
Single-Particle Tracking To Probe the Local Environment in Ice-
Templated Crosslinked Colloidal Assemblies
Karthika Suresh,† Dharmendar Kumar Sharma,‡,∥ Ramya Chulliyil,‡ Ketan Dinkar Sarode,§,⊥

V. Ravi Kumar,§ Arindam Chowdhury,*,‡ and Guruswamy Kumaraswamy*,†

†J-101, Polymers and Advanced Materials Laboratory, Complex Fluids and Polymer Engineering, Polymer Science and Engineering
Division, and §Chemical Engineering Division, CSIR-National Chemical Laboratory, Pune 411008, Maharashtra, India
‡Department of Chemistry, Indian Institute of Technology Bombay, Powai, Mumbai 400076, Maharashtra, India

*S Supporting Information

ABSTRACT: We use single-particle tracking to investigate
colloidal dynamics in hybrid assemblies comprising colloids
enmeshed in a crosslinked polymer network. These assemblies
are prepared using ice templating and are macroporous
monolithic structures. We investigate microstructure-property
relations in assemblies that appear chemically identical but show
qualitatively different mechanical response. Specifically, we
contrast elastic assemblies that can recover from large
compressive deformations with plastic assemblies that fail on
being compressed. Particle tracking provides insights into the
microstructural differences that underlie the different mechanical
response of elastic and plastic assemblies. Since colloidal motions
in these assemblies are sluggish, particle tracking is especially
sensitive to imaging artifacts such as stage drift. We demonstrate
that the use of wavelet transforms applied to trajectories of probe particles from fluorescence microscopy eliminates stage drift,
allowing a spatial resolution of about 2 nm. In elastic and plastic scaffolds, probe particles are surrounded by other particles
thus, their motion is caged. We present mean square displacement and van Hove distributions for particle motions and
demonstrate that plastic assemblies are characterized by significantly larger spatial heterogeneity when compared with the elastic
sponges. In elastic assemblies, particle diffusivities are peaked around a mean value, whereas in plastic assemblies, there is a wide
distribution of diffusivities with no clear peak. Both elastic and plastic assemblies show a frequency independent solid modulus
from particle tracking microrheology. Here too, there is a much wider distribution of modulus values for plastic scaffolds as
compared to elastic, in contrast to bulk rheological measurements where both assemblies exhibit a similar response. We interpret
our results in terms of the spatial distribution of crosslinks in the polymer mesh in the colloidal assemblies.

1. INTRODUCTION

Colloidal assemblies are technologically important materials
with implications for nanoscale electronics,1 energy conver-
sion/storage devices,2 photonic and plasmonic devices,3 drug
and gene delivery systems,4 diagnostic systems,5 as well as for
catalysis.6 However, the fragile mechanical response of colloidal
assemblies limits their use.7 Therefore, there is intense research
focused on understanding the structural underpinnings of
failure in colloidal assemblies and into leveraging this
understanding to prepare mechanically robust colloidal
assemblies.8−11 Recently, we have demonstrated the prepara-
tion of hybrid colloid−polymer assemblies that exhibit
remarkable elastic recovery from large compressive strains
exceeding 90%, despite an inorganic particle content of 90% by
weight.12 These macroporous assemblies were prepared by ice-
templating and comprise colloids held in a crosslinked polymer
mesh to form centimeter-sized monoliths. We have shown that
such elastic assemblies are obtained for several different colloids
(including polystyrene latex, silica colloids, hydroxyapatite,

etc.), for different polymers (including polyethylenimine (PEI)
of different molecular weights, gelatin, etc.) and for different
crosslinking chemistries (using glutaraldehyde or diepoxide
crosslinkers). Thus, the exceptional mechanical properties of
the spongelike assembly are not a consequence of the chemical
composition of the constituents. Rather, they can be attributed
to the inorganic−organic hybrid microstructure that is formed
using the ice-templating protocol, viz., freezing an aqueous
dispersion of colloids, polymer, and crosslinker, and allowing
crosslinking to happen in situ after the water has frozen. This
chemistry-independence has allowed us to select suitable
functional materials to prepare elastic colloidal sponges for
applications ranging from flexible supercapacitors13 to tissue
engineering scaffolds12 and separation media.14
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We have recently investigated the microstructure that
develops in these ice-templated hybrids, to understand its
relation to the observed elastic mechanical response.15 We have
shown that the mechanical response is sensitive to the
preparation protocol employed to prepare the assemblies. For
example, if the ice crystals formed by freezing the colloidal
dispersion are removed by lyophilization, so that crosslinking
happens in the absence of ice, the resultant monoliths are
plastic, viz., they fail on compressing even to small strains.
Surprisingly, the overall chemical composition of such plastic
monoliths is indistinguishable from the elastic sponges. Both
are macroporous and are characterized by the same pore size
distribution. They are both characterized by the same organic
content, the same polymer to crosslinker ratio, and the same
average crosslink density. Therefore, the stark differences
between the mechanical response of elastic and plastic scaffolds
must arise from subtle local variations in their microstructure.
Previously, we have reported atomic force microscopy (AFM)
investigations of the local structure of elastic and plastic
scaffolds.15 AFM results suggest that elastic sponges are
characterized by relatively uniform crosslink density, while
there are large spatial variations in the crosslink density in
plastic monoliths. Thus, even when the average crosslink
density is similar for elastic sponges and plastic monoliths, these
subtle local differences in crosslinking result in widely different
response to mechanical compression. Therefore, developing
sensitive probes that can interrogate local microstructure hold
promise for insights into material properties and material
failure. Specifically, such probes can provide independent
confirmation of the local microstructural differences between
elastic sponges and plastic monoliths.
Probing the dynamics of colloids embedded in the monoliths

