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Dense biological tissues present formidable transport barriers that limit therapeutic penetration.
Ultrasound-mediated propulsion can help to cross these barriers, but the presence of viscoelastic media
can dampen ultrasonic cavitation and particle movement. The effect of gelatin (2-8% w/v) hydrogel
mechanical properties (G’ ~100-2100 Pa) on cavitation-mediated nanoparticle transport was tested
using phospholipid-coated, hydrophobically modified mesoporous silica nanoparticles (DBPC HMSNs)
and high-intensity focused ultrasound (HIFU). The minimum duty cycle required for effective penetration
increased with hydrogel stiffness: 0.5% for 2% gelatin, 1.0% for 4% gelatin, and 3.6% for 8% gelatin. Soft
hydrogels (2-4%) developed localized microchannels and release of gelatin from the gels only when
treated with DBPC HMSNs under HIFU, but maintained their bulk mechanical properties. Stiff 8% gelatin
exhibited organized honeycomb structures with 20-40% modulus reduction and amine release even in
non-cavitating controls, indicating bulk weakening across all treatment groups. Non-cavitating control
particles (unmodified MSNs) showed minimal penetration across all conditions, confirming cavitation as
the primary driver of particle transport. SEM revealed treatment-dependent morphological changes
across all HIFU-treated gels, including the formation of micropores and organized structures. These
findings reveal that soft hydrogels (100-450 Pa) allow localized cavitation-mediated transport while
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DOI: 10.1039/d5tb01702e preserving bulk integrity, whereas stiffer (>1000 Pa) hydrogels require higher acoustic intensities that
inevitably cause bulk mechanical weakening. This stiffness-dependent response suggests that effective

rsc.li/materials-b translation to biological barriers will require matching ultrasound parameters to target tissue mechanics.

HIFU achieves intensities (Ispr,) of 10°-10* W ecm ™2, usually to
achieve therapeutic effects.” Clinical uses of HIFU include

1. Introduction

Ultrasound can enhance drug delivery by increasing molecular
and/or particulate motion, as well as tissue permeability,
through mechanical effects. However, the intensities required
to achieve these effects depend on tissue density and barrier
properties. Diagnostic ultrasound (Ispra: < 0.3 W cm ™ 2), widely
used for non-invasive imaging, produces insufficient energy
density to achieve these goals." Low-intensity focused ultra-
sound (LIFU; Ispra: 0.03-0.50 W cm ™ 2)* can produce mechan-
ical effects such as neuromodulation that temporarily increase
the permeability of cell membranes and tissue barriers. Appli-
cations include transdermal drug delivery.?

For denser tissues with significant transport barriers, high-
intensity focused ultrasound (HIFU) is required,® in which
ultrasonic pulses are focused into millimeter-scale focal regions.
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uterine fibroid ablation® and focal prostate cancer therapy.”

Operating at low duty cycles (<5%) can limit bulk temperature
rise while emphasizing mechanical effects such as stable cavita-
tion, microstreaming, and inertial cavitation.®*° This rapid micro-
bubble expansion and violent bubble collapse from inertial
cavitation can generate localized stresses capable of killing cells,
fracturing polymer networks, and creating transient transport
pathways.'>** These effects may be desired at specific locations
but are prone to damaging off-target, healthy tissue. Furthermore,
degradation of the tumor stroma can inadvertently promote
cancer cell invasion and metastasis.”*"*

To enhance cavitation at sub-therapeutic intensities and pres-
sures, our group constructed 100 nm phospholipid-capped, hydro-
phobically modified mesoporous silica nanoparticles (PL-HMSNs)
as cavitation nuclei. These nanoparticles reduce the cavitation
threshold to as low as ~7 MPa negative pressure and remain
active at concentrations as low as 12.5 pg mL~.'>'® HIFU with
PL-HMSNs allows usage of sub-therapeutic ultrasound intensities
to limit off-target effects. Unlike pm-scale microbubbles confined
to the vasculature, nanoscale PL-HMSNs can potentially extravasate
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into interstitial spaces and enable systemic delivery followed by
targeted activation at the ultrasound focus.'”® This approach has
potential applications in blood-brain barrier opening, immuno-
modulation, and improved intratumoral drug distribution.'*°
Finally, the induction of cavitation on the particle surface was
recently shown to promote its propulsion through fluids, with
speeds in water reaching 1600 ym s and displacements of
250 um through cavitation-mediated mechanisms.*

