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Mechanophores are molecular motifs that respond to mechanical
perturbance with targeted chemical reactions toward desirable
changes in material properties. A large variety of mechanophores
have been investigated, with applications focusing on functional
materials, such as strain/stress sensors, nanolithography, and self-
healing polymers, among others. The responses of engineered
mechanophores, such as light emittance, change in fluorescence,
and generation of free radicals (FRs), have potential for bioimag-
ing and therapy. However, the biomedical applications of mecha-
nophores are not well explored. Herein, we report an in vitro
demonstration of an FR-generating mechanophore embedded in
biocompatible hydrogels for noninvasive cancer therapy. Con-
trolled by high-intensity focused ultrasound (HIFU), a clinically
proven therapeutic technique, mechanophores were activated
with spatiotemporal precision to generate FRs that converted to
reactive oxygen species (ROS) to effectively kill tumor cells. The
mechanophore hydrogels exhibited no cytotoxicity under physio-
logical conditions. Upon activationwith HIFU sonication, the thera-
peutic efficacies in killing in vitro murine melanoma and breast
cancer tumor cells were comparable with lethal doses of H2O2.
This process demonstrated the potential for mechanophore-
integrated HIFU combination as a noninvasive cancer treatment
platform, named “mechanochemical dynamic therapy” (MDT).
MDT has two distinct advantages over other noninvasive cancer
treatments, such as photodynamic therapy (PDT) and sonodynamic
therapy (SDT). 1) MDT is ultrasound based, with larger penetration
depth than PDT. 2) MDT does not rely on sonosensitizers or the
acoustic cavitation effect, both of which are necessary for SDT.
Taking advantage of the strengths of mechanophores and HIFU,
MDT can provide noninvasive treatments for diverse cancer types.

mechanochemistry j hydrogel j ultrasound j reactive oxygen species j
cancer therapy

When mechanical force is applied to polymers, the
mechanical energy is transiently accumulated along their

chain-like backbones. At sufficient energy levels, covalent bonds
in the polymer chain break to induce chemical reactions, a pro-
cess known as polymer mechanochemistry (1). Conventionally,
polymer mechanochemistry was considered destructive because
chain scission resulted in lower molecular weight and reduction
in mechanical properties. However, by strategically embedding a
weak bond in the polymer chain, selective bond scission triggers
desirable, constructive chemical reactions (1). Various force-
responsive molecular motifs, known as mechanophores, were
successfully designed, resulting in mechanoresponsive materials
(1). Under mechanical perturbation, mechanophores can exhibit
color change (2); fluorescence turn on (3, 4); light emission (5);
polymer backbone alteration (6); and the generation of acid (7),
catalysts (8, 9), small molecules (10), or free radicals (FRs) (11).
These property changes have been demonstrated for various
applications, such as stress sensing (12–14), damage detection

(15, 16), surface patterning (17), self-healing/strengthening (18–20),
nanolithography (17), etc. Although most studies have been
focusing on functional materials, mechanophores also have
potential in biomedical applications (21). For example, activa-
tion of dioxetane mechanophores results in the emission of blue
light at a wavelength of ∼470 nm, which is suitable for optoge-
netic applications (e.g., optotriggering of muscle cells) (5). The
activation of azo mechanophores produces FRs (11), which are
key components for existing cancer therapies, such as type I
photodynamic therapy (PDT) and radiotherapy (22). However,
the biomedical applications of mechanophores are yet to be well
explored, which is mainly due to the lack of a triggering system
capable of targeted delivery of mechanical energy.

