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Abstract

Reactive oxygen species (ROS)-responsive prodrugs offer a route to
disease-selective drug activation, but their in vivo performance is often constrained by
heterogeneous ROS production, short ROS lifetimes and reductive quenching.
Therapeutic ultrasound can generate reactive species locally and on demand in deep
tissues, yet whether conventional ROS-responsive masking groups respond
productively to sonochemical activation and enable efficient drug release remains
unclear. Here we show that, among representative ROS-responsive triggers, boronic
acid/boronate motifs emerge as the most productive ultrasound-responsive motifs for
prodrug activation, enabling rapid, robust and programmable release. Mechanistic
studies indicate that this performance arises from a mixed sonochemical oxidation
regime, in which hydrogen peroxide serves as the longer-lived oxidant and sustains
major boronate oxidation, while transient hydroxyl radicals provide additional
contributions. We validate this strategy using fluorogenic probes, doxorubicin and
monomethyl auristatin E (MMAE) prodrugs, and an albumin-MMAE conjugate. In
tumour-bearing mice, localized ultrasound enables therapeutic activation of boronic
acid/boronate-caged prodrugs within short irradiation windows, suppressing tumour
growth while reducing systemic toxicity. These findings establish therapeutic
ultrasound as an external trigger for spatiotemporally controlled prodrug activation in
vivo and provide design principles for advancing ROS-responsive prodrug chemistry

beyond the constraints of endogenous ROS activation.

Introduction

Stimuli-responsive prodrugs and masked functional molecules offer a powerful
route to widen the therapeutic window of potent therapeutics by restricting activity to
diseased tissues'. In practice, however, achieving bond cleavage on demand, at depth,
and with molecular precision remains a major challenge. Many activatable systems
rely on endogenous tumour microenvironment cues, such as acidic pH, hypoxia,
enzyme overexpression or altered redox balance?, but these biochemical triggers are

highly heterogeneous across tumour types and disease stages, often leading to
2
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premature activation or incomplete release’. Reactive oxygen species
(ROS)-responsive prodrugs exemplify this challenge. Although oxidative stress is
widely exploited for disease-selective activation, endogenous ROS signals are
heterogeneous, low in steady-state abundance and readily buffered by reductive
biological environments*®. Moreover, the oxidative trigger available in a given lesion
may not match the activation threshold, oxidant selectivity or release kinetics of a
given ROS-responsive motif’®. Consequently, chemically well-established
ROS-responsive triggers may not translate into reliable, spatially controlled prodrug
activation in vivo’. Exogenous activation strategies that can provide precise spatial
and temporal control are therefore of considerable interest'’.

Among external triggers, ultrasound is uniquely attractive because it combines
deep tissue penetration, noninvasiveness, clinical compatibility and spatiotemporal
addressability'""!?. Yet converting acoustic energy into selective small-molecule bond
activation remains difficult'>'*. To date, many ultrasound-mediated systems have

relied on mechanical effects'>!7, carrier disruption'®!”, thermal effects®® or

21-24

sonodynamic therapy~ <, all of which can impose constraints such as dependence on

25,26

bulky delivery vehicles>>*, sonosensitizers’’ or oxygen availability®®. Recent

examples of ultrasound-activatable masking groups have shown that acoustic

29-32 However, these

cavitation can be harnessed for direct molecular uncaging
systems have largely been designed or interpreted around transient radical or
radical-derived species, such as hydroxyl radicals (-OH) 2**%3% and superoxide anions
(027)*132, generated during water sonolysis (Figure 1a). Because acoustic cavitation
produces a mixed sonochemical environment containing both transient radicals and
hydrogen peroxide, it remains unclear which ROS-responsive motifs can best convert
ultrasound-generated reactivity into productive payload release rather than
non-productive degradation. In particular, it remains unresolved whether
peroxide-responsive motifs can harness sonochemically generated hydrogen peroxide
in the bulk phase to overcome the limited diffusion, rapid quenching and short

reaction windows associated with transient-radical activation (Figure 1b).

Here, we sought to identify ROS-responsive masking groups that are not merely
3
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ultrasound-reactive, but ultrasound-productive, and to determine whether
bulk-oxidant-supported activation can enable efficient drug release beyond the
constraints of endogenous ROS activation. We therefore used productive payload
release, rather than trigger consumption alone, as the central criterion to compare
representative transient-radical-sensitive and peroxide-responsive motifs under
matched therapeutic ultrasound conditions. This design allowed us to test whether
ultrasound-triggered uncaging is confined to short-lived radical chemistry or can be
extended to a hydrogen peroxide-supported bulk activation mode with improved
robustness in reductive and tumour-mimicking environments (Figure 1c¢). Our
screening identified boronic acid/boronate motifs as the most productive
ultrasound-responsive triggers among the tested ROS-responsive motifs. Comparative
mechanistic studies show that boronic-acid/boronate uncaging is not governed by a
hydroxyl-radical-only pathway, but instead by a composite mechanism in which
hydrogen peroxide sustains the major productive boronate-oxidation pathway while
transient radical contributions reinforce activation.