provides information about the local environment around the
colloid. For colloids held in a crosslinked polymer mesh, we
anticipate that colloidal motions are highly restricted, rendering
microscopy observations of such motions highly challenging.
Particle tracking, using optical microscopy is routinely
employed to investigate the dynamics of Brownian colloids in
low viscosity Newtonian liquids. In contrast, the motion of
colloids embedded in monoliths is sluggish, rendering
microscopy challenging. The use of direct microscopic
observation however has significant advantages and has been
used to quantify motions in dense colloidal systems to access
local, micron-scale dynamics. For example, Weeks et al.
employed confocal microscopy to study dynamical changes
near the jamming transition of a concentrated colloidal glass.16

They could identify caging of particle motions in colloidal
glasses and reported the observation of dynamic heterogeneities
and structural relaxation phenomena near the colloidal glass
transition. The microscopic structure of shear thickening or
shear thinning colloidal suspensions has also been investigated
using microscopy,17 where the thermal motion of several
thousand particles are tracked with high spatio-temporal
resolution. Such techniques are being used to provide insights
into cellular processes in biology,18,19 local plasticization in
polymer matrices,20 adsorption−desorption dynamics,21 local
heterogeneity in clay suspensions, polymeric thickener
solutions, food gels, and so forth.22−26

Investigating the dynamics of sluggish colloidal systems,
where particle motion is highly restricted, requires high
resolution optics that are stable over long imaging durations.
Remarkable advances have been made in spatial resolution in
single-molecule microscopy.27,28 Of specific interest to us are

laser epifluorescence techniques that limit the excitation volume
to a very narrow depth, thus reducing the contribution of out of
focus, background light.29 The spatial resolution that one can
achieve using these methods is strongly dependent on the
signal to background ratio (SBR). Harnessing these methods to
problems in colloid science would make it possible to
investigate systems where displacements are too small to be
probed using conventional imaging tools. Dekker et al. have
shown that non diffraction limited particles imaged using 40×
magnification and with SBR ≥ 20 could be tracked with a
spatial resolution of ≈10 nm.30 However, when imaging
colloidal particles (instead of single molecules), the sluggish
nature of the systems requires imaging over long durations,
typically several minutes or more. In such experiments, unless
an extremely stable microscopy setup is used, one has to guard
against artifacts in single-particle tracking data. The most
common problem is sample stage or focus drift which may arise
because of a variety of reasons, including vibrations, acoustic
noise, and thermal drift.31,32 When particle motions are
themselves small (∼ few nanometers) with respect to the
external factors mentioned, even stage drift of a few tens of
nanometers could result in erroneous apparent particle motion.
To reduce mechanical drift, microscopes are typically mounted
on air-cushioned optical benches. In addition, several post
acquisition techniques have been utilized to correct for stage
drift. These rely either on the use of fiducial markers in the
sample33 or marker-less methods such as template matching.34

Bloeß et al.35 reported optical imaging of single fluorescent
molecules with a reproducibility of 3.4 nm in lateral position,35

attained by mechanical drift correction by observing the
position of a spatial reference in the sample. Carter et al.36

further improved the resolution of single-molecule experiments
by eliminating drift by referencing with a fiducial mark on the
microscope coverslip.36 In their experiments, drift was
corrected through a feedback coupled piezoelectric stage and
gave a stability of 0.17 nm for tens of seconds. However, the
use of external markers with brightness that is very different
from the particles of interest could result in camera pixel
saturation, and further, the marker position with respect to the
sample cannot be predetermined. Finally, template-matching
techniques rely on distinct image features and a consistent
background structure that are not always available. Therefore,
the use of fiducial markers or template matching to eliminate
stage drift cannot be practiced in all experimental situations.
If the number of particles (N) in a frame is large, researchers

have suggested subtraction of the average tracer center-of-mass
motion from the particle trajectory. However, this approach
introduces an error in the mean square displacement (MSD) of
the order of 1/N, which is therefore advisable once when the
number of tracers in a frame is much greater than 10.37 Crocker
et al.37,38 have described another protocol to eliminate stage
drift, where they calculate the correlated motion of two
particles in a frame along their line of centers. They used
regression techniques to fit this motion to a model and used
this to calculate the two point microrheology.37,38 However,
application of this process to frames that contain several
particles is rather tedious.
Here, we demonstrate the use of wavelet transforms to

eliminate stage drift from single-particle tracking data collected
on fluorescent micrometer polystyrene beads which form a part
of the network. Wavelet transforms have been used in particle
tracking experiments for multiscale detection of particle
motions, denoising, 3D deconvolution of fluorescence micro-
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graphs, and for extending the depth of field.39 We report a facile
method that uses commonly available software tools and allows
for the elimination of stage drift from microscopy data to obtain
tracer localization down to few nanometers. We then utilize this
method to examine colloidal dynamics in elastic sponges and
plastic monoliths and demonstrate differences in the spatial
variation of crosslinking density in elastic and plastic scaffolds.

