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Mechano-diffusion of Particles in Stretchable Hydrogels

Chuwei Ye?t, Congjie WeiPt, Jiabin Liu?t, Tsz Hung Wong?t, Xinyue Liu¢, Ziyou Song?, Chenglin Wub*,
Zhaojian Li#*, Shaoting Lin®*

Precise control over particle diffusion is promising for diverse modern technologies. Traditionally, particle diffusion is
governed by the inherent properties of liquid medium, limiting versatility and controllability. Here, we report a mechano-
diffusion mechanism that harnesses mechanical deformation to control particle diffusion in stretchable hydrogels with a
significantly enlarged tuning ratio and highly expanded tuning freedom. The working principle is to leverage the mechanical
deformation of stretchable hydrogels for modulating the polymer network’s geometric transformation and the polymer
chain’s energy, which synergistically tunes the energy barrier for particle diffusion. Using a model particle-hydrogel material
system and a customized mechano-diffusion characterization platform, we demonstrate that tension loads can enhance the
diffusivity of gold nanoparticles up to 22 times, far exceeding that in traditional liquid medium and by external fields.
Additionally, we show particle diffusion in hydrogels can be manipulated spatiotemporally by controlling the hydrogels’
stress state and loading rate. To further push the limit of the mechano-diffusion, we use experiment, theory, and simulation
to explore particle diffusion in biaxially stretched hydrogels, simultaneously expanding the mesh size and reducing the
energy barrier. The enlarged tuning ratio and expanded tuning freedom enable a model-guided drug delivery system for
pressure-controlled release of drug molecules. Understanding this spatiotemporal mechano-diffusion mechanism will

provide insights pertinent to a broad range of biological and synthetic soft materials.

1. Introduction

The movement of particles such as biomacromolecules, gold
nanoparticles, and quantum dots from one location to another,
broadly impacts many fundamental processes in life science and
physical systems. On one hand, particle diffusion plays a critical
role in maintaining the function and survival of living organisms
with examples such as intracellular transport® 2, mucus
clearance3, and cytoplasmic streaming® >. On the other hand,
technologies that facilitate nanoparticle diffusion with high
efficiency, specificity, and tunability have shown promising
applications in drug delivery® 7, water treatment® °, and in-situ
biosensing1® 11,

The diffusion of particles is typically characterized by their
diffusivity (D), which describes the rate of particles moving from
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high—concentration regions to low—concentration regions
within a liquid medium. Traditionally, the particle diffusivity is
governed by the liquid medium’s viscosity and temperature,
following the Stokes-Einstein equation'> 3. However,
controlling particle diffusion in liquid media presents two main
challenges. First, the temperature variation for a specific liquid
medium is often narrow!4, limiting the range of achievable
particle diffusivities. For example, in aqueous solutions of
biomedical or environmental applications, the temperature
range of 273 to 373 K results in only a 2.4-fold difference in
diffusivity 1°. Second, the spatially uniform viscosity and
temperature across the liquid medium do not allow for precise
manipulation of specific diffusion directions or complex
diffusion patterns.

In contrast, solid materials such as polymers, elastomers, and
hydrogels can sustain mechanical stress without flowing,
allowing them to be deformed under mechanical load.
Hydrogels, as polymer networks infiltrated with a large quantity
of water molecules, are particularly effective for transporting
particles in aqueous environments 16 17 1820 Different from the
diffusion of particles in liquid medium, the diffusion of particles
in hydrogels is dominated by the confinement from polymer
networks 1221, Applying mechanical deformation to hydrogels
offers unique capabilities for modulating particle diffusion,
surpassing the limitation of liquid medium. These capabilities
include a broader spectrum of diffusivities, directional
movement of particles, and triggered release of particles in
response to mechanical cues. In particular, recent
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developments of tough?? 23 and fatigue-resistant?*26 hydrogels
enable the potential to further push the limit of particle
diffusion tuning by leveraging their superior mechanical
properties. The ability to apply mechanical deformation to
these hydrogels with varying magnitude, direction, and timing
provides vast possibilities for engineering particle diffusion.
Despite this promise, the effects of mechanical deformation on
particle diffusion in hydrogels remain largely unexplored. The
existing understanding of strain-dependent diffusivity in
hydrogels is mainly attributed to strain-induced geometrical
transformation 2728 such as the size of polymer meshes®? 20, the
connectivity of pores, and the tortuosity of diffusion pathways.
In this work, we report a mechano-diffusion mechanism that
harnesses mechanical deformation to control particle diffusion
in stretchable hydrogels via the synergy of geometrical
transformation and energy modulation, achieving a significantly
enlarged tuning ratio and highly expanded tuning freedom.
Using a model particle-hydrogel material system and a
customized mechano-diffusion characterization platform, we
systematically investigate the diffusion of gold nanoparticles
(AuNPs) of various sizes in hydrogels under controlled stress
states and loading rates. Our experiments demonstrate that
tension loads can enhance AuNP diffusivity by up to 22 times,
far surpassing that in traditional liquid medium (e.g., 2.43 times
in water, 1.34 times in diluted polymer solution, 1.21 times in
concentrated polymer solution) and by external fields (e.g., 3.86
times for light, 0.99 times for magnetic field, 1.15 times for
electrical field). Intriguingly, torsion loads slightly suppress
AuNP diffusivity by 33%. We also observe that increasing the
loading rate from O to 4.8 s reduces AuNP diffusivity by
approximately 50%. To further push the limit of mechano-
diffusion, we combine our mechano-transport theory with
coarse-grained simulations to study particle diffusion in biaxially
stretched polymer networks, which simultaneously expand the
mesh size and reduce the energy barrier. This dual effect
amplifies particle diffusivity by approximately 50 times due to
the synergy of the polymer network’s geometric transformation
and the polymer chain’s energy modulation. This work not only
provides fundamental insights into the mechano-diffusion
mechanism pertinent to a broad range of biological and
synthetic soft materials, but also lays a theoretical foundation
for developing previously inaccessible transport-based
technologies.