This mixed activation mechanism enables rapid, robust and
irradiation-programmed release in reductive and tumour-mimicking environments.
We then translated this trigger chemistry into fluorogenic probes, small-molecule
prodrugs and an albumin—drug conjugate to test whether mechanistically selected
trigger chemistry remains operative beyond simple molecular scaffolds. In
tumour-bearing mice, localized ultrasound activates boronic acid/boronate-caged
prodrugs within short irradiation windows, suppressing tumour growth while reducing
systemic toxicity. Together, this work establishes therapeutic ultrasound as an external
trigger for spatiotemporally controlled ROS-responsive prodrug activation in vivo and
provides design principles for advancing ROS-responsive prodrug chemistry beyond
the constraints of endogenous ROS activation, from small-molecule prodrugs to

macromolecular drug conjugates.

Results and Discussion

1. Representative screening identifies chemically useful ultrasound-responsive
4
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masking groups

Acoustic cavitation generates a complex ROS environment containing both
transient radicals and hydrogen peroxide as the longer-lived oxidant*, as confirmed
by EPR spin-trapping and H>O» quantification experiment (Extended Data Fig. 1b,
Supplementary Fig. 1), suggesting that structurally distinct ROS-responsive motifs
might undergo uncaging and release payload under ultrasound (Fig. 2a). We therefore
performed a representative screening of ROS-responsive candidate masking groups

covering hydroxyl-radical-sensitive  3,5-dihydroxybenzyl carbamate (DHBC)

29,30 31,32

motifs~", reduction-sensitive azide derivatives (aryl azides and sulfonyl azides),
and peroxide-reactive motifs such as boronic acid/boronate groups?, a-ketoamides®>,
oxalates, and pentafluorobenzenesulfonate®®. Several of these motifs have already
been employed in other ROS-generating activation contexts, including
X-ray-responsive systems>’*°, but their relative behaviour has not been systematically
compared under matched therapeutic ultrasound conditions.

Under a common therapeutic ultrasound condition (1 MHz, 3.0 W cm2, 70%
duty cycle, 3 min, chosen after preliminary sonication-parameter optimization,
Extended Data Fig. 1c,d), the tested substrates 1-16 (10 uM, 200 pL) displayed
marked differences between desired product formation and non-productive
degradation (Fig. 2b,c). Among the candidates plausibly activated through
radical-mediated pathways, DHBC-type substrates 1-3 showed the highest level of
ultrasound reactivity as well as productive release rate, with desired-product
formation of 16—-19% (Fig. 2b,c; Supplementary Fig. 15). Azide-derived substrates 4—
6 also underwent measurable ultrasound-induced transformation (20—40%), but with
substantially lower productive conversion (~3%) than DHBC-type motifs
(Supplementary Fig. 12). Sulfonyl azides 7-8 showed slightly improved productive
conversion (~5%) relative to the simple aryl azides 46 in the same subset
(Supplementary Fig. 13); however, they still underperformed DHBC under the same
condition and, since their cleavage chemistry primarily affords sulfonamide products,

their utility as a broadly applicable masking group remains intrinsically limited.

A different trend was observed among supposedly peroxide-reactive candidates.
5
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Boronic acid/boronate substrates 9—13 consistently afforded the most favourable
product profiles in this subset, with representative desired-product formation
exceeding  70%  (Fig. 2b,c). By  comparison, a-ketoamide  and
pentafluorobenzenesulfonate substrates showed only modest desired-product
formation (<20%) (Supplementary Figs. 14, 17), indicating that peroxide
responsiveness in conventional chemical systems does not readily translate into
efficient ultrasound-triggered release. The oxalate-based substrate 14 showed a high
product-formation ratio among the converted fraction (~80%), but its practical utility
was nevertheless severely limited under these aqueous conditions because of
pronounced hydrolytic instability (Supplementary Fig. 16).

Taken together, these results show that only a subset of ROS-responsive motifs
translate ROS reactivity into chemically useful release behaviour under ultrasound
irradiation. The contrasting behaviours of radical-responsive and peroxide-reactive
motifs further suggested that the key difference among ultrasound-responsive
masking groups may not lie simply in ROS reactivity, but in the sonochemical mode
through which productive uncaging is achieved. This hypothesis motivated the

mechanistic comparison described below.

2. Distinct sonochemical behaviours explain the productive ultrasound activation
of boronic acid/boronate triggers

To test our hypothesis, we selected DHBC- and boronic-acid-type motifs as
mechanistically informative representatives of the two best-performing candidates
within the radical-responsive and peroxide-reactive subsets, respectively (Fig. 3b,
Extended Data Fig. 2a).

