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Abstract

Background Selective diffusion of different types of particles is desirable in multiple modern chemical and biological tech-
nologies. However, distinguishing the transport of particles with similar physical, chemical, or geometrical properties is
challenging because their transport behavior is governed by nearly identical thermodynamic and kinetic conditions within
the host medium.

Objective Existing efforts to achieve the selective diffusion of particles include size filtration by the mesh of polymeric
networks or by specific chemical interactions through dynamic bonds. However, these approaches rely on pronounced dif-
ferences in particle size or affinity. This study aims to explore ultrasound excitation as an engineering space to enhance
nanoparticle selectivity through dynamic control of mechano-diffusion in polymer networks.

Methods We developed an ultrasound diffusion characterization platform (UDCP) to systematically observe and analyze
the diffusion behavior of particles. By leveraging a model particle-hydrogel system and the ultrasound excitation, we
generated tunable acoustic fields that impose cyclic mechanical perturbations on the polymer network and the embedded
particles.

Results Through the UDCP, we characterized the diffusion of various molecules with different sizes under various stretches
of the hydrogel media and different ultrasonic power levels. For the individual kind of particles, the low- and intermediate-
power ultrasonic stimulations can enhance the diffusion across all sizes, while the high-power ultrasound can induce a
non-monotonic trend of diffusion profile due to polymer network damage. For two types of particles, ultrasonic stimulation
can enable strong particle diffusion selectivity under moderate power levels.

Conclusion Ultrasound stimulations amplify the particle diffusion selectivity in a non-invasive approach, which can be
utilized as an ideal method to achieve the selective diffusion of broad classes of particles, forming universal applications of
ultrasound in drug delivery, chemical remediation, and in-situ biosensing.
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Existing efforts for achieving selective diffusion primar-
ily rely on tailoring the structural or chemical properties of
the diffusion medium. One common approach is to engineer
the polymer network mesh size to act as a size-selective
filter, allowing smaller particles to pass while excluding
larger ones [20, 21]. However, such structural filtration
mechanisms are inherently static, offering limited tunabil-
ity once fabricated [22] and often leading to a trade-off
between selectivity and permeability [23]. Alternatively,
chemical selectivity has been introduced through dynamic
bonding interactions, such as reversible ligand binding [24,
25], host—guest chemistry [26], or charge-based interactions
[27], which can selectively impede or promote transport
of specific species. While effective in certain cases, these
approaches typically require complex chemical function-
alization, may suffer from limited reversibility and reus-
ability, and are often sensitive to environmental conditions
such as pH, ionic strength, or solvent composition [25].
Consequently, there remains a strong need for a physically
programmable, dynamically tunable approach to selective
particle diffusion that does not rely solely on static structure
or permanent chemistry.

Recently, mechano-diffusion has emerged as a promising
physical route for modulating transport in hydrogel media
[28, 29]. By applying static or quasi-static mechanical defor-
mation, such as stretching or torsion, the polymer network
structure and stored elastic energy can be tuned, thereby
altering the energy barriers that particles must overcome to
hop between adjacent mesh cavities [30, 31]. This mechani-
cal tuning enables controllable enhancement of diffusivity
and provides a means to promote transport along preferred
directions. However, existing mechano-diffusion strategies
are largely limited to static or slowly varying loading condi-
tions, so that under quasi-static deformation, all particles
experience similar shifts in the energy landscape, making it
challenging to generate strong, time-dependent selectivity
between particles.

Herein, to overcome these limitations, we introduce ultra-
sound as a dynamic, high-frequency mechanical stimulation
to actively program selective diffusion in hydrogel systems.
Ultrasonic excitation simultaneously interacts with both the
particles and the polymer network, but its effects are intrinsi-
cally size-dependent [32, 33]. For particles smaller than the
mesh size, the acoustic field induces localized thermal and
vibrational energy fluctuations, effectively increasing the
particle hopping energy and enhancing their mobility [34,
35]. In contrast, for particles larger than the mesh size, trans-
port is governed by polymer network deformation, where
ultrasound induces transient rearrangement, oscillation,
and local expansion of polymer meshes [34, 36], leading to

time-dependent modulation of the energy barrier. Because
smaller particles can more efficiently absorb and respond
to the high-frequency thermal and mechanical energy [37],
their diffusivity is enhanced more significantly than that of
larger particles, resulting in an amplified diffusivity con-
trast between particles under ultrasonic stimulation. To
investigate and demonstrate particle diffusion selectivity,
we developed an Ultrasound Diffusion Characterization
Platform (UDCP), to observe the model particle-hydrogel
system diffusion under ultrasonic stimulation, which consists
of polyacrylamide (PAAm) hydrogels loaded with fluores-
cent particles spanning a wide range of hydrodynamic sizes,
including FITC—dextran and Rhodamine B (RhB). For the
individual FITC—dextran particles, the low- and intermedi-
ate-power ultrasonic stimulations can enhance the diffusion
across all sizes, while the high-power ultrasound can induce
a non-monotonic trend of diffusion profile due to polymer
network damage. For dual FITC—dextran and Rhodamine
B particles, ultrasonic stimulation can demonstrate strong
particle diffusion selectivity under moderate power levels.
The presented framework establishes ultrasound as a pow-
erful tool for selective diffusion engineering, with broad
implications for targeted drug delivery, smart filtration
systems, environmental sensing, and adaptive soft material
platforms. It should be noted that although this work exam-
ines the effect of ultrasound power on molecular release and
transport behavior, the ultrasonic setup used here does not
directly correspond to the operating conditions of current
medical ultrasound devices. Accordingly, the purpose of
this study is not to directly replicate a clinical ultrasound
configuration, but rather to establish and validate the under-
lying concept that ultrasound can function as a programma-
ble dynamic mechanical stimulus for regulating the relative
transport of different molecules in hydrogel networks and
thereby enabling selective release.