2. Materials and Methods

2.1. Synthesis of hydrogels

A 50 mL hydrogel precursor solution was prepared by mixing a
4 M lithium chloride (LiCl) agueous solution, 3.5 g of Acrylamide
(AAm), 30 mg of N,N'-Methylenebis(acrylamide) (MBAA), 500
uL of a 10 wt.% Ammonium persulfate (APS) aqueous solution,
and 50 pL of N,N,N’,N'-Tetramethylethylenediamine (TEMED)
using a centrifugal mixer (Kr-100, THINKY). The introduction of
the LiCl salt served the purpose of preventing significant
dehydration during prolonged diffusion experiments. The
hydrogel was cast in a mold measuring 20 mm x 20 mm x 20
mm (length x width x height). To create a reservoir of the AuNPs
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solution at the top center of the hydrogel, an agrylic subeid
measuring 3 mm x 3 mm x 8 mm (lengthBOWiB R R} rs
affixed to the acrylic lid. The acrylic molds were cut using a laser
cutter (Epilog Laser) and assembled using superglue (Krazy). The
hydrogel precursor solution was then poured into the mold with
the cuboid securely positioning at the top. The assembly was
subsequently placed in an oven (CL-1000 Ultraviolet Crosslinker)
and cured at 60 °C for 2 hours. Afterward, the hydrogel sample
was gently released from the mold, and the concentrated
AuNPs were injected into the central reservoir for further
measurement and analysis.

2.2. Synthesis of functionalized AuNPs

To synthesize AuNPs with precise control over their core and
hydrodynamic diameters, we followed a modified protocol?”- ?°.
Specifically, a mixture of 20 mL deionized (DI) water, 0.25 mM
HAuCl;, and 0.25 mM tri-sodium citrate were stirred
magnetically at 650 rpm for 15 minutes. Concurrently, we
added 600 pL of ice-cold 0.1 M NaBH, solution into the mixture,
which instantly transformed the initially colorless solution into
a vivid red hue. The mixture was left undisturbed for 1 hour to
allow the solution to reach reaction3°. To enhance the
compatibility between the hydrophobic AuNPs and the
hydrophilic hydrogel, the AuNPs’ surfaces were functionalized
with thiol-terminated PEG chains. Specifically, 50 mg of
MPEG1000-SH was dissolved in 500 uL of DI water and then
added dropwise to the 20 mL AuNPs solution while stirring at
650 rpm, resulting in a solution with deeper color. Subsequently,
the mixture was stirred for 1 hour to ensure a thorough ligand
exchange. The solution was then allowed to stand for 1 hour to
stabilize. Afterward, 4 mL of the solution was transferred to a
centrifugal filter and centrifuged at 4000 rpm for 10 minutes to
eliminate any residual reagents. This centrifugation process was
repeated three times, each time with the addition of 4 mL of DI
water. After the final centrifugation, the concentrated AuNPs
solution exhibited a dark purple color 31,

2.3. Structural characterization of AuNPs

The core diameter and hydrodynamic diameter of the AuNPs
were characterized by transmission electron microscopy (TEM)
imaging and dynamic light scattering (DLS), respectively.
Specifically, the TEM imaging was carried out using the JEOL
1400 Flash TEM equipment with a maximum accelerating
voltage of 120 kV and a lattice resolution of 0.2 nm; and the DLS
was performed using the Malvern Zetasizer Nano-ZS equipment.
Given the measured distributions of AUNPs’ core diameter and
hydrodynamic diameter, we can identify the mean values of
core diameter and hydrodynamic diameter of the two kinds of
AuNPs as d. =6 nm and 18 nm and dy = 12 nm and 28 nm,
respectively.

2.4. Mechano-transport characterization platform.

The platform can be divided into the mechanical loading
module, the force/torque measurement module, and the
imaging module. In the mechanical loading module, a two-
phase stepper motor drives a 1604-type ball screw with a linear
guide to achieve static or dynamic uniaxial stretching of the
hydrogel samples. Additionally, another two-phase stepper
motor is used to apply torsion loads to the hydrogel samples.
An Arduino UNO microcontroller controls the movement of this
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module. The force/torque measurement module integrates a
force sensor with a 9.8 N measurement range and a 1.9 mV/V
sensitivity, as well as a torque sensor with a 0.3 Nm
measurement range and a 0.6 mV/V sensitivity. Since the sensor
outputs are at millivolt levels, an amplification circuit based on
an INA128P instrumental amplifier amplifies the signals to volt
levels. These measured forces and torques are then calculated
and recorded on a computer via an NI USB 6008 data acquisition
board and LabVIEW software. In the imaging module, a high-
resolution camera with a maximum resolution of 3264 x 2448
pixels and a video capture capability of 15 frames per second
captures images. This setup depicts the diffusion profiles of the
AuNPs in the hydrogel. During experiments, the camera's spatial
resolution is approximately 0.015 mm/pixel, which is sufficient
for determining diffusivity, as the diffusion profiles are at the
millimeter scale.