2. MATERIALS AND METHODS
2.1. Materials. “Angstrom sphere” spherical silica particles (1 μm)

were obtained from Richen Industries (Hong Kong). Monodisperse
1.08 μm (SD = 0.04 μm) fluorescent polystyrene spherical particles
(PS-FluoGreen-1.0, ab/em: 492/519 nm, 2.5 wt %) were obtained
from microParticles GmbH (Germany). Branched PEI (25 kDa), 1,4-
butanediol diglycidyl ether and polyvinylpyrrolidone (PVP, MW40
kDa) were obtained from Sigma-Aldrich. All materials were used as
received. Glass coverslips (No. 1, Corning, USA) were used as the
substrate in particle tracking experiments.
2.2. Methods. 2.2.1. General Protocol for the Synthesis of Self-

Standing Monoliths from Colloidal Particles. Silica particles (60 mg,
1 μm) and 2 mg of 1 μm fluorescent PS (FPS) particles were dispersed
in deionized water (overall particle concentration in the dispersion is
10 wt %). This dispersion was sonicated for 15 min followed by 5 min
vortexing. To this aqueous dispersion was added 3 mg of PEI (30 μL
of 100 mg/mL polymer stock solution) and was mixed by vortexing
for 5 min. To this was added 10 mg of 1,4- butanediol diglycidyl ether
followed by 3 min vortexing.
2.2.2. Preparation of Elastic Sponges. The aqueous dispersion was

placed in a freezer maintained at ≈−15 °C for 24 h followed by
thawing at room temperature.
2.2.3. Preparation of Plastic Monoliths. The aqueous dispersion

was frozen for 30 min at −15 °C followed by lyophilization for 4 h at
−80 °C, to sublime the ice crystals. After removal of ice, the sample
was maintained at −15 °C for 24 h to allow crosslinking. After
crosslinking, both elastic and plastic scaffolds were washed thoroughly
in water (Figure 1).

2.2.4. Preparation of the Reference Glassy Sample for
Calibration of the Single-Particle Tracking Experiment. PS particles
(1 μm) were mixed with 4 wt % aqueous PVP solution. The uniformly
mixed solution was drop-cast on a clean glass coverslip. The sample
was annealed at 80 °C for a day under vacuum. The annealed reference
sample was placed inside a home-built humidifier mounted over the
microscope stage and maintained at ambient temperature and
pressure. Humidity in the enclosed chamber was controlled by
regulating the Ar gas flow that was passed through water and then into
the chamber. Temperature and humidity were maintained constant
during all measurements. Glass coverslips were cleaned by first
sonicating for 10 min in Piranha solution and then in 2 M NaOH,

followed by washing several times with Milli-Q water and with
methanol. After drying by blowing N2 gas, the coverslips were burned
in an oxidizing flame to remove any fluorescent impurity on the
coverslip.

2.2.5. Scanning Electron Microscopy. The sample morphology was
imaged using a Quanta 200 3D scanning electron microscope (SEM).
Thin slices were cut from the scaffolds using a surgical blade. These
were mounted on SEM stubs and were coated by sputtering a thin
layer of gold on their surface before imaging.

2.2.6. Particle Tracking. The fluorescent particles were imaged
using a home-built epifluorescence microscope. A 488 nm cw diode-
pumped solid-state laser (Laserglow, 50 mW) was passed through a
circular polarizer and was focused onto the back focal plane of a 60×,
1.49 NA oil immersion objective (Nikon, Apo plan TIRF), so as to
illuminate a circular area of the sample. Neutral density filters were
used to control the excitation power. The light emitted by the sample
was collected using the same objective lens and passed through a
dichroic mirror. The emitted light was guided through a pin hole and
filter wheel and impinged on a cooled (−25 °C) interline CCD camera
(DVC-1412AM). Time lapse movies were collected for 10 min at 1 Hz
with an exposure time of 150 ms. Image data were collected as a movie
using DVC View software. Subsequently, background subtraction and
smoothing were performed using ImageJ software (NIH). After
background subtraction, fluorescent particles appear as bright spots
with the SBR of 20−35 (Supporting Information S1). To locate the
spatial positions of these bright individual particles over time, we have
used single-particle tracking program written in MATLAB 7.8. The
program algorithm is based on the centroid method.20 Here, we
extract X and Y coordinates of the centroids of the bright spots and
assign these as the particle center-of-mass position (algorithm details
are in Supporting Information S2). Thus, particle coordinates are
obtained for all frames of the movie and are used to extract the particle
trajectories. We use wavelet transforms to eliminate artifacts during
single-particle tracking. We describe the method used briefly in the
Results section and in greater detail in the Supporting Information S2.

All measurements were performed at 23 °C temperature and 60%
relative humidity (RH). The RH was monitored using a RH probe
positioned a few mm away from the sample. We maintain a constant
temperature of 23 °C using an ambient temperature control system.
We constantly monitor the temperature during the experiment using a
thermocouple connected to the microscope sample stage. The
measurements were repeated several times to confirm their
reproducibility.

