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Microrheology uses the motion of dispersed colloidal probe particles to measure the viscosity or
viscoelastic moduli of soft materials. The distinct advantages of microrheology include small sample
volume requirements, access to a large range of time scales for the dynamic response and short
acquisition times. These advantages make microrheology important for studies of biomaterial
hydrogelators. Recent advances have enabled the precise characterization of hydrogelator sol-gel
transitions, measurements of rare and scarce materials and high-throughput screening of hydrogel
rheology over a large composition space. In this review, we focus on multiple particle tracking
microrheology, including the considerations that define its operating regimes and its recent
applications. Those interested in biomaterial rheology will find these methods as accessible as bulk
rheological measurements and straightforward to implement in their own work.

1 Introduction

Hydrogels with unprecedented compositional complexity are
emerging from research to develop new biomaterials for thera-
peutic applications, including drug delivery’® and artificial
cellular scaffolds for use in tissue engineering and wound
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healing.**7"717 In cell culture, this compositional complexity is
due in part to the number of biochemical and biophysical cues
that must be presented by the material to elicit proper cellular
function and cell fate. These include adhesion ligands, proteo-
lytic degradation sites, sequestered soluble proteins, such as
growth factors, as well as the supramolecular structure of the
hydrogel scaffold itself.*1>161821 Rheological measurement is
often a critical means for characterizing and validating hydro-
gelation strategies and for gaining insight into their structure and
properties. Moreover, the mechanical properties of hydrogels are
themselves a key design parameter because the material stiffness
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provides a critical biophysical cue.?*?* Aside from biological and
therapeutic uses, hydrogels are important in engineering and
physics applications as well.?>27

Despite its importance, rheology can be difficult to perform on
many emerging materials, since sufficient material quantities are
often hard to synthesize or prohibitively expensive to obtain.
Microrheology has emerged as a powerful method that has the
potential to aid rheological characterization and advance
biomaterials research and engineering. Microrheology has
several complementary characteristics: the need for small sample
volumes, ranging on the order of 1 to 10 pL, measurement
acquisition times on the order of seconds, a large dynamic
frequency response (up to megahertz) and the ability to charac-
terize fragile microstructures, such as the incipient structure
during a sol-gel transition. These attributes have made micro-
rheology indispensable for understanding scarce materials,
specifically those developed for therapeutic applications.

Microrheology is divided into two approaches that are
distinguished by the driving force of the probe motion. In active
microrheology, the embedded probe particles move in response
to an external force, typically generated by optical tweezers or
magnetic fields.?®»? Magnetic bead microrheology has a long
history in biomaterial rheology, dating to the early twentieth
century, when Heilbronn, Seifriz and Freundlich embedded
colloidal nickel particles in Echinarachnius parma eggs and
gelatin,**? and pulled the particles with the magnetic field of an
iron core electromagnet. However, the introduction of passive
microrheology has stimulated many of the advances in bioma-
terial microrheology over the past two decades. In passive
microrheology, the Brownian or thermal motion of the
embedded probe particles is measured and the rheological
properties are calculated by the Generalized Stokes—Einstein
Relation (GSER).333*

In this emerging areas article, we highlight several recent
frontiers in which microrheology has advanced the character-
ization and development of novel hydrogelators. We focus on
passive microrheology, and in particular, techniques that require
little specialized equipment, with the aim that readers will find
these methods at least as straightforward as macrorheological
measurements and find them useful for their own work. We begin
with a brief overview of passive microrheology, followed by
a discussion of the operating regimes of the experiment. After
this, we discuss three examples that highlight the strengths of
microrheological characterization of biomaterials: measurement
of gelation kinetics, high-throughput screening and recent
advances combining microrheology and microfluidics.