We first compared direct substrate irradiation with a delayed-addition protocol
(Fig. 3d), in which the aqueous medium was sonicated before the substrate was
introduced. This experiment provides an operational distinction between activation
that depends on short-lived reactive species generated during cavitation and activation
that can be sustained by hydrogen peroxide as the longer-lived oxidant persisting in

the bulk phase after sonication. Under delayed-addition conditions, DHBC-type
6
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substrates (10 uM in PBS) showed no detectable conversion (Extended Data Fig. 2b),
indicating that productive cleavage requires direct exposure to the cavitation event
itself. By contrast, the boronic-acid-type substrate B1 retained substantial reactivity
even when added after ultrasound pretreatment of the buffer. In addition,
boronic-acid-type substrates continued to show increasing product formation during
the post-sonication period (Extended Data Fig. 2¢), indicating that a major component
of its activation can proceed through hydrogen peroxide generated during sonolysis.
These observations immediately suggested that DHBC- and boronic-acid-type motifs
are not governed by a shared reactive principle, but instead occupy distinct
sonochemical regimes.

To define the reactive species involved in DHBC uncaging, we compared DHBC
activation under H>O», Fenton and ultrasound conditions, and examined the effects of
radical scavengers during sonication. DHBC cleavage was observed under Fenton
reactions but not upon treatment with H>O; alone, and both DMPO and GSH
suppressed ultrasound-triggered activation (Extended Data Fig. 2d). Together with the
complete loss of reactivity in the delayed-addition experiment, these results indicate
that DHBC activation occurs predominantly through highly localized hydroxyl-radical
chemistry at or near the cavitation interface*'*?. We therefore assign DHBC-type
activation to a transient interfacial mode, in which productive release is rapid and
spatially confined, but intrinsically sensitive to radical quenching and reductive
perturbation (Fig. 3a).

To define the reactive species and activation mode involved in boronic-acid
uncaging, we used p-hydroxymethylphenylboronic acid (B1) as a model substrate
(Fig. 3b). We then compared its behaviour under ultrasound and exogenous H>O»
conditions, together with delayed-addition, product-analysis and
scavenger-perturbation experiments. Direct ultrasound irradiation rapidly converted
B1 into the corresponding phenol B0, whereas treatment with exogenous H>O» at a
concentration quantitatively matched to the amount generated during ultrasound
irradiation (Extended Data Fig. 1b; Supplementary Figs. 5, 6) failed to reproduce the

productive conversion observed under ultrasound (Fig. 3e), indicating that the
7
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ultrasound effect cannot be reduced to simple bulk peroxide addition. This
discrepancy became even more pronounced under mildly acidic (Fig. 3f) and
reductive (Fig. 3g) conditions, under which H>O»-triggered activation was strongly
attenuated whereas ultrasound-triggered conversion remained substantial and could be
restored to near-complete conversion by prolonging irradiation (Extended Data Fig.
2e). Thus, although a peroxide-supported pathway is clearly operative, these results
indicate that bulk peroxide chemistry alone is insufficient to account for the full
ultrasound response. LC-MS product analysis further showed that, in addition to the
major product B0, ultrasound generated a secondary byproduct Bx that was not
reproduced by H2O> treatment alone (Supplementary Fig. 9), suggesting the operation
of an additional ultrasound-specific pathway. Scavenger experiments then
distinguished the two product branches (Fig. 3i; Extended Data Fig. 2f.g;
Supplementary Fig. 10). Hydroxyl-radical scavengers®’ suppressed or completely
abolished Bx formation, whereas peroxide quenching reduced B0 production. Notably,
IPA decreased Bx formation but increased BO yield, consistent with its dual role as a
hydroxyl-radical scavenger and a promoter of H>O, accumulation* under ultrasound
(Supplementary Figs. 4-6). Together, these data support a model in which
boronic-acid uncaging under ultrasound proceeds predominantly through a
peroxide-supported productive pathway, while hydroxyl radicals contribute to the Bx
branch and may also contribute to the enhanced ultrasound response through
additional transient sonochemical pathways (Fig. 3h).

This mechanistic interpretation is further supported by comparison with other
peroxide-reactive motifs screened under the same ultrasound condition. Although
a-ketoamide, oxalate and pentafluorobenzenesulfonate are all nominally
peroxide-responsive, none matched the productive performance of boronic-acid-type
substrates (Fig. 2b,c). This observation suggests that peroxide reactivity alone is not
sufficient to ensure efficient ultrasound-triggered uncaging. Instead, the poorer
behaviour of these motifs may reflect, at least in part, a greater susceptibility to
transient radical-mediated damage during cavitation, potentially arising from

structural features that disfavour productive reaction in the bulk solution while
8
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increasing exposure to interfacial degradation pathways. More broadly, these results
indicate productive release may require compatibility between the lifetime and
localization of sonogenerated species and the reaction pathway of the masking group.
Control experiments further excluded purely thermal or pyrolytic pathways for
boronic-acid activation. No productive conversion was observed under simple heating
or in anhydrous aprotic media, confirming that aqueous ROS generation is essential
(Supplementary Figs. 2,3). Comparable trends were also observed for additional
boronic-acid substrates, supporting the generality of this activation behaviour within
the boronic acid/boronate subset (Supplementary Fig. 11).

