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ABSTRACT: We characterize the porosity of hydrogels by imaging the displacement trajectories of embedded tracer
particles. This offers the possibility of characterizing the size and projected shape of individual pores as well as direct, real-
space maps of heterogeneous porosity and its distribution. The scheme shows that when fluorescent spherical particles
treated to avoid specific adsorption are loaded into the gel, their displacement trajectories from Brownian motion report
on the size and projected shape in which the pore resides, convoluted by the particle size. Of special interest is how pores
and their distribution respond to stimuli. These ideas are validated in agarose gels loaded with latex particles stabilized by
adsorbed bovine serum albumin. Gels heated from room temperature produced an increasingly more monodisperse pore
size distribution because increasing temperature preferentially enlarges smaller pores, but this was irreversible upon
cooling, and shearing agarose gels beyond the yield point destroyed larger pores preferably. The method is considered to
be generalizable beyond the agarose system presented here as proof of concept.
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hen a porous microstructure changes with time and
Wis massively heterogeneous, the standard methods to

characterize porous gels have limited effectiveness."
For example, adsorption,” light/X-ray/neutron scattering,*
fluorescence recovery,’ and NMR® can discriminate neither
real-space nor single-pore information, while microscopy is
usually post-mortem and cannot follow pores whose sizes or
shapes evolve in real time.”” Our particular interest is porosity
in hydrogels, but the generic limitation holds back progress in
numerous applications, for example, transport and separation of
small molecules, controlled release, cell culture, and tissue
engineering.lo_14 Below, we argue the advantage of combining
two communities that have evolved independently and with too
little cross-talk:">'® the scientific communities of those
interested in porosity characterization' ™’ and those interested
in particle tracking.

The huge community that focuses on tracking particle
trajectories in real-time and real-space usually by optical
microscopy' ”'® and more recently by electron microscopy'’
has developed a number of applications including micro-
rtheology, where particles embedded in complex fluids are
tracked to infer the local or overall viscoelastic properties.”””!
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Microrheology has been further extended to study hetero-
geneity,”” sol—gel transition,” stimuli responses,”* efc. Inspired
by this, here we describe methods to characterize porosity in
real space and real time by incorporating trace particles into
porous systems and tracking their trajectories. The needed
expertise in particle tracking is widely available even for those
without experitse in this specific subject,25’26 therefore
presenting a low barrier to implement these ideas.

As outlined schematically in Figure 1, the conceptual idea is
to embed tiny tracer particles within the hydrogel such that the
diffusion space that they explore maps the spatial makeup of the
hydrogel pores. The hydrogel system selected for specific study
consists of agarose fibers that, when cooled well below their
clearing temperature of ~90 °C, form a 3-dimensional,
physically cross-linked framework with disordered, intercon-
necting pores swollen by water (Figure 1a). Into the sol (pregel
solution), a trace amount of fluorescent probe particles is mixed
so that upon gelation the particles segregate into pores of the
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Figure 1. Key idea of this experiment. (a) Spherical probe particles (blue spheres) are embedded in a hydrogel porous network (gray
sausages), and the spaces they explore are tracked as the particles diffuse by Brownian motion. (b) In this schematic 2D (2-dimensional)
projection, 2D probe disks representing spherical probe particles (blue) diffuse by Brownian motion between randomly positioned, irregularly
shaped spatial obstacles that represent gel porosity (white objects). Arrows denote schematically the time dependence of probe diffusion from
one spatial spot to others. (c) In the projected two dimensions represented in this figure, the spatial areas traversed by Brownian motion of
the probe particles (blue areas) and their contours in 2D space convoluted by particle radius (light blue areas) are followed schematically in

real-space as time elapses.

resulting gel (Figure la). These particles were previously
coated by BSA (bovine serum albumin), a strategy known to
minimize specific adsorption."> The samples are mounted on a
fluorescence microscope (the objective in Figure 1a), allowing
particle trajectories to be recorded in the imaging plane. For the
setup in which these ideas were tested as described below, the
spatzi_/:'il resolution was ~10 nm and the time resolution was 10
ms.