2 Passive microrheology
2.1 Generalized Stokes—Einstein relation

Beginning in 1995 with the work of Mason and Weitz,** passive
microrheology has become an important characterization
method for biomaterial rheology.?*=® In passive microrheology,
illustrated in Fig. 1, the Generalized Stokes—Einstein Relation
(GSER) is used to relate the mean-squared displacement (MSD)
of the particles to the material rheology,?®2*3%-4

J(1) = 3ma({Ar’(0)/dkT (1)

where k is the Boltzmann constant, 7 is the absolute temperature
a is the probe radius and J(¢) is the creep compliance, which is
defined as

!
v(1) = J J(t—1)o(d)dr. 2)
0
Here, v(¢) is the sample strain which evolves from an applied
stress history o(f). In the case of a step stress imposed on
a sample, the subsequent material deformation follows (1) =
J(t)op for ¢t > 0. This is represented in Fig. 2 for two limiting
cases: that of a Newtonian fluid with viscosity 7, which has
a creep compliance J(f) = t/n, and the compliance of an elastic
solid, J, = 1/G,, where G, is the equilibrium shear modulus.

In eqn (1), d indicates the number of dimensions that the MSD
is measured in. For video tracking, it is possible to independently
average movement along the Cartesian coordinates that define
the imaging plane (in which case, d = 1) or calculate the d = 2
dimensional MSD, (Ar¥(f)) = (Ax*(¢)) + (Ay*(?)). For light
scattering, d = 3. Eqn (1) is valid for all linear viscoelastic fluids
and solids in which the material is a continuum, which requires
that the probe particle diameter is larger than any characteristic
feature size or correlation length. The probe particles must also
be sufficiently dilute to avoid particle interactions and potentially
changing the intrinsic structure of the material.**

The creep compliance can be converted to other viscoelastic
functions, such as the frequency dependent storage and loss
moduli, G'(w) and G"(w).** By noting that the Laplace trans-
forms of the creep compliance and relaxation modulus are
related by J(s) = 1/sG(s), the GSER is sometimes written as

video microscopy

sample material ~ probe particles
\ \

115 min

7(s)

particle tracking ==  mean-squared displacement

Fig. 1 Multiple particle tracking microrheology measures random
thermal motion of colloidal probe particles embedded in a soft material.
Video microscopy images are processed to calculate individual trajecto-
ries. The ensemble average of the tracer mean-squared displacements is
a measure of the material rheology by the Generalized Stokes—Einstein
Relation. In the case shown, the material is gelling with time, leading to
a series of curves ranging from a viscous liquid ((Ar*(?)) ~ ¢) to an elastic
gel ((Ar¥(r)) ~ constant). The mean-squared displacement plot is
reprinted with permission from T. H. Larsen and E. M. Furst, Phys. Rev.
Lett., 2008, 100, 146001.

This journal is © The Royal Society of Chemistry 2012

Soft Matter, 2012, 8, 6198-6205 | 6199


https://doi.org/10.1039/c2sm25187f

Published on 16 Aprili 2012. Downloaded on 16/11/2025 04:07:37.

View Article Online

—]
VE fluid v(t) = (t/n)oo
Y
VE solid
7 -7 V= JeUO 1
4
0o
o step stress
t=20 t

Fig. 2 The material strain y(¢f) from an applied step stress o, for
a viscoelastic liquid and viscoelastic solid.

~ kT

G (s) = was (7 () (3)
for d = 3, where (7(s)) is the Laplace transform of the MSD and s
is the Laplace variable. Analytic continuation s = iw can be used
to convert this expression to G'(w) = G'(w) + iG'(w), where
i = v/—1. However, the advantage of eqn (1) is that the MSD can
be interpreted without transforming the data collected by
multiple particle tracking, as discussed below.

2.2 Multiple particle tracking

Multiple particle tracking is perhaps the most straightforward
method for measuring the MSD in a small sample.** The
experiment is quite simple, and requires only a microscope, video
camera and a computer for analysis. Bright field or fluorescence
illumination can be used. The motion of probe particles dispersed
in the material is recorded by video microscopy. These recordings
are then analyzed using particle tracking programs, which locate
the particles in each video frame and link these locations into
trajectories.? Statistics of the trajectories, such as the MSD, are
then calculated. Typically, one tracks ~100 particles in an image
frame, which requires probe volume fractions on the order ¢ ~
1073, Probes are always cleaned prior to use by 35 repetitions of
light centrifugation, decantation and redispersion in ultra-pure
water to remove trace contaminants. The probe particle surface
chemistry can also introduce artifacts by changing the local
material structure, *-44-¢