Taken together, these data show that productive ultrasound-triggered uncaging is
not governed by a single sonochemical mechanism. Instead, at least two
mechanistically distinct activation modes can be distinguished. DHBC-type motifs
exemplify transient interfacial activation, in which productive cleavage depends on
short-lived radical chemistry confined to the cavitation interface (Fig. 3a). By contrast,
boronic-acid-type motifs exemplify persistent bulk activation, in which productive
release is sustained primarily by hydrogen peroxide as the longer-lived oxidant in
solution while remaining reinforced by transient radical contributions (Fig. 3h). This
mechanistic distinction provides a basis for understanding why only a subset of

ROS-responsive motifs emerge as practically useful and robust ultrasound triggers.

3. Composite sonochemical activation enables robust and programmable
molecular release in complex biological environments

The mechanistic distinction defined above suggested that boronic-acid-caged
substrates should be especially well suited to productive release in chemically and
biologically complex environments (Fig. 4a). We therefore asked whether this
advantage could be translated into functional molecular release using fluorogenic
probes as direct readouts of productive uncaging (Fig. 4b). In CB, boronate oxidation
is followed by 1,6-elimination to generate the fluorogenic product. In MRB, boronate
oxidation and 1,6-elimination are followed by carbamate cleavage to release the

fluorescent product (Supplementary Figs. 20,21). Under in vitro ultrasound irradiation
9
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(1 MHz, 3.0 W cm 2, 70% duty cycle), both probes (10 uM in PBS) showed efficient
turn-on responses in PBS, as confirmed by fluorometric and HPLC analyses,
indicating that boronic-acid-mediated uncaging remains effective across chemically
distinct release formats (Extended Data Fig. 3a—g).

We next examined whether ultrasound-triggered boronic-acid activation retained
functional efficiency under certain biological conditions that suppress conventional
peroxide-mediated triggering. CB was therefore evaluated in PBS, in reductive
medium (DMEM + 10% FBS + 1 mM GSH), and in mildly acidic tumour cell lysate
(pH 6.5). Under reductive and tumour-mimicking conditions, activation by exogenous
H>0, and other defined exogenous ROS/RNS stimuli was strongly attenuated,
whereas ultrasound maintained substantial fluorogenic release (Fig. 4c,d; Extended
Data Fig. 3j—n; Extended Data Fig. 3h,i). These data show that ultrasound maintains
productive boronic-acid uncaging under chemically challenging conditions in which
exogenous peroxide triggering is strongly attenuated.

This distinction was also evident kinetically. For MRB, ultrasound-triggered
activation proceeded more rapidly than treatment with exogenous H>O», even though
the externally supplied H>O> concentration far exceeded that generated during
sonication (Fig. 4e; Extended Data Fig. 1b). This comparison is particularly
informative because boronate oxidation by H>O> is kinetically favoured under more
alkaline conditions, whereas the near-neutral assay conditions used here render direct
peroxide triggering relatively sluggish. Ultrasound in contrast did not show the same
limitation. Thus, the functional advantage of ultrasound lies not only in maintaining
activation in hostile media, but also in accelerating productive release relative to
peroxide alone.

We then examined whether ultrasound-triggered boronic-acid activation
remained chemically discriminating and externally controllable. In competitive
experiments, CB was incubated together with structurally related unprotected
coumarin derivatives that are themselves susceptible to hydroxyl-radical-mediated
degradation (Supplementary Fig. 28). Under brief ultrasound exposure, cleavage of

the boronic-acid-caged probe clearly predominated, whereas degradation of the
10



293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

unprotected coumarins remained limited (Fig. 4f). Productive uncaging is therefore
not simply a consequence of indiscriminate oxidative destruction. The same trigger
chemistry also remained temporally programmable. Repeated on/off irradiation cycles
produced a stepwise increase in fluorescence from CB, demonstrating that
ultrasound-triggered molecular release remains tightly coupled to the external
ultrasound input and can be regulated in time (Fig. 4g). Together, these results show
that ultrasound-triggered boronic-acid uncaging remains both chemically selective
and temporally programmable.

Having established these functional advantages in solution, we next examined
whether the same trigger chemistry remained operative in living systems. In
MDA-MB-231 cells, in situ sonication after incubation with CB produced a clear
ultrasound-duration-dependent increase in fluorescence by flow cytometry, whereas
untreated or non-sonicated controls showed minimal activation (Fig. 4h). Confocal
imaging likewise visualized intracellular fluorescence generation after ultrasound
exposure (Extended Data Fig. 4b), and MRB displayed the same qualitative behaviour,
with signal intensity increasing with probe concentration and irradiation duration (Fig.
41; Extended Data Fig. 4c). Finally, MRB was administered intratumourally in 4T1
tumour-bearing mice, followed by localized ultrasound irradiation, and tumour
sections were analysed ex vivo (Fig. 4j; Extended Data Fig. 4d,e). Ultrasound-treated
groups showed markedly stronger fluorescence than non-sonicated controls, with
signal intensity increasing with irradiation duration, confirming that
boronic-acid-caged probes remain activatable in live tumour tissue.

Together, these probe-based studies show that boronic-acid-caged probes remain
functional across solution, cellular and tumour-associated settings, supporting its use

as a robust ultrasound-responsive trigger for biological applications.