In practice, however, many areas of interest for this
ultrasound-mediated drug delivery approach have viscoelastic
properties. Material stiffness influences local acoustic behavior,
with studies showing reductions in maximum ultrasound inten-
sity and increases in attenuation coefficients as viscoelasticity
increases in both gelatin® and polyacrylamide®* hydrogels. For
example, passive cavitation detection studies in ultrapure water/
PEG 2000 mixtures demonstrate that increased viscosity elevates
cavitation thresholds (Fig. $1).>* Building on these findings, this
study employs gelatin hydrogels as tissue-mimicking phantoms
with tunable mechanical properties.>® Gelatin, derived from
denatured collagen, forms physically crosslinked networks whose
viscoelastic properties can be precisely controlled via polymer
concentration, displaying storage (G’) and loss moduli (G”) that
mimic the elastic and viscous behavior of target tissues.>>”®
Gelatin hydrogels can achieve elastic moduli >100 kPa depend-
ing on concentration®" and crosslinking.”” However, the present
study focuses on the lower range (up to 2 kPa) relevant for
modelling highly compliant tissues such as bone marrow (0.25
to 24.7 kPa),”® a healthy human liver (0.5 to 1 kPa),*® brain tissue
(1-2 kPa),*° and lung tissue (1-5 kPa).*!

This work tests the hypotheses that (i) increasing gelatin
concentration and hydrogel storage modulus will elevate the duty
cycle threshold required for cavitation-mediated transport, and (ii)
because cavitation is only expected to occur at the ultrasound
focus, the bulk properties of the gelatin will remain mostly
unchanged. Rheometry and fluorescence imaging are employed
to assess mechanical changes and nanoparticle penetration fol-
lowing HIFU exposure. This approach identifies optimal acoustic
parameters that enhance transport without compromising sur-
rounding gel integrity. Unmodified mesoporous silica nano-
particles (MSNs) serve as controls to isolate the specific effects of
the phospholipid coating on cavitation-enhanced transport. These
fundamental relationships obtained in this model system will
provide design principles for optimizing HIFU conditions to target
biological barriers to drug delivery.

2. Experimental

Note: detailed experimental procedures, including names of
chemical and equipment suppliers, can be found in Supple-
mentary Information.

2.1. Nanoparticle synthesis and functionalization

Mesoporous silica nanoparticles (MSNs) were synthesized using
a cetyltrimethylammonium chloride (CTAC)-templated sol-gel
method and fluorescently labelled with N-hydroxysuccinimide
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rhodamine (NHS-rhodamine). Hydrophobic surface modification
was achieved via reaction with octadecyltrichlorosilane (ODTS) in
anhydrous dichloromethane to yield hydrophobically modified
MSNs (HMSNs). Lipid coating of HMSNs was performed via solvent
exchange using 1,2-dibehenoyl-sn-glycero-3-phosphocholine (DBPC)
and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy-
(polyethylene glycol)}-2000] (DSPE-PEG2K-methoxy), resulting in
phospholipid-coated HMSNs (PL-HMSN).

2.2. Nanoparticle characterization

Nanoparticles were characterized by dynamic light scattering
(DLS) and zeta potential measurements in 1X PBS. Surface
chemical modifications were confirmed using diffuse reflec-
tance infrared Fourier transform spectroscopy (DRIFTS).

2.3. Hydrogel preparation

Gelatin hydrogels (2%, 4%, and 8% w/v) were prepared by
diluting a mixture of 17% (w/v) gelatin and 1% (w/v) sodium
azide with 1X PBS to achieve the desired final concentrations.
Gels were cast as cylindrical molds formed in plastic transfer
pipettes and allowed to set overnight at room temperature.

2.4. Ultrasound insonation and cavitation characterization

High-intensity focused ultrasound (HIFU) was applied using a
1.1 MHz transducer coupled to a waveform generator and
power amplifier. Cavitation behavior was characterized using
passive cavitation detection (PCD) with a 20 MHz transducer
and high-pass filtering. Duty cycles ranged from 0 to 3.6%,
corresponding to 0-40 cycles per pulse.