Therapeutic ultrasound offers the potential for spatiotempo-
rally controlled activation of mechanophores under physiologi-
cal conditions. Therapeutic ultrasound is noninvasive and
spatiotemporally precise with clinically relevant penetration
depth. Sonodynamic therapy (SDT) is one of the most
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promising applications of therapeutic ultrasound currently in
development (23). The concept of SDT is derived from PDT, a
clinically proven noninvasive cancer treatment. In general, PDT
requires light, oxygen, and photosensitizers that harvest photo-
energy (24). The harvested photoenergy is transferred to tissue
oxygen to produce therapeutic reactive oxygen species (ROS)
that kill the tumor cells (25, 26). Despite promising outcomes
for clinical translation, however, the methodology of PDT has
inherent shortcomings. Poor tissue penetrance of light is one of
the main limitations, making PDT unsuitable for deep-seated
tumors in the absence of invasive optic fiber implants. In con-
trast, ultrasound penetrates intervening tissues and delivers
acoustic energy noninvasively to deep areas of the body (27).
Studies have found that ultrasonic cavitation energy can be har-
vested by some photosensitizers used in PDT (28–32) to gener-
ate ROS and potentiate tumor killing in animal models. This
synergistic effect overcomes the tissue penetration limit of PDT
while remaining minimally invasive, leading to a high therapeu-
tic potential of SDT, particularly for deep tumors (23). How-
ever, current SDT methods rely on the ultrasonic cavitation
effect (33, 34), which inherently limits the spatiotemporal preci-
sion of ultrasonic energy delivery. Furthermore, in most SDT
applications, microbubble injections are also required for the
cavitation effect, adding to the complexity of in vivo or clinical
applications (34). Another clinical application of therapeutic
ultrasound is targeted drug release (35–37). Under the remotely
deposited ultrasonic energy, polymeric micelle carriers are trig-
gered to release drugs for intracellular uptake. The kinetics and
cytotoxic effect of ultrasound-triggered drug release have been
thoroughly studied and demonstrated to be feasible for potential
clinical applications. However, this method again relies on the
acoustic cavitation effect to destroy the micellar structure for drug
release. Therefore, developing a new therapeutic technology that
does not relying on cavitation is necessary to take full advantage
of the spatiotemporal precision offered by therapeutic ultrasound.

Recently, we demonstrated that high-intensity focused ultra-
sound (HIFU), a clinically validated noninvasive therapeutic
ultrasound, enables mechanophore activation in synthetic poly-
meric materials without relying on the cavitation effect, suggest-
ing possible directions for the clinical use of mechanophores
(e.g., optotriggering cells using the mechanophore-induced
blue light) (38). We further demonstrated ∼86% efficiency in
HIFU-induced mechanophore activation through a rodent
skull–embedded polymer, suggesting feasibility for potential
in vivo transcranial applications (38). Herein, we introduce a
role of mechanophores as a therapeutic agent capable of tar-
geted release of ROS under the control of HIFU triggering,
which provides advantages over the above-mentioned issues in
current ultrasonic modalities: a cavitation-free effect that does
not need microbubbles and that is capable of more efficient spa-
tiotemporal control of ultrasonic energy. To achieve this, we
selected azo-based mechanophores covalently embedded in
cross-linked biocompatible polyethylene glycol (PEG) hydrogels.
We then developed an HIFU setup that delivers spatiotemporally
controlled radiation force to acoustically activate the azo-based
mechanophores. ROS generation is validated via luminol chemi-
luminescence and colorimetric tests. Finally, we investigate the
cytotoxic effect of the mechanophore-induced ROS using in vitro
mouse melanoma (B16F10) and breast cancer (E0771) models.
We observed ∼100% death rate of the two types of tumor cells
over 72 h after HIFU triggering of mechanophore hydrogel while
observing no cytotoxicity in the absence of the HIFU treatment.
These results suggest that targeted release of ROS, by biomedi-
cally tuned mechanophores under HIFU, holds great potential
as a platform for cancer treatment, termed “mechanochemical
dynamic therapy” (MDT). Furthermore, we hypothesize that
MDT can operate synergistically with other current forms of can-
cer treatment and is highly compatible with medical imaging

techniques (e.g., magnetic resonance imaging [MRI], quantitative
ultrasound, etc.), providing direct evidence on the therapeutic effi-
cacy of MDT.