4. Ultrasound-triggered activation enables controlled small-molecule prodrug
chemotherapy
Guided by the mechanistic and probe-level validation above, we next asked

whether the same trigger chemistry could support the controlled release of a
11
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therapeutically relevant small-molecule payload. Doxorubicin (Dox) was selected as
an initial model because of its potent antitumour activity and well-recognized
dose-limiting systemic toxicity. We therefore prepared the boronic-acid-caged Dox
prodrug DB and examined whether the same trigger chemistry that enabled robust
probe activation could be translated into controlled chemotherapy (Fig. 5a). As an
initial step, we compared the precursor stability of DB with that of the corresponding
DHBC-caged analogue DD under biologically relevant conditions (Extended Data Fig.
5q). DB showed a more advantageous stability profile in cell culture medium and
plasma, further supporting its selection for downstream therapeutic validation.

Under established acoustic parameters, DB (10 pM in PBS) underwent
time-dependent conversion to free Dox, as confirmed by HPLC analysis (Fig. 5b—c).
These data show that the boronic-acid trigger remains competent for productive
uncaging when coupled to a clinically relevant small-molecule drug. To determine
whether the released payload retained biological activity, we first performed ex situ
activation experiments, in which DB was sonicated before addition to cells. Across six
tumour cell lines, ultrasound-preactivated DB showed markedly enhanced
cytotoxicity relative to non-sonicated DB (approximately 20-fold) and approached the
activity of free Dox, demonstrating efficient drug release (Fig. 5d; Extended Data Fig.
Sa—d).

We then examined whether activation could also be achieved directly in the
presence of intact cells under cell-compatible ultrasound conditions. In situ sonication
(1.0 W ecm™2, 10% duty cycle, 5 min) of 4T1 cells incubated with DB produced
pronounced, dose-dependent cytotoxicity, whereas DB alone or ultrasound alone
caused minimal cell death (Fig. Se; Extended Data Fig. Se—h). Thus, the boronic-acid
trigger not only releases Dox efficiently in solution, but also remains functional under
biologically compatible irradiation conditions.

The therapeutic relevance of this chemistry was next examined in vivo in 4T1
tumour-bearing Balb/c mice. DB was administered intraperitoneally at doses
equivalent to 1x (6.9 mg/kg, marked as DB-low) or 3x (20.7 mg/kg, marked as

DB-high) the molar amount of Dox (5 mg/kg), followed by localized ultrasound at
12
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defined time points post injection (Fig. 5f). DB alone showed little antitumour activity,
whereas DB + US markedly suppressed tumour growth and reduced endpoint tumour
weight (Fig. 5gh). Importantly, this therapeutic benefit was achieved with
substantially improved tolerability relative to free Dox. Whereas Dox-treated mice
exhibited pronounced body-weight loss (>20%) and histological evidence of systemic
toxicity, DB + US—treated animals maintained significantly better weight stability and
showed reduced organ damage (Fig. 51; Extended Data Fig. 5i—-m; Supplementary Fig.
26). Acute-toxicity evaluation further confirmed that high-dose DB combined with
ultrasound was substantially better tolerated than the corresponding free-drug
treatment (Supplementary Fig. 25). Finally, a head-to-head in vivo comparison
between the DHBC- and boronic-acid-caged Dox prodrugs further illustrated the
distinct in  vivo therapeutic  effects of transient interfacial and
persistent-bulk-dominated activation (Extended Data Fig. 5r). Under otherwise
matched dose and ultrasound treatment, DB afforded stronger tumour suppression
than DD, consistent with the greater environmental robustness of a
persistent-bulk-dominated activation mode in vivo.

Collectively, these results show that the mechanistically selected boronic-acid
trigger can be translated from fluorogenic probes to therapeutically relevant
small-molecule prodrugs. In this setting, ultrasound enables controlled release of a
clinically important cytotoxic agent with an improved balance between efficacy and

tolerability.

5. Ultrasound-triggered activation extends to potent payloads and an albumin—
drug conjugate format

We next asked whether the same trigger chemistry could be extended beyond a
single small-molecule chemotherapeutic to more potent payloads and, ultimately, to
more advanced therapeutic formats. To address this, we selected monomethyl
auristatin E (MMAE), a highly potent tubulin inhibitor whose clinical utility is
generally restricted to targeted delivery systems because of its extreme systemic

toxicity*. A boronic-acid-caged MMAE prodrug, MB, was therefore prepared to test
13
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whether ultrasound-triggered activation could be generalized to a structurally and
pharmacologically distinct payload (Fig. 6a).

As with DB, MB (50 uM in PBS) underwent efficient ultrasound-triggered
conversion to free MMAE in PBS, as shown by HPLC analysis (Fig. 6b). Ex situ
activation experiments in 4T1 and MDA-MB-231 tumour cells showed that
ultrasound-pretreated MB acquired cytotoxicity approaching that of free MMAE,
confirming productive release of the active payload (Fig. 6¢c; Extended Data Fig. 6a).
In situ experiments further demonstrated functional activation in a biological context.
Under cell-compatible sonication conditions (1.0 W cm™, 10% duty cycle, 5 min),
MB + US markedly inhibited tumour-cell migration in wound-healing assays,
whereas MB alone showed limited effect (Fig. 6d; Extended Data Fig. 6b;
Supplementary Fig. 24). These data indicate that the boronic-acid trigger remains
operative even when coupled to a highly potent payload with a very narrow
therapeutic window.

