fluorescent berries, (b) fitting a sphere that encompasses the cluster, (¢)
tracking the rotational displacement using a frame of reference fitted at the core center.

matrix. The calculation of R is as given in [37]. After obtaining this
transformation matrix, we calculate the rotations around each prin-
ciple axes. A general rotational matrix has the form:

cospicosy sinasinfcosy — cososiny cosasinfcosy + sinosiny
R=| cospsiny sinosinfsiny 4 cosocosy cososinfisiny —sinocosy
—sinf sinocosf cosocosf

(2)

where o, 8 and y are the rotations around the principal x, y and z
axes respectively. This rotation matrix is used to calculate the Euler
angles directly [53] (details are given in SI). For particles with
spherical symmetry, due to the bounded nature of rotation angles,
the calculation of angular displacements relative to the axis of rota-
tion will yield diffusion coefficient greater than a factor of 3/2 of the
actual value [37]. For that reason MSAD values are multiplied for a
factor of 2/3 before calculating rotational diffusion coefficient using
Eq. (4).

Construction of trajectories from the time-dependent coordi-
nates is achieved via publicly available tracking routines [54].
The accuracy of the codes was tested with simulated data (mimick-
ing typical experimental conditions) and gave good agreement
(Fig. S3, Supporting Information).

The coupled displacement of a group of berries on a raspberry is
illustrated in Fig. 3a for several time steps. Typical rotational and
translational trajectories for a raspberry are shown in Fig. 3b and c.

The mean squared displacement (MSD) versus lag time is calcu-
lated from the translational trajectories after the usual drift correc-
tion based on the ensemble averaged motion of the tracked
particles. Hereafter the translational diffusion coefficient D, is cal-
culated from:

MSD = 6D,AT (3)

The mean squared angular displacement (MSAD) is calculated
in an analogous manner, but without the need for a drift correc-
tion. The rotational diffusion coefficient D; is obtained from Eq.
(4) below:

MSAD = 4D, At (4)

2.6. Estimation of noise levels

The uncertainty in localization is estimated by tracking the 3D
locations of fluorescent polystyrene particles (r = 0.5 pm) immobi-
lized on the bottom of the cuvettes. The measured (apparent) dis-
placements are given in SI Fig. S4.a. The corresponding MSDs are
resulted in noise level of ~2.5 x 10~ pm? (given in Fig. S4.b).
The noise floor of the rotational tracking is estimated based on sim-
ulated trajectories of non-diffusing probes with 4 fluorescent trac-

ers. Localization errors (taken as [10 10 50] nm for [x y Zz]
coordinates) are introduced in the simulation to mimic the real
experimental conditions. The corresponding MSADs are resulted
in a noise level of 2x10~3 rad? (given in Fig. S4.c). Resolution of
the confocal microscope along the 3 principal axes is estimated
by measuring point spread functions along x, y and z axes. Corre-
sponding resolutions are ~270 nm for X and y and 445 nm for z.

3. Results
3.1. Validation of Brownian behavior

We now examine the accuracy of measuring the diffusion coef-
ficients for our raspberry probes, in different stages of the data
analysis. First, we consider the fitted sphere’s radius (Rg:) as
extracted from the center locations of its berries. Given the disper-
sities of the core and berry systems, Rg; should be close the sum of
the typical radii: Rai~<Rcore>+ <Rperry>, Where the brackets indicate
an average. Using transmission electron microscopy (TEM), we find
Reore = 1041 33 nm and Rperry = 160 = 14 nm. Fig. 4a shows Rg; to
be peaked at ~1280 nm, giving a fairly close correspondence. The
calculated standard deviation of 35 nm is the resultant of the
two polydispersities and the typical uncertainty in Rg,, which is
estimated to be 44 nm. The larger Rg, values (>1.3 pum) are rare,
and ascribed to photo-bleaching (after long exposure) which com-
promises the berry localizations.

For the translational trajectories, the removal of drift is an
essential correction, unless the lag time © < D;/v?, with v the drift
velocity [55]. In our case, drift analysis also contributes to valida-
tion, because the vertical motion is dominated by sedimentation.
The latter is illustrated in Fig. 4b for a typical probe trajectory.
Accordingly, the axial displacement of the ensemble of raspberries
shows good linearity, as can be seen in Fig. 4c. Since the particle
volume fraction is very low, a comparison can be made between
v and theoretical Stokes sedimentation velocity of a smooth
sphere. The dashed line in Fig. 4c is a linear fit that encompasses
the axial drift displacement signal. Based on the Stokes Law, the
effective radius of the corresponding smooth sphere calculated
from the linear fit is 1.28 pm which is close to the average TEM
radius of the RP. Drift signals in the horizontal directions are
ascribed to the translation of microscope stage.