Results and Discussion
Synthesis and Cytotoxicity Study of Azo Mechanophore-Embedded
PEG Hydrogels. The concept of MDT is outlined in Fig. 1. PEG
hydrogels embedded with azo mechanophores were synthesized
from azo-PEG copolymer macroinitiator and PEG diacrylate
cross-linker (SI Appendix, SI Materials and Methods). Upon cur-
ing at high temperature, ∼14% of the azo groups thermally
decomposed into FRs (Fig. 2A and SI Appendix, Table S1),
allowing the addition of the cross-linker into the hydrogel net-
works (SI Appendix, Fig. S1). The majority (∼86%) of azo
groups did not thermally decompose and thus, were incorpo-
rated into the hydrogel network as mechanophores for
on-demand FR generation (Fig. 2A and SI Appendix, Fig. S2).
This synthetic strategy avoids the use of toxic chemicals and is
potentially suitable for scalable, low-cost production. As a
control, hydrogels without mechanophores were prepared simi-
larly by polymerizing the PEG diacrylate cross-linkers with a
small molecular azo initiator, the potassium salt of 4,4’-azobis
(4-cyanovaleric acid) (ACVA). Afterward, unreacted ACVA
was removed during purification. As evidence that MDT is a
mechanical rather than thermal effect, we determined that the
azo mechanophores exhibit good thermal stability, with a very
low (∼2%/d) background decomposition rate at the physiologi-
cal temperature of 37 °C (Fig. 3A and SI Appendix, Table S1).
Moreover, thermally decomposed azo mechanophores are
unlikely to generate reactive FRs, given the propensity of ther-
mally induced FR pairs to recombine into nontoxic products (11).
In contrast, mechanically generated FR pairs do not recombine
because they are pulled apart upon generation (10). As expected,
the nonactivated mechanophore hydrogels demonstrated no in vitro
cytotoxicity under physiological conditions over at least 72 h
(Fig. 3B) for both mouse melanoma and breast cancer cells.
The azo mechanophores were also stable for long-term storage
(decomposition: <2%/y at 4 °C) and capable of temporary ambi-
ent storage (decomposition: ∼0.3%/d at 25 °C).

Mechanical Activation of Azo Mechanophore Using HIFU and Detection
of ROS. An HIFU-based triggering system was developed to
remotely control the activation of azo mechanophores (Fig. 2B
and SI Appendix, Fig. S3). For the irradiation, continuous-wave
(CW) ultrasound at a frequency of 550 kHz was employed with
a fixed sonication period (10 s on, 20 s off; four repetitions per
spot) and a spatial-peak temporal average intensity (ISPTA) of

Fig. 1. The concept of MDT. Focused ultrasound controls ROS generation
from mechanochemical reactions for noninvasive cancer therapy.
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the ultrasonic beam (115 W�cm�2, ∼1.9 MPa of peak acoustic
pressure amplitude). The focal spot where the ultrasonic beams
were located inside the mechanophore hydrogels is shown
in Fig. 2B. The lateral location of focal spots was shifted five
times to guarantee high efficiency of azo mechanophore activa-
tion. Because the azo mechanophores are responsive to both
mechanical forces and heat, we first examined local heating
around the focal region induced by the irradiation of mechano-
phore hydrogel with HIFU. The results of this experiment dis-
tinguish a mechanical from a thermal activation stimulus. We
have previously validated the high efficiency of CW ultrasound
on spatiotemporal control of mechanical energy delivery for
mechanophore activation (e.g., color change and light emis-
sion), while the thermal effect on mechanophore activation was
insignificant (38). To further understand this, we monitored the
temperature elevation due to the designed HIFU sonication
using both a thermal infrared camera (FLIR SC620) and a
thermocouple (SI Appendix, Fig. S4). During HIFU operation
at the selected intensity and period, the surface temperature
of mechanophore hydrogels was monitored with the thermal
infrared camera, and the internal temperature elevation
around the focal spot was tracked with a thermocouple. We
observed a temperature gradient along the depth (i.e., an
averaged peak temperature of ∼41.5 °C ± 0.3 °C was recorded

on the surface, while the temperature recorded at the focal
spot was ∼53.1 °C ± 3.1 °C), suggesting that the transmitted
ultrasonic energy required for the mechanophore activation
was well localized at the focal spot. Furthermore, according to
the thermal decomposition kinetics shown in Fig. 3A, while
temperature elevation greater than 53 °C by CW HIFU soni-
cation does thermally activate mechanophores within the focal
spot, the decomposition percentage is less than 0.01%, com-
bining for a mere total of <0.2% decomposition over the full
five-spot sonication regime (SI Appendix, Fig. S4). Therefore,
these results confirmed that the thermal effect was negligible
and that the azo mechanophore activation was triggered by
mechanical force (i.e., an acoustic radiation force) (39). We
then examined the ability of the HIFU setup to generate FRs
via azo mechanophore activation. Mechanophore hydrogels
were subjected to five different sonication spots with fixed
intensity (115 W�cm�2) and four cycles, as shown in Fig. 2. We
verified that the designed HIFU conditions provided a strong
effect for activating azo mechanophores, facilitating the gen-
eration of FRs.