We then evaluated this strategy in 4T1 tumour-bearing mice. Intravenous
administration of MB (0.68 mg/kg; MMAE-equivalent 0.5 mg/kg) followed by
localized ultrasound significantly suppressed tumour growth and reduced endpoint
tumour burden relative to control groups (Fig. 6e—g). Although free MMAE also
showed strong antitumour activity, it was accompanied by clear systemic toxicity. By
contrast, MB + US achieved therapeutic benefit with a more favourable safety profile,
as reflected in body-weight monitoring (Fig. 6h), blood biochemistry (Extended Data
Fig. 6d—-1) and histological evaluation (Supplementary Fig. 27). Long-term survival
analysis further showed that MB + US prolonged survival relative to untreated
controls and compared favourably with the free-drug group (Fig. 61), supporting the
conclusion that ultrasound-triggered boronic-acid activation can harness highly potent
cytotoxins while mitigating systemic burden.

To determine whether the same trigger chemistry remains operative not only
across payloads but also across therapeutic formats, we finally incorporated it into an
albumin—drug conjugate. The resulting sono-caged BSA-MMAE conjugate,

BSA-L1101, was designed as a higher-order therapeutic construct in which the
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boronic-acid trigger is embedded within a macromolecular delivery architecture (Fig.
6j, Extended Data Fig. 6n). Under ultrasound, BSA-L1101 underwent productive
activation to release MMAE, extending boronic-acid-triggered uncaging to the
conjugated state. In vitro, ultrasound-treated BSA-L1101 showed substantial
cytotoxicity across multiple tumour cell lines, whereas the non-sonicated conjugate
remained much less effective (Fig. 6k; Extended Data Fig. 6j—m).

In a 4T1 tumour-bearing nude mouse model, intravenous BSA-L1101 was
administered every three days, with each dose followed by multiple localized
ultrasound exposures at defined post-injection intervals. This schedule was designed
to separate systemic prodrug administration from local payload activation, allowing
repeated ultrasound-programmed release from a macromolecular conjugate rather
than immediate burst release after injection. BSA-L1101 combined with localized
ultrasound significantly inhibited tumour growth and reduced endpoint tumour weight
(Fig. 61,m). This therapeutic effect was achieved with acceptable tolerability, as
reflected by body-weight changes and organ-level readouts (Extended Data Fig. 6n—
p)-

Taken together, these studies extend the same externally controlled activation
principle from small-molecule prodrugs to a macromolecular drug conjugate,
supporting a generalizable strategy for spatially and temporally controlled payload
release. Uniquely, the macromolecular conjugate design decouples systemic
circulation from local activation and allows repeated ultrasound-defined release
windows. This conjugate-level validation further points to the potential of
mechanistically selected ultrasound-responsive triggers for more advanced

bioconjugate formats, including ADC-inspired therapeutic designs.

Conclusion

In summary, this study repositions therapeutic ultrasound from a physical
drug-delivery trigger to a chemically programmable source of localized oxidative
stimuli for activating ROS-responsive prodrugs in vivo, shifting prodrug activation

from reliance on heterogeneous endogenous ROS to localized sonochemical reactivity.
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This strategy addresses a central limitation of conventional ROS-responsive prodrug
activation, in which release depends on pre-existing ROS signals that are often
insufficient, spatially variable or poorly matched to the activation threshold of a given
masking group.

By comparing representative ROS-responsive masking groups under matched
ultrasound conditions, we show that conventional ROS responsiveness does not
necessarily translate into useful ultrasound responsiveness. Several ROS-reactive
motifs undergo inefficient release or competing degradation, whereas boronic
acid/boronate motifs emerge as the most productive ultrasound-responsive triggers
among the tested motifs for productive cargo release. These findings define a
sonochemical trigger-matching principle for ROS-responsive prodrug activation that
productive release depends on matching sonogenerated reactivity with the intrinsic
reaction pathway and degradation susceptibility of the masking group.

Mechanistically, our results distinguish two sonochemical activation behaviours.
DHBC-type motifs primarily depend on transient interfacial radical chemistry,
whereas boronic acid/boronate motifs exploit a mixed oxidation regime in which
hydrogen peroxide sustains the major boronate oxidation pathway and transient
hydroxyl radicals provide reinforcing contributions. This composite mechanism
explains the rapid activation, high release efficiency and robustness of boronic
acid/boronate triggers in reductive and tumour-mimicking environments, and enables
irradiation-programmed release under therapeutic ultrasound.