2.5. Coarse-grained molecular dynamics simulation.

The coarse-grained (CG) molecular dynamics (MD) modeling is
based on the molecular dynamic simulation software package
LAMMPS. A 3D crosslinked network is constructed with 3546
sphere monomers that are modeled with CG beads. To model
the influence of the solutions on the diffusion mechanism,
solution CG beads are also constructed with an initial uniform
interval of 1o along all directions. Using the Lennard-Jones (LJ)
unit system, the diameter of the CG bead o for the polymer
chains was set as the length unit, while the diameter for the
solution CG beads was set as 0.10. Along all three directions, the
length of polymer chains is set as 360 while the periodic
boundary conditions (PBC) are applied. Cubic cells with a
uniform side length of 60 are considered, creating 8 polymer
chains along each direction and a total of 125 cells in the whole
system via the crosslinkers. More details on the simulation
settings are provided in ESI.

3. Results
3.1. Working principle

The working principle of the mechano-diffusion mechanism is
to leverage the mechanical deformation of stretchable
hydrogels for modulating the polymer network’s geometric
transformation and the polymer chain’s energy modulation,
which synergistically tunes the energy barrier for particle
diffusion. As illustrated in Fig. 1A, particles with controlled
diameter d diffuse across a layer of undeformed hydrogel with
controlled mesh size ¢, the particle diffusivity of which is
governed by the elastic energy barrier U for deforming polymer
chains, known as hopping diffusion32 33, As a tensile stretch 4 is
applied to the hydrogel (Fig. 1B), the hydrogel reduces in
thickness and expands in area, enlarging the polymer mesh size
&) and reducing the energy barrier U(4, d/&), enabling the
strain-controlled and size-dependent particle diffusivity D(4, d/

).
3.2. Mechano-diffusion characterization

We develop a customized mechano-diffusion characterization
platform and synthesize a model particle-hydrogel system to
rigorously investigate the mechano-diffusion mechanism. As
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illustrated in Fig. 1C and Supplementary Fig. S1, the,meshane:
diffusion characterization platform int&gtated089/RreeHaATES
system to apply controlled tension and torsion loads to
hydrogels, and an imaging system to measure the
spatiotemporal diffusion profiles of AUNP particles 34. For the
mechanical system, we adopt two-phase stepper motors
controlled by a microcontroller to independently drive linear
and rotary motions. The mechanical system allows for the
application and recording of controlled tension and torsion
loads on hydrogel samples with adjustable of linear and angular
velocities, further enabling various loading stretching and
torsion rates applied to hydrogel samples. For the imaging
system, we employ a high-resolution camera with a maximum
resolution of 3264 x 2448 pixels and a video capture rate of 15
frames per second to capture images, measuring the diffusion
profiles of AUNPs in deformed hydrogels. In a typical mechano-
diffusion experiment, the camera resolution is approximately
0.015 mm/pixel, which is sufficient for determining the
diffusivity of AuNPs, since their diffusion profiles are on the
millimeter scale.

As illustrated in Fig. 1D, the particle-hydrogel system consists of
a single-network hydrogel3®> made of polyacrylamide (PAAmM)
and functionalized AuNPs 2° modified with polyethylene (PEG)
chains. The functionalized AuNPs are synthesized by surface-
modifying pristine AUNPs with 1 kDa PEG shells, resulting in two
critical dimensions: the core diameter d. of the pristine AuNPs
and the hydrodynamic diameter dj of the overall AuNPs with
PEG shells. We synthesized two types of functionalized AuNPs
with average core diameters of 6 nm and 18 nm, detailed in
Supplementary Fig. S2 and Supplementary Fig. S3, respectively.
The core diameter d. and the hydrodynamic diameter dp, of the
functionalized AuNPs were characterized using transmission
electron microscopy (TEM, Fig. 1E, F) and dynamic light
scattering (DLS, Fig. 1G), respectively. The zeta potentials of
both functionalized AuNPs are nearly 0 mV, indicating their
neutral surface electrokinetic potential and inert surface charge
characteristics (Supplementary Fig. S4). The PAAm hydrogel was
chosen for its superior resilience and high stretchability 35,
therefore allowing us to exclude the effect of polymer-network
evolution in this study. As shown in Fig. 1H, the PAAm hydrogel
achieves a high stretchability of more than five times its original
length while maintaining negligible mechanical hysteresis (Fig.
11) and minimal stress shakedown under cyclic loading (Fig. 1J).
Additionally, we incorporated hygroscopic salts (i.e., 4 M
lithium chloride) into the hydrogel to prevent dehydration
during long-term mechano-diffusion experiments
(Supplementary Fig. S5).

3.3. Effects of uniaxial tension and pure torsion

We first examine the impact of tension and torsion on the diffusion
of AuNPs in hydrogels under static loading. As illustrated in Fig. 2A,
an aqueous AuNP solution is initially placed in the central reservoir
of a cylindrical hydrogel sample with a radius R of 9 mm and a height
H of 6 mm, which is then subjected to controlled tension and torsion.
As illustrated in Supplementary Fig. S6, the hydrogel sample is
covalently bonded between two glass substrates via saline chemistry
36 allowing the application of tension and torsion on the hydrogel