Ultrasound-Diffusion Characterization
Platform

To systematically investigate mechano-acoustic modulation
of particle transport in deformable polymer networks, we
first build an ultrasound diffusion characterization platform
(UDCP). UDCEP integrates a controllable ultrasonic excita-
tion system with a miniaturized uniaxial stretching device
within a single diffusion setup, enabling orthogonal regula-
tion of the hydrogel structural state and externally injected
acoustic energy. By imposing a prescribed stretch ratio on
a hydrogel while introducing separately tunable ultrasound
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stimulation, this platform establishes a dual-variable control
environment. This design allows both decoupled and coupled
evaluation of mechanical deformation and acoustic energy
contributions to particle diffusion behavior (Fig. 1A).
Within the UDCP, hydrogels are mounted onto a cus-
tom miniaturized stretcher, where the stretch ratio can be
continuously adjusted and stably maintained to define the
polymer network configuration. Simultaneously, a probe-
type sonicator immersed in the surrounding solution bath
provides independently controllable acoustic energy input,
with acoustic power, duty cycle, and exposure duration pre-
scribed as tunable parameters (Fig. 1B). The external bath,
whose volume is significantly larger than that of the hydro-
gel, functions as an effective infinite sink, establishing a
stable concentration gradient that drives outward diffusion
while preventing boundary concentration accumulation
from influencing transport behavior. Under these strictly
controlled structural and boundary conditions, ultrasound
acts as an independent energy field that modulates the
kinetics of particle transport across the polymer network
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energy barrier. By comparing passive diffusion in the
absence of ultrasound with energy-assisted transport under
identical mechanical constraints, UDCP enables quantita-
tive decoupling of structural effects from acoustic energy
contributions to transport behavior.

To demonstrate the feasibility and stability of UDCP,
PAAm hydrogels and FITC—dextran are employed as a
representative model system. PAAm provides a mechani-
cally predictable polymer network with large deformability
(Fig. 1C), while FITC—dextran serves as a well-character-
ized fluorescent particle for quantitative release analysis. It
is worth noting that this PAAm-FITC system is used as a
proof-of-concept validation to demonstrate the functional
capability of the platform, rather than to establish material-
specific conclusions. The underlying design principles and
control logic of UDCP can be extended to diverse hydro-
gel chemistries and diffusing species of varying sizes and
physicochemical properties, thereby providing a general
experimental framework for constructing mechano-acoustic
transport maps in deformable soft materials.
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Fig. 1 Ultrasound Diffusion Characterization Platform (UDCP) for ultrasound-mediated particle release from hydrogels. (A) Schematic of a par-
ticle-loaded hydrogel immersed in a phosphate-buffered saline (PBS) bath under ultrasonic stimulation. The inset shows a crosslinked polymer
network with embedded particles undergoing acoustically assisted transport. (B) Schematic of the ultrasound diffusion characterization platform.
(Left) An ultrasound probe delivers pulsed acoustic stimulation to a hydrogel sample immersed in a PBS bath, with controlled duty cycle, peak
power, and release time. (Right) A miniaturized mechanical stretcher enables in situ hydrogel deformation for release characterization. (C) Opti-
cal images of a particle-loaded hydrogel sample at stretch ratios of 1=1 and 1=7. Scale bar: 2 cm.
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Working Principle

In ultrasound-modulated particle release from hydrogels,
the underlying transport behavior is governed by distinct
fundamental mechanisms that depend on the size relation-
ship between the diffusing particle (d) and the network mesh
(&). When the particle size is smaller than the mesh size,
transport primarily follows a continuous Brownian diffu-
sion regime. In this regime, the diffusion rate is predomi-
nantly determined by particle kinetic energy and local vis-
cous resistance [38]. Under ultrasonic stimulation, periodic
acoustic energy input enhances particle velocity fluctuations
and vibrational amplitudes, effectively increasing the par-
ticle’s kinetic activity and accelerating release. Such parti-
cles are not geometrically confined by the polymer network;
ultrasound-driven acceleration arises mainly from enhanced
particle dynamics (Fig. 2A, upper right). When the particle
size becomes comparable to or larger than the mesh size,
the transport mechanism changes fundamentally. Larger
particles are transiently confined within cage-like struc-
tures formed by the surrounding polymer chains, and their
motion is no longer governed solely by continuous Brown-
ian motion (Fig. 2A, lower right). Instead, particle transport
proceeds through an obstruction- or hopping-dominated
process, in which the particle must overcome an energy
barrier associated with network elasticity, local chain con-
straints, and particle—network interactions. Therefore, for

large particles, the release rate depends not only on particle
mobility in the solvent phase, but also on the probability of
successful barrier-crossing events.

Ultrasound modulates these two transport regimes through
coupled kinetic and structural effects (Fig. 2B). For small par-
ticles, ultrasound primarily enhances particle velocity fluc-
tuations and vibrational motion within the hydrogel pores,
thereby increasing the effective kinetic activity of the diffus-
ing species and accelerating Brownian diffusion. Because
these particles are not strongly constrained by the polymer
network, the ultrasound-induced enhancement mainly arises
from increased particle motion rather than from substantial
changes in network confinement [39]. For larger particles,
ultrasound has a more complex effect. In addition to increas-
ing particle vibrational activity and the frequency of attempts
to cross local barriers, ultrasound also excites dynamic fluc-
tuations of the polymer chains surrounding the particle. These
chain fluctuations induce transient rearrangements of the local
cage structure and cause temporal variations in the effective
energy barrier. As a result, the barrier height is not fixed, but
fluctuates around a mean level under ultrasonic excitation.
Moments of reduced barrier height increase the probability of
successful hopping events, thereby promoting the release of
large particles that would otherwise be more strongly confined
by the network. In addition to these internal transport effects,
acoustic streaming may also contribute to the observed ultra-
sound-enhanced release behavior.
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Fig.2 Mechanism of ultrasound-mediated selective particle transport in stretched hydrogels. (A) Schematic of mechano-diffusion of particles
in a stretched polymer network, highlighting the role of the ratio between particle diameter (d) and network mesh size (£). When d <¢, particle
motion is dominated by thermally driven Brownian vibration within the polymer network; when d> ¢, particle transport requires overcoming an
energy barrier associated with network deformation. Ultrasound introduces additional mechanical fluctuations that dynamically modulate the
energy barrier and enhance particle hopping. (B) Illustration of ultrasound-amplified selective transport in a deformed hydrogel. Under acous-
tic stimulation, smaller particles (e.g., Rhodamine B) preferentially migrate through the network, whereas larger particles (e.g., FITC—dextran)

remain confined, resulting in size-dependent selective release.
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Mechanical stretching provides a structurally distinct
mode of transport regulation. Unlike ultrasound, which
acts as a dynamic mechanical energy input, stretching pri-
marily changes the geometric configuration of the polymer
network. By deforming the hydrogel, stretching alters mesh
size, transport pathways, local chain orientation, and the
baseline energy landscape encountered by diffusing parti-
cles. Therefore, stretching mainly regulates the mean con-
finement condition and mean barrier level, whereas ultra-
sound mainly enhances the temporal fluctuation amplitude
of particle motion and network constraints. Depending on
the particle size and network structure, stretching and ultra-
sound may act synergistically or competitively in regulating
particle release.