2.5. Transport assay in gelatin gels

PL-HMSNs and MSNs (200 pg mL™") were introduced into a
pipette-bulb chamber sealed to the hydrogel interface. High-
intensity focused ultrasound (HIFU) insonation was applied for 1
min. Following treatment, hydrogels were carefully sliced both
transversely and longitudinally to expose internal regions. Nano-
particle transport into the gel was then visualized by confocal
fluorescence microscopy using 561 nm excitation and tile-
stitching.

2.6. Post-treatment analysis

Rheological properties of treated gels were measured by parallel
plate rheometry. Amine release from the hydrogel matrix was
quantified by trinitrobenzenesulfonic acid (TNBS) assay. Struc-
tural changes in the hydrogel network were visualized by SEM,
with pore morphology analyzed using Python-based image
processing pipelines.**

2.7. Image and data analysis

Custom Python workflows were used for semi-automated image
analysis of gel geometry, interface morphology, and nano-
particle penetration. These tools included modules for ROI
selection, baseline correction, curved interface analysis, and
overlay-based quantification of particle distribution and pene-
tration area.*”

This journal is © The Royal Society of Chemistry 2025
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3. Results and discussion

3.1. Synthesis and surface functionalization of DBPC-HMSNs

Following previously established protocols,'®*® fluorescently-
tagged mesoporous silica nanoparticles (MSNs) were synthe-
sized, hydrophobically modified with octadecyltrichlorosilane
(ODTS) to form HMSNs, and subsequently coated with a lipid
bilayer of 1,2-dibehenoyl-sn-glycero-3-phosphocholine (DBPC)
and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-(polyethylene
glycol)-2000 (DSPE-PEG2K-methoxy) to yield the final DBPC HMSN
particles for aqueous stabilization (Fig. 1A). The particle surface
chemistry was assessed in each synthetic step using diffuse
reflectance infrared Fourier-transformed infrared spectroscopy
(DRIFTS) (Fig. 1B). The spectrum for the precursor MSNs showed
a characteristic peak for Si-O stretching vibrations of Si-O-H at
approximately 960 cm™".>*** After modification, the resulting
HMSNs exhibited new peaks corresponding to C-H stretching
in the 3000-2800 cm ™" region, specifically at 2926 cm ™" and
2854 cm ™. This confirms the successful functionalization with
the octadecyl alkyl chains necessary to promote acoustic

cavitation.***®

3.2. Colloidal stability in 1X PBS

Next, the particles physical and colloidal properties in aqueous
solution were determined by dynamic light scattering (DLS)
and zeta potential measurements in 1X phosphate-buffered
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Fig.1 (A) Schematic of DBPC HMSN synthesis. (B-D) MSN and DBPC

HMSN: (B) diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS, n = 1), (C) dynamic light scattering (DLS, n = 3) in 1X PBS,
(D) zeta potential (n = 3) in 1X PBS, (E) passive cavitation detection studies
(n = 3) including 1X PBS. Error bars (B) and shading (C) and (D) signify one
standard deviation of the mean.
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saline (PBS, Fig. 1C and D). Number-weighted DLS in 1X PBS
revealed that uncoated MSNs displayed a single population at
97.2 + 19.2 nm (Fig. 1C). Following hydrophobic modification
and lipid addition, DBPC HMSNs exhibited a dominant peak at
229.8 £ 26.9 nm and a minor aggregate population at 2155.5 +
419.5 nm. Zeta potential measurements support these results:
MSNs had a surface charge of —15.0 £ 0.5 mV, while DBPC
HMSNs approached neutrality at —1.0 £ 0.4 mV (Fig. 1D).