J. Name., 2013, 00, 1-3 | 3
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sample by manipulating the glass substrates while preventing
delamination between the hydrogel sample and the glass substrates.
A typical measured diffusion profile sequence of AuNPs in the
hydrogel sample is presented in Fig. 2B. The AuNPs gradually diffuse
along the radial direction, forming an increasingly larger circle. To
extract the diffusivity D of AuNPs, we use the numerical finite
difference method implemented in MATLAB to solve the diffusion
governing equation in the cylindrical coordinate system, reading as
dc/dt = D(92¢/ar? + dc/(ror) + 82c/dz2). In the simulation, the
cylindrical sample occupies the domain where —9 mm <r <9 mm
and 0 <z <6 mm, and the AuNP reservoir occupies the domain
where —1.5mm<r<15mm agnd 0<z<3mm. The initial
concentration of AuNPs in the reservoir is set as a constant ¢ = Co,
while the initial concentration of AuNPs in the rest of the cylindrical
sample is set as ¢ = 0. A typical simulated diffusion profile sequence
of AuNPs in the hydrogel sample is presented in Fig. 2C. By fitting the
simulated concentration profile to the measured concentration
profile, we can extract the measured diffusivity D of AuNPs in
hydrogels subjected to controlled stress states (Supplementary Fig.
S7).

We first compare the diffusion concentration profile of both types of
AuNPs in undeformed (1 = 1, & = 0°), stretched (4 = 2), and twisted
(@ =900 hydrogels after the same diffusion duration. As shown in
Fig. 2D, the 18 nm AuNPs in the stretched hydrogel (A = 2) exhibit an
extended diffusion front compared to the undeformed hydrogel
(A = 1), indicating enhanced diffusion due to tension. In contrast, the
18 nm AuNPs in the twisted hydrogel (@ = 90°) exhibit a significantly
suppressed diffusion front compared to the undeformed hydrogel
(@ =09, indicating a slight reduction in diffusion due to torsion. To
further quantify the strain effect, we compare the diffusivity of
AuNPs in undeformed and stretched hydrogels at various diffusion
times. Traditionally, particle diffusivity in hydrogels is constant
throughout the diffusion process 27, consistent with our
measurements of the diffusivity of AuNPs in the undeformed
hydrogel (Fig. 2E). Intriguingly, the diffusivity of 18 nm AuNPs in the
stretched hydrogel shows pronounced spatial dependence,
suggesting that tensile strain plays a role in tuning particle diffusivity
due to the nonuniform stress state along the radial direction in the
cylindrical hydrogel sample 37. As shown in Fig. 2E, the diffusivity
decreases from 44.1 + 3.98 pm?/s to 22.3 + 3.47 um?/s as the 18
nm AuNPs diffuse from the center to the edge of the sample. In
contrast, the diffusivity of 18 nm AuNPs in the twisted hydrogel (@ =
909) shows a slight spatial dependence from 1.53 £ 0.16 pm?/s to
1.19 £ 0.25 um?/s, suggesting that shear strain slightly reduces
particle diffusivity as the AuNPs diffuse from the center to the edge
of the sample (Fig. 2F). Compared to the 18 nm AuNPs, the 6 nm
AuNPs exhibit enhanced diffusivity but less pronounced spatial-
dependent particle diffusivity (Supplementary Fig. S8). This
discrepancy is primarily due to the variation in AUNP core diameters,
as larger AuNPs require higher energy barriers for particle diffusion
compared to smaller AuNPs.

To further quantify the spatial-dependent diffusivity of AuUNPs in the
deformed cylindrical hydrogel sample, we take the measured AuNPs
diffusivity at the center of the sample as center difficulty D¢, while
defining the measured AuNPs diffusivity at the edge of the sample as
edge diffusivity De. As shown in Fig. 3A and 3B, when the hydrogel is

4| J. Name., 2012, 00, 1-3

under tension, the center diffusivity and the edge diffusivity,of the
18 nm AuNPs increases by 22 times and 14 tiRfes 1fe5pettively 045 the
tensile stretch reaches 2. In contrast, when the hydrogel is under
torsion, the center diffusivity and the edge diffusivity of the 18 nm
AuNPs decreases by 33% and 31%, respectively, as the torsion angle
reaches 120 degrees (Fig. 3C, D). Notably, the center diffusivity and
the edge diffusivity of the 6 nm AuNPs increases by 7.5 times and 4.6
times at the same tensile stretch of 2 (Supplementary Fig. S9) and
decreases by 14% and 29% at the same torsion angle of 120 degree
(Supplementary Fig. S10). We compare our strain-controlled particle
diffusion with existing particle diffusion tuning approaches. As
summarized in Fig. 3F and Table S1, the particle diffusivity tuning by
temperature variation from 273 K to 333K in water, diluted polymer
solution, and concentrated polymer solution achieves tuning ratios
around 2.43 4, 1.34 38 and 1.21 3%41, respectively, which are
governed by the temperature-dependent viscosity of the liquid
medium (Supplementary Fig. S11a). The particle diffusivity tuning by
external fields such as light, magnetic field, and electrical field
achieves tuning ratios of around 3.86 42, 0.99 %, and 1.15 %,
respectively. Furthermore, the particle diffusivity tuning by
mechanical deformation to biological porous tissue (e.g., meniscus)
and synthetic porous material attain tuning ratios of approximately
0.45 %> and 5 “® respectively, which are mainly attributed to the
deformation-induced changes in porosity (Supplementary Fig. S11b).
In contrast, our strain-controlled particle diffusion achieves a
diffusivity tuning ratio up to 22, thanks to the substantial reduction
in the energy barrier encountered by particles (Supplementary Fig.
S11c). We further exam the effect of loading rate on center diffusivity
D, and edge diffusivity D.. As shown in Fig. 3E, both D and D,
decrease as the stretch rate increases. Generally, the loading rate
modulates the mode of diffusion, depending on the interplay among
three critical time scales: the time scale associated with loading rate
T1 on the order of a few seconds, the time scale associated with
relaxation of polymer chains 72 measured to be around 19. 4 seconds
34 and the time scale associated with particle diffusion 73 that varies
significantly depending on its travel distance. At a low loading rate
(T1 > T2, T3), the diffusion system has sufficient time to reach its
equilibrium state, and the diffusion process is primarily governed by
the inherent particle diffusivity without interference from loading
rate. At a high loading rate (71 < T2, T3), the polymer chains do not
have enough time to relax during the loading, leading to a non-
equilibrium state where polymer chain relaxation and particle
hopping diffusion are coupled. The reduced diffusivity of AUNPs in a
dynamically stretched hydrogel indicates a non-equilibrium hopping
diffusion process. To summarize, the reduction in diffusivity under
dynamic load is mainly attributed to the interplay among the time for
particle hopping, the time for mechanical loading, and the time for
polymer relaxation, which will be thoroughly investigated in future
studies.