Distinct from thermally generated FRs, mechanically gener-
ated FRs were rapidly separated to prevent recombination
(11). Therefore, these mechano-FRs are efficiently converted
into various types of ROS, including H2O2 (40, 41). To validate

Fig. 2. (A) The structure of the azo-based mechanophore hydrogel for the generation of FRs and ROS under sonication. (B) The sonication setup. (C) The
sonication cycles (four repetitions for each spot). (D) The detection of ROS and in vitro treatment.

Fig. 3. (A) Thermal decomposition rate of the azo mechanophore calculated from the kinetics data of the azo-PEG macroinitiator. (B) Cytotoxicity evalu-
ation of mechanophore and control hydrogels without sonication for melanoma cells (n ≥ 4) and breast cancer cells (n ≥ 6) under physiological conditions
(37 °C, pH 7.4, 5% CO2/95% O2).
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the formation of ROS, luminol chemiluminescence and xylenol
orange (XO)/Fe2+ colorimetric tests were performed, as shown
in Figs. 2D and 4. During luminol tests, blue chemilumines-
cence was clearly observed for sonicated mechanophore hydro-
gels, lasting for at least several minutes (Fig. 4A and Movie S1),
which confirmed the formation of ROS that oxidize luminol for
light emission. In contrast, light emission was barely observable
in control studies (Fig. 4 B and C). The colorimetric study was
based on the oxidation of Fe2+ into Fe3+ that forms a purple
complex with XO (41). The sonicated mechanophore hydrogel
resulted in a faster color change (<30 min) than control materi-
als (Fig. 4). However, Fe2+ is not selective for ROS; under
prolonged reaction time, Fe2+ ions were oxidized by other oxi-
dants, such as thermally stable peroxides formed during hydro-
gel synthesis that remained covalently bound to the polymer
network (SI Appendix, Fig. S2) (42, 43). These stable peroxides
did not impart cytotoxicity and were not active for MDT treat-
ment, but their presence did affect the ROS quantification in
this colorimetric assay.

Cytotoxicity of Mouse Cancer Cells by MDT: Melanoma (B16F10). To
examine the therapeutic potential of the azo mechanophores
for ROS generation, we performed in vitro challenge assays in
the B16F10 murine skin melanoma cancer model. B16F10 is an
aggressive metastatic form of mouse skin melanoma widely
used in cancer studies. For MDT, the mechanophore hydrogels
were activated and exposed to the cancer cells for 72 h via the
established CW HIFU sonication procedure. The number of
sonication spots (five spots) was determined after the validation
of the therapeutic efficacy of ROS on cytotoxicity (SI Appendix,
Fig. S8). Upon exposure to activated hydrogels, the viable B16F10
cell population positive for Calcein-acetoxymethyl ester (AM) fluo-
rescence decreased over the course of 72 h in a sonication spot
number–dependent manner. The number of live cells that exhibit
Calcein-AM fluorescence were counted every 24 h using the FIJI
software as detailed in SI Appendix. As shown in Fig. 5A, the num-
ber of live B16F10 tumor cells decreased significantly over 72 h
after MDT, with the death rate close to 100% (Fig. 5B). In com-
parison, neither sonicated nonmechanophore hydrogels nor nonso-
nicated mechanophore hydrogels imparted statistically significant
influence on the melanoma cell population over 72 h, demonstrat-
ing that both mechanophore and sonication are necessary for
MDT. The overall effectiveness of MDTwas comparable with the
positive control experiment—a challenge by a lethal dosage of

H2O2 of ∼50 μM (SI Appendix, Fig. S5)—demonstrating the
potency of cell killing from ROS generation by the activated
mechanophores. As an estimation, complete conversion of all azo
mechanophores within the focal spots would produce ∼500 μM
H2O2. (The estimation is based on 100% conversion of all azo
moieties in the focal spots regardless of if these azo groups are
capable of mechanochemical activation. The volume of each focal
spot is ∼0.012 cm3.) Therefore, ∼10% of the azo mechanophores
were effectively activated during MDT.