Most particle tracking algorithms track the brightness
weighted centroid of each probe throughout the movie.3*#°
Measurements of particle trajectories using video microscopy are
subject to error from both static and dynamic contributions.*’°
Error is the difference between the observed particle position X(7)
and the actual position x(¢). Dynamic error occurs due to particle
motion during the time the camera shutter is open, 6. The static
error ¢ is the inherent error in locating the center of each particle,
and is strongly influenced by the signal to noise (S/N) of the

imaging system. For a Newtonian fluid, the observed displace-
ment along each Cartesian direction is

(ARX(1)) = 2D(t — 6/3) + 2¢?, 4)

where D = kT/61an is the probe diffusivity. Dynamic error can
be minimized by using fast shutter speeds § < #; however, this has
the potential trade-off of decreasing the S/N and increasing the
static error, especially under low levels of illumination. The static
error is typically on the order of ¢ = 10 nm.

2.3 Operating regime of passive microrheology

Because thermal motion is the driving force for passive micro-
rheology, the technique is limited to rather weak moduli and low
viscosities (or correspondingly large compliances) compared to
macrorheological measurements. As we discuss later, this does
not necessarily limit the utility of microrheology; it can still be
used to screen whether a hydrogel forms, for instance, even if the
compliance is too low to be measured quantitatively. Nonethe-
less, it is useful to examine the range of material rheology
accessible by passive microrheology.

We begin by considering the typical limits set by the instru-
ment: the camera acquisition rate and particle tracking error.
The reciprocal of the video frame frequency is the minimum time
between video frames, t,;, = 1/f, and thus, the shortest delay
time for the MSD. Assuming that the shutter speed is signifi-
cantly less than the time between frames, 6 < Ty, than we need
to only consider the static error contribution to the apparent
MSD (¢f. eqn (4)). Combining eqns (1) and (4), the minimum
compliance is

Juin(t) = 6mae’lkT. (5)

For a purely elastic solid, this simply corresponds to the limit
that the compliance is greater than J, > 6mae?/kT, or equiva-
lently, the equilibrium modulus is less than G, < kT/67as’. That
is, the probe motion must be of sufficient magnitude to be
distinguishable from the static error of the MSD measurement,
as quantified by e.

Static error becomes more important for viscous fluids. As the
MSD approaches ¢?, it exhibits an apparent plateau, as shown in
Fig. 3, in which we plot the one-dimensional MSD given by
eqn (4) as a function of lag time 7 for viscosities ranging from
1 mPa s to 10 Pa s. To avoid this plateau, the compliance should
be greater than J,,;, for all lag times t > 1,,,;,. This is shown by the
dashed line in fig. 3, and corresponds to n < kTt ;. /6Tcas’.

For probe particles with diameter 2a = 1 pm and a typical
particle tracking error of ¢ = 10 nm, the calculated limits above
are G = 5Pa (or J¥'" = 0.2 Pa~') and ™ = 150 mPa s. Eqn
(5) also shows the extent to which the range of compliance can be
changed by selecting different probe particle sizes. Smaller
probes can be used to increase the maximum modulus or
viscosity, provided that the continuum approximation of the
Stokes drag equation is still satisfied.>!

Finally, there is an upper practical limit on the MSD lag times,
Tmax- This longest lag time is somewhat arbitrary. If it was certain
that the fluid was Newtonian, one could wait an indefinite time
for the particles to move a sufficient distance to track. But in
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Fig.3 Calculated mean-squared displacements for 1 um diameter probe
particles in fluids of increasing viscosity from 10~* to 10 Pa-s. The
operating regime for multiple particle tracking microrheology is defined
by the shortest and longest lag times and the particle tracking error. Solid
curves are the apparent MSD, while the dashed line for n = 0.146 Pa s is
the true MSD.

practice, microscopy is not feasible for materials with such long
relaxation times due to instrument errors. Moreover, it is
important not to mistake the curvature caused by particle
tracking errors for the rheology of the sample. Another concern
for more compliant materials is the degradation of the particle
tracking statistics due to movement of the particles out of the
focal plane, which truncates trajectories.*®>° Finally, there is the
overall acquisition time of the measurement to consider; as we
discuss in the next section, changes in the material rheology with
time, during a hydrogelation reaction, for instance, necessitate
shorter acquisition times.