3.4. Effects of biaxial tension

Despite the high diffusivity tuning ratio under uniaxial tensile loading,
the potential of strain-controlled particle diffusivity tuning has not
been achieved. According to our mechano-diffusion theory 37,
particle diffusivity in uniaxially stretched hydrogels is controlled by
the combined effects of geometric transformation of the deformed
polymer networks and energy modulation of the stretched polymer

This journal is © The Royal Society of Chemistry 20xx
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chains. While the stretched polymer chains reduce the energy barrier
to enhance particle diffusivity, the deformed polymer networks
contract significantly perpendicular to the stretch direction, leading
to either enhanced or suppressed particle diffusivity depending on
the stretch ratio. In contrast to uniaxial tension, biaxial tension
causes elongation in both in-plane directions, which can collectively
enhance particle diffusivity. In this section, we use experiment,
theory, and simulation to uncover the potential of harnessing
mechanical deformation to control particle diffusion in biaxially
stretched hydrogels.

We first develop a customized experimental setup to measure the
AuNP diffusivity in hydrogels subjected to controlled biaxial tensile
stretch 4. As illustrated in Supplementary Fig. S13, the experimental
setup consists of a mechanical system for applying x-y plane biaxial
tensile deformation and an imaging system for recording the
diffusion process of AuNPs along the z direction. The four arms of the
hydrogel are stretched in x and y directions by manipulating the glass
slides covalently bonded to the arms. We measure the out-of-plane
diffusivity of AuNPs subject to in-plane equal biaxial tensile stretch A
= A, = A (Fig. 4A). The penetration depth of the 6 nm AuNPs in the
undeformed hydrogel (A = 1) is less than 2 mm after a 300-minute
duration; in contrast, the penetration depth of the AuNPs in the
deformed hydrogel (A = 1.3) increases significantly to 5 mm (Fig. 4B
and Movie. S3). Compared to uniaxial tension, the 6 nm AuNPs
exhibit higher diffusivity in hydrogels under biaxial tensile load at the
same stretch level (Fig. 4C).

To maximize the potential of biaxial tension in facilitating mechano-
diffusion of particles, we next formulate a cross-scale mechano-
diffusion theory to establish the relationship between biaxial tensile
stretch 4 and particle diffusivity D with various diameters d. The key
idea of the mechano-diffusion theory is to establish the relationship
between the macroscopic deformation of soft materials and the

microscopic diffusion of particles. As illustrated in Supplementary Fig.

$15, the mechano-transport theory combines three models: 1) the
eight-chain model %7, which connects the bulk deformation of soft
materials to the stretch state of individual polymer chains, 2) the
ideal chain model %8, which correlates the free energy of an individual
polymer chain with its specified stretch state, and 3) the particle
diffusion models, which quantify the diffusivity of particles with
various diameters. Specifically, for particles larger than the mesh size
of polymer networks, we adopt the hopping diffusion model 32 to
determine particle diffusivity, which depends on the energy barrier
encountered during particle movements; while for particles smaller
than the mesh size of polymer networks, we adopt the obstruction
model #° to determine particle diffusivity, which depends on the
probability of the particle encountering neighboring polymer chains.
The mechano-diffusion theory was adopted to capture the mechano-
diffusion of particles in uniaxially stretched polymer networks 37.

Here, we use the theory to study the mechano-diffusion of particles
in polymer networks subjected to equal biaxial tension. As
schematically illustrated in Fig. 4D, as a hydrogel is subjected to an
equal biaxial tension stretch 4, the unit-cell polymer network of the
hydrogel expands its area to 4ag X Aag and reduces its thickness to
A2ag, where ag is the length of the unit cell at an undeformed state.
The biaxial tension induces two effects that collectively enhance the
particle diffusivity: 1) geometric transformation that enhances