3.3. Cavitation activity under HIFU

The cavitation response of the successfully modified particles
was measured using passive cavitation detection (PCD) by
applying high-intensity focused ultrasound (HIFU) at varying
duty cycles. The control samples without particles (1X PBS) or
with unmodified MSNs produced minimal acoustic signal near
the baseline noise level (Fig. 1E). In contrast, DBPC HMSNs
generated a robust cavitation signal that increased with the
duty cycle. For DBPC HMSNSs, an apparent decrease in received
cavitation signal is observed above 2.5% duty cycle; however, in
previous studies a decrease in signal at higher intensities has
been observed, which is attributed to formed bubbles attenuat-
ing the emitted signal.?® It was also determined separately that
DBPC HMSNs could promote cavitation in 1, 5, and 20 cP
PEG2000 aqueous solutions (Fig. S1). These findings demon-
strate that the hydrophobic surface of the DBPC HMSNs
effectively facilitates inertial cavitation, as consistent with pre-
vious work by the authors."®**-¢

3.4. Particle transport into gelatin hydrogels

With the acoustic activity of the DBPC HMSNs confirmed and
the MSNs established as negative controls, two hypotheses were
tested: (i) if the minimum duty cycle required for effective
nanoparticle penetration would increase with hydrogel stiff-
ness, and (ii) if cavitation-mediated transport will create loca-
lized microchannels without measurably altering the gel’s bulk
viscoelastic properties. To investigate this, a gelatin hydrogel
was fabricated inside an inverted transfer pipette (Fig. 2A).
Next, HIFU was applied to a solution of particles in the transfer
pipette bulb to facilitate cavitation and drive particle penetra-
tion into the hydrogel. After HIFU treatment, gels were removed
from the pipette molds by making a longitudinal razor cut on a
flat support board, then transversely sectioned into ~2 mm
slices and placed on glass slides. Immediately before imaging,
each slice was immersed in a sucrose solution (2.5-10% w/v,
depending on gelatin concentration) to match its refractive
index and minimize light scattering (Fig. 2B).

The penetration areas of fluorescent particles in 2%, 4%, and
8% gelatin hydrogels were quantified following ultrasound expo-
sure (Fig. 3A). DBPC HMSNs demonstrated cavitation onset at
>0.5% duty cycle across all gel concentrations. However, sub-
stantial particle penetration required higher duty cycles that
increased with gel stiffness: 0.5% for 2% gelatin, 1.0% for 4%
gelatin, and 3.6% for 8% gelatin. In contrast, non-cavitating
MSNs showed minimal penetration at all duty cycles tested.
Higher duty cycles induced bulk thermal melting: a 3.6% duty
cycle melted 2% and 4% gelatin, while a 5.0% duty cycle melted
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Fig. 2 (A) Schematic of gel preparation, HIFU treatment, and preparation
for characterization. (B) Confocal microscopy images of particle penetra-
tion into gelatin hydrogels after HIFU. Pseudocolor scale indicates fluores-
cence intensity, ranging from low (bottom of colorbar) to high (top). Scale
bar = 1 mm. Top row (i)—(iii): hydrogels treated with MSNs; bottom row
(iv)—=(vi): hydrogels treated with DBPC HMSNs. Columns (left to right): 2%
and 4% gelatin imaged after a 2.5% duty-cycle treatment, and 8% gelatin
imaged after a 3.6% duty-cycle treatment.

8% gelatin. Therefore, tested duty cycles were kept below condi-
tions of gelatin melting.

At 2.5% duty cycle, DBPC HMSNs achieved significantly
greater penetration than MSNs in both 2% (Fig. 3B, *p <
0.05, **p < 0.01) and 4% gelatin (Fig. 3C, *p < 0.05, **p <
0.01). While MSNs showed a modest signal increase at 2.5%
duty cycle, this likely resulted from localized heating rather
than cavitation-mediated transport, as no cavitation was
detected for MSNs under identical conditions. This interpreta-
tion is supported by temperature measurements, which showed
only a temperature rise of 4-7 °C near the focal zone across all
samples during treatment (Fig. S2). This heating effect is
insufficient to explain the large penetration areas achieved
with DBPC HMSNs only, confirming that inertial cavitation is
the dominant transport mechanism. In 8% gelatin at 3.6% duty
cycle, DBPC HMSNs achieved higher penetration than MSNs
(0.20 mm? vs. 0 mm?), though the difference was not statisti-
cally significant (Fig. 3D).