The principal results of this work, obtained after all analysis
steps and thus accumulating the inaccuracies of all these steps,
are shown in Fig. 4d and e. Here, the solid black lines represent
the (drift corrected) MSD and the MSAD respectively. Both func-
tions show a linear dependence on lag time, as expected for pure
Brownian motion. The shortest addressed lag time is 2.4 s, as deter-
mined by the acquisition time of a 3D confocal scan and the exper-
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Fig. 3. Visual demonstration of typical results for tracking a single raspberry probe. (a) Coupled motion of fluorescent berry particles forming a cluster at different time steps
(3D rendering done with Image] FIJI), a movie can be seen in the Supporting Information as S.mov2, (b) Orientational trajectories of the 5 berries (differing in color) projected
onto the surface of a unit sphere, (c) Center-of-mass trajectory of a single raspberry particle (green = begin, red = end).

iment duration is 387 s. Both the MSD and the MSAD are signifi-
cantly above their respective noise floors.

Because of the spherical symmetry of the system, none of the
two diffusion coefficients should show any directionality. Decom-
positions of the MSD and MSAD along the X, Y and Z directions
of the lab frame confirm this: the components along the different
directions superimpose well in both Fig. 4d and e. Also the dis-
placement histograms for a representative lag time (see insets)
show a very good overlap and a Gaussian shape. This further cor-
roborates that both types of diffusive motion are captured well.

3.2. Rotational and translational diffusion coefficients

To assess the accuracy of the measured diffusion coefficients,
we compare MSDs and MSADs for the two probe systems (RP,
SP) in solvents with different viscosities: S; (59 + 3 mPa.s) and S,
(20 £ 1 mPa.s). Both probes are synthesized using the same core
and berry particles, but for the SP system, a thicker silica layer
has been overgrown to achieve a smoothened surface (Fig. 1e). This
thicker layer also gives a significant increase in the final probe size
(Fig. 5a). The MSAD measurements are shown in Fig. 5b. Regardless
of the solvent, both the RP and SP probes demonstrate a purely dif-
fusive behavior, i.e. a linear increase in MSAD with lag time.
Extracted numerical data are summarized in Table 1, where the
diffusion coefficients are obtained from linear fits for lag times
up to 10 s.

In the dilute limit, it is interesting to compare the measured D,
and D, values to the theoretical expressions for smooth spheres in a
Newtonian liquid with a no-slip boundary condition [56]. D; is
given by Stokes-Einstein equation and D, is given by Stokes-
Einstein-Debye equation as follows:

. ka
= SR (5)

kT
8mnR?

(6)

"

where k, is the Boltzmann constant, T is temperature and R is
radius. Also for rough spheres, D, and D, should be inversely propor-
tional to the solvent viscosity m. Calculating D;(S;)/Di(S;) with
ie r,tfor RP and SP separately, we obtain 1(S;)/n(S;) = 3.2 £ 0.3,
in good agreement with the 3.0 + 0.2 obtained from the measured
viscosities.

Comparing the cases where the same probe system is dispersed
in 2 different solvents, a different accuracy assessment can be
made by calculating D;/D,. Now the viscosity effect is ‘divided
out’ because of the inverse proportionality of both D, and D; to
M. The results in Table 1 show very similar ratios (~1.82 + 0.08 p
m?) for RP and more differing ones (~2.2 # 0.3 um?) for SP. The lar-
ger D¢/D; values for the SP probes are not unexpected, considering
the R? proportionality for smooth spheres. The small variations
among the measurements in different solvents might be due to a
‘sampling effect’: a combined effect of the poly-dispersity
(Fig. 5a) and the finite number of probes (typically 20-30) in a sin-
gle image volume.