Cytotoxicity of Mouse Cancer Cells by MDT: Breast Cancer Model
(E0771). In addition to B16F10, we tested the therapeutic poten-
tial of the azo mechanophores in the E0771 murine breast can-
cer cell line in vitro. E0771 is a well-studied mouse breast
cancer model that is strongly proliferative, aggressive, and
highly metastatic. Mechanophore hydrogels were activated via
the established CW HIFU sonication procedure. Upon expo-
sure to the activated hydrogels, viable E0771 cells positive for
Calcein-AM fluorescence were counted every 24 h for 72 h.
As shown in Fig. 5C, the population of E0771 tumor cells
decreased significantly over 72 h, while untreated control cells
proliferated over 400%. The death rate of the MDT-treated
cells was close to 100% (Fig. 5D). For sonicated nonmechano-
phore control hydrogels, modest reduction of cell proliferation
was observed; however, the amount of tumor cells did not
decrease significantly, and the inhibition was not sufficient for
effective treatment. In the absence of mechanophores, ultra-
sound can still break the conventional covalent bonds in the
polymer backbone of the hydrogels, which also generates FRs
and ROS. Compared with activating a mechanophore, however,
breaking conventional covalent bonds requires much higher
mechanical force. Therefore, the amounts of ROS formed by
nonmechanophore hydrogels were much lower. The ROS gener-
ated from nonmechanophore may account for the slight inhibi-
tory effect observed from the sonicated nonmechanophore
hydrogels, which is insufficient for effective cancer treatment.
On the other hand, nonsonicated mechanophore hydrogels
resulted in cell death counts that were not statistically significant,
which was consistent with the noncytotoxicity of nonactivated
mechanophore hydrogels. The overall MDT effectiveness was
comparable with the positive control—challenge by lethal dosage
of H2O2 of ∼30 μM (SI Appendix, Fig. S5)—again demonstrat-
ing the potency of the ROS generated by the activated
mechanophores.

Fig. 4. Luminol chemiluminescence and XO/Fe2+ colorimetric tests for (A) sonicated mechanophore hydrogels, (B) mechanophore hydrogels without soni-
cation, and (C) sonicated control hydrogels. Ultraviolet-visible (UV-Vis) colorimetric analysis was taken after immersing samples in XO/Fe2+ for 30 min for
(i) sonicated mecheanophore hydrogels, (ii) mechanophore hydrogels, (iii) soncated control hydrogels and compared with the XO only control (no hydro-
gel). Abs. (a.u.), absorption (arbitrary unit).
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Conclusion
In summary, we provided a demonstration that ROS-generating
mechanophores in hydrogels are of interest in a biomedical con-
text, particularly having potential for noninvasive cancer therapy.
Using azo mechanophores in a biocompatible PEG hydrogel
coupled with HIFU, we developed a cancer therapy platform,
MDT, enabling the targeted release of ROS. The nonactivated
azo mechanophore hydrogels resulted in no cytotoxicity due to
good thermostability, while upon HIFU sonication, they rapidly
generate reactive FRs and ROS to kill tumor cells in a noninva-
sive manner. With these advances, MDT achieves therapeutic
efficacy of ∼100% within 72 h in in vitro tumor models, includ-
ing melanoma (B16F10) and breast cancer models (E0771),
which is comparable with a lethal dosage (30 to 50 μM) of
H2O2. As a control, HIFU sonication of hydrogels without
mechanophores produced limited amounts of ROS and was
ineffective for effective treatment. Furthermore, evidence was
provided to show the role of mechanophores in MDT with the