This journal is © The Royal Society of Chemistry 20xx
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particle diffusivity via enlarged mesh size regardless, ofparicle
diameters, and 2) energy modulation that 18ARANEESMIdicle
diffusivity via reduced energy barrier dependent on particle
diameters. We plot the calculated particle diffusivity normalized by
its corresponding value at an undeformed state. As shown in Fig. 4E,
for particles with small diameters (d/¢ < 1), the normalized particle
diffusivity increases drastically at small deformation and gradually
reaches a plateau at large deformation. The particle diffusivity tuning
ratio for small particles is low (e.g., 1.21 for d/§ = 0.5), because the
diffusion of small particles in polymer networks is governed by the
obstruction model #° that is predominately influenced by geometric
transformation instead of energy modulation. In contrast, for
particles with large diameters (d/¢ > 1), the particle diffusivity
tuning ratio significantly increases (e.g., 48 for d/& = 1.8), because
the diffusion of large particles in polymer networks is governed by
the hopping diffusion model 32 that is impacted by both geometric
transformations and energy modulations (Fig. 4F). As summarized in
Fig. 4G, the maximum particle diffusivity tuning ratio reaches up to ~
50 as particle diameter increases. Notably, as the stretch reaches a
critical value, the diffusivity tuning ratio reaches a plateau, indicating
a transition in the diffusion mode from hopping diffusion to
Brownian diffusion within the polymer network. This shift occurs due
to the reduction of mesh size in the biaxially stretched polymer
network. The significantly enhanced particle diffusivity tuning ratio
suggests the potential for achieving on and off tuning of particle
diffusion °9, a key mechanism essential for on-demand and real-time
control of particle diffusion in practical applications such as drug
delivery and biomarker detection.

We then conducted coarse-grained molecular dynamics (CGMD) to
investigate the effect of particle size on mechano-diffusion in
polymer networks under biaxial tension. CGMD simplifies complex
molecular systems, enabling the study of particle diffusion within
cross-linked polymer networks. For example, recent studies have
employed CGMD to investigate the transport behavior of penetrant
by revealing the interplay between penetrant size, polymer
relaxation, and mesh confinement 5% 52, By modeling large-scale
dynamics, CGMD highlights the critical role of cross-link density,
temperature, and penetrant characteristics 3. Additionally, CGMD
has been applied to nanoparticle diffusion in biological systems,
focusing how the structure of extracellular matrix modulates the
nanoparticle transport efficiency >4

We start with the simulation of a single particle diffusion in an
aqueous medium with and without polymer networks (Fig. 5A and
Movie. S4), where the polymer chain in the polymer network is
simulated based on a coarse-grained bead-spring-chain model > 56
(Fig. 5B). We employ a uniform mesh size that simplifies the real
structural complexity of hydrogels, which offers the advantage of
reducing computational resource demands while providing a
foundational understanding of the mechano-diffusion of particles in
a model polymer network. As shown in Fig. 5C, the mean square
displacement (MSD) of particles diffusing in an aqueous medium
with polymer networks is slightly lower than that of particles
diffusing in an aqueous medium without polymer networks,
suggesting the role of polymer network in suppressing particle
diffusion. We further simulate the diffusion of particles with various
diameters in undeformed polymer networks, calculating the
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diffusivity of particles with polymer networks Do normalized by that
without polymer networks Dsol as a function of normalized particle
size d/&. As shown in Fig. 5D, the simulated particle diffusivity
decreases significantly with increasing particle diameter, aligning
qualitatively with our mechano-diffusion theory. However,
quantitatively, the simulated diffusivity of particles with diameters
slightly smaller than mesh size is lower than the theoretical
prediction. This discrepancy may arise from the polymer network in
MD simulation imposing constraints on the particle diffusion, which
are not fully captured by the obstruction model. For example, a
previous study showed that diffusivity of water molecules (much
smaller than mesh size) decreases with an increase in the polymer
volume fraction °7, indicating that the polymer hinders the diffusivity
of particles (i.e., ~ 0.3 nm for water molecules) even smaller than
monomer radius (~ 0.5 nm for polyethylene hydrogels).

We next simulate the single-particle diffusion in polymer networks
subject to equal biaxial tensile stretch 4 (Fig. 5E and Movie. S4). As
shown in Fig. 5F, for particles with diameters smaller than mesh size
(e.g., d = 0.5¢), the biaxial tension has a minimal impact on particle
diffusivity tuning, because the diffusion of smaller particles is
primarily governed by strain-induced geometrical transformation,
with little influence from strain-induced energy modulation. In
contrast, for particles with diameters slightly larger than mesh size
(e.g., d = 4¢€), there exists a critical stretch 4., below which the equal
biaxial tensile load effectively promotes hopping diffusion of
particles due to a significant reduction in the energy barrier
experienced by particles, and beyond which the equal biaxial tensile
load has little effect on particle diffusivity since the energy barrier is
completely diminished. As shown in Fig. 5G, biaxial tension
dramatically increases particle diffusivity at large deformation, by
approximately 40 times in simulation, due to the combined effects of
strain-induced geometrical transformation and energy modulation.
For particles much larger than mesh size (e.g., d = 6¢), particle
diffusion does not occur due to the ultra-high energy barrier
encountered by the particles, even when individual chains in the
polymer network are stretched to their breaking point, resulting in
no strain effect. The comparisons between simulation and theory are
presented in Supplementary Fig. S18, qualitatively matching well
with each. We also simulate the energy barrier when a particle is
passing the mesh cage. As shown in Fig. 5J, the polymer networks
without tension build up a higher energy barrier, the total energy
consisting of both potential energy and kinetic energy, for particle
passing through than the polymer networks with tension-induced
deformation. The simulation and theoretical results underscore the
critical role of particle size in determining the particle diffusivity
tuning ratio.

3.5. Model-guided drug delivery System

The mechano-diffusion of particles holds promise as a model-guided
drug delivery system for pressure-controlled release of drug
molecules. To demonstrate the potential, we develop a pressure-
triggered drug delivery system, which consists of a closed-loop

pneumatic actuator and a drug-load hydrogel membrane (Fig. 6A, Fig.