In the present system, Rhodamine B serves as a representa-
tive small-molecule tracer whose molecular size is smaller than
the average mesh size of the hydrogel network. Its release is
therefore mainly governed by Brownian diffusion and is accel-
erated under ultrasound primarily through enhanced molecu-
lar motion. In contrast, FITC—dextran with multiple molecular
weight represents a larger macromolecular tracer with hydro-
dynamic sizes comparable to or exceeding the network mesh
size. Its release is governed by both solvent-phase mobility
and network-mediated confinement, making it more sensitive
to ultrasound-induced fluctuations of the polymer network
and the associated energy barrier. Because Rhodamine B and
FITC—dextran operate under different transport regimes, they
do not respond proportionally to the same external stimulus.
A global ultrasound input can accelerate the release of both
species, but the underlying enhancement pathways are dif-
ferent. Rhodamine B mainly responds through increased
Brownian mobility, whereas FITC—dextran responds through

a combination of enhanced particle motion, increased hopping
attempt frequency, and dynamic reduction of network confine-
ment barriers. This difference in stimulus sensitivity reshapes
the relative release rates of the two species and can amplify
selective release. In this context, selectivity does not arise from
ultrasound targeting one specific molecule directly, but from the
intrinsic mismatch between particle size, network constraints,
and the way external mechanical energy couples to each trans-
port mechanism.

Theoretical Analysis

The above mechanism can be further interpreted using a min-
imal theoretical framework for ultrasound-assisted dynamic
transport (Fig. 3). Ultrasound does not introduce a sepa-
rate transport law; rather, it renders the key variables in the
obstruction and hopping models explicitly time dependent.
Under ultrasonic excitation, the effective mesh size can be
expressed as &(7), reflecting transient changes in local network
confinement. The strain energy stored in the surrounding
polymer chains becomes W(#), which further modulates the
hopping energy barrier AU(f). At the same time, enhanced
particle vibration within the solvent phase may increase the
intrinsic liquid-phase diffusivity, Dhq, and the correspond-
ing frequency of barrier-crossing attempts. Together, these
time-dependent variables regulate the instantaneous confine-
ment condition, hopping probability, and macroscopic release
kinetics under mechano-acoustic stimulation.

Accordingly, the instantaneous diffusivity under ultrasound
can be expressed in the generic form

Fig.3 Conceptual framework of
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where D, refers to obstruction diffusivity. The experimen-

tally relevant diffusivity is the cycle-averaged quantity
D = (D(1)), Q)

This formulation indicates that diffusion enhancement
under ultrasound arises from nonlinear time averaging of
oscillatory modulation of steric confinement and activation
barrier, rather than from a purely static structural change.

The role of ultrasound parameters can also be understood
within this framework. The ultrasonic power (or intensity),
denoted by P, primarily determines the amplitude of the
acoustic pressure and thus the magnitude of the induced oscil-
latory strain €, whereas the ultrasound frequency, denoted by
f, sets the timescale of oscillation. In this sense, the oscilla-
tory strain amplitude may be written as

g, =€,(P.f) (3)

where P and f denote the applied ultrasonic power and fre-
quency, respectively. The effective diffusivity may therefore
be expressed as

D¢y = Dy(P,f,d, &) 4

where d is the particle diameter and & is the undeformed
mesh size. In the small-amplitude regime, the leading-
order enhancement in the cycle-averaged diffusivity scales
quadratically with the oscillatory strain amplitude,

AD, 4 6§ ®)

so that D generally increases with increasing ultrasonic
power. By contrast, the role of frequency is more intricate
because it controls whether the polymer network and sol-
vent can fully respond within each oscillation cycle, and it
may also affect the onset and intensity of acoustic cavitation
and mechanical coupling effects. The present framework is
intended as a minimal physical description linking dynamic
stress, effective mesh size, and diffusivity, rather than as a
full acoustic-poroelastic model.

Materials and Methods
Synthesis of Particle-Loaded Hydrogels

Unless otherwise specified, all chemicals were purchased from
Sigma-Aldrich and used as received. To prepare the hydrogel
precursor, 0.75 g acrylamide (AAm) was dissolved in 2.5 mL
phosphate-buffered saline (PBS). Subsequently, 0.25 mL of
0.23 wt.% N,N'-methylenebis(acrylamide) (MBAA) was

added as the crosslinker, followed by 50 pL of 10 wt.% ammo-
nium persulfate (APS) as the thermal initiator and 2.5 pL of
N,N,N',N’-tetramethylethylenediamine (TEMED) as the
accelerator. This formulation corresponded to an estimated
average mesh size of approximately 15.96 nm [40].

For ultrasound-mediated mechano-diffusion experiments,
2.5 mg of FITC—dextran with molecular weights of 4, 70, 150,
or 250 kDa was separately added to the precursor solution.
The corresponding estimated hydrodynamic diameters were
approximately 2.6, 10.8, 15.8, and 20.4 nm respectively [41],
giving particle-to-mesh size ratios (d/&, with £ ~ 15.96 nm)
of approximately 0.16, 0.68, 1.0, and 1.3. For ultrasound-
mediated selective release experiments, 30 mg FITC—dextran
and 360 pLL Rhodamine B solution (1 mg/mL) were added to
the precursor. The concentration was selected according to
the sensitivity range of the measurement instrument to ensure
that the concentration change within the first hour remained
detectable.

The precursor solutions were mixed and defoamed using a
centrifugal mixer (AR-100, THINKY), purged with nitrogen
gas to remove residual oxygen, and cast into acrylic molds
(20 mm X 10 mm X 3 mm) to obtain hydrogel samples of iden-
tical dimensions. The molds were fabricated by laser cutting
(Epilog Laser) and consisted of a hollow acrylic chamber and
a top cover plate. Polymerization was carried out on a hotplate
at 60 °C for 30 min. During curing, the precursor solution was
covered with a glass slide, and the mold was tightly clipped
to maintain sealing, thereby minimizing oxygen exposure and
suppressing inhibition of free-radical polymerization. The
molds were additionally wrapped in aluminum foil to mini-
mize dye exposure to light during curing. After polymeriza-
tion, the hydrogels were removed from the molds for subse-
quent experiments.

The theoretical maximum release concentration of
FITC—dextran or Rhodamine B in the surrounding medium
was calculated assuming complete equilibibration of all mol-
ecules initially contained within the hydrogel with the external
medium.

Ultrasound-mediated Release Experiments

Ultrasonic stimulation was applied using a Branson 450
Sonifier probe-type ultrasonic processor (VWR Scientific).
The device operated at approximately 20 kHz, with output
power and duty cycle controlled during the experiments.
According to the manufacturer’s manual, the horn frequency
range is 19.850-20.050 kHz, and the Model 450 has a maxi-
mum output power of 400 W. A particle-loaded hydrogel
specimen was placed in an opaque paper cup and immersed
in phosphate-buffered saline (PBS). For ultrasound-mod-
ulated release enhancement experiments, 20 mL of PBS
was used as the bath volume, whereas 10 mL was used in
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ultrasound-mediated selectivity experiments due to dif-
ferences in concentration measurement requirements. The
probe was fixed directly above the center of the hydrogel
sample at an approximate distance of 1 cm (Fig. 1A), with
the probe tip immersed in the surrounding water medium.
The container was covered with aluminum foil during stimu-
lation to minimize light exposure. At 10 min intervals, ali-
quots of the bath solution were withdrawn for concentration
measurement.

Mechanical Characterizations of Bulk Hydrogel

All mechanical tests were performed using a U-Stretch
testing device (CellScale). Bulk hydrogel samples were
trimmed to dimensions of 5 cm X2 cm. Both ends of each
hydrogel film were sandwiched between two acrylic plates
(5 cm X2 cm), and additional acrylic holders (1 cmx 0.5 cm)
were attached at the ends, leaving a 1 cm gauge length for
stretching. The assembled sample was then immersed in a
PBS bath and exposed to ultrasound at controlled intensi-
ties. For the stress relaxation test, the hydrogel was stretched
to a stretch ratio of A=3, and the subsequent stress evolu-
tion was recorded over time. For the pure-shear tensile test,
the hydrated hydrogel thickness was first measured, after
which the sample was mounted vertically on the U-Stretch
testing device and stretched at a rate of 1 mm/s until fail-
ure. For notched samples, the same procedure was followed
except that a approximately 1-cm notch was introduced at
the center of the hydrogel prior to testing. Fracture tough-
ness was determined from the experimental results of both
notched and unnotched samples, while Young’s modulus
was calculated from the initial slope of the stress—stretch
curve obtained from the unnotched samples.

Concentration Measurement in PBS Bath

For release enhancement experiments involving single-com-
ponent FITC—dextran, particle concentration in the PBS bath
was quantified using a Qubit 4 Fluorometer (ThermoFisher
Scientific). Prior to measurement, blank PBS was used for
baseline calibration. At each time, approximately 200 pL
of the bath solution was withdrawn for fluorescence analy-
sis. After measurement, the sampled solution was returned
to the bath to maintain a constant total volume throughout
the experiment. For selective diffusion experiments involv-
ing both FITC-dextran and Rhodamine B, concentration
analysis was performed using a NanoDrop microvolume
UV-Vis spectrophotometer (ThermoFisher Scientific).
UV-Vis spectroscopy was employed to capture the full
absorption spectrum, enabling spectral discrimination
between FITC—dextran and Rhodamine B based on their

characteristic absorbance peaks (~490 nm for FITC—dextran
and ~ 550 nm for Rhodamine B). Calibration curves were
established using solutions of known concentrations prior
to release measurements. At each sampling interval, 5-10
pL of the bath solution was collected for analysis. Due to the
negligible sampling volume relative to the total bath volume,
the aliquots were not returned to the system.

Calculation of Diffusivity, Normalized Diffusivity,
and Selectivity

To quantitatively compare transport capability under different
conditions, the apparent effective diffusivity was calculated
based on the early-stage change in normalized concentration
[42, 43]. First, the measured bath concentration in the release
profile was normalized as C,,,,,,(?), defined as the concentra-
tion at time ¢ divided by the estimated maximum bath concen-
tration assuming complete release of all loaded molecules into
the bath. In the early diffusion-controlled stage, the change in

normalized concentration can be approximated as [42]:

Dt )1/2 ©)

Coom = 4( =5

where D is the diffusivity and £ is the effective diffusion
length. Since the hydrogel can release solutes from both
sides, i was approximated as half of the total hydrogel thick-
ness to represent the effective diffusion distance along one
release direction.

According to the above relationship, the normalized con-
centration is approximately linear with \/;:

\/B\ﬁ ©)

Cnorm(t) & T

Therefore, the early-stage normalized concentration profile
was fitted as:

Cororm® = k1 + b ®)

where £ is the fitted slope of C,,,,(¢) versus \/;, and b is the
intercept (b = 0 at all times). Based on the square-root-of-

time relationship between C,,,,,,(f) and D, the fitted slope k
satisfies:
VD
ko — 9
x = €))

Thus, the apparent effective diffusivity was estimated from
the slope of the normalized concentration profile with respect

to \/;:

Dy = (kh)’ (10)
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To further compare relative transport capability under dif-
ferent conditions, the apparent effective diffusivity was nor-
malized by that under the corresponding control condition.
The normalized diffusivity was defined as:

Dy,

Deﬁ‘,()

D =

norm (1 1)
where D, ; is the apparent effective diffusivity under condi-
tion i (under ultrasound stimulation, mechanical stretching,
or their combined application), and D, is that under the
corresponding control condition. Because all samples used
the same hydrogel thickness and the same definition of the
effective diffusion layer thickness #, the A term cancels dur-
ing normalization:

p, =(% :
norm — k()

where k; and k, are the fitted slopes obtained from the early-
stage normalized concentration profiles under condition i
and the control condition, respectively. Therefore, although
the estimation of D, includes the effective diffusion layer
thickness #, h does not affect the final relative comparison
when calculating D In other words, D reflects the

12)

norm* norm

relative change in the squared slope of the early-stage nor-
malized concentration profile.

Selectivity, S, was defined as the ratio of the apparent
effective diffusivities of two different molecules under the
same condition. For example, for Rhodamine B (RhB) and
FITC—dextran, selectivity was calculated as:

D eff RhB

2
thB
S = =
Deﬁ,FlTC—dexlran kFlTC—dexlran

13)

This parameter was used to quantify the relative transport
preference of the hydrogel for one molecule over another.

Results
Effect of Ultrasound on FITC-Dextran Release

The effect of ultrasound stimulation on FITC-dextran
transport was quantitatively evaluated using the calibration
relationships established for tracers of different molecular
weights (4, 70, 150, and 250 kDa) in Fig. 4. The strong
linear relationship between fluorescence intensity and
concentration enabled reliable conversion of fluorescence
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signals into FITC—dextran concentrations in the PBS bath.
Based on these calibrations, time-dependent release pro-
files from stretched hydrogels were obtained under both
ultrasound and control (no ultrasound) conditions. For all
molecular weights, the FITC—dextran concentration in the
surrounding PBS bath increased monotonically with time,
indicating continuous outward diffusion driven by concen-
tration gradients.

Ultrasound enhanced the release of all FITC—dex-
tran species, although the magnitude of this enhance-
ment depended strongly on molecular size. As shown in
Fig. SA-D, the release profiles obtained under ultrasound
were consistently higher than those measured without
ultrasound for 4, 70, 150, and 250 kDa FITC-dextran.
Because all samples were prepared using the same mass of
FITC—dextran, their initial molar concentrations differed
by molecular weight. To enable direct comparison across
molecular sizes, the release data were therefore normalized
by the estimated maximum concentration, C,,,,,, defined
as the concentration that would be reached assuming the
complete equilibration of FITC—dextran initially loaded in
the hydrogel with the PBS bath. After normalization, the
early-stage release behavior became directly comparable:
within the first hour, the normalized concentration for all
four FITC—dextran species was approximately 0.1 in the
absence of ultrasound and increased to about 0.2-0.3 under
ultrasonic stimulation (Fig. SE-H). This result shows that
under the same stretching and ultrasound conditions, ultra-
sound affects the release of different FITC—dextran species
to different extents.
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To further compare transport behavior across molecular
weights, the corresponding molar concentrations associated
with complete release were calculated, as summarized in
Fig. 6A. Because the same mass of FITC—dextran was used
in all cases, the molar concentration decreased with increas-
ing molecular weight. In particular, 4 kDa FITC—dextran
exhibited a substantially higher molar concentration, approx-
imately 6.5 pM, whereas the concentrations of the 70, 150,
and 250 kDa species were much lower, ranging from about
0.1 to 0.37 pM. Effective diffusivities were then extracted
by fitting the early-stage release profiles.

However, the relative increase in diffusivity was distinctly
non-monotonic with molecular weight (Fig. 6B). The largest
enhancement was observed for 150 kDa FITC—dextran, fol-
lowed by 70 kDa, whereas the increase was comparatively
modest for both the smallest (4 kDa) and largest (250 kDa)
species. This behavior indicates that the effect of ultrasound
cannot be interpreted as a simple monotonic function of
molecular size, but instead reflects distinct transport regimes
associated with particle size relative to the hydrogel mesh.
For 4 kDa FITC—dextran, transport is only weakly hindered
by the network under baseline conditions, so ultrasound pro-
vides limited additional enhancement. In contrast, 250 kDa
FITC—dextran is much more strongly confined within the
network, and ultrasound is insufficient to shift a substantial
fraction of molecules from a trapped state into an effectively
releasable regime. By comparison, the intermediate-sized 70
and 150 kDa species fall within a transport regime that is
especially sensitive to ultrasound-induced perturbations of
polymer chain dynamics and transient transport pathways,
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Fig.5 Ultrasound-mediated release kinetics of FITC—dextran with different molecule weights. Time-dependent release concentration profiles
of (A) 4 kDa, (B) 70 kDa, (C) 150 kDa, and (D) 250 kDa FITC—dextran from stretched hydrogels under conditions with and without ultrasound
stimulation. Corresponding normalized release profiles (C/C,,,,) are shown in (E-H). All hydrogels were tested under a stretching ratio of 1=2
and an ultrasound output power of 4. Data are presented as mean+SD (n=3).
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Fig.6 Concentration normaliza- A
tion and diffusivity comparison

of FITC—dextran with different
molecular weights. (A) Calcu-

lated mass and molar concentra-

tions of the four FITC—dextran

species in the PBS bath, assum-

ing complete release from the 4
hydrogel. (B) Ultrasound-medi-

ated diffusivity, quantified by 70
the normalized diffusivity ratio
(D us/Dyyjous)s as a function
of the particle-to-mesh size ratio
(d/¢&). Data in (B) are presented
as mean+ SD (n = 3).

Molecular

weight (kDa)

0.0260
0.0260

150 0.0260
250 0.0260

resulting in the greatest relative increases in diffusivity and
release.

This non-monotonic size dependence is consistent with
the dual-mechanism framework described in the above sec-
tion. In the small-particle regime relative to the mesh size,
ultrasound mainly enhances transport by increasing particle
kinetic activity through mechanical vibration and thermal
agitation. In the large-particle regime, ultrasound can addi-
tionally promote transient network deformation and rear-
rangement, thereby lowering the effective transport barrier.
The strongest enhancement therefore occurs in an interme-
diate size range, where ultrasound is sufficient to activate
barrier-limited transport, but the particles are not yet so
strongly confined that release remains largely suppressed.

It should also be noted that the local acoustic pressure
experienced by the hydrogel depends on the probe—sample
distance and relative positioning. In addition, due to the
geometry of the transducer, the acoustic field is expected to
be spatially non-uniform, which may generate heterogeneous
streaming patterns and non-uniform enhancement of local
mass transport. Although the probe position and sample
placement were kept constant across experiments to improve
reproducibility, such field heterogeneity may still contribute
to experimental variability and should be considered when
interpreting ultrasound-regulated diffusion behavior. Over-
all, these results demonstrate that the effect of ultrasound
on nanoparticle transport is highly dependent on particle
size and transport regime. Rather than producing a uniform
enhancement across all species, ultrasound most effectively
promotes the release of intermediate-sized molecules, for
which transport is particularly sensitive to perturbations in
polymer chain dynamics and transient transport pathways.

Comparison between Strain Effect and Ultrasound
Stimulation

According to our previous studies, static or quasi-static
mechanical deformation of polymer networks can increase
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nanoparticle diffusivity by altering mesh size and network
elasticity [28]. After establishing that ultrasound increased
the release and diffusivity of all FITC—dextran species, we
selected 150 kDa FITC—dextran, corresponding to d/& = 1,
as a representative system for further comparison of the indi-
vidual and combined effects of mechanical stretching and
ultrasound. This molecular size exhibited the largest diffu-
sivity enhancement under ultrasound and therefore represents
the transport regime most sensitive to external perturbation.
To directly compare the effectiveness of these two stimuli, a
series of controlled experiments was performed using hydro-
gels loaded with 150 kDa FITC—dextran. In the first set of
experiments, no ultrasound was applied, and the hydrogels
were subjected to different uniaxial stretch ratios of 4 = 1.0,
1.5, and 2.0 (Fig. 7A). In the second set, the hydrogels were
maintained in the undeformed state (A = 1.0) and exposed to
ultrasound at two power levels, namely low power and inter-
mediate power (Fig. 7C). The corresponding normalized dif-
fusivity values are summarized in Fig. 7B and D.

Under purely mechanical stretching conditions with-
out ultrasound, the release concentration increased with
increasing stretch ratio, confirming that static deformation
facilitates transport by enlarging the effective mesh size
and reducing diffusion resistance along the loading direc-
tion. Among the three stretch conditions, the hydrogel at
4 = 2.0 consistently showed the highest release, followed
by 4 = 1.5 and 4 = 1.0. However, the overall enhancement
in diffusivity remained moderate, reaching only about 1.5-
fold even at A = 2.0. In contrast, under ultrasound stimula-
tion in the absence of stretch, a more pronounced increase
in both release and diffusivity was observed. At intermedi-
ate ultrasound power, the diffusivity increased by approxi-
mately 1.75-fold relative to the no-ultrasound condition.
Direct comparison further showed that hydrogels exposed to
intermediate-power ultrasound without stretching exhibited
higher release concentrations than hydrogels subjected to
mechanical stretching alone, even at the largest stretch ratio
tested (A = 2.0). These results indicate that for the 150 kDa
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tracer, dynamic acoustic stimulation is more effective than
static mechanical deformation in promoting transport.
Although both stretching alone and ultrasound alone
enhanced transport, the increase became substantially
greater when the two perturbations were applied simul-
taneously. Under the combined action of stretching and
ultrasound, the normalized diffusivity increased by nearly
fourfold (Fig. 6B), far exceeding the enhancement produced
by either stimulus alone. This result indicates a synergistic
interaction between stretching and ultrasound for particles in
this size regime. Rather than simply contributing independ-
ent effects, the two perturbations appear to cooperatively
lower the effective transport barrier and promote escape
from transient confinement within the polymer network.
This synergistic behavior is consistent with the particle-
to-mesh-size-dependent mechano-diffusion framework.
For particles much smaller than the mesh size, ultrasound
mainly enhances transport by increasing particle and matrix
fluctuations, whereas stretching contributes only a modest
additional effect through geometric modification of the net-
work. For particles much larger than the mesh size, both per-
turbations remain insufficient to shift transport substantially
away from a strongly trapped state. The strongest response
is expected when particle size is comparable to, or slightly
larger than, the mesh size, where transport is dominated
by hopping across transient polymer cages. In this regime,

Ultrasound power output

ultrasound-induced fluctuations and stretch-induced geomet-
ric opening can act together to facilitate cage escape, leading
to a much stronger enhancement of diffusivity and release
than either perturbation alone.

High Power Ultrasonic Stimulation Effect

Under high-power ultrasonic stimulation, the release
behavior of FITC—dextran exhibited a qualitatively differ-
ent profile from that observed under low-power conditions.
As shown in Fig. 8A, the normalized FITC—dextran con-
centration no longer increased monotonically with time,
but instead displayed a transient decrease after the initial
rapid release stage. This behavior contrasts sharply with the
steadily increasing release profile obtained under low-power
ultrasound, indicating that high-power ultrasound does not
simply produce a stronger version of diffusion enhancement,
but instead changes the governing transport process.

To exclude the possibility that this anomalous release pro-
file arose from an optical measurement artifact, we continu-
ously monitored the fluorescence intensity of pure FITC—dex-
tran and Rhodamine B solutions under the same ultrasound
conditions in the absence of hydrogel. In both cases, no notice-
able decrease in fluorescence intensity was observed over 1 h
of sonication. These control experiments indicate that the tran-
sient concentration decrease observed in Fig. 8A is unlikely to

SEM



Experimental Mechanics

A B
0.10 60
5 -®- Low power — Low power
©0.08} " High power 50} — High power
c o —
8006} ¥ : t g 40
S $--3 =3
3 e » 30
5 0.04+ > @
o) . o 20
N -—
Soo2f ® 7
£ 10}
20.00} ¢ A=15 A=3.0
L L L L 1 L 1 0 1 1 1 1 1
0 10 20 30 40 50 60 0 10 20 30 40 50
Time (min.) Time (min.)

Fig. 8 Effects of high-power ultrasound on particle release and hydrogel degradation. (A) Time-dependent normalized concentration of released
particles from stretched hydrogels (A=1.5) under low- (Output=4) and high-power (Output=_8) ultrasound stimulation. High power initially
enhances release but exhibits a reduced release efficiency at later times compared to the low-power condition. (B) Stress relaxation curve of
hydrogels (A=3.0) under low- and high-power ultrasound. High-power ultrasound induces a pronounced stress decay over time, indicating poly-
mer network damage and chain scission. Values in A represent mean +SD (n=3).

originate from direct ultrasound-induced fluorescence varia-
tion or sonochemical bleaching of the dye molecules. Instead,
the result suggests that excessive ultrasound intensity alters
the hydrogel matrix and thereby modifies the release behavior.

At higher acoustic intensities, additional nonlinear effects
may emerge, including more pronounced oscillatory strain
fields and possible cavitation-related microflows [12, 44,
45]. These effects can substantially amplify local stress con-
centrations within the polymer network, driving the material
beyond a purely elastic or viscoelastic response and into a
regime of irreversible structural alteration. As a result, trans-
port is no longer governed solely by enhanced diffusion, but
instead reflects a coupled process involving diffusion, advec-
tion, and progressive network disruption. In this regime, het-
erogeneous transport pathways may arise from bulk mate-
rial damage. Polymer chain scission, microcrack formation,
and local delamination within the hydrogel can temporarily
redistribute particles within fractured regions, thereby reduc-
ing the effective outward flux into the surrounding bath. In
addition, high-energy acoustic fields may promote particle
aggregation or adsorption onto polymer debris and container
surfaces, further decreasing the freely suspended particle
concentration detected in solution. Together, these effects
can produce a dynamic and spatially non-uniform release
profile that deviates from classical Fickian behavior.

To further test whether high-power ultrasound alters the
hydrogel structure, we performed independent mechani-
cal measurements under different ultrasound conditions.
The stress relaxation results provide initial support for
this interpretation. As shown in Fig. 8B, the hydrogel sub-
jected to high-power ultrasound (Output power = 8) exhib-
ited a pronounced decrease in load-bearing capacity over
time, consistent with progressive network softening and

structural weakening. However, because stress relaxation
under sustained deformation may also include contribu-
tions from reversible viscoelastic effects, this result alone
does not unambiguously prove permanent network dam-
age. We therefore further performed pure-shear tensile tests
on hydrogel samples after defined ultrasound treatments
using both unnotched and notched geometries (Fig. 9A, C,
and D). Compared with the low-power condition (Output
power =4), hydrogels exposed to high-power ultrasound
exhibited reduced shear modulus, elastic modulus, frac-
ture stress, fracture strain, and fracture toughness (Fig. 9B),
indicating a clear loss of network integrity after ultrasound
treatment. These direct mechanical measurements support
the conclusion that the reduction in load-bearing capacity
under strong ultrasound is not solely attributable to revers-
ible relaxation, but is instead consistent with permanent
structural degradation of the hydrogel network.

Moreover, because the elastic modulus is directly related
to the effective network density, the observed reduction in
modulus also suggests a loosening of network constraint
and an increase in effective mesh size, which is relevant
to the diffusion behavior discussed in this work. It should
also be noted that the acoustic wavelength is orders of mag-
nitude larger than the hydrogel mesh size, indicating that
ultrasound does not directly couple to nanoscale network
heterogeneity at the molecular-mesh level. Instead, ultra-
sound is considered here as a bulk mechanical perturbation
that induces transient fluctuations of the polymer matrix
and embedded particles, thereby modulating the local
transport energy landscape. Under low- and intermediate-
power conditions, this perturbation enhances mechano-
diffusion in a particle-size-dependent manner. Beyond a
critical ultrasonic power threshold, however, the system
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Fig. 9 Mechanical charac-
terization of hydrogels after
ultrasound treatment at different
power levels. (A) Schematic
illustration of pure shear tensile
testing on unnotched and
notched hydrogel samples in the
reference and deformed states.
(B) Summary of the mechanical
properties of hydrogels fol-
lowing low-power (Output=4)
and high-power (Output =8)
ultrasonic treatments, including
shear modulus y, elastic modu-
lus E, fracture stress Sy, fracture
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appears to transition from a reversible mechano-diffusion
regime to a damage-dominated transport regime.

Selectivity Enhanced by Ultrasound Stimulation

In the previous single-tracer release experiments, the con-
centration of FITC—dextran in the PBS bath was quantified
using a fluorescence intensity analyzer, and the measured
fluorescence signals were converted to solution concentra-
tions using pre-established intensity—concentration calibra-
tion curves. For the subsequent selective-transport experi-
ments, however, FITC-dextran (4 kDa) and Rhodamine
B were simultaneously incorporated into the same hydro-
gel matrix. Under these conditions, single-wavelength
fluorescence measurements are not ideal because partial
spectral overlap and signal coupling between fluorophores
can hinder independent quantification of each species. To
overcome this limitation, we adopted UV—Vis absorption
spectroscopy using a NanoDrop platform. As shown in
Fig. 10A, the mixed solution exhibits two well-separated
absorption peaks centered at approximately 490 nm and
550-560 nm, corresponding to FITC—dextran and Rhoda-
mine B, respectively, thereby enabling independent signal
extraction for each tracer. Within the tested concentration

range, the absorbance at each characteristic wavelength
increased systematically with concentration, allowing sepa-
rate calibration relationships to be established for quan-
titative analysis. The concentration-dependent absorption
spectra of Rhodamine B are shown in Fig. 10B over the
range of 2—10 pM, and the corresponding calibration curve
in Fig. 10C shows a strong linear relationship between
absorbance and concentration with minimal experimental
variation, supporting accurate back-calculation of tracer
concentrations in the external PBS bath during release
experiments. This measurement strategy therefore enables
simultaneous and decoupled quantification of multiple trac-
ers released from the same hydrogel system.

Rhodamine B was selected as the small-molecule tracer
because its estimated hydrodynamic size is only on the order
of ~1-2 nm, corresponding to d/& ~ 0.06 — 0.13 in the pre-
sent hydrogel network (£ ~ 15.96 nm). This places Rho-
damine B well within the small-particle diffusion regime,
where transport is only weakly constrained by the polymer
network. To provide the most meaningful polymer-tracer
comparison, we paired Rhodamine B with 4 kDa FITC—dex-
tran, the smallest FITC—dextran species used in this study.
Because Rhodamine B is still substantially smaller than any
FITC—dextran tracer, this choice minimizes the size disparity
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Fig. 10 Spectral characterization and calibration of Rhodamine B and FITC—dextran. (A) UV-Vis absorption spectrum of a mixed FITC—dex-
tran and Rhodamine B solution, showing two distinct characteristic peaks at~490 nm and~556 nm. (B) Concentration-dependent absorption
spectra of Rhodamine B over a range of concentrations. (C) Calibration curve of Rhodamine B obtained from absorbance values at 556 nm with
linear regression fitting, enabling quantitative concentration determination in diffusion experiments. Values in C represent mean+SD (n=3).

within the FITC—dextran series while preserving the con-
trast between small-molecule transport and polymer-tracer
transport. Together, this tracer pair provides a useful model
system for evaluating ultrasound-mediated, size-dependent
selective diffusion in the hydrogel network.

The central objective of this section is to evaluate how
ultrasound and stretching influence selective release. To
quantitatively compare the transport of the two tracers, effec-
tive diffusivities were extracted from the concentration—time
relationships for Rhodamine B and 4 kDa FITC-dextran
under each condition, and the corresponding selectivity was
evaluated based on their diffusivity ratio as defined above.

Ultrasound-induced heating should also be considered
when interpreting the observed selective transport behav-
ior. Under the sonication conditions used in this study
(output =4, duty cycle=40%), the PBS -bath temperature

increased from approximately 20 °C to about 40-41 °C
within the first 20 min and then remained nearly constant,
indicating the establishment of a thermal steady state
(Fig. 11A). This temperature rise may contribute to transport
enhancement by reducing solvent viscosity and increasing
diffusivity. In addition, the probe was positioned approxi-
mately 1 cm above the center of the hydrogel sample with
the tip immersed in the water bath, and this configuration
was kept constant across experiments to improve reproduc-
ibility. Because the acoustic field in such a probe-based setup
is likely to be spatially non-uniform, both thermal effects and
local acoustic heterogeneity should be taken into account
when interpreting ultrasound-regulated selective transport.

To further examine whether the increase in selectiv-
ity could be attributed solely to ultrasound-induced heating,
we performed additional control release experiments for
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Fig. 11 Evaluation of ultrasound-associated thermal effects on hydrogel selectivity. (A) Time-dependent temperature evolution of the PBS bath
under ultrasound stimulation (output=4, duty cycle=40%). (B) Comparison of particle release selectivity at room temperature (25 °C) and ele-
vated temperature (40 °C), where both hydrogel samples were subjected to 1=2 in the absence of ultrasound stimulation. The similar selectivity
values observed at the two temperatures indicate that bulk heating alone cannot explain the ultrasound-enhanced selective transport behavior.

Values represent mean + SD (n=3).
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FITC—dextran and Rhodamine B in a hot PBS bath and com-
pared the resulting selectivity (Fig. 11B). Under room-tem-
perature conditions, the selectivity remained close to 1. When
the PBS bath temperature was raised to 40 °C, the selectivity
increased only modestly, from approximately 1 to about 1.5.
This result confirms that thermal effects do influence the release
of different molecules to some extent. However, the increase
in selectivity caused by heating alone was relatively small
and remained quantitatively much weaker than the selectivity
enhancement observed under the combined action of ultrasound
and stretching. Therefore, although the thermal contribution
cannot be neglected, it is insufficient to account for the much
larger selective-transport enhancement induced by ultrasound-
assisted mechano-diffusion.

To evaluate how stretching and ultrasound influence selec-
tive release, the following experiments were divided into three
groups using hydrogels co-loaded with Rhodamine B and
4 kDa FITC—dextran: stretching alone, ultrasound alone, and
combined stretching with ultrasound. Representative release
curves are shown in Fig. 12A—C. Under stretching-only and
ultrasound-only conditions, the normalized concentration pro-
files of Rhodamine B and FITC—dextran exhibited broadly
similar trends. Although direct comparison of the absolute
release curves is not the primary objective of this experiment,

Fig. 12 Synergistic effect of A
mechanical stretching and ultra-
sound stimulation on selective

several useful observations can still be drawn. In particular,
for this tracer pair, stretching produced a stronger effect on
release behavior than ultrasound alone, which is consistent
with our earlier conclusion that ultrasound has only a limited
influence on small-molecule transport.

By contrast, under the combined action of stretching
and ultrasound (Fig. 12C), the release rate of Rhodamine
B became clearly higher than that of FITC—dextran. This
distinction was further confirmed by the fitted effective dif-
fusivities and the resulting selectivity values. To summa-
rize the combined influence of stretching and ultrasound on
selective transport, a 3D plot is presented in Fig. 12D. It can
be seen that ultrasound alone produced little enhancement
in selectivity, and in some cases even resulted in selectivity
values below 1, indicating that ultrasound affected the larger
FITC—dextran tracer more strongly than the smaller Rhoda-
mine B under those conditions. In comparison, stretching
alone led to a modest increase in selectivity, typically in
the range of 1-1.5. Notably, when ultrasound and stretch-
ing were applied simultaneously, the selectivity increased
substantially, reaching values of approximately 1.5-3. These
results indicate that the combined effect of ultrasound and
stretching is non-additive, leading to a much greater increase
in selectivity than either perturbation alone.
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Conclusions

In this work, we establish an ultrasound-mediated mechano-
diffusion platform that enables dynamically programmable,
size-selective particle transport in polymeric hydrogels,
overcoming the challenge of achieving selective diffusion
under nearly identical thermodynamic and kinetic condi-
tions. Through the development of the ultrasound diffusion
characterization platform (UDCP), we enable orthogonal
control of mechanical deformation and acoustic energy input,
allowing systematic decoupling of structural modulation from
energy-driven transport enhancement. Mechanistically, parti-
cle transport is governed by the size relationship between the
diffusing species and the network mesh. Ultrasound enhances
transport by elevating particle kinetic activity and modulat-
ing dynamic fluctuations of the polymer network, thereby
reshaping the effective energy landscape for barrier cross-
ing, while mechanical stretching alters the baseline barrier
level through structural reconfiguration. Because particles
operating under distinct transport regimes respond differ-
ently to external stimulation, ultrasound induces non-uniform
enhancement across different types of nanoparticles, amplify-
ing pre-existing transport disparities and leading to enhanced
selectivity. Importantly, ultrasound represents a non-contact
and remotely controllable actuation strategy that enables volu-
metric energy delivery without requiring magnetic additives
or embedded components. Compared with magnetic-field-
based approaches, acoustic stimulation is directly compat-
ible with chemically inert and structurally uniform hydrogel
systems and provides continuously tunable dynamic control.
Collectively, this study establishes a physically programmable
framework for selective diffusion engineering, expanding the
design space for targeted delivery, smart filtration, environ-
mental remediation, and adaptive soft material systems.
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