formation of ROS. Therefore, biocompatible hydrogels embed-
ded with azo mechanophores are promising as members of the
therapeutic biomaterial family. In the present work, we focus on
in vitro validation of the therapeutic efficacy of MDT, but it is
worthwhile to note that conditions for HIFU sonication (e.g.,
intensity, penetration depth, etc.) and azo mechanophore activa-
tion (e.g., bond cleavage threshold, etc.) are tunable to meet the
need of future studies. In future in vivo studies, the MDTaspect
will be synergistic to the direct therapeutic effects of focused
ultrasound on tumor cells. We envision that the proposed MDT
method holds promise for future in vivo models and clinical
applications, including nonsuperficial glioblastoma, pancreatic
cancer, etc. Specifically, we are currently developing two con-
cepts: 1) direct intratumoral injection of biocompatible hydrogels
where azo mechanophores are embedded and 2) systematic
injection of tumor-homing mechanophore-loaded nanocarriers.
After successful development of both candidates, remote trigger-
ing of mechanophores via image-guided HIFU will facilitate

Fig. 5. Fluorescence images and quantification of live tumor cells before (0 h) and after (24 to 72 h) MDT (sonicated control and mechanophore hydro-
gel) compared with controls (cells only and nonsonicated mechanophore hydrogel) for melanoma (A and B) and breast cancer (C and D). Statistics were
performed with F test, **P ≤ 0.01, ***P ≤ 0.001, ***P ≤ 0.0001; ns, statistically nonsignificant. (Scale bars: 250 μm.)
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spatiotemporally precise release of ROS at the tumor site. We
believe that these approaches will not only provide insights into
target drug delivery via mechanical triggering of mechanophores
but also, open the door for exploiting polymer mechanochemis-
try for clinical purposes. Together with existing imaging modali-
ties, like ultrasound and MRI, for image guidance, MDT will
provide a framework for cancer therapy.

Materials and Methods
Preparation of Azo Mechanophore PEG Hydrogels and Control Hydrogels.
PEG hydrogels with azo mechanophores are synthesized using an azo-PEG
macroinitiator with PEG diacrylate cross-linker (SI Appendix, Fig. S1). In a
40-mL vial, 3.2 g of macroinitiator and 4.8 g of PEG diacrylate were dissolved
in 24mL phosphate buffer saline (PBS; pH = 7.4) under vigorous agitation by a
vortex mixer. The solution was transferred to a six-well cell-culturing plate
(well area 9.6 cm2) at a volume of 5 mL per well. The plate was sealed and
heated by an oven at 65 °C for 2 h to cure the hydrogel. After cooling down,
the hydrogels were cut into cylindrical samples with diameters of 1.6 cm and
thicknesses of ∼4 mm. All samples were purified by soaking in PBS at 4 °C for
at least 3 d (buffer replaced daily) to remove any ROS generated during hydro-
gel curing. The control hydrogels without azo mechanophores were prepared
similarly, with 4.8 g of PEG diacrylates, 320 mg (1.14 mmol) of ACVA, and 160
mg (1.16 mmol) of K2CO3 dissolved in 24 mL PBS followed by curing, cutting,
and purification under the same condition. Because ACVA is a small molecule,
the azo group did not incorporate into the polymer and was removed during
purification.

HIFU Setup for MDT. Having determined beam characteristics, including full
width at half-maximum beamwidth (BW) and depth of field (ZF), etc., a CW
HIFU triggering system was developed (Fig. 2B and SI Appendix, SI Materials
and Methods). A mechanical irradiation of the mechanophore hydrogels
could be interfered by coupling with water. To prevent this, we considered
the use of a cone-shaped water container assembled with an HIFU transducer
(Fig. 2B). The interface between water and the samples was completely sealed
with an acoustic membrane. This ensures no changes in the mechanical prop-
erties of PEG hydrogels due to the contact with water. The geometry of this
assembly was designed to locate the focal spot ∼2 mm away from the acoustic
membrane (Fig. 2B), making the focal spot located at half the thickness of the
sample. In addition, a 550-kHz HIFU transducer (f number of 1.4) was selected
based upon the ratio of the beamwidth at the focal spot (∼3.8 mm) to the
sample diameter (16 mm). This configuration enabled the most efficient stress
development for the mechanophore activation in the PEG hydrogel network.
It is worthwhile to note that although the boundary-reflected waves caused
by the limited sample size would cause a standing wave in the sample and
make it difficult to estimate the actual radiation force applied to the mecha-
nophore particles, this would facilitate the mechanophore activation and
thus, the ROS generation (44). The entire HIFU setup was controlled using a
custom LabVIEWprogram on a personal computer (SI Appendix, Fig. S6), capa-
ble of temporal control of the sonication time and the input parameters. We
first considered the conversion of output voltage of the beam (at the focal
spot) to the acoustic pressure using a calibrated hydrophone (sensitivity of
96.00mV�MPa�1; FUS Instruments) and then, the corresponding ISPTA and focal
distance. We then determined the range of sonication time (10 s on, 20 s off;
four cycles per spot) and ISPTA (115 W�cm�2) after the observation of no visible
damage on the surface. We also confirmed noticeable surface damage at ISTPA
above 135 W�cm�2 with characteristics of thermal damage. To achieve an opti-
mum transfer of mechanical energy, five different sonication spots were con-
sidered (Fig. 2B). As described in Fig. 2B, the center of a sample was mounted
on the membrane of the HIFU assembly, and then, the position of sample was