3. RESULTS AND DISCUSSION

3.1. Using Wavelet Transforms to Filter out Stage
Drift in Particle Tracking Experiments. We begin by using
epifluorescence microscopy to investigate the reference sample.
Individual 1 μm fluorescent polystyrene beads embedded in a
glassy PVP matrix appear as bright spots against a dark
background (Figure S1a and SBRs of particles are shown in
Figure S1b). Relative humidity is controlled to <20% during
imaging experiments to prevent humidity-induced plasticization
of the glassy matrix. Raw microscopy data suggest that the
fluorescent polystyrene bead traverses over 100 nm in the PVP
matrix over a time span of 10 min (Figure 2a, 2b). Such a large
length scale motion of micron-sized colloids embedded in
glassy matrices is physically unrealistic. Literature reports of
microscope investigations of the motion of small molecules
embedded in a glassy matrix suggest that these molecules are
essentially frozen in the matrix, viz., motions, if any, are
characterized by sub-nanometer length scales.20 Therefore, the
apparent trajectories of the 1 μm latex particles, spanning over
100 nm, must arise from experimental artifacts.
We now discuss the origin for the observed drift in particle

motion. It may be seen that widely separated fluorescent
particles embedded in the glassy matrix show correlated motion

Figure 1. Protocol for the preparation of elastic sponge and plastic
monolith. SEM morphology shows that both elastic and plastic
scaffolds are macroporous, with hybrid pore walls comprising packed
colloids held together by a crosslinked polymer mesh.
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(Figure S1c plots particle motion along an arbitrarily
determined X-coordinate for three particles in the same
image frame but separated by about 30 μm). Such slow
motion over long experimental timescales, of the order of 10
min, has been previously reported18 and has been attributed to
stage drift. Stage drift can arise from vibrations (despite the use
of vibration damping in our experiments), drift in the stepper
motors used for sample positioning, temperature fluctuations
(e.g., induced by environmental changes or variations in laser
source intensity), and so forth. Stage drift represents a
persistent experimental challenge when microscopy is used to
track motion in samples over long timescales (∼min). We now
demonstrate how wavelet transforms can be used to
deconvolute stage drift from particle Brownian motion in
analysis of microscopy data.

Wavelet transforms can be used to deconvolute raw data into
a series of time/frequency scales. Unlike the sine/cosine basis,
mother functions used are wavelets with varying time/
frequency properties that are compact.40−42 Thus, the
convolution of the signal with the wavelets using wavelet
transform convolutes the signal into frequency scales, that
preserve temporal information in the signal and that help in
monitoring events as they occur in time (detailed description of
wavelet transform in Supporting Information S2). Therefore, it
is advantageous to use wavelet transforms to eliminate effects of
stage drift from microscopy data. We evaluated several different
wavelet basis sets and observed that we were able to adequately
represent the tracked signals using the Daubechies basis set.43,44

Daub4 wavelets are commonly used for analyzing spiky signals
and can provide a good representation of the Brownian
fluctuations in our data (see Supporting Information S2 for

Figure 2. Fluorescence microscopy data from tracking of individual probe particles in reference glassy sample. (a) Trajectory of two FPS particles
embedded in PVP glassy matrix. The inset shows a microscopy image. Note that the probe particles are readily resolved and are widely separated
making it easy to track the motions of individual particles. (b) Trajectories shown in (a) are represented as the time-dependent motion of the two
particles along arbitrary X and Y coordinates, with coordinate axes as defined in (a). (c) Wavelet transform studies of the X-component of the
reference data showing scale-wise reconstruction, X(i) (i = 1, 2, ..., 11). X(0) is the reconstructed lossless data and equivalent to the X-component.
(d,e) The trajectory and time-dependent position along X and Y axes of a particle, after removal of stage drift. (f) Jump length distribution for
particle “jumps” per frame along the X and Y axes. The jump distribution is well-fitted by a Gaussian, as shown.
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criteria employed to select an appropriate wavelet basis set).
Here, we present analysis of our data using code previously
developed in our group for this purpose45−48 However, such
analysis can also be readily performed using several commercial
analysis tools. We have confirmed that the results of analysis
using commercial routines are consistent with that from our in-
house codes (see Supporting Information S2 for more details).
We define arbitrary XY coordinate axes for the motion of the

polystyrene colloid in glassy PVP and plot motion along these
coordinates from the raw microscopy data (Figure 2b). We
then subject the X and Y motion to a wavelet transform to
subtract the lateral drift in long-term time lapse imaging. The
wavelet transform characterizes the different frequency
components that are present in the original raw signal (mean
removed) to obtain the wavelet scalogram shown in the
frequencytime panels of Figure 2c. From the lossless nature
of the orthogonal wavelet transform using Daub4 wavelets, we

obtain the raw signal =∑ =x t x i t(0, ) ( , )i 1
11 over the entire time

period (t = nΔt, where Δt is the sampling interval and n = 1, 2,
... is the discretized data point index), in terms of the scalogram
components (i = 1, 2, ..., 11) shown in the panels of Figure 2c.
Components in higher scales represent the low frequency signal
that tracks the stage drift, which is known as the trend signal.
Lower scales represent the high frequency “noise” about the
drift, referred to as the detrend signal. The scale-wise signal
power is then given by = ∑P i x i t( ) ( , )t