The utility of this trigger chemistry extends from fluorogenic probes to
doxorubicin and MMAE prodrugs, as well as an albumin-MMAE conjugate. In
tumour-bearing mice, localized ultrasound activates boronic acid/boronate-caged
prodrugs within short irradiation windows, suppressing tumour growth while reducing
systemic toxicity. Together, these findings define a sonochemical design principle for
advancing ROS-responsive prodrug chemistry beyond endogenous ROS activation
and support therapeutic ultrasound as a precision trigger for spatiotemporally
controlled prodrug activation in vivo across small-molecule prodrugs and

macromolecular drug conjugates.
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Methods
Reagents and apparatus

Chemical reagents were purchased from Sigma-Aldrich, J&K and Alfa Aesar. All
chemicals were used as received without further purification unless otherwise stated.
Sono-responsive caged compounds (designated as Compounds 1-22, see
Supplementary Tab. 1-4) were synthesized, purified, and characterized according to
procedures detailed in the Experimental Section of the Supplementary Information.
Cell culture reagents including Dulbecco’s Modified Eagle Medium (DMEM),
RPMI-1640 Medium, fetal bovine serum (FBS), penicillin, and streptomycin were
obtained from Gibco (Thermo Fisher Scientific, USA).
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased
from Beyotime Biotechnology Institute (China). Ultrapure water (resistivity 18.2
MQcm!) was prepared using a Milli-Q Reference water purification system

(Millipore, USA).

Ultrasound irradiation was carried out using a Nu-Tek UT1021 ultrasonic device
with a 1 cm? transducer probe, with adjustable parameters (frequency f=1 or 3 MHz,
power intensity Zp=0-3.0 W cm 2 and duty cycle DC=10-100%). Nuclear magnetic
resonance (NMR) spectra were recorded on a Bruker AVANCE III 400 MHz
spectrometer using deuterated solvents obtained from Sigma-Aldrich. MestReNova
v.7 was used for NMR analysis. Signals are presented as parts per million (ppm) and
multiplicity is presented as single (s), broad (b), doublet (d), triplet (t), quartet (q) or
multiplet (m). Analytical HPLC assays were performed on a Shimadzu LC-20 ADXR
system with an Agilent ZORBAX SB-C18 column (4.6 X250 mm, 5 um, column
temperature 40 °C) and a Shimadzu Nexera SPD-M40 PDA Detector. Preparative
HPLC separations were performed via an Elite EClassical 3140 semi-preparative
system equipped with an Agilent C18 column (20 x 250 mm, 5 um) at a flow rate of
10 mL/min. Ultra-performance liquid chromatography—mass spectrometry (UPLC—

MS) was performed on a Thermo Ultimate 3000 nano LC system equipped with a
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Thermo Q Exactive HF-X Hybrid Quadrupole-Orbitrap mass spectrometer.
High-resolution mass spectroscopy was performed on a Waters Xevo G2-S Q-ToF
Mass Spectrometer. Electron paramagnetic resonance (EPR) signals were detected
using a Bruker ELEXSYS E 580 spectrometer. Fluorescence spectra were measured
on an Agilent Cary Eclipse spectrometer. Microplate reading was performed using an
Agilent BioTek Synergy NeO» Multi-Mode Reader. Flow cytometry analysis was
performed on a Beckman Coulter Cytoflex LX flow cytometer. Confocal fluorescence
images were recorded on a Leica STELLARIS 8 STED confocal microscope platform
equipped with Leica HyD X detectors. Data were analysed and plotted using Origin
2020 (OriginLab) or GraphPad Prism 9 (GraphPad Software). BioRender was used to
design some of the illustration in the manuscript and Supporting Information

(https://biorender.com).

Syntheses of sono-responsive caged compounds

Full synthetic procedures can be found in Supplementary Information.

Sonication experiments

As shown in Extended Data Fig. la, in vitro sonication was carried out with
sonication frequency f=1 MHz, power intensity /r=3.0 W cm 2 and duty cycle DC =
70%. Caged compounds were dissolved in DMSO:1x PBS (v:v= 1:1000) to a final
concentration of 10 uM unless otherwise stated. For each in vitro trial, 200 pL of the
mixture was transferred to a sample tube (borosilicate glass, 11.6 mm x 32 mm),
exposed to ultrasound irradiation for designated durations, with aliquots collected at
specific time points for fluorescence spectroscopy and HPLC analysis.

Ex situ sonication was conducted under identical ultrasonic parameters to the in
vitro experiments. Caged compounds were dissolved in complete cell culture medium.
For each ex situ trial, 2 mL of the solution was taken out and placed in a sample bottle
(borosilicate glass, 14 mm x 47 mm), where it received ultrasound irradiation for a
given time and was then administered to cells for MTT proliferation assays.

In situ sonication employed reduced acoustic parameters (f=1MHz,
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Ir=1.0 Wcem 2, DC = 10%) to minimize direct ultrasound-induced cellular damage.
Cultured cells in 12-well plates were incubated with the caged compound-containing
medium and exposed to direct sonication through the plate bottom using the stated
parameters. Following ultrasound treatment, cells were incubated at 37 °C in a 5%
CO2 incubator for 48/4/4 h before being processed for MTT assay, flow cytometry
analysis or confocal microscopy imaging.