Additionally, the influence of nanoparticle concentration on
transport was investigated. HIFU treatment of a lower particle
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Fig. 3 (A) Representative dashed outline (yellow) of the penetration area
in 2% gelatin. Pseudocolor scale indicates fluorescence intensity, ranging
from low (bottom of colorbar) to high (top). Scale bar = 1 mm. Penetration
area (n = 3) of MSNs and DBPC HMSNs driven into (B) 2%, (C) 4%, and (D)
8% gelatin. Error bars signify one standard deviation of mean. Statistical
significance between the no HIFU and HIFU groups was tested using a
one-tailed independent-samples Welch's t-test (*p < 0.05, **p < 0.01).

concentration of 25 pg mL™" produced a greater penetration
area than the higher 200 pg mL™" concentration for both
particle types, though this difference was not statistically sig-
nificant (Fig. S3). This observation is consistent with previous
reports in which higher particle concentrations may attenuate
ultrasound, thereby limiting the energy delivered to the focal
region and reducing dampening cavitation-driven transport.*’

Together, these results demonstrate that DBPC HMSNs
harness inertial cavitation to overcome the elastic and viscous
resistance of softer hydrogels (2-4% gelatin), whereas increasing
network stiffness in 8% gelatin markedly limits cavitation-
mediated transport. The influence of gelatin concentration on
nanoparticle transport into the hydrogel can be attributed to two
related factors. First, increased material stiffness and viscoelasti-
city provide greater mechanical resistance to bubble expansion
and collapse."* Higher hydrogel modulus also shrinks the net-
work’s mesh size and directly impedes nanoparticle mobility®® by
imposing additional drag.®® Second, denser gelatin phantoms
exhibit stronger ultrasound attenuation, reducing the acoustic
intensity delivered to the focal zone.>’ The combined effect
produces smaller, more spatially confined cavitation zones in
stiffer gels, explaining the reduced penetration areas observed at
8% as compared to 4% and 2% gelatin. From a translational
perspective, these findings suggest that fibrotic or collagen-dense
tissues may require higher acoustic power or more potent nucle-
ating agents to achieve therapeutic outcomes comparable to those
in softer tissues.

3.5. Mechanical response of hydrogels to cavitation

The successful transport of DBPC HMSNs prompted the ques-
tion: what mechanical or structural changes occur in the
gelatin hydrogel during particle propulsion? To investigate this,

This journal is © The Royal Society of Chemistry 2025
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parallel plate rheology was used to measure the storage mod-
ulus (G') before and after treatment (Fig. 4). Treated gel
samples were prepared by cutting 4 mm-high segments from
the bottom of the transfer pipette for testing. In 2% gelatin, G’
remained at ~100 Pa before and after HIFU (Fig. 4A), and in
4% gelatin, it stayed at about 450 Pa (Fig. 4B), with no
significant differences across any particle or control groups.
These results indicated that localized cavitation events did not
measurably alter the bulk elastic network.

By contrast, in 8% gelatin at 3.6% duty cycle (Fig. 4C), DBPC
HMSN treated hydrogels showed a ~40% reduction in G’ (from
~2100 Pa to ~1250 Pa, *p < 0.05), while MSN treated hydro-
gels decreased by ~20% (from ~2100 Pa to ~1700 Pa, **p <
0.01) and 1X PBS by ~25% (from ~1950 Pa to ~1500 Pa,
**p < 0.01). 8% gelatin was insonated at a higher duty cycle
than 2% and 4% gelatin gels because particle penetration was
only observed at 3.6% duty cycle. Because only the stiffest
matrix exhibited modulus loss, and only DBPC HMSNs pene-
trated the 8% gel, it is inferred that penetration in these higher-
stiffness hydrogels required actual damage to the bulk network.
This finding aligns with previous work showing that stiffer gels
required higher mechanical inputs for cavitation.’® While
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Fig. 4 Storage modulus (G’) of (A) 2% gelatin, (B) 4% gelatin, and (C) 8%
gelatin treated with MSNs, DBPC HMSNs, and 1X PBS (no particles) (n = 3).
Error bars signify one standard deviation of mean. Statistical significance
between the no HIFU and HIFU groups was tested using a one-tailed
independent-samples Welch's t-test (*p < 0.05, **p < 0.01). (D)-(F)
Trinitrobenzenesulfonic (TNBS) acid assays (n = 3) of (D) 2% gelatin, (E)
4% gelatin, and (F) 8% gelatin treated with MSNs, DBPC HMSNs, and 1X
PBS. Error bars signify one standard deviation of mean. Statistical signifi-
cance between the no HIFU and HIFU groups was tested using a one-
tailed independent-samples Welch's t-test (*p < 0.05, **p < 0.01).
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softer gels (2% and 4%) accommodate bubble expansion
through elastic deformation, the high modulus of 8% gelatin
(~2100 Pa) constrains bubble dynamics. Notably, all treatment
groups in 8% gelatin showed storage modulus reduction at this
high duty cycle, suggesting broader HIFU-induced mechanical
weakening to the gelatin network.