2. We observe that the
power corresponding to scales (6−11) is significantly higher
than those for scales 1−5 (Supporting Information: Figure
S2IV). Therefore, the signal in scales 1−5 is masked by that in
scales 6−11. We use this threshold in power to assign scales 6−
11 as the trend signal and scales 1−5 as the detrend signal (also
see Supporting Information, Figure S2V). Carrying out the
inverse wavelet transform using the wavelet coefficients for
scales i = 1, 2, ..., 5 only unmasks the fluctuating component
which is now separated from the trend in scales 6−11 (Figure
S2VI). In all the samples studied here, we observe that i = 5
corresponds to the threshold value in the power. This gives us
further confidence in assigning i = 6−11 as the drift signal. This
gives the reconstructed trend (see Supporting Information,
Figure S2VIa) and detrend (Figure S2VIb) signal by inverse
wavelet transform. This allows the elimination of correlations
that exist in the motion of the particles in the same image frame
(Figure S2VII). Thus, we have established that reconstructing
the particle center-of-mass motion based on the detrend signal
(using scales 1−5) eliminates stage drift in our particle tracking
experiment (Figure 2d,e). Analysis with different colloidal
samples showed similar trending and detrending behavior, and
a generalized protocol could be obtained. Therefore, we could
now subject every individual probe particle to a wavelet
analysis. Thus, by analyzing the microscopy data, the excursions
of the particles about its mean position could be calculated
(Figure 2d,e). We also calculated the “jumps” made by the
particle over the minimum time interval of 1 s, along the X and
Y coordinates by using the formula, Δq = (qi+t − qi), where q is
X or Y coordinates and t is the step time (Figure 2f) and
observed that the jump distributions (or van Hove distribu-
tions) along both X and Y coordinates are similar. We fitted the
jump distributions to a Gaussian shape and note that they are
characterized by a variance of ≈1.4 nm2. Since we do not
anticipate any measurable motion of these large colloidal
particles in a glassy matrix, the data analysis determined the
resolution limit of measurements to about ±2.5 nm which is

the width of the Gaussian at P (Δq) = 10−2. We have also
calculated jump distributions for the particles with a step sizes
of 2 and 4 s (viz., excursions of the particles across 2 frames or
4 frames) and note that the width of the van Hove distributions
are largely independent of the step size (Figure S2VIII).
Additionally, we have examined the motion of probe particles at
different local concentrations and have confirmed that the
resolution from the van Hove distribution is independent of the
probe particle concentration. We reiterate that to obtain this
resolution, we require high SBRs of probes and elimination of
artifacts using wavelet transforms.

3.2. Particle Motions in Elastic and Plastic Scaffolds.
Having established a protocol to obtain particle motions by
eliminating stage drift, we now apply this to particle tracking
data obtained from elastic and plastic scaffolds. Particle
scaffolds are prepared by ice-templating a mixture of silica
and FPS colloids15 (Figure 1). The scaffolds are macroporous,
with ≈50 μm pores bounded by walls comprising colloids
bound together in a crosslinked polymer mesh. We use a sparse
concentration of fluorescent colloids of size matched with the
silica particles. Only the fluorescent particles are visualized in
the microscopic image, and as the FPSs are an integral part of
the pore walls, tracking their motion provides us insights into
how the pore wall microenvironment governs particle
dynamics.
We first describe the results obtained from elastic scaffolds.

We imaged and tracked multiple (at least 10) FPS particles in
the same field of view and observed that particle motions are
correlated, even for widely separated particles (Figure S3I). We
attribute these correlated motions to stage drift and employ
wavelet transforms, as described in the previous section to
eliminate the low frequency correlated motion (see details in
Supporting Information S3). Figure 3a,b shows the time-
dependent trajectory of one representative particle and the
time-dependent particle position along arbitrary XY coordi-
nates, respectively. Using wavelet transform to eliminate the
“trend” corresponding to scales 6−11, we obtain the noise
which corresponds to position fluctuations because of thermal
motion of the particle (Figure 3c,e). It is important to note that
the observed fluctuations in position are significantly larger
than those observed for the completely immobilized “frozen”
reference sample (colloidal PS particle in the glassy matrix,
compare Figure 3c−e with Figure 2d−f). Therefore, the motion
observed for the colloidal particles in the scaffolds are above the
resolution limit of our technique. Similarly, we analyze the raw
tracking data (trajectory) from plastic scaffold for a
representative FPS particle (Figure 4a,b) and use wavelet
transforms to eliminate the drift (Figure 4c−e). Here too, we
find that the thermal fluctuations of the FPS embedded in the
walls of the plastic monolith are considerably higher than those
for the immobilized (frozen) reference sample (Figure 2d−f) as
well as that obtained for the elastic scaffolds (Figure 3c−e).
From these trajectories, we obtain the MSD in both X and Y
directions for probe particles in elastic and plastic scaffolds, and
X and Y MSDs are found to be comparable for all particles
(Figures 3f and 4f respectively). We find that the MSD is linear
in time for short lag times and subsequently plateaus over
longer timescales, which is expected for particles embedded in
these scaffolds.
To test the reliability of our deconvolution method using

wavelet transforms, we have tracked and analyzed more than
100 probe FPS particles in both the elastic and plastic scaffolds.
Particles are chosen from widely different spatial locations in
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each sample, over at least 10 independent samples. This
allowed us to construct statistically reliable displacement jump
distributions and MSD(τ) for each scaffold. Figure 5a,b shows
the probability jump distributions (van Hove self-correlation
functions) of all the FPS particles undergoing a specific distance
(Δq, q = X, Y) within a minimum time interval of 1 s, for the
elastic and plastic scaffolds, respectively, and compared to that
of the reference sample where colloidal motions are frozen. It is
clear that the motions that we observe in these samples are
significantly larger than the instrumental resolution, set by the
fluctuations of FPS beads, immobilized probe in a glassy matrix.
Further, we can readily observe that the jump distribution spans
a much wider range for plastic particles, when compared with
the elastic particles. Because the variance of the jump
distribution is related to the short time particle diffusivity,49

we fit each jump distribution to a Gaussian function to extract
the distribution of diffusivity for probe particles in the elastic
and plastic scaffolds (Figure 5c). We also note that jump
distributions for elastic particles from different spatial locations
and different samples are relatively similar, with diffusion
coefficients spanning from ∼1.6 to ∼40 nm2/s and peaking at
≈4 nm2/s (Figure 5c). In contrast, there is considerably more
heterogeneity in the diffusivity of particles embedded in plastic
samples, ranging from ∼2.4 to ∼120 nm2/s, with no clear peak
value.