$19-20). As the inflation pressure p increases, the hydrogel
membrane is subjected to an approximately biaxial tensile
deformation (Fig. 6D), controlling the release rate of drug molecules
from the hydrogel into the surrounding environment (i.e. deionized

6 | J. Name., 2012, 00, 1-3

water bath). To harness the potential of model-guided,drug.release,
we first carry out finite element simulation Btdftél RheNRflatéd
pressure p with the average effective stretch defr applied on the
hydrogel membrane (Fig. 6B, Fig. S21, Movie S5). We further perform
a comparison experiment to quantify the impact of biaxial tensile
deformation on the enhanced drug release rate. The comparison of
drug release profiles from deformed and undeformed hydrogel
membranes indicates that a compressive stress of 10 kPa
(equivalently biaxial tensile load) effectively increases the
concentration of released drug molecules by around 1.5 times (Fig.
6C). Given the simulated stress distribution and the particle
mechano-diffusion in the hydrogel membrane, we quantitatively
predict the concentration of drug molecules released into the water
bath, matching the experimental results (Fig. 6D). The model-guided
drug delivery system has the potential to revolutionize drug delivery
in biomedical applications such as closed-loop glucose control, scar-
free wound healing, ophthalmic drug delivery, which require drug
delivery that responds to mechanical forces in the surrounding
environment.

4. Conclusions

Building a mechano-diffusion characterization platform and a
model particle-hydrogel system, we experimentally studied the
diffusion of AuNPs in hydrogels subjected to the controlled
stress state and loading rate. Our experiments demonstrate
that tension loads can enhance AuNP diffusivity by up to 22
times, far surpassing that traditional particle diffusivity tuning
approaches. Further empowered by mechano-diffusion theory
and coarse-grained simulation, we push the limit of mechano-
diffusion of particles in biaxially stretched polymer networks,
which simultaneously expand the mesh size and reduce the
energy barrier. This dual effect amplifies particle diffusivity by
approximately 30 times due to the synergy of the polymer
network’s geometric transformation and the polymer chain’s
energy modulation. The geometric transformation of polymer
networks affects the dynamics of particles, primarily following
the obstruction model, a continuous process where particles
diffuse through the aqueous medium; while the energy
modulation of polymer chains impacts the dynamics of particles
following the hopping diffusion model, a discrete process where
particles escape from one polymer cage to another. This work
will not only advance new knowledge of mechano-diffusion
mechanisms pertinent to a broad range of biological and
synthetic soft materials, but also lay a foundation for developing
transport-based technologies that were previously inaccessible
including but not limited to high-specific electrochemical
biosensors with selective transport of biomarker 38, force-
sensitive cargo for on-demand drug delivery >°, nanoparticle-
induced biopolymer hydrogel toughening ©°, and strain-
programmable tissue adhesive for prolonged tissue repair 1.
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Fig. 1 | Working principle of mechano-diffusion of particles in
stretchable hydrogels. A, lllustration of particles transport in
undeformed hydrogel medium. The particles need to overcome a
high energy barrier U when diffusing through the polymer
networks. B, lllustration of particles transport in deformed
hydrogel medium. The particles need to overcome a lower energy
barrier U(A, d/€) due to the synergy of geometrical transformation
and energy modulation. C, Schematics of the mechano-transport
characterization platform, which can apply tension and torsion to
hydrogel samples. D, Schematics of polyethylene glycol (PEG)
functionalized gold nanoparticles (AuNPs) with core diameter d.
and hydrodynamic diameter dj, diffusing through hydrogels with
controlled mesh size £. E, Transmission electron microscopy (TEM)
image of 6 nm AuNPs. F, Statistical size distribution of 6 nm AuNPs
based on TEM image. G, Hydrodynamic diameter distribution of 6
nm AuNPs characterized by dynamic light scattering (DLS). H,
Optical image showing the stretchability of the hydrogel. I, Single-
cycle stress-stretch curves of the hydrogel at different stretch
ratios, showing negligible mechanical hysteresis. J, Multiple-cycle
stress-stretch curves of the hydrogel under different cycle
numbers, showing little stress shakedown. The scale bars in E and
H are 50 nm and 2 cm, respectively.
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Fig. 2 | Mechano-diffusion characterization of AuNPs in
deformed hydrogels. A, lllustration of the experiment setups of
AuNPs diffusion in a cylindrical hydrogel with radius R and height
H subjected to uniaxial tensile stretch 4 or pure torsion angle a.
B, Optical images of 18 nm AuNPs diffusion in undeformed (A = 1)
and stretched (A = 2) hydrogels at various diffusion times. The
AuNPs diffusivity at the center of the sample is denoted as center
diffusivity D¢, while the AuNPs diffusivity at the edge of the
sample is denoted as edge diffusivity De. C, Numerical simulations
of 18 nm AuNPs diffusion in undeformed (A = 1) and stretched (A
= 2) hydrogels at various diffusion times. D, Concentration of 18
nm AuNPs along radius direction in undeformed (A = 1), stretched
(A =2), and twisted (a = 90°) hydrogels. The solid dots denote the
measured experimental results, and the solid lines denote the