In Vivo sonication on tumour-bearing mice utilized
sonication frequency f= 1 MHz, power intensity /p=2.5 W cm ™2 and duty cycle DC =
70%. Acoustic coupling gel was applied to the tumour site prior to transducer probe
placement for ultrasound treatment.

During all sonication experiments, the temperature was maintained at 25-30 °C

with a cooling system.

Electron paramagnetic resonance (EPR) detection of ultrasound-generated reactive
oxygen species (ROS)

Two types of ROS (hydroxyl radicals -OH and singlet oxygen 'O:) generated
during in vitro sonication were directly quantified using an X-band EPR spectrometer
with the spin-trapping method*. Spin trapping was performed at 298 K with
4-hydroxy-2,2,6,6-tetramethylpiperidine (4-OH-TEMP, a final concentration of 150
mM in PBS) for 'O: detection and 5,5-Dimethyl-1-pyrroline N-oxide (DMPO, a final
concentration of 200 mM in PBS) for -OH detection. For in vitro sonication
experiments, reaction mixtures (200 pL in borosilicate tubes) were irradiated under
standard parameters (1 MHz, 3.0 W cm™2, 70% DC). At designated timepoints,
aliquots (30 pL) were immediately transferred to quartz capillaries for EPR
measurement. Quantification of spin concentrations was achieved by comparing
double-integrated signal intensities against a 4-OH-TEMPO
(2,2,6,6-tetramethyl-4-piperidinol-N-oxyl) calibration curve (0.1-100 uM in PBS, R? >
0.98). In ROS scavenging studies, glutathione (GSH, final concentrations of 1,5,10
and 20 mM in PBS) was added before sonication. Typical settings applied for EPR

detection were: center field, 3510.00 G; scan range, 200.0 G; sweep time, 180.32640 s;
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modulation amplitude, 1.00 G; modulation frequency, 100.00 kHz; and microwave

power, 23.77 mW.

Quantification of ultrasound-generated hydrogen peroxide (H20:)

Ultrasound-generated H>O, was quantified through two independent methods:

(I) Todometric Spectrophotometry. The triiodide (Is”) formation method was
adapted from Kormann et al. with modifications. In vitro sonicated samples (100 puL
aliquots, collected at designated time intervals) were transferred to 96-well plates
containing 37.5 pL of 0.1 M potassium hydrogen phthalate buffer and 37.5 pL of a
solution containing 0.4 M potassium iodide, 0.06 M sodium hydroxide, and 0.1 mM
ammonium molybdate. After 2 min incubation (37 °C, dark conditions), absorbance at
352 nm was measured using a microplate spectrophotometer. H-O: concentrations
were calculated via external calibration (0-1000 uM H:O: standards in PBS).

(IT) Amplex Red/horseradish peroxidase (HRP) assay. Following manufacturer's
protocol (Thermo Fisher A22188) with minor modifications, 100 pL of in vitro
sonicated samples were mixed with 4.0 pL of 10 mM Amplex Red stock solution in
DMSO and 1.0 pL of 200 U/mL HRP stock solution. After 2 min incubation (37 °C,
dark conditions), fluorescence (Aex/Aem = 571/585 nm) and absorption at ODseo was
measured. H.0O2 concentrations were quantified through a standard curve.

All assays were performed with three independent replicates. In ROS scavenging
studies, ROS scavengers were added before sonication. Under hypoxic conditions, the
solution was saturated with inert gas in advance, and the inert gas atmosphere was

maintained during the ultrasonic process.

HPLC analysis

HPLC separations involved mobile phases of 0.1% (v/v) TFA in ultrapure water
(solvent A), 0.1% (v/v) TFA in methanol (solvent B) and 0.1% (v/v) TFA in
acetonitrile (solvent C).

To analyse the reaction efficiency of compounds 1-22 under US radiation and

the effects of various radical scavengers on the reaction, the solvent gradient for
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HPLC is as follows: 90% solvent A +10% solvent B (0-3 min), 10-25% solvent B
(3-7 min), 25% solvent B (7-10 min), 25-40% solvent B (10-15 min), 90% solvent A
+10% solvent B (15-18 min). The injection volume was 10 pL. The flow rate of 1.2
mL/min.

To analyse the reaction efficiency of compound 19 under US radiation, the
solvent gradient for HPLC is as follows: 35% solvent A +65% solvent B (0-3 min),
65-85% solvent B (3-10 min), 85% solvent B (10-13 min), 35% solvent A +65%
solvent B (13-18 min). The injection volume was 10 pL. The flow rate of 1.0 mL/min.

To analyse the reaction efficiency of compounds 10-11, 15-17 under US
radiation, the solvent gradient for HPLC is as follows: 20% solvent A +80% solvent
B (0-3.5min), 80-90% solvent B (3.5-8.5 min), 90% solvent B (8.5-13 min), 20%
solvent A +80% solvent B (13-15 min). The injection volume was 10 pL. The flow
rate of 1.0 mL/min.

To analyse the reaction efficiency of compound 18 under US radiation, the
solvent gradient for HPLC is as follows: 60% solvent A