3 Applications to hydrogelators
3.1 Rheology of rare and scarce materials

A distinct advantage of microrheology is the small volume
required to make these measurements. Due to this strength, both
passive and active microrheological characterization is widely
used to characterize scarce materials. Microrheology has been
used to measure the rheology of DNA solutions,’*® protein
films**>° and hydrogelators.’®>¢7° Furthermore, measuring the
gelation kinetics of materials being used in therapeutic applica-
tions is advantageous, giving insight into the final material
connectivity and rheology and the time of the gelation reaction,
allowing for the engineering of environments that will mimic
those found in the human body.

3.2 Identification of the sol-gel transition

Passive microrheology can be used to characterize gelation
reactions without interfering in the dynamics and assembly of the
network structure. Both multiple particle tracking micro-
rheology and light scattering have been used on numerous soft
materials that gel, including foods,”*”® hydrogelators,663:67.74.75
protein and colloidal solutions’®" and carbon nanotubes.®?

In biomaterial hydrogelators, passive microrheology easily
identifies the gel time””*7” during the gelation reaction or, for
equilibrated gels, the gel compositions,®® which will be

discussed further in the next section. We recently demonstrated
that microrheology is capable of providing the same detailed
information of gelation reactions as macrorheology, including
the gel time and critical exponents of the percolation transition.®®

An example of microrheology data collected during a gelation
reaction is shown in Fig. 4a for a peptide hydrogelator. Imme-
diately after the initiation of the gelation reaction, the probe
particles exhibit diffusion in a viscous medium, for which the
MSD increases as the lag time, (Ar*(t)) ~ 7. As the reaction
proceeds, the magnitude of the displacement decreases and is
accompanied by an onset of subdiffusive dynamics at early lag
times. With time, the subdiffusive dynamics grow to encompass
longer and longer lag times. Finally, an elastic plateau, where
(Ar*(7)) is independent of lag time, indicates the formation of an
elastic solid.®**%7%77 Of particular interest during the gelation
reaction is the transition from a viscous liquid to a gel; the
sensitivity of passive microrheology can detect this transition
without disturbing the delicate incipient gel structure. Time-cure
superposition, the superposition of viscoelastic functions at
different extents of reaction, is used to characterize this
transition.

Time-cure superposition analysis was first applied to
measurements of tracer movement in a gelling sample by Larsen
and Furst.®® The MSD curves for the pre- and postgel are shifted
to form master curves using shift factors, a the abscissa or time
shift factor and b the ordinate or mean-squared displacement
shift factor. The shift factor a accounts for changes in the
material’s longest relaxation time during gelation, 7, by a ~ 77!,
which is then related to the critical extent of reaction a ~ (|p — p.|/
p.). Here, y is the critical scaling exponent of the longest relax-
ation time and p. is the critical extent of reaction. Similarly, b is
related to the critical scaling of the steady state creep compliance
by b ~ 1/J2 ~ (Ip — pd/p.)’, where, again, z is a critical scaling
exponent. Fig. 4 shows an example of this analysis: the mean-
squared displacement of the gelling peptide hydrogel is measured
using multiple particle tracking microrheology. Fig. 4a is the
measured mean-squared displacement and Fig. 4b is the shifted
mean-squared displacement curves, which create pre- and postgel
master curves.

The critical relaxation exponent is the ratio of the dynamic
scaling exponents, y and z, n = z/y. The work done by Corrigan
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Fig. 4 Time-cure superposition of a 20-residue peptide hydrogel,
MAX-1, consisting of an alternating sequence of valine and lysine resi-
dues flanking a central tetrapeptide sequence with a high @ -turn
propensity (a) measured mean-squared using multiple particle tracking
microrheology (b) shifted mean-squared displacement into pre- and
postgel master curves. Reprinted with permission from T. H. Larsen and
E. M. Furst, Phys. Rev. Lett., 2008, 100, 146001.
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and Donald using a $-lactogloculin protein gel and the original
investigation by Larsen and Furst of a §-sheet peptide gel both
exhibit a value of n = 0.6 characteristic of Rouse dynamics of
fractal polymers.®*6+763% Chemically cross-linked poly(ethylene
glycol)-high molecular weight heparin (PEG-HMWH) hydrogels
exhibit a critical relaxation value of n = 0.5 indicative of a mean-
field percolation reaction.®® These critical values, p. and n, are
material properties that are not composition dependent, and
therefore enable the engineering of the material with
precise knowledge of the gelation kinetics.®® Once n is known
for a particular substance, it can be used to screen a composi-
tion space for hydrogel formation, as we discuss in the next
section.