We examined the MSD (for X and Y) for a large number of
probe particles in elastic sponges and plastic monoliths.
Consistent with the variation of widths of the jump
distributions, we observe that there is a significantly greater
nonuniformity in the slopes of the MSD(τ) from probe
particles in plastic scaffolds, relative to the elastic ones (Figure
6a,b). At short times (up to 5 s), the MSD is linear in time,
which can be used to estimate the 1D diffusivity, D, using the
relation: MSD(τ) = 2Dτ. This corresponds to the diffusive
motion of particles over a time of about 5 s. Therefore, this
value of diffusivity does not exactly correspond to that obtained
from the breadth of the van Hove distribution. However, the
range of diffusivity values obtained from the MSD is
comparable to that from the van Hove jump distributions as
discussed below. This allowed us to construct the distribution
of 1D diffusion coefficients (Figure 6c) extracted from all the
particles in both elastic scaffold and plastic monoliths. From
these distributions, we find that Delastic span from ∼1.4 to ∼38
nm2/s with the most probable value of ≈3.5 nm2/s, whereas the
variation of Dplastic is much higher and range from ∼2.1 to ∼125
nm2/s with no clear maxima. Thus, the distribution of single-
particle diffusivities obtained from MSD(τ) (Figure 6c) for
elastic and plastic scaffolds follows the same trend and have
similar behaviors as those extracted from the analysis of the van
Hove correlation functions (Figure 5c).

Figure 3. Microscopy investigation of elastic sponges. (a) Particle
trajectory of a single probe particle from fluorescence microscopy. The
trajectory is color-coded to show the timescale of motion. (b) Particle
motion along X and Y coordinates (defined arbitrarily, as shown in
(a)) as a function of time. (c,d) Trajectory and position of a particle
after elimination of stage drift using wavelet transform. (e) van Hove
jump distribution for a particle along X and Y coordinates, fit to a
Gaussian form. (f) MSD for particle movement in the X−Y plane. We
calculate MSD based on frames collected over about 10 min of
imaging but restrict our interpretation to only the first 5% of the lag
time, τ, to ensure statistical reliability.

Figure 4. Microscopy investigation of plastic monoliths. (a) Particle
trajectory of a single probe particle from fluorescence microscopy. The
trajectory is color-coded to show the timescale of motion. (b) Particle
motion along X and Y coordinates (defined arbitrarily, as shown in
(a)) as a function of time. (c,d) Trajectory and position of a particle
after elimination of stage drift using wavelet transform. (e) van Hove
jump distribution for a particle along X and Y coordinates and fit to a
Gaussian form. (f) MSD for particle movement in the X−Y plane.
MSD is calculated and presented as described in the caption for Figure
3.
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Using the MSD(τ) data for all the FPS particles, we now
calculate local elastic and viscous moduli from the MSD,
following Mason (for more details see Supporting Information
S2).50 This microrheological method is based on the general-
ization of the Stokes−Einstein relation to viscoelastic fluids. We
observe that the local elastic modulus (G′) is frequency-
independent for both elastic and plastic scaffolds (Figure 7a,b).
G′ calculated from the MSD of probe particles in elastic
sponges ranges from 20 to 170 Pa. In comparison, the plastic
monoliths exhibit a wider variation in local elastic moduli,
ranging from 0.2 to 120 Pa. These differences between the
elastic and plastic scaffolds are not readily apparent when we

compare the average value of G′, averaged across all probe
particles (compare thick line in Figure 7a,b). Bulk measure-
ments of the elastic moduli, from dynamic shear rheology on
macroscopic samples (lines with symbols in Figure 7a,b) reveal
that the bulk value of G′ is comparable for elastic and plastic
scaffolds. This is consistent with our observations for the
average values of the microscopic G′ from microrheology. The
values of the bulk elastic moduli are significantly higher than
those from microrheological measurements. We discuss
possible reasons for this later in the paper. We have also
calculated the damping factor (tan δ) as the ratio of the local
viscous modulus (G″) to the elastic modulus (G′). For elastic
sponges, tan δ varies from 0.04 to 0.2. In comparison, plastic
monoliths exhibit a wider range, from 0.04 to 0.5, with most
particles showing a tan δ between 0.15 and 0.5.
MSD(τ) (Figure 6a,b) initially increases linearly with time

and subsequently plateaus. This is intriguing because the jump
distributions follow Gaussian behavior, indicating that the
particles are Brownian. Similar observations on anomalous yet
Brownian motion of single particles have been reported
earlier.51,52 We observe that the MSD(τ) saturates over time
for all the FPS particles in both elastic and plastic scaffolds
(Figure 6a,b), which is expected because the particles are
trapped in a crosslinked polymer mesh that forms a cage,
preventing their free diffusion. For all the FPS particles in the
elastic scaffold, the MSD plateaus at relatively short lag times of
within 6−10 s, whereas for plastic scaffolds, there is a much
wider variation in the initiation of MSD saturation timescales of
∼6 to ∼30 s.
The particle diffusivity measured using microscopy provides

information about the local viscoelastic environment. Variation
in the diffusivities reveals spatial differences in this environment
in the scaffolds. Further, there are also differences between the
time for the MSD to plateau, τ, in elastic and plastic scaffolds.
We can estimate the “cage” size that restricts the motion of
particles in the scaffold walls as being of the order of √Dτ.
Thus, in elastic scaffolds we can estimate cage sizes ranging
from 2.9 nm (based on a diffusivity of 1.4 nm2/s and τ ≈ 6 s) to

Figure 5. van Hove particle jump distribution for multiple (>100) particles for (a) elastic sponge and (b) plastic monolith. The resolution limit is set
by reference glassy matrix and is about ±2.5 nm. (c) Distribution of particle diffusivity obtained from variance of the jump distribution.