RESULTS AND DISCUSSION

Pore Size Distribution. Agarose hydrogel, which has
widespread technological applications,”**” was selected as the
test system in which to evaluate usefulness of this method. At
high temperature, it is known that agarose dissolves in water,
but upon cooling below this melting temperature, individual
molecules assemble into helices to give supercoiled bundles and
fibers, which further aggregate into 3D gel structures with
channels and pores. To embed tracers into the gel, we mixed
particles of appropriate surface chemistry and sizes (see detailed
discussion in the following subsections) with agarose solution
at high temperature and then quenched the mixture to room
temperature. As the porous structure formed, these particles
became caged within pores.

Typical trajectories of 500 nm radius particles in 0.25 wt %
agarose gel are shown in Figure 2a. Within a few seconds of
Brownian motion, the particles moved around the pores that
they inhabited but remained within them. Since these particle
trajectories were strictly restricted to well-defined pores, as in
the scheme depicted in Figure lc, the pore size is defined here

205

as the sum of trajectory radius and particle radius, in which the
former is the average distance from each point to the trajectory
mass center. Experiments in this real hydrogel system showed
that whereas the measurements within a given pore were highly
repeatable, the pores themselves were polydisperse, from 0.5 to
1.5 um in radius, with irregular shape.

Data of this kind gave the pore size distributions summarized
in Figure 2b for the agarose concentrations 0.25, 0.50, and 0.75
wt %. With increasing agarose concentration, the peak pore size
decreased (520 and 250 nm for 0.50 and 0.75 wt %,
respectively) and the pore size distribution narrowed
(power—law-like distribution for 0.25 wt %, Gaussian-like
distribution for 0.50 and 0.75 wt %, with widths 200 and 80 nm,
respectively). These trends, consistent with previous NMR and
turbidity measurements by others,”® *> confirm that this
particle-tracking-based method can reliably characterize agarose
gel structure.

In the Supporting Information, Figure S2 presents detailed
comparison to pore sizes in agarose gel inferred previously from
other methods: AFM,* electrophoresis,34 FCS,*> FRAP,*
NMR,” and turbidity.’** All of these literature data sets
follow a trend qualitatively consistent with the power—law
decay that we also find, but the exact values vary systematically
from one method to another. Our data are quantitatively
consistent with findings from NMR™ and turbidity”"** and fall
in the middle ground between findings from the other methods.
We consider that differences between these literature findings
might stem in part from some systematic difference inherent to
those methods but might also be influenced by the fact that the
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Figure 2. Pore size distribution probed by particle tracking. (a)
Typical time-lapse trajectories of BSA-coated 500 nm radius latex
particles in 0.25 wt % agarose gel. To compare trajectories,
trajectory radius indicated in this panel is defined as the average
distance from each point to the trajectory mass center. The
trajectories are color-coded according to time as specified on the
right. (b) Pore size distribution for various agarose concentrations
obtained from about 500 trajectories of probe particles in each
instance. The blue, green, and red points denote 0.25, 0.50, and
0.75 wt % gel, as probed by 500, 250, and 100 nm radius particles,
respectively.

pore size of agarose gels is known to depend on the cooling
history, which varied among these studies.

Testing Limits of the Method. To select a particle surface
chemistry that would prevent specific binding to the agarose
fibers, we tested four options: latex particles that were
chemically modified with carboxyl, amine, and sulfate groups
and carboxyl-modified particles to which BSA was allowed to
adsorb. The first three displayed a strong tendency to
permanently bind to the gel network, probably interacting
with the —OH groups of agarose, but the last did not, showing
the BSA-impeded adsorption (Figure S1).