3.3 High-throughput screening

Microrheology not only permits the characterization of scarce
and rare materials, but it also enables researchers to screen the
material rheology over a large parameter space, including
composition,®>6-8487 changes in environmental stimuli®®*° and
even with respect to variations in thermodynamic control vari-
ables, such as pressure and temperature.’’? Active micro-
rheology has been used to screen the mechanical properties of
cells®*** and tissues that mimic blood vessels.*® In the latter case,
microrheology techniques enable the measurement of a pop-
ulation of cells experiencing the same deformation, providing
statistical significance to the measurements. This is possible due
to the small volume of material required for each measurement,
but also because of the short data acquisition times.

High-throughput screening using microrheology was first
proposed by Breedveld and Pine.*® Their work used passive
microrheological techniques, including both diffusing wave
spectroscopy (light scattering) and multiple particle tracking.
Block copolypeptide libraries were screened to create a rheolog-
ical water/salt/surfactant phase diagram.®* The experiment
employed a multi-well plate in a computer controlled stage,
which was automated to move from sample to sample as data
was acquired. The data analysis was also automated, resulting in
experiments that required little human interaction.®® More recent
high-throughput microrheology experiments have focused on
integrating microrheology and microfluidic devices, which will be
discussed further in the next section.®-9%%*

Consider the recent example of microrheology measurements
to screen the rheology of covalently cross-linked poly(ethylene
glycol)-high molecular weight heparin (PEG-HMWH) hydro-
gels. The goal is to identify the gel compositions in a four-
dimensional composition space consisting of the PEG cross-
linker molecular weight, the number of cross-linkable sites on
each backbone HMWH molecule, the total polymer weight
percent of the hydrogel and molar ratio of the HMWH and PEG.

Each hydrogel sample is prepared and equilibrated in parallel.
Fig. 5 is the resulting gelation state diagram for hydrogels made
with PEG with a number average M, = 5000. Each subplot
shows a different heparin backbone functionality, ranging from
3.9 to 11.8 cross-linkable maleimide sites per heparin. Each
square represents one sample point. The color of each data point
corresponds to the logarithmic slope of the mean-squared
displacement, o = d log(Ar*(z))/d logz. For equilibrated hydro-
gels, knowledge of the critical relaxation exponent enables

logarithmic

Poly(ethylene glycol) (wt%)

0 1 2 3 4 0 1 2 3 4
High molecular weight heparin (wt%)

Fig. 5 Gelation state diagram for a PEG (M,, 5 000)-HMWH hydrogel.
The logarithmic slope of the MSD is o = d log(Ar?(t))/d logr. Reprinted
with permission from K. M. Schultz, A. D. Baldwin, K. L. Kiick and E.
M. Furst, Macromolecules, 2009, 42, 5310-5316. Copyright 2009 Amer-
ican Chemical Society.

samples to be differentiated into gels (« < ) and sols (« > n), thus
identifying the material compositions that form gels.

The black lines in Fig. 5 represent the lower and upper gelation
limits. The lower gelation limit describes the situation when one
PEG cross-linker is attached to each HMWH backbone, npgg =
hepfhep/(frep — 1) Where npgg and npep, are the moles of PEG and
HMWH, respectively, and fip is the functionality of the heparin
backbone. The upper gelation limit describes the condition when
there is one cross-linkable site is available for cross-linking on
each backbone, npeG = (fhep — 1)thep-*>*****® The upper and
lower limits not only define the overall composition space for
gelation, but it leads to potential new engineering opportunities,
such as forming sub-percolated networks that can be cross-
linked by additional physical mechanisms, such as protein-
heparin interactions.'®