Figure 6. MSD calculated for multiple (>100) particles for (a) elastic sponge and (b) plastic monolith. (c) Distribution of particle diffusivity
obtained from the slope of the initial linear regime of MSD.

Figure 7. Microrheology and bulk rheology of scaffolds. (a,b) Elastic
modulus (G′) as a function of frequency obtained for elastic sponge
and plastic monolith. The thick solid lines represent average data.
Lines with spherical symbols are obtained from bulk dynamic shear
rheology measurements, performed in the linear response region, at
0.25% strain. (c,d) The damping coefficient (tan δ) as a function of
frequency calculated for elastic and plastic.
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19.5 nm (D = 38 nm2/s, τ = 10 s), whereas for the plastic
scaffolds, we estimate a wide variation in cage sizes, ranging
from 3.5 nm (D = 2 nm2/s, τ = 6 s) to 61 nm (D = 125 nm2/s,
τ = 30 s).
To investigate the origin of subdiffusive behavior exhibited

by the FPS in elastic and plastic scaffolds, we analyzed single-
particle trajectories to compute the VACF (details are in
Supporting Information S2), which can provide insights into
tracer movement mechanisms.20 For each particle, the VACF
are plotted, as is the average for ease of comparison between
the samples (Figure 8). For particles in both elastic and plastic
scaffolds (Figure 8a,b), the VACF demonstrates a sharp
negative correlation for short times (τ = 1 s), in contrast to
the behavior of the reference sample (FPS in glassy polymer
matrix, Figure 8c). The negative correlations in the initial time
period can arise from two different mechanisms; fractional
Brownian motion (FBM) or continuous time random walk
(CTRW) in confined systems.53 FBM is essentially associated
with the motion of a Brownian particle in a viscoelastic
medialike polymer.54,55 In a viscoelastic medium, when a
Brownian walker takes a step in one direction, the elasticity of
the medium results in particle rebound. Therefore, velocities of
the particle at successive time instants are negatively correlated
at short lag times. CTRW arises when the particle stops
intermittently for an interval followed by a movement, leading
to a broad waiting time distribution. We do not observe any
dwell/pause times during particle motion, suggesting that our
data are likely to be more appropriately described using a FBM
framework. Further, the difference in behavior between the FPS
in ice-templated scaffolds versus in the reference sample
confirms that particle motions in the scaffolds obtained from
our microscopy data are above the resolution limit of the
technique.
Particle tracking microrheology further allows us to estimate

local viscoelastic moduli. In contrast to our previously reported
macroscopic measurements,15 there is a difference between the
elastic modulus of elastic and plastic scaffolds from micro-
rheology. The values of moduli obtained from microrheology
are much lower when compared with bulk rheological
measurements. This is not unusual and has been observed for
other samples. For example, Caggioni et al. used particle
tracking microrheology to study the effect of shear during
gelation of aqueous gellan gum with a monovalent salt. They
observed that microrheology underestimates the moduli
compared to bulk rheology54 and attributed this difference to
electrostatic repulsion between tracers and the gellan. They
suggest that a depletion layer around tracer particles in their
work increases their mobility. This has also been suggested by
researchers in the context of other biopolymer solutions.55

Typically, it is believed that when the length scale character-

izing the sample microstructure is small compared to the tracer
dimension, then the microrheology agrees with bulk measure-
ments.56,57 If this is not the case, then tracer particle motion is
sensitive to local heterogeneities and microrheological results
differ from bulk measurements.58−60 In our scaffolds, probe
particles are integrated into the colloidal assemblies and we do
not anticipate that their dynamics will be any different from the
matched size silica colloids in the scaffolds.
Bulk rheological measurements show that elastic and plastic

monoliths are characterized by similar values of solid modulus,
G′ and that the loss modulus, G″, for plastic scaffolds is higher
than that for the elastic.15 The particle tracking measurements
reported here reveal a more nuanced description of the
assemblies when compared with the bulk measurements. In
accord with the bulk measurements, microrheology indicates
that the local solid modulus for both scaffolds is greater than
the loss modulus. However, both scaffolds show a spatial
variation in local values of the solid modulus. This variation is
larger for the plastic assemblies relative to the elastic. However,
the average values of the solid moduli from microrheological
measurements of elastic and plastic assemblies vary only by a
factor of about 2, because the average values are strongly
weighted by the high modulus regions. Thus, the spatially
averaged microrheological solid modulus is comparable for
elastic and plastic scaffolds, similar to what is observed from
bulk rheological measurements. The solid modulus is propor-
tional to the crosslink density. Therefore, the implication of the
microrheology data is that there is a wider variation in crosslink
density for the plastic scaffolds relative to the elastic.
Remarkably, it appears that this variation is averaged so that
the bulk solid moduli (and thus, the average crosslink density)
are similar for both scaffolds. Finally, we note that the loss
tangent, tan δ (= G″/G′), that is a measure of energy
dissipation, is higher for plastic scaffolds relative to elastic. The
variation in tan δ too is higher for plastic scaffolds. Thus,
consistent with previous AFM measurements,15 we observe a
greater energy dissipation for the plastic scaffolds relative to the
elastic assemblies.
The van Hove distribution for particle excursions and the