We now turn to weak but long-range interactions such as
electrostatic repulsion between the particles and the gel
framework, which in principle might slow particle diffusion
and prevent them from fully exploring the pores. Consider
hypothetical probe particles with sizes much smaller than the
pore size and with surface chemistry totally inert to the pore
framework. One would expect such particles to diffuse freely at
short times as if suspended only in solvent, but if the particle
surface chemistry caused them to interact with the pore,
diffusion would be slowed. Following this consideration, we
embedded 50 nm radius BSA-coated particles into 0.25 wt %
agarose gels. As shown in Figure 3a, the trajectories were quite
extended, suggesting that the particles were small enough to
explore from pore to pore. In Figure 3b, the corresponding
mean square displacement, MSD, is plotted against time, . The
MSD curve agrees at early times with expectation for free-
diffusion for the first few points (the black line), but then
deviates from it, indicating unhindered and hindered diffusion
at short and long times, respectively. By fitting the first few
points to MSD = 4Dt, where D is the diffusivity, we obtain D =
3.1 um?/s, which is close to the value in pure water (4 ym?>/s).
Therefore, we conclude that long-ranged interactions between
the BSA-coated particles and the agarose gel framework were
minimal.

It is reasonable to inquire whether the presence of particles
themselves modified the structure of these gels as they formed.
From the following points of view, it is unlikely to be a major
influence. First, the probe particle concentration was low,
~0.002 wt % particles to water (see the Methods). Second, the
BSA-coated particles were, as shown above, inert with respect
to the agarose network environment. Third, pore size
distributions measured in this work are quantitatively
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Figure 3. Diffusion of 50 nm radius particles in 0.25 wt % agarose gel. (a) Representative map of trajectories, i.e., spatial position drawn as a
function of elapsed time with colors that denote different trajectories. (b) Mean square displacement (MSD) plotted against time with the

black line indicating free diffusion and slope unity.
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comparable to literature results measured by NMR™ and
turbidity.’** No direct evidence about this is available at this
time, however.

Convolution with Probe Particle Size. Physically, it is
clear that the displacement trajectories of tracer particles much
smaller than individual pores cannot reveal the true sizes of
individual pores, whereas larger particles can be trapped within
individual pores without the chance of escape by Brownian
motion. The size between pores determines the demarcation
between these extremes. This notion, analogous to mesh size in
polymer solutions, will likely be polydisperse in a random gel
network. Probe particles smaller than the smallest pore opening
can move from pore to pore, exploring the entire space (Figure
4a), but it is different for larger probe particles (Figure 4b).
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Figure 4. Effect of particle size on the measured pore size. (a—d)
Probe disks (blue) move between hindering elements (white) with
different probe sizes. The light blue areas mark the pore areas
mapped out by this Brownian diffusion. (e) Pore size distribution
inferred from 100 and 250 nm radius particles (red and green
curves, respectively) in 0.5 wt % agarose gel.

Probes of intermediate size can explore a finite, nearby space,
resulting in caged trajectories (Figure 4c,d). It is noteworthy
that very small probe particles stand a chance of passing
through multiple pore openings, which if not recognized in an
experiment, would lead to inferring pore sizes larger than the
actual ones (Figure 4c,d, right-most probe).

This anticipated scenario is confirmed by our measurements
in 0.5 wt % agarose gel with 50, 100, 250, and 500 nm radius
particles. The 50 nm particles are so small that most of them
diffuse freely similar to the case shown in Figure 4, whereas the
500 nm particles are so large that most of them are nonmotile,
so neither can be used to measure reliably the pore size
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distribution. The 100 and 250 nm radius particles of
intermediate size report pore size distributions that are
convoluted with particle radius (Figure 4e). Therefore, the
pore size we infer is probe size dependent to some extent. For
agarose gels studied here, we tested particles with different radii
(from SO to SO0 nm) in different agarose concentrations and
found that 250/500, 100/250, and 100 nm particles are
appropriate for 0.25, 0.5, and 0.75 wt % agarose, respectively.
Taken together, these considerations validate this method for
gels in the stationary state before stimuli are applied to them.

Temperature Dependence. To test the capability of this
method to capture stimulus response, we considered the
temperature dependence of agarose hydrogel, which has been
studied many times on the ensemble-averaged, macroscopic
level.”” Specifically, we selected 0.25 wt % agarose gel in a
temperature range of 25—70 °C, which is below the known
fully dissolving temperature ~90 °C. As shown in Figure Sa, the
average pore size increased and its distribution narrowed during
heating: the pores tended to become larger and more
monodisperse. Enlarged pore size is expected from partial
dissolution of agarose fibers. Narrowed distribution of pore size
is rationalized by considering that the pore size distribution at
the starting temperature of 25 °C was largely fixed by the
original quenching kinetics and hence “overly” polydisperse,
but that higher temperature favored a distribution closer to
being thermodynamically determined and more monodisperse.
Cooling from high temperature (Figure Sb) left the pore size
distribution essentially unchanged. This large hysteresis agrees
qualitatively with macroscopic measurements.””*® Tt is
interesting and potentially useful to learn, from these real-
space experiments, that heating/cooling cycles can narrow the
pore size distribution.

An advantage of this particle tracking method is that it allows
one to map how individual pores evolve with temperature.
Hlustrative examples are given in Figure Sc, where the
trajectories for particles 1—3 are plotted at different temper-
atures during a single heating/cooling cycle. During heating,
particle 1 experiences a gradual enlargement of the pore in
which it sits. For particle 2, its pore remains unchanged up to
60 °C and then suddenly enlarges at 65 °C. The pore of particle
3 shows no detectable change throughout the entire heating
range. These three particles are representative of three kinds of
pore behavior in response to heating: gradual enlargement,
sudden burst, and no change. On the other hand, cooling had
little effect on measurement of individual particles or on the
inferred pore size distribution data (Figure Sb).

Despite temperature dependence of the shapes and sizes of
individual pores quantified by this method, centers of individual
pores identified from particle trajectories varied little, but we
did observe infrequent events where the whole trajectory of a
particle drifted to a new position during heating (Figure 6a).
From 60 to 70 °C, the trajectories of particles i and k hold the
same position, whereas the trajectory of particle j moved to the
upper right about 500 nm. These events suggest two possible
underlying pore rearrangement mechanisms (Figure 6b,c). In
Figure 6b, the hindering elements surrounding the moving
particle are susceptible to heating (labeled by pink), and move
more or less together to the right upon heating. As a result, the
particle resides in the “old” pore but with a new position, but in
Figure 6c, only one hindering element to the right of the
particle responds to heating (labeled by pink) by dissolving
partially to allow the probe particle to pass through it. However,
in this example the pore happened to reform by recondensation
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Figure S. Response of pore-size distribution to temperature changes. (a) Pore size distributions of 0.25 wt % agarose gel upon heating with
blue, teal, green, and red points corresponding to measurements at 25, 40, 55, and 70 °C, respectively, beginning at 25 °C. (b) Pore size
distributions of 0.25 wt % agarose gel during cooling from 70 °C with red, green, and blue points corresponding to 70, 50, and 25 °C,
respectively. (c) Typical pore behavior during a single heating/cooling cycle with rows corresponding to the identity of three representative

particles and columns identifying temperature.

hence preventing the particle from returning, causing the
particle to inhabit a “new” pore with a new position. The
former mechanism is less likely as it requires a large-scale,
collective structural rearrangement.

How Gel Microstructure Responds to Shear Deforma-
tion. For many technological applications, an essential
mechanical property of gels is yield: beyond a certain stress
or strain, the modulus drops dramatically.” In order to explore
the accompanying microscopic structural changes, we devel-
oped a shear stage compatible with inverted microscopes (see
the Methods for details) to track structural changes during
shear by direct, in situ measurements following the same
principle outlined above. Agarose gel of concentration 0.25 wt
% was again selected for study, with findings summarized in
Figure 7. For strains less than the yield point of 10% strain, the
pore size distribution was essentially unchanged (Figure 7a),
indicating that the gel structure remained intact, but larger
strain caused a drastic change: a fraction of the particles were
released from confining pores and subsequently underwent free
Brownian motion or even some sort of “drifting-like” global
flow (Figure 7b, the majority of the trajectories are
unbounded), while the other fraction of the particles remained
confined (Figure 7b, trajectories inside the dashed circle).
Observations throughout the gel sample revealed that the
released particles were usually spotted in large domains up to
100 um in their 2D projection and that these domains were
discontinuously distributed across the gel volume. We cannot
define or measure “pore sizes” for the unbounded particles, but
we can still do so for the bounded ones (Figure 7a, green and
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red curves). Quantification showed that the pore size
distribution became less polydisperse. Its peak shifted toward
smaller pores, and the pore size distribution became insensitive
to strain after the sample was deformed beyond yield point.

To rationalize tentatively this observed strain-induced
behavior, we postulate that the deformation beyond yield
point changed the interconnectivity of gel pores. In the random
fiber network arrangement sketched schematically in Figure 7c,
the pore size is polydisperse and the fiber density is distributed
nonuniformly. The pores in the top half are relatively large with
low local fiber density, giving a relatively small mechanical
strength whereas the pores in the bottom half are smaller.
Although all the pores can withstand a small strain regardless of
their size (Figure 7d), a large strain causes the large, weak pores
to selectively rupture, releasing probes and appearing as
“fractured” domains (Figure 7e). Since measurements of pore
size distribution include data for intact pores only, it is
understandable that the remnant pores are characterized by a
narrower pore size distribution with a smaller peak, as we
observed (Figure 7a).

CONCLUSION AND PERSPECTIVE

This paper has characterized the microstructure of agarose gel
both on ensemble-averaged and single-pore levels by using
fluorescence imaging to track the displacement trajectories of
probe particles. We further extended this method to follow the
gel’s microstructural changes in response to environmental
triggers of temperature and shear deformation. In comparison
to traditional methods of pore size characterization in
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Figure 6. Pore rearrangements during heating. (a) Trajectories of three representative particles at 60 and 70 °C, in which particles i and k are
held in position but particle j drifts to the upper right. Two possible mechanisms of pore rearrangement may account for this drift: (b) the
large-scale, collective movement of hindering elements surrounding the particle and (c) the dissolving/recondensation of a “gate” hindering
element. The heat-susceptible hindering elements are highlighted in pink.

hydrogels, the current method conveniently measures local/
single-pore response, providing a detailed, microscopic
perspective. It is envisioned that this method can be readily
applied not only to the agarose system studied here but also to
other recently developed “smart” gels that respond to a wide
range of environmental triggers'*~"” to reveal the underlying
structural responses.

We conclude with a frank evaluation of the experimental
difficulties for those who might consider implementing this
strategy to characterize pore size distribution in other
experimental systems. One must carefully consider not only
the probe particle’s surface chemistry but also its size before
attempting to employ this method in an unknown system. The
probe surface chemistry must be inert to the gel framework so
that the probe particle can effectively explore all of the porous
space without modifying the gel structure, and its geometrical
size must be moderately smaller than the pore size. For gel
structures and the micron-sized pores considered in this study,
one can use probes whose size is in the range of 100—1000 nm.
For gel structures with nanometer-sized pores such as
polyacrylamide gels, it would be necessary to switch to probes
of smaller size, for example quantum dots or even probes
composed of molecular dyes (~1 nm in dimension).

Although this paper emphasizes the promise of this method
to characterize gel response to environmental triggers such as
sudden switch of temperature and shear deformation, an
additional challenge for those seeking to implement this
method is that the needed temperature cell and shear stage
demand home-built modification of what is available
commercially for implementation on an optical microscope.
The needed modifications to enable these measurements,
however, are relatively simple.

209

METHODS

Materials. Agarose was purchased from Fisher (Pittsburgh, PA)
(molecular biology grade, low electroendosmosis, gelation temperature
34.5—37.5 °C). Latex particles (radius: S0, 100, 250, and SO0 nm,
polydispersity 3—5%) dyed with Nile Red were purchased from
Invitrogen (Carlsbad, CA). Bovine serum albumin (BSA) solution (30
wt % in saline) was purchased from Sigma-Aldrich (St. Louis, MO).
BSA-coated particles were prepared by incubating untreated particles
in 1 wt % BSA solution for 1 h to allow BSA to adsorb, followed by
three centrifuging/washing cycles. A desired amount of solid agarose
was weighted into a glass vial with deionized water. The mixture was
heated to 90 °C to fully dissolve agarose, to which a trace amount of
BSA-coated particles (~0.002 wt % particle/water) was added.
Considering the known fact that BSA is ultimately stable after
exposure at long time up to only 70 °C,* we immediately quenched
the solution to 70 °C to minimize BSA denaturation. Then the
solution was cooled to 25 °C at a rate of 10 °C/min.

Imaging and Tracking. Observations were made using an
epifluorescence microscope (Zeiss Observer Z1) with an EMCCD
camera (Andor iXon). We visualized the diffusion of probe particles
using a 100X oil objective focused deeply into the sample (>20 um) to
avoid potential wall effects. Video images were collected typically at
10—100 fps for 200 s and then analyzed. The particle tracking codes
we used are standard in the colloid field (http://site.physics.
georgetown.edu/matlab/) with refinements described in previous
publications from this research group.”*”” In each trajectory, the
center of each particle was located in each time frame with 10 nm
precision.

Temperature Control To Explore Response to Environ-
mental Temperature Trigger. The temperature of the chamber
stage was controlled with 0.1 °C precision using a controller purchased
from Instec (TSA02i Inverted Microscope Thermal Stage) and home-
machined to fit securely onto the epifluorescence microscope.

Shear Stage To Explore Response to Environmental Shear
Trigger. The layout of the shear stage is shown in Figure 8. Designed
to be compact (dimensions 18 X 12 X 8 cm) and lightweight, it could
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large strain, for which the top-half network with lower fiber density is damaged and the probe particles therein become unbounded regarding
the space explored by their diffusion, whereas the bottom-half network with higher fiber density remains intact.
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Figure 8. Layout of the home-built shear stage designed for in situ microscopic observation. (a) Photograph of the shear stage (dimensions 18
X 12 X 8 cm). (b) Top and bottom perspectives. The cone-shaped bottom of the stage features a large working area for oil immersion
objectives. (c) Cross section of the stage with various functional parts indicated.

be easily mounted onto the stage of an inverted microscope (see
Figure 8a,b for top and bottom views). The design requirements were
that the unit be free of vibration and that it should allow parallel shear
with constant gap between two solid surfaces with a stable, vibration-
free displacement motor. To implement this, the samples were sheared
between a top glass slide and a bottom coverslip (Figure 8c). The glass
slide and coverslip were attached to the metal frame of the platform by
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soft paper glue, cut to size, and shaped to the needed size before use.
This served not only to fix the glass plates but also, more importantly,
to absorb height fluctuations that adventitious dust particles might
otherwise introduce. The bottom plate, a thin coverslip (no. 1, 0.15
mm thick), was compatible with the short working distance of oil
immersion microscope objectives. The surfaces of the two glass plates
were modified with polyethylene glycol (PEG) to render the surface
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inert and with colloidal particles to increase the roughness of the
surface to discourage wall slip during shear.

Keeping the bottom coverslip immobile and close to the
microscope objective, we sheared the top plate using two translation
piezo stepper motors (Newport, Model AG-LS2S). These piezo
motors were chosen for their wide dynamic range, long stroke length,
high precision, and minimal vibration. The Z-direction piezo motor
was used to set the gap of the shear cell to be 50—200 ym. In this
setup, the X-direction piezo motor can shear the top glass slide with a
strain range between 0.002 and 400 at a steady shear rate up to 5 s~
with a maximum resistance force of 2 N. To minimize solvent
evaporation during the experiments, a channel surrounding the sample
is filled with water, and then a rectangular metal ring is lowered to be
immersed into the water, thus creating an airtight sample cell (Figure
8¢).
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