changed along the horizontal direction for five different focal spots. A porta-
ble laser device placed over the sample was employed to achieve a better
alignment between the HIFU assembly and samples (SI Appendix, Fig. S3).

In Vitro MDT Challenge Assay. B16F10 mouse skin melanoma cells were main-
tained in DMEM (Gibco) supplemented with 10% fetal bovine serum (FBS;
Corning), penicillin, and streptomycin (Thermo Fisher). B16F10 cells were a
gift from Edward Roy, the University of Illinois at Urbana–Champaign,
Urbana, IL. E0771 mouse breast cancer cells (CH3 BioSystems) were main-
tained in RPMI-1640 (Gibco) supplemented with 10% FBS (Corning), penicil-
lin, and streptomycin (Thermo Fisher). For FR challenge experiments, 0.05%
trypsin-dissociated cells were counted, and 1 × 104 cells per well were seeded
in cell culture–treated six-well plates (Thermo Fisher) 24 h before the start of
the experiment. After sonication, the mechanophore-containing hydrogels
were placed in 100-μm mesh cell strainers (Thermo Fisher) and inserted into
the six wells to be completely submerged in culture media. For H2O2-positive
controls, 9.8 M H2O2 solution (Sigma) was diluted in cell culture–grade H2O
(Gibco) to 10 mM stock and further diluted to working concentrations in
culture media. Cells were then incubated up to 72 h without media change
and counted every 24 h. For cell counting, a 4 × 4 grid on the plate cover was
used for consistent counting fields. Cell strainers containing hydrogels and
conditioned media were removed and replaced by Calcein-AM (1 μg/mL; Invi-
trogen) dissolved in PBS (Gibco), followed by 10 min of incubation at 37 °C.
Staining solution was then replaced by PBS, and the cells were imaged on an
Olympus inverted fluorescence microscope with 4× objective and the fluores-
cein isothiocyanate filter set. Following imaging, conditioned media and
strainer containing hydrogels were replaced, and the cells were returned to
the incubator. Cells were maintained at 37 °C in a 5% CO2 incubator. Live cells
positively stained by Calcein-AM were counted using FIJI (NIH) and averaged
over four counting fields per well at each time point (SI Appendix, Fig. S7).
For each image, only the green channel was analyzed. Sizing thresholds were
set specific to each sample with the aim of accurately counting each individ-
ual cell, resulting in threshold ranges from (0 to 60) to (0 to 170) for mela-
noma B16F10 cells and from (0 to 40) to (0 to 120) for breast cancer E0771
cells. The images were then transformed into a binary image with the water-
shed property applied, producing an image with a black background and
white cells. Using “Analyze Particles,” the distinct white areas from size 20 (to
exclude small artifacts and debris) to size infinity were counted. Cell counts
were then compiled and analyzed inMicrosoft Excel.

Tumor Cell Lines. Use of tumor cell lines has been approved by the Institu-
tional Animal Care and Use Committee at the University of Illinois at
Urbana–Champaign and adheres to guidelines and regulations from the NIH
and the US Department of Agriculture.

Data Availability. All study data are included in the article and/or supporting
information.
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