10 | J. Name., 2012, 00, 1-3

Vatter: 11l

Journal Name

fitted simulation results using the numerical flnl\;lequ fergnce
method. E, Comparison of the extracted diffusivityoBas asfumetion
of diffusion time t in undeformed (A = 1) and stretched (A = 2)
hydrogels. The short-term diffusivity corresponds to center
diffusivity D¢, while the long-term diffusivity corresponds to
center diffusivity D. F, Comparison of the extracted diffusivity D
as a function of diffusion time t in undeformed (a = 0°) and
twisted (a = 90°) hydrogels. The error bars in E and F represent
the standard deviation from at least three independent tests. The
scale barin Bis 2 mm.
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Fig. 3 | Effects of stress states and loading rates on mechano-
diffusion of AuNPs in hydrogels. A, Center diffusivity tuning ratio
D./Dg versus stretch ratio A of 18 nm AuNPs in hydrogels under
uniaxial tension. B, Edge diffusivity tuning ratio D./D, versus
stretch ratio A of 18 nm AuNPs in hydrogels under uniaxial tension.
C, Center diffusivity tuning ratio D./Dy versus torsion angle a of
18 nm AuNPs in hydrogels under pure torsion. D, Edge diffusivity
tuning ratio D./Dy versus torsion angle a of 18 nm AuNPs in
hydrogels under pure torsion. E, Center diffusivity D. and edge
diffusivity D, versus stretch rates 4 torsion angle a of 18 nm
AuNPs in hydrogels under uniaxial tension. F, Summarized
diffusivity tuning ratio D/D, of existing particle diffusivity tuning
approaches (green columns) and mechano-diffusion approach in
this work (red columns). The existing particle diffusion tuning
approaches include the particle diffusivity tuning by temperature
variation from 273 K to 333K in water, diluted polymer solution
(DPS), and concentrated polymer solution (CPS), by external fields
such as light, magnetic field (MF), and electrical field (EF), and by
mechanical deformations. The error bars in A to E represent the
standard deviation from at least three independent tests.
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Fig. 4 | Effect of biaxial tension on mechano-diffusion of
particles in hydrogels. A, Schematic illustration of the
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experimental setup for mechano-diffusion of AuNPs in hydrogels
under biaxial tension. B, Optical images of 6 nm AuNPs diffusion
in undeformed (A = 1) and biaxially stretched (A = 2) hydrogels at
various diffusion times. C, Comparison of diffusivity tuning ratio
D/Dy as a function of stretch ratio A for 6 nm AuNPs diffusion in
uniaxially and biaxially stretched hydrogels. D, Schematic
illustration of particle diffusion in a polymer network under
biaxial tension. The unit-cell polymer network expands its area to
Aag X Aagy and reduces its thickness to A~2ag, where ag is the
length of the unit cell at its undeformed state. Biaxial tension
induces geometric transformation and energy modulation that
collectively enhance the particle diffusivity. E, Calculated
diffusivity tuning ratio D/Dy versus stretch ratio A for particles
with small diameters (d/& <1) governed by the obstruction
model. F, Calculated diffusivity tuning ratio D/D, versus stretch
ratio A for particles with small diameters (d/¢ > 1) governed by
the hopping diffusion model. G, Maximum diffusivity tuning ratio
(D/Dg)max versus normalized particle diameters d /€. The error
bars in C represent the standard deviation from at least three
independent tests.
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Fig. 5 | MD simulation of mechano-diffusion of particles in
polymer networks under biaxial tension. A,Coarse-grained
molecular dynamics simulation model of single-particle diffusion
in polgmer networks at undeformed state. B, Force in the unit of
mo /T versus stretch A curve of a single polymer chain in the
simulation model, where m is the mass of the coarse-grained
beads. C, Normalized mean-square displacement (MSD) versus
diffusion time t for particle diffusion in an aqueous medium with
and without polymer networks. The MSD is normalized by the
MSD of particle diffusion in an aqueous medium without polymer
networks at the diffusion time t = 10° 7. D, Diffusivity of particles
with polymer networks Do normalized by that without polymer
networks Dsol as a function of normalized particle size d/¢. E,
Coarse-grained molecular dynamics simulation model of single-
particle diffusion in polymer networks under biaxial tension. F,
Diffusivity tuning ratio D/D, versus stretch ratio A for particles
with diameters smaller than mesh size (e.g., d = 0.5§). G,
Diffusivity tuning ratio D/D, versus stretch ratio A for particles
with diameters slightly larger than mesh size (e.g., d = 4§). H,
Diffusivity tuning ratio D/Dy versus stretch ratio A for particles
with diameters much larger than mesh size (e.g., d = 6§). 1, Zoom-
in visualization of the process of a single particle passing through
the polymer network in the MD simulation. J, Energy barrier
overcome by a particle when passing through polymer networks
with and without biaxial tension.
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Fig. 6 | Model-guided drug delivery system. A, Design of
pressure-triggered drug delivery system, which consists of a
pneumatic actuator and a drug-loaded hydrogel membrane. As
the inflation pressure p increases, the hydrogel membrane is
subjected to an approximately biaxial tensile deformation,
controlling the release rate of drug molecules from the hydrogel
into the surrounding environment (i.e. deionized water bath). B,
Finite element simulation (left panel) to correlate the inflated
pressure p with the average effective stretch Aefr applied on the
hydrogel membrane (right panel). C, A comparison experiment
(left panel) to quantify the impact of biaxial tensile deformation
on the enhanced drug release rate (right panel). D, A comparison
of drug release profile C/Cy (bottom right panel) of inflated and
uninflated drug delivery systems (left panel) subject to controlled
inflation pressure p (top right panel), where C is the drug
concentration released into the environment and G, is the initial
drug concentration in the hydrogel membrane. The triangle dots
in the bottom right panel are the theoretical prediction based on
the simulated stress distribution and the mechano-diffusion of
particles in the hydrogel membrane.
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