3.6. Location-dependence of nanoparticle transport and gel
damage

Spatially-resolved analysis was next performed to probe for
localized damage not apparent in the bulk measurements. Ana-
lysis of the penetration profiles revealed two key features. First,
particle transport was localized, peaking in penetration area near
the HIFU source (Fig. S4 and S5). Second, these profiles became
narrower and shallower as gel stiffness increased. This localized
transport pattern corresponded to localized mechanical damage
in gels treated with cavitating nanoparticles (Fig. S6 and S8). The
bottom (0-4 mm) layer of 2% and 8% gelatin treated with DBPC
HMSNs softened significantly compared to the top (4-8 mm)
layer (*p < 0.05). 4% gels showed the same directional decrease
but did not reach significance. Overall, cavitating nanoparticles
create local damage at the focus rather than regions farther into
the gel, with the strongest local damage seen in the stiffest
8% gels.

3.7. Cavitation-induced molecular damage in hydrogels

These results prompted an investigation into whether these
changes corresponded to molecular-level damage in the polymer
network,"" which was tested using the trinitrobenzenesulfonic
(TNBS) acid assay. This assay quantifies primary amines released
from the gelatin structure into the feed solution during HIFU
treatment, though it cannot distinguish between intact and frag-
mented gelatin. At each gelatin concentration, DBPC HMSN
treated hydrogels released significantly more primary amines
under HIFU than the no-HIFU controls did (*p < 0.05, *p <
0.01). The control groups, MSNs and 1X PBS, released amines
comparable to baseline noise for 2 and 4% gelatin (Fig. 4D and E).
For 8% gelatin, MSN and DBPC HMSN treated hydrogels released
significantly more amines at 3.6% duty cycle compared to 0%
(*p < 0.05), whereas 1X PBS treated gels showed no significant
change (Fig. 4F). The high baseline for 1X PBS at 0% duty cycle
could be attributed to gel degradation during handling.

The considerable amine release in all 8% gelatin samples
suggests that the dense polymer network amplifies whatever
mechanical disruption occurs, whether from weak cavitation,
acoustic streaming, or direct mechanical stress. Studies of
sonication-induced bond scission in macromolecular systems have
shown that ultrafast shear flow created by cavitation cleaves
polymer chains, with the scission rate and resulting fragment size
dependent on polymer architecture.”” Furthermore, high-power
probe ultrasonication (200-400 W) has been shown broadly to
promote peptide-bond scission in gelatin, leading to increased
free-amine release, in agreement with TNBS assay results.”® Simi-
larly, 750 W ultrasound treatment at 60% amplitude (20 kHz) of
edible bird’s nest (a glycoprotein similar to gelatin) signifi-
cantly increased o-amino group content, indicating peptide
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Fig. 5 Scanning electron microscopy images of untreated (left panel: i, iii,
& v) and treated (right panel: i, iv, & vi) (A) 2% gelatin (2.5% duty cycle), (B)
4% gelatin (2.5% duty cycle), and (C) 8% gelatin treated (3.6% duty cycle)
with DBPC HMSNSs. Scale bar = 20 um.

bond cleavage.” It can be surmised that application of
mechanical force in the stiffer gels affects the individual chains
more because the denser structure transfers the mechanical
actuation to the chains rather than dampening them through
chain movement.

3.8. Structural changes observed by SEM

Microscopic analysis was then performed to visualize the
resulting structural changes in the hydrogel network. SEM
analysis of 1 mm-thick slices taken from the bottom of each
gel post-treatment revealed striking gelatin concentration-
dependent morphological changes (Fig. 5 and Fig. S9, S10). In
2% gelatin, all treatments (DBPC HMSNs, MSNs, and 1X PBS)
added new micron scale pores to the porous, layered native
structure. This structural disruption correlated with a signifi-
cant increase in volume-weighted diameter for gels treated
with HIFU and DBPC HMSNs (from 2 to 3.3 pm, **p < 0.01,
Fig. S11A), suggesting the formation of larger pore structures.
These visible defects align with the significant amine release
observed in TNBS assays, though the sparse distribution of
damage explains why bulk modulus remained unchanged.