3.4 Making microrheology samples with microfluidics

Small sample generation and processing using microfluidics is
a natural combination to further advance the throughput of
microrheology experiments. Although still in its relatively early
stages of development, there are notable examples in the recent
literature that hint at its potential across several disciplines.
Krayer et al. have created a multi-functional lab on a chip which
sorts and manipulates cells to measure their frequency-dependent
viscoelastic response® and Nordstrom ez al. report bulk rheology
measurements in microfluidic channels on hydrogel particles.*®
Sato and Breedveld developed a dialysis device that rapidly
changes solvent compositions in polymer and protein solutions
for measurements taken using multiple particle tracking.®
Temperature gradients can also be studied by injecting a complex
fluid in a microfluidic channel and measuring the subsequent
particle motion.*> Recently, our work has focused on developing
a characterization technique, w?rheology, that forms droplet
samples in a microfluidic device and uses multiple particle
tracking microrheology to measure the rheology.!*%1!
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Fig. 6 Experimental setup and results of u? rheology. (a) An image of
a microfluidics device that generates aqueous sample droplets in a silicone
oil continuous phase. The gradient in sample composition is demon-
strated using water with food coloring. (b) Linear pumping program used
to make sample concentration gradient with Q 4 and Qp representing the
volumetric flow rates of the material being measured (changing the
relative concentration of these compounds) and Q is the volumetric flow
rate of the continuous phase. (¢) u?> Rheology measurements of glycerine
viscosity. (d) Gelation state diagram of PEG (M,, 5000): HMWH (f =
7.7). The logarithmic slope of the MSD is a = d log(Ar*(t))/d logz. (a)—(c)
Adapted from K. M. Schultz and E. M. Furst, Lab Chip, 2011, 11, 3802—
3809. (d) Reprinted with permission from K. M. Schultz, A. V. Bayles, A.
D. Baldwin, K. L. Kiick and E. M. Furst, Biomacromolecules, 2011, 12,
4178-4182. Copyright 2011 American Chemical Society.

w? Rheology chips use a T-junction to form sample droplets in
an immiscible, continuous phase. An image of a microfluidic
device is shown in Fig. 6a. The sample droplets are typically
2-5 pL and span the channel cross-section. A large range of
compositions can be spanned by generating a linear gradient
using pumping programs, illustrated in Fig. 6b. Alternating the
flow rates of two inlet streams creates 50-100 droplet samples,
each with a unique composition, that are then characterized in
a quiescent (non-flowing) state after sealing the device. Initial
studies have focused on validating this approach to high-
throughput microrheology by measuring the viscosity of glyc-
erine (Fig. 6¢) and polymer solutions.!® An example of the utility
of u? rheology for hydrogel characterization is the gelation state
diagram for a PEG-HMWH hydrogel, shown in Fig. 6d. In this
state diagram, the black lines represent the upper and lower
gelation  limits  calculated using  Flory-Stockmayer
theory.?¢-%%101.102 Good agreement can again be seen with these
boundaries along with a dramatic increase in the sample
composition resolution, particularly along the percolation
boundaries.

4 Conclusions and outlook

Microrheology is emerging as an indispensable characterization
tool, especially for scarce materials. Small sample requirements
make microrheology ideal for screening hydrogelators, especially
across complex, multi-dimensional composition spaces.

Passive microrheological measurements are limited to soft
materials. Despite these constraints, important hydrogel

characterization experiments can be performed using micro-
rheology. Time-cure superposition has been shown to be appli-
cable to mean-squared displacement data obtained from multiple
particle tracking microrheology. This enables an accurate
determination of the critical extent of reaction (gel point), critical
exponents such as the relaxation exponent, and leads naturally to
the use of high throughput screening to identify the gelation
composition state space.

There is plenty of room for further development. In active
microrheology, experiments have studied the non-linear micro-
rheological response, which is beyond the characterization limits
of passive microrheology.'**'** Non-linear microrheology per-
formed over a large composition space could lead to new
methods of “rheological fingerprinting”.’®® In passive micro-
rheological techniques the extension of the sol-gel transition
investigations could be applied to a degrading material. Prelim-
inary experiments in our laboratory have shown great promise
for using time-cure superposition to characterize the degradation
of hydrogels and understand degradation reaction mechanisms
and the underlying microstructure that evolves.'®® Finally,
microrheology will greatly benefit from further development of
microfluidic devices. Many sophisticated sample generation and
manipulation methods have yet to be adapted for
microrheology.!*7-112

Microrheology has many more applications than those dis-
cussed in this brief review, and as more materials are developed,
for therapeutic, food or industrial applications, there will be
a need to improve on existing characterization techniques. This is
where the versatility of microrheology will further serve the
materials characterization and development.
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