MSD provide information about the dynamical environment
experienced by FPS particles in the elastic and plastic scaffolds.
Our previous investigations15 of the static structure of elastic
and plastic scaffolds used electron microscopy and small-angle
X-ray scattering to probe morphology and nuclear magnetic
resonance to probe the chemical composition of these scaffolds.
We observed that there were no differences between the
morphological structure and average chemical composition of
the elastic and plastic scaffolds. However, using AFM to
spatially map out the work of adhesion at junctions between
particles in scaffold walls, revealed clear differences between the

Figure 8. Normalized velocity−velocity autocorrelation function (VACF) plotted for (a) elastic sponge, (b) plastic monolith, and (c) reference
sample. VACF of elastic and plastic scaffolds showed sharp negative (or anti) correlations at lag time ≈ 1 s in contrast to the reference glassy sample.
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elastic and plastic scaffolds. We observed that the particle
junctions in elastic scaffolds are characterized by the work of
adhesion that is narrowly peaked at ≈1.5 J/m2, whereas
junctions in plastic scaffolds show a wide range of work of
adhesion, up to 11 J/m2, without a peak value. We observe a
remarkable similarity between this static description of
viscoelastic interparticle junctions from AFM and the dynamical
motions of the colloidal particles obtained from single-particle
tracking measurements. Specifically, differences between the
elastic and plastic scaffolds with regard to the distribution of
particle diffusivities from MSD data and the variance from the
van Hove functions are in remarkable consonance with the
AFM work of adhesion. Thus, spatial variation in particle
dynamics observed with single-particle tracking is mirrored by
the variation in the local viscoelastic properties of the
crosslinked polymer matrix reported using AFM. We had
previously speculated15 that the differences between elastic and
plastic scaffolds result from variations in the local crosslink
density: elastic scaffolds were characterized by a uniform
distribution of crosslinks, whereas plastic scaffolds showed a
widely heterogeneous crosslink density. Interestingly, our
experiments indicate that the length scale that characterizes
the heterogeneity in the samples has to be larger than the probe
particle size, viz. 1 μm. We note that this scenario is consistent
with the variation in “cage” sizes obtained from particle
tracking, for particles in elastic and plastic scaffolds.

4. CONCLUSIONS
We have demonstrated that wavelet transforms can be used to
eliminate the effect of stage drift during single-particle tracking
microscopy of samples with slow dynamics. We apply this
technique to fluorescence microscopy. For samples with high
SBRs, eliminating stage drift using wavelet transforms allows us
to track particles with a spatial resolution of ≈2.5 nm. We note
that a high SBR allows us to accurately track the particle
positions and is essential to obtain the reported spatial
resolution. We investigate ice-templated colloidal assemblies
and track the motions of fluorescent particles embedded in
these. Variations in the preparation protocol for these colloidal
assemblies produce materials that have identical overall
chemical composition but dramatically different mechanical
response. We track the motion of probe colloidal particles to
investigate the local microstructure in elastic assemblies that
can recover from large compressive deformations and in plastic
assemblies that fail at low strains. Since these assemblies
comprise of densely packed colloids that are assembled in a
crosslinked polymer mesh, the colloidal motions that we
observe are slow and of small amplitude. Therefore, a high SBR
in imaging and elimination of stage drift using wavelet
transforms is critical to analyzing colloidal dynamics in these
samples. The use of wavelet transforms to eliminate stage drift
is an enabling technique for high-resolution particle tracking in
samples with slow dynamics and might be of wide relevance for
microscopic studies of dense colloidal systems. We note that
this implementation of wavelet transforms to eliminate stage
drift relies on eliminating correlated motions between particles.
This assumes that long range, low frequency motions are not
correlated over long distances in the sample. While this holds
true for a large class of dense soft matter systems,61 it is not true
for dilute colloidal dispersions, where hydrodynamic coupling
decays slowly.
There is a significant difference in the MSD of probe particles

in elastic and plastic scaffolds, as well as the van Hove

distribution for particle jumps. The variance from the van Hove
distribution is peaked around an average value for elastic
sponges, in contrast to plastic monoliths that exhibit a wide
variation with no clear peak. This trend is mirrored by the
particle diffusivities for elastic and plastic scaffolds, calculated
from the MSD data. Therefore, we conclude that the key
difference between elastic and plastic scaffolds is that plastic
scaffolds exhibit large spatial heterogeneity relative to elastic
scaffolds. This spatial heterogeneity is manifested in the wide
variation in the motion of probe particles at various locations in
the plastic scaffolds. We interpret the spatial heterogeneity in
the local environment in terms of variations in local crosslink
density for plastic scaffolds. This is consistent with micro-
rheology data that show greater variation in the local solid
moduli for plastic scaffolds than for elastic scaffolds and lower
dissipation for elastic assemblies. Thus, particle tracking and
microrheology provide a detailed spatial characterization of the
local environment in elastic assemblies and plastic monoliths
and unambiguously demonstrate the microscopic origin of the
differences between them.
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