In 4% gelatin, all treatments produced microporous struc-
tures, with HIFU treatment with DBPC HMSNs producing the
most uniform pore distribution (Fig. 5B). However, only DBPC
HMSN showed an increase in volume-weighted diameter under
2.5% duty cycle (from 2.8 to 3.5 pm, *p < 0.05, Fig. S11B), while
MSN and 1X PBS remained unchanged. This intermediate gel
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concentration showed molecular damage (amine release) with-
out mechanical weakening, indicating the network retained
sufficient connectivity despite local disruption.

For 8% gelatin, while untreated samples showed smooth
surfaces, HIFU treatment induced microscale structures across
all groups, with gels treated with DBPC HMSNs and HIFU
producing the most uniform circular pores (Fig. 5C). The
volume-weighted diameter measurements showed no signifi-
cant changes (Fig. S11C), though MSN and 1X PBS treatments
trended toward smaller values. The organized honeycomb
morphology in DBPC HMSN 8% gelatin, occurring alongside
modulus reduction and amine release, indicates that stiff
polymer networks fail differently than softer ones under HIFU
stress. Whether this regular patterning represents an intrinsic
mechanical response or an artifact requires further investiga-
tion. Additionally, higher-resolution techniques are needed to
determine whether the damage from HIFU produces distribu-
ted nanoscale cavities or other forms of sub-resolution defects.

4. Conclusions

This study used gelatin hydrogels as a tunable model system
because their viscoelasticity can be matched to the relevant range
of many biological tissues.*>*® Within this model system, it was
demonstrated that DBPC HMSNs harness inertial cavitation to
enable ultrasound-triggered nanoparticle motion through viscoe-
lastic gelatin hydrogels. As hydrogel concentration increased from
2% to 8%, the required duty cycle for penetration rose from 0.5%
to 3.6%. Simultaneously, penetration areas decreased due to
increased mechanical resistance and ultrasound attenuation in
denser networks. Multi-scale characterization revealed distinct
failure modes. Soft hydrogels (2-4% gelatin) developed large
cavities with significant amine release indicating molecular
damage yet maintained bulk mechanical properties. In contrast,
stiff 8% gelatin exhibited organized honeycomb structures, up to
~40% modulus reduction, and amine release across all treatment
groups, including non-cavitating controls. These concentration-
dependent responses suggest that matrix stiffness fundamentally
alters how hydrogels respond to acoustic stress.

These findings have important implications for therapeutic
translation. Cavitation-enhanced delivery remains effective across
tested hydrogel stiffnesses, but the resulting damage patterns
differ. In soft hydrogels, cavitation produces discrete microchan-
nels that leave the surrounding matrix intact; in stiffer gels,
however, those channels enlarge and interconnect into broad
cavities, reflecting bulk material weakening. Future work should
investigate whether biological tissues exhibit similar stiffness-
dependent damage patterns, as bulk weakening may present a
safety concern for treatment of dense tissues. To mitigate this
weakening, one could employ strategies such as real-time acoustic
monitoring to control cavitation,””**® optimizing pulse sequences
to minimize energy delivery,”® and incorporating longer rest
periods between pulses to allow for thermal dissipation.

Finally, it should be noted that gelatin as a model tissue
does not reproduce the complex architectural and acoustic

This journal is © The Royal Society of Chemistry 2025
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heterogeneity of in vivo barriers. Consequently, the acoustic
variations in real biological tissues will likely alter ultrasound
propagation and transport outcomes compared to this idea-
lized model. One question in particular is the stability of
resulting transport pathways formed by propelled particles.
Here, sample drying upon hydrogel sectioning prevented a
direct time-course analysis of pathway stability. However, for
a clinically relevant benchmark, analogous microchannels cre-
ated in skin by microneedles are reported to have functional
half-lives of 20-66 hours, a lifetime governed by active biologi-
cal repair mechanisms.>">*
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