Lastly, we use the standard expressions (Egs. (5) and (6)) for D,
and D, of smooth spheres in the dilute limit, to calculate effective
radii Ry from the measured diffusion coefficients and solvent vis-
cosities. The Ry, values in Table 1 are comparable to those from
the TEM measurements (Fig. 5a). Some slight differences between
the values obtained from S; and S, are found; these can be attrib-
uted to the fact that each of the 4 raspberry/solvent combinations
was explored with a fresh solvent mixture (possibility of slight dif-
ferences in viscosities) and a limited number of particles (possibly
introducing a sampling effect). A striking observation is that for
both RP and SP, the R, values obtained from D, correspond better
with TEM measurements. Considering the R® proportionality of
D, for smooth spheres (while it is ~R~! for D) it is likely that D,
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Fig. 4. Key results of translational and rotational tracking. a) Histogram of fitted radius Rg, (see inset) for both type of probes (which are optically identical). b) Typical 3D
trajectory of a RP, before the removal of drift motion. c) Drift displacements for an ensemble of RP raspberries in solvent Sy, along the x, y and z directions. d) MSD and e)
MSAD versus lag time (solid black lines) for RP probes in solvent S;. Both functions are obtained from the same image data and based on 18 probes. Insets show
decompositions along x, y and z for the MS(A)D, and for the displacement histograms. Color coding: red = x, blue =y, green = z.
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Fig. 5. (a) Size distributions and TEM close-ups for RP (orange) and SP (blue). Scale bar is 1 um. (b) MSAD versus lag time for raspberry systems RP (orange/brown) and SP
(blue/purple) dispersed in solvents S; (1 = 59 mPa.s) and in S, (N = 20 mPa.s).

provides a more precise measure for R,. Considering how close <Ry 4. Application scope

[D]> and <Ry, [D,]> are to those of the TEM measurements, we con-

clude that the surface roughness (being larger for RP) does not Our novel probes could be useful in various cases where simul-
have a discernable effect on either of the two diffusion coefficients taneous 3D tracking of individual particle locations and orienta-
in the dilute limit. tions is needed. Due to tunability of the outer layer thickness,
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Table 1
Overview of measured diffusion coefficients and some derived quantities. Ry, is the hydrodynamic radius of the equivalent smooth sphere.
D, (um?/s) D (s7") Dy/D; (um?) Rp_[D¢] (um) R [Dy] (pm)
RP in S; 2.78 -1073 1.58 -1073 1.76 1.29 1.20
RPin S, 9.73 -103 5.18 103 1.88 1.09 1.15
SPin S, 223.103 1.13-103 1.97 1.61 1.34
SPin S, 7.58-1073 3.10-1073 2.45 1.40 1.37

surface roughness can be altered. This offers a broad application
potential for our particles in many colloidal dynamics studies. At
low particle concentrations the effects of roughness on the two dif-
fusion coefficients were too subtle to be measured. However at
high concentrations, rough probes can be employed for studying
the relation between roughness and diffusion. In the dense regime,
particle-particle interactions play an important role in colloidal
dynamics, and strong correlations between roughness and jam-
ming have already been found [57-59]. In the smooth limit, our
probes can be used for shedding more light on the effect of col-
loidal interactions on rotational diffusion [60,61] or on transient
phenomena like glassy dynamics and crystallization. Also in com-
plex fluids whose structure is not dictated by particles, our (rough
or smooth) probes could provide information about local (mechan-
ical) properties. Here the surrounding ‘bulk’ material could e.g. be
polymer solutions/gels or liquid interfaces.

Lastly, the synthesis and utilization of raspberry probes are not
limited to the demonstrated methodology. Due to the simple syn-
thesis and the use of only one fluorescent label for simultaneous
tracking of two different motions, the ‘berry platform’ can pave
the way for designing similar probes with additional shape iso-
tropy. To make use of our method, minimum number of tracer ber-
ries is 4, but the systems with higher number of fluorescent tracers
will also provide accurate results. One design criterion to keep in
mind here is, that fluorescent tracers’ distances must be larger than
the optical resolution. Applying the ‘labeled raspberry’ concept
while using different materials is yet another direction. Probes
could also be functionalized as active colloids, soft compressible
particles, or serve in biomimicking studies to resolve dynamics of
biological processes [19,62].

5. Conclusions

The use of (confocal) microscopy to track translational motion
of colloidal spheres has evolved into a broadly applied method in
soft matter science in the past two decades. Tracking also the rota-
tion of the spheres is much less common, in spite of the enhanced
insights it can offer. This could be related to limitations of existing
probes regarding their (non-spherical) shape or (non-uniform) sur-
face chemistry [20]. We developed very-nearly-spherical (‘rasp-
berry’), optically anisotropic probes with an all-silica surface.
Surface roughness can be controlled via the thickness of the over-
grown silica layer. Adding 4 (or more) fluorescent tracers in the
shell enables a precise measurement of both the center location
and the orientation of the probe. We demonstrated the utility of
our probes by measuring 3D translational and rotational diffusion
coefficients in different solvents. In the dilute limit, the probes
exhibit purely diffusive behavior, with diffusion coefficients that
are similar to theoretical values for smooth spheres of the same
size. We envision that the concept of ‘raspberry’-based
rotational-translational probes can be exploited in different direc-
tions, for example the use of different materials, and in particular
the study of more complex systems having a heterogeneous
dynamics.
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