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ABSTRACT: Diftusion is an essential means of mass transport in porous materials
such as hydrogels, which are appealing in various biomedical applications. Herein, we

investigate the diffusive motion of nanoparticles (NPs) in porous hydrogels to provide .
a microscopic view of confined diffusion. Based on the mean square displacement from
particle tracking experiments, we elucidate the anomalous diffusion dynamics of the
embedded NPs and reveal the heterogeneous pore structures in hydrogels. The results
demonstrate that diffusive NPs can intermittently escape from single pores through #
void connective pathways and exhibit non-Gaussian displacement probability

distribution. We simulate this scenario using the Monte Carlo method and clarify A
the existence of hopping events in porous diftusion. The resultant anomalous diffusion v = (
can be fully depicted by combining the hopping mechanism and the hydrodynamic ¢ fo ®

effect. Our results highlight the hopping behavior through the connective pathways and
establish a hybrid model to predict NP transport in porous environments.

ydrogels are three-dimensional networks composed of
cross-linked polymer chains. Due to their high water
content, hydrogels usually show excellent biocompatibility and
flexibility similar to natural tissues. Hydrogels have been
applied in many biomedical applications such as controlled
drug delivery,' ™ tissue engineering,** cell culture,”” bio-
sensors,”” and wound healing."”"" The porous microstructures
of hydrogels make them good materials for transporting
biomolecules such as protein therapeutics'”'> and growth
factors.'* By tuning their physicochemical properties, hydro-
gels can serve as platforms for the release of therapeutic agents
with spatial and temporal control.**'*7'* One essential
mechanism underlying the aforementioned applications of
hydrogels is related to the hindered mass transport in porous
materials. The highly heterogeneous hydrogel environment
makes the motion of embedded nanoparticles (NPs) difficult
to predict. While similar problems in cancer therapeutics and
water filtration have been studied for many years,"'>*°"*
there is no universal theory that can quantitatively describe
particle transport and flow behavior in porous networks.
There are two major challenges. The first is the accurate
characterization of the heterogeneous spatial structures in
porous networks and the complex pathways for NPs to pass
through.””>*>® The size of the hydrogel pore is theoretically
considered to be the key factor determining the movement of
entrapped NPs, whereas the “pore throat” formed by the
nonuniform hydrogel microstructure largely limits the trans-
port of NPs. Previous theoretical models based on the average
pore size or porosity are too idealized or empirical for practical
application.””***” Atomic force microscopy, nuclear magnetic
resonance spectroscopy, and light/X-ray scattering experiments
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have been performed to detect and describe the porosity.”**’

However, most of these studies provided only the average pore
size and constructed the porosity distribution based on a
presumed random distribution due to the lack of dynamic
information about the transported NPs and the absence of
fluid hydrodynamics.””** The second challenge is to precisely
interpret the anomalous diffusive behavior of NPs within
confined heterogeneous networks. The Péclet number (Pe),
which describes the relative importance of advection versus
diffusion, is smaller than unity for NP transport in hydrogels
(Pe = UL/D ~ 0.1, where U, L, and D are the velocity, length,
and diffusion coefficient, respectively); thus, diffusion plays a
dominant role in NP transport in hydrogels. Anomalous
dynamics have attracted considerable attention in recent
years’ ™ and created challenges in extending theories for
isotropic media to heterogeneous ones.

The diffusive motion of NPs is hindered in porous media,
often resulting in a subdiffusive mean square displacement
(MSD).*”*****> NPs in solid matrices usually diffuse more
slowly than those in the bulk due to hydrodynamic damping.
The porous structure can significantly influence the MSD
behavior: if the NP’s percolating path is blocked, the MSD
should saturate to a constant value in the long-time limit.>**”
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Figure 1. (a) Representative trajectories of NPs in AG hydrogel. NP size d = 500 nm, AG concentration ¢ = 0.36 wt %, and each trajectory lasts
longer than 10 s. This map shows that the inherent porous structure in AG gel is highly heterogeneous. (b) Measured time-averaged MSDs (red
and blue curves) for S00 nm NPs in 0.36 wt % AG gel. The green curve is the ensemble-averaged MSD. Curves displaying horizontal plateaus at
long times are shown in blue, while red indicates the increasing tMSDs at long times. (c) Overlapped trajectories from two 500 nm NPs showing
that NPs hop through pathways connecting adjacent pores. The trajectories are color-coded according to the diffusive speed. The gray areas are
plotted to estimate the void of the pore by expanding one radius of the NP from the overlapped area of the trajectories. Dashed circles are drawn to
show that the pores can be seen as a few spherical pores connected together. (d) Plot showing the choice of t = 2 s as a proper cutoff value for the
long-time plateau position of different tMSDs. (e) Pore size distributions in AG gel for different AG concentrations. The distributions obey the

Rayleigh distribution (solid curves).

The displacement probability distribution (DPD), another
important parameter for NP diffusive dynamics, displays non-
Gaussian characteristics (e.g, a sharper peak and narrower
waist).”*™*° The tailed DPD, which is more sensitive to
heterogeneous spatial structures, is of particular interest for
anomalous diffusion. The shape and variation of the tailed
DPD have been considered as key features of NP anomalous
diffusion in complex media.***""** As a result, quantitatively
characterizing this anomalous diffusion and establishing the
connection between the NP dynamics and the surrounding
heterogeneous structure are critical to facilitate the efficient use
of hydrogels.

In this study, agarose (AG) hydrogels were employed as a
model porous medium, and the diffusion of NPs embedded in
AG hydrogel was measured using the particle tracking
technique. Based on analyses of both the time- and the
ensemble-averaged MSD, we developed a method to character-
ize the nonuniform pore size distribution in hydrogels and
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unveiled the dynamic and statistical features of the embedded
NPs. These diffusive NPs were not completely restricted to
individual pores by the adjacent matrix. Instead, they
intermittently escaped from single pores through connective
channels, manifesting the “hopping” behavior. By clarifying the
key mechanisms, including the occurrence of the hopping
event, the hydrodynamic effect in a pore, and the pore size
distribution, we simulated this scenario using the Monte Carlo
(MC) method and quantitatively described all the exper-
imentally observed features.

The representative time-lapse trajectories of 500 nm NPs in
0.36 wt % AG gel are shown in Figure la. All the trajectories
were tracked for more than 10 s, allowing each NP to
adequately probe its ambient space. As the NPs were caged
within the hydrogel structures, the void space that these NPs
explored outlines the two-dimensional morphology of the
pores. This map of trajectories shows that the inherent porous
structure in the AG gel is highly heterogeneous with various
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irregular pore shapes. In addition, partially immobilized NPs
were observed because they were stuck in the crowded
networks during gel formation. The proportion of these
partially immobilized NPs increased with AG concentration
and NP size.

The heterogeneous porous structure shown in Figure la
resulted in diverse dynamic behavior of the embedded NPs.

Figure 1b shows the time-averaged MSDs [tMSD or r(t)] of
500 NPs versus lag time ¢ in 0.36 wt % AG hydrogels. The
tMSD is mathematically defined as

20 1 Tt 2
0= /0 [t + £) — r(t)T" dty 0
where T is the duration of the sample trajectory (up to SO s in
this experiment). The ensemble-averaged MSD (eMSD or
(r*(t))) is obtained as the statistical mean of all the tMSD data.
The eMSD curve in Figure 1b well characterizes the crossover
from a linear regime at short times (approximately ¢ < 0.0S s)
to a subdiffusive regime at long times (approximately t > 0.1 s).
The slope of unity at short times agrees with the expectation
for free diffusion. The slope decreases as time elapses,
indicating confined diffusion at long times, i.e., t > 500 ms.

In previous studies, only the eMSD results were reported to
describe the diffusive behavior in hydrogels or other porous
media.”*** However, we think that that time-varying tMSDs
can be more informative. As each individual tMSD curve
reflects the impact of the local structure, all the tMSDs with
different slopes can be used to inspect the nonuniformity of the
porous structure. Notably, the tMSDs show a wide range of
slopes (from 0 to 0.9) at long times, in contrast to the rather
uniform slope of unity at short times. This dispersion suggests
that the diffusion of the NPs should be affected by complex
mechanisms, especially at long times. We propose that the
diffusion of the NPs can be explained by the following
mechanisms: (1) the pore confinement effect, (2) the hopping
of the NP through the pore throat, and (3) the hydrodynamic
effect, as discussed more below.

To better understand how pore confinement influences
tMSD, we introduce a theoretical model of the confined
diffusion of a spherical particle in an immobile spherical pore
with a solid wall."”> The MSD of this confined diffusion can be
described as

m =2nD,7(1 — e /7 (2)

where D,, = kzT/37mud is the microscopic diffusivity of the
unconfined NP (u is the viscosity of the fluid); = = R*/SD,, is
the typical residence time of the NP in the pore with radius R;
and n = 1, 2, 3 is the dimensionality of the diffusive process.
The wall of the pore is assumed to be reflecting since wall
adsorption is largely avoided by adding surfactant. In this
simple case of an NP confined in a spherical pore, the tMSD
based on eq 2 manifests three-stage behavior. At short times (¢
< 1), the tMSD curve is linear, indicating a diffusive stage
where the wall effect is negligible. As time increases to t ~ 7,
the tMSD curve becomes subdiffusive due to the wall—particle
interaction. At long times (f > 7), the MSD curve becomes a
horizontal plateau close to 6R*/S. Approximately 44% of the
measured tMSDs (displayed in blue in Figure 1b) can be well
described by eq 2. The blue curve and its fit (dashed curve) in
the inset of Figure 1b demonstrate this good agreement.

One can easily observe that some of the tMSD curves clearly
keep rising at long times (red curves in Figure 1b), which

deviates from the theoretical prediction of ideal confined
diffusion. We speculate that this deviation (ie. the longer
displacement of the NP) is caused by the hopping of the NP
through the pore throat. Figure lc shows the overlapped
trajectories (lasting for 60 s) from some NPs, which clearly
show the NP hopping through the narrow pathway between
adjacent pores. From the trajectories, we can distinguish a pore
from a pathway by the residence time of a NP (the NP’s
residence time is much longer in a pore than in a pathway).
Based on 20 different overlapped trajectories that manifest the
connecting narrow pathways, we estimate the normalized
pathway width to be W/2R = 0.44 + 0.20. More interestingly,
NP hopping is not a rare event. As shown in Figure 1b, the
rising tMSDs (displayed in red) at long times occupy more
than 50% of all the tMSD curves; this not only reflects the
spatial heterogeneity of the pore structure in hydrogels, it also
allows us to evaluate the occurrence of hopping events.

The next question is how to quantitatively describe the pore
size distribution and the hopping probability. The multistage
theoretical MSD can help distinguish dominant mechanisms at
different time scales. In particular, the plateau of the theoretical
MSD approaches 6R*/S at long times, which reflects the
geometric confinement of local pores. By defining the proper
cutoff value for each tMSD as t = 2 s, as marked by the dashed
line in Figure 1d, we can determine the plateau value 6R*/S of
every single tMSD curve and obtain the pore size R. This
selection of the cutoft value is based on the fact that most
tMSDs have just entered the plateau stage at this moment.
Even for those tMSDs that keep rising at long times, the
increases are relatively small beyond ¢ = 2 s; thus, this selection
should avoid the overestimation of pore size R.

The pore size distribution was established by measuring the
pore size over 100 individual tMSD curves. Figure le shows
the pore size distributions in AG gel at different AG
concentrations. The pore size distribution is rather broad, in
agreement with a recent experiment.** We notice that the
diftusion of NPs that are located in large connecting pores has
an important contribution on the increase of the eMSD at long
times. The pore size distribution in our experiment obeys the
Rayleigh distribution rather than the Gaussian distribution,”***
as shown by the fit curve in Figure le. This can be explained by
modeling the pores of the hydrogel system as spaces in a
random network of straight fibers.”® The probability density
function of the Rayleigh distribution is described by

2
p(R) = % exp( _zR_cZ>’ where the parameter C also indicates

the most probable pore radius R, (i.e, R, = C). Table 1 lists
the most probable pore radius R, and the mean pore radius R,,.
We also compare our pore size data with previous experimental
results (see Figure SI in the Supporting Information), and we
find that the most probable pore radius R, is consistent very
well with previous results obtained by fluorescence recovery
after photobleaching (FRAP) and AFM. Y Although our data
are slightly larger than the microscopy results** in Figure S1b,
the variation tendencies are quite similar. Both R, and R,
decrease with increasing AG concentration, suggesting a power
law dependence of R, or R,, on the AG concentration c. We fit
the data by R, ~ ¢ with y ~ 0.9, which is close to the value
predicted by De Gennes for a network of flexible chains
(0.75).*® The Rayleigh distribution exhibits a heavier tail on
the side of the larger radius compared to the side of the smaller
radius. Note that modeling the pore size using a Gaussian
distribution cannot depict this asymmetric distribution.

https://doi.org/10.1021/acs.jpclett.2c02733
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Table 1. Pore Size Distribution and Probability of NPs
Being Trapped in a Pore

Most Probability of ~ Probability of
probable Mean being trapped  being trapped
radius R,  radius R, EXPS MC§

d = 500 nm, 1020 nm 1318 nm 27% 33.5%
¢ =0.25%

d = 500 nm, 758 nm 877 nm 44% 50.6%
c = 0.36%

d = 500 nm, 485 nm 589 nm 73% 78.3%
¢ = 0.50%

d = 500 nm, 262 nm 306 nm 100% 99.7%
c=1.0%

d = 200 nm, 262 nm 306 nm 47% 48.2%
c=1.0%

d = 100 nm, 262 nm 306 nm 0% 1.4%
c=1.0%

Knowing the pore size distribution, we developed a
numerical approach based on the MC method to describe
the diffusive dynamics of NPs in hydrogels. We used the time

step At = 1 ms to generate NP movements L = ,/2nDAt.

One key issue here is the hydrodynamic correction of the drag
coeflicient of the diftusivity D, due to the wall effect. Based on
Brenner’s theory about the drag force of a particle moving
toward a wall,”° the diffusivity in the simulation can be
expressed as D, = kg T/3zudé, where & = (6h* + 9Rh + 2R?)/
(6h* + 2Rh) is the correction factor and & is the distance from
the NP’s center to the wall. This theoretical model has been
verified in our previous experiments on NP diffusion near a
solid wall.”" Tt is necessary to indicate that there is another
hydrodynamic model,”* which solves the NP’s mobility by
assuming that a spherical particle of radius R moves in a fluid-
filled spherical pore. However, in our experiments we found
that this model largely overestimates the hydrodynamic drag
force in the pore, because the fluid flow through the hydrogel
networks is not taken into account. Our treatment using
Brenner’s theory is in line with Ogston’s model,*>**** in which
the network is considered to be formed by long straight fibers.
When the hydrogel concentration is not high and the NP’s size
is relatively small, Brenner’s theory might be a more
appropriate approximation.””*" Note that the time step should
be short enough to match the time interval between two
successive frames of the experimental video. The detailed
description of the MC simulation is provided in the Supporting
Information.

Figure 2 compares the simulated (MC) and experimental
MSD curves for 500 nm NPs in 0.36 wt % AG gel. Our MC

simulation reproduces the experimental features of both the
tMSDs and the eMSDs by considering the hopping events and
wall hydrodynamic effects Figure 2a. We first assumed a
reflecting wall for all the pores in the MC simulation. Despite
the similar behavior of the tMSD curves at short times, all the
tMSD curves of the MC simulations do not rise; rather, they
maintain a horizontal plateau at long times, which is distinct
from the experimental results in Figure 2b. The deviation
becomes clearer if one examines the gap between the MC and
the experimental eMSD curves at long times in Figure 2b. This
deviation can only be explained by the hopping of some NPs
from the original pore through the pathway to another pore, as
shown in Figure 1lc.

To demonstrate this phenomenon, we introduced a hopping
probability p;, in the MC simulation. Each time an NP reached
the wall of the pore, the MC program randomly generated a
value p (0 < p < 1). If p < p,, the NP hopped to an adjacent
pore; otherwise, it rebounded from the wall. By setting an
average value p;, = 0.007 for the case of 500 nm NPs in 0.36 wt
% AG gel, we reproduce tMSDs similar to the experimental
values in Figure 2a. The eMSD obtained by MC simulation
also overlaps with the experimental eMSD. This agreement
demonstrates that our model indeed reflects the dominant
mechanisms of NP diffusion in a complex hydrogel. For other
cases, based on the fact that observed hopping events through
connecting pathways increase as the pore radius increases and
the NP size decreases, we propose the following exponential
relation to describe the hopping probability p;, of each step in
the MC simulation: p, = exp(—14a/R,). Furthermore, if the
wall hydrodynamic effect is ignored, the MSDs obtained by
MC simulation are always larger than the experimental MSDs
due to the underestimation of the drag force on the diffusive
NP near the wall, as shown in Figure 2¢. This indicates that the
hydrodynamic effect should be considered in the proposed
model.

Based on the MC method, we reproduced all the MSDs at
various AG concentrations using different NPs. As shown in
Figure 3, all the MC results (the second row) predict the
experimental results (the first row) very well. A comparison
between Figure 3a—c and Figure 3f—h demonstrates the
influence of the AG concentration or, in other words, the
influence of the pore size. Increasing the AG concentration
significantly reduces the most probable pore size and the pore
size variance, resulting in smaller pore sizes and less dispersion
in the tMSDs. The hopping possibility is almost completely
eliminated when the AG concentration reaches 1%, which
corresponds to a pore size of approximately 2R, = 520 nm,

10 Hydrodynamic effect & Hopping

Without Hopping

Without Hydrodynamic effect

Time [s]

Figure 2. Experimental (black curves) and MC (purple curves) MSD curves for 500 nm NPs in 0.36 wt % AG gel. The red lines represent the
experimental eMSD, and the green lines represent the numerical eMSD. (a) The MC simulation taking hopping and hydrodynamic effects into
account shows good agreement with experiment. (b) The MC simulation does not reproduce the long-time rising MSDs if NP hopping is not
included. (c) The simulation produces larger MSDs if the wall hydrodynamic effect is absent.

10615 https://doi.org/10.1021/acs jpclett.2c02733
J. Phys. Chem. Lett. 2022, 13, 10612—10620


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c02733/suppl_file/jz2c02733_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c02733/suppl_file/jz2c02733_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c02733?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c02733?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c02733?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c02733?fig=fig2&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.2c02733?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL
d =500 nm d =500 nm d =500 nm d =100 nm d=50nm
(b) ¢=050wt%  (c) c=10wt% (d) c=10wt% (e) c=lowt%

(a) c=0.25wt.%
10' . —

EXP.

MSD [um?]

eMSD

10'10* 10"
Time [s]

10° 10'10% 10" 10°

Figure 3. Comparison of the tMSDs obtained from experiments (first row) and MC simulations (second row) for five different cases. The third
row shows the good agreement between the experimental (black) and simulated (red) eMSDs. The tMSDs that manifest plateaus at long times are
shown in blue, while those manifesting increase tendencies at long times are shown in red. The insets show the typical trajectories at the

corresponding conditions.

similar to the NP diameter. The diameter of the pathway
connecting nearby pores also decreases with the pore size and
AG concentration; thus, all the tMSDs exhibit horizontal
plateaus, Figure 3¢)h. The influence of the NP size is shown in
Figure 3c—e and Figure 3h—j, where the pore size of the
hydrogel is fixed. Decreasing the NP radius significantly
enhances the NP mobility and likelihood of hopping. When
the NP diameter decreases to 100 nm, all the NPs in the
experiments exhibit hopping behavior and show rising tMSDs
rather than horizontal plateaus at long times. In particular, the
eMSD of the 50 nm NP shows a linear dependence with time
(eMSD ~ t), indicating a surprising diffusive behavior from the
statistics. We notice that similar results have been reported,®
in which the confinement ratio CR (defined as NP diameter/
pore size) was proposed to illustrate the confinement from
hydrogel networks. From Figure 3c,m, we observe that strong
confinement effect slows the NP’s diffusion when CR = 0.82.
On the contrary, from Figure 3e,0, the confinement is much
weaker when CR = 0.08.

The good agreement in Figure 3 indicates that the equation
pi, = exp(—14a/R,) can describe the hopping probability over a
wide range of NP and pore sizes. By considering the hopping
mechanism, our MC simulation also provides a way to
quantitatively estimate the size selectivity of hydrogels by
calculating the probability that a NP is always trapped in the
same pore. The last two columns of Table 1 provide the
probabilities that the NPs do not hop out of their original
pores, corresponding to the ratio of blue tMSD curves to red
tMSD curves in different cases. The MC simulations give
trapping probabilities consistent with the experiments. The
results also suggest size-dependent transport behavior. In the
1.0% AG gel, the transport of 500 nm NPs is fully constrained
to the local pores, whereas the 100 nm NPs diffuse over much
longer distances through the connecting pathways, as
demonstrated in the insets of Figure 3m,n. Although the MC
simulation has reproduced well the statistical features from the
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experiments, we would like to underscore that the MC method
is subject to the limitation in modeling the hydrodynamic
interactions. According to the work from Hansing and Netz,*°
the hydrodynamic interactions between a NP and the hydrogel
polymers can be calculated by summing the far-field hydro-
dynamic force and the lubrication forces, which shows strong
inhomogeneous hydrodynamic screening effect and good
agreement with experiments.

In addition to the MSD characteristics analyzed above, the
DPD is necessary for understanding anomalous diffusion in
porous media. The shape and time variation of the DPD were
recently found to be crucial properties of anomalous
diffusion.””***"** We calculated the ensemble-averaged DPD
from experiment and MC simulation. To compare the results,
the standard Gaussian distribution with probability density

% exp(—(Ax/6)?/2) is introduced, where &

is the standard deviation of displacement.

Representative G, results from experiments are shown in
Figure 4a,c for 500 and 200 nm NPs, respectively. The
measured DPDs exhibit lambda (A) shapes with a central peak
and two extended tails deviating from the standard Gaussian
distribution. When |Ax/ol > 2, the tailed distribution is
exponential, following G, ~ exp(+kAx/c), where k demon-
strates the slope in the logarithmic Figure 4. This exponential
tendency has received considerable attention related to
diffusing diffusivity in anomalous diffusion,”**”** and we
think that the diffusing behavior reflects the pore size
dispersion in hydrogels. Such non-Gaussian behavior of the
DPD can be understood as the averaging over different NPs in
different confinements that leads to different Gaussian widths,
which has been observed in systems with various confine-
ments.”’

The heavier tails of the DPD compared to the standard
Gaussian distribution are attributed to the higher likelihood of
the NPs hopping through the pathway. Thus, the slope of the

function G, =
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Figure 4. DPDs plotted logarithmically against normalized displacement. (a) The experimental result for S00 nm NPs in 0.5% AG gel and (c) the
experimental result for 200 nm NPs in 1% AG gel. (b) and (d) are the MC results corresponding to (a) and (c), respectively. o is the standard

deviation of displacement and was used to normalize the displacement.

exponential tail provides a statistical indicator of the void
connectivity of the porous hydrogel structure. This non-
Gaussian feature emerges over the full range of our
experimental time scales from milliseconds to seconds. The
full-time non-Gaussian G, differs from the results obtained in
softer confinements like polymer solutions, in which the non-
Gaussian behavior only exists on intermediate time
scales.>"*® More intriguingly, the non-Gaussian behavior
exhibits a two-staged time dependence. That is, at short times
(t < 500 ms), the tail part becomes heavier as time increases
(the slope parameter k decreases from approximately 1.8 to 1.5
in Figure 4a,c), while the DPD remains unchanged as time
further elapses (t > 1 s). The critical time here corresponds to
the transition time in the eMSD curve under the same
condition (Figure 3).

It is noteworthy that the probability density function of the
exponential tails can be rewritten as G, ~ exp(£Ax/A(t)),
where A(t) is the characteristic length of the tail distribution
(and also represents the typical length of the confinement from
the hydrogel networks at a time ¢). Lee et al. have successfully
used this equation to characterize the hydrogel networks.”’
Based on this equation, we fit the exponential tails of the DPDs
at different times and plot the data of A vst for 500 nm NPs in

10617

three different AG concentrations (Figure 5). Figure §
demonstrates that the values of A are smaller at higher AG
concentrations as the NP will experience stronger confine-
ments. For the same AG concentration, we observe a transition
from a short-time regime (approximately ¢ < 0.1 s) showing a
power-law dependence of 4 ~ £° to a long-time regime. The
short-time behavior is consistent with the result from Wang et
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Figure S. Temporal variation of the characteristic length of the
exponential tail A(t) using 500 nm NPs, revealing a transition from a
short-time regime with 1 ~ 25 to a long-time regime with a much
slower increase of A.
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al.>” However, the long-time behavior becomes more complex.
For low AG concentration (0.25—0.5 wt %), a power-law
relation close to A ~ 3 is found, similar to the relation A ~
133 reported in ref 37; for high AG concentration (1.0 wt %), a
plateau at about 4 ~ 45 nm is obtained, reflecting that no
hopping can occur in such a high concentration when 500 nm
NPs are used (see Figure 3c).

Our MC simulations reproduced the lambda shape and time
variation of the DPDs, as shown in Figure 4b,d. This
agreement demonstrates that our method can reproduce the
main dynamic and statistical features of anomalous confined
diffusion in porous hydrogels by accounting for the three
dominant mechanisms: confined NP diffusion, hopping
behavior through void connective pathways, and the hydro-
dynamic effect. We notice that, at very short times (¢t < SO ms
in Figure 4), the DPDs in the range —2.5¢ < x < 2.50 are
approximately Gaussian, reflecting the fact that most DPDs
calculated from individual NPs are still Gaussian when ¢t ~ 10
ms. The seemingly straight tails of the lambda shapes in the
semilogarithmic plots are similar for different cases when t > §
s, suggesting a universal exponential distribution for the two
tails: G, ~ exp(£1.45Ax/5). In total, our hybrid model that
considers the above mechanisms can fully describe the
transport dynamics of NPs in porous media and is thus
helpful for the design of biomedical porous materials.

On top of the mechanisms like hopping and hydrodynamic
effect analyzed above, it is noteworthy to mention that other
factors could also influence particle diffusion in hydrogels. For
instance, Wolde-Kidan et al. recently used fluorescence
microscopy to measure the concentration profile of dextran
molecules in hydrogels," and they concluded that the
macromolecule penetration into hydrogels for steric particle—
hydrogel interactions is governed by an elastic size-filtering
mechanism. Different from spherical NPs, for flexible macro-
molecules and polymer chains the entropy effect might also
play an important role.”*®

In summary, we studied the diffusive motion of NPs in
hydrogels to clarify the mechanisms of confined diffusion and
the characteristics of NP dynamics in porous media. The NP
diffusive motion was measured using particle tracking experi-
ments, and both the time- and ensemble-averaged MSDs were
examined. We not only developed a robust method to estimate
the heterogeneous pore size distribution and void connectivity
in the hydrogel, we also revealed the anomalous diffusion
dynamics of the embedded NPs. We found that diffusive NPs
can intermittently hop between single pores through void
connective pathways, thereby exploring more space in adjacent
pores. We then simulated this scenario using the MC method
and confirmed the importance of hopping events in porous
diffusion. The anomalous diffusion of confined NPs can be
well illustrated by combining the hopping mechanism and the
hydrodynamic near-wall effect. Our results provide a hybrid
model to predict the dynamics of NPs in hydrogels and other
porous media. This model can provide valuable information
and an analytical method for controlled delivery and selective
transport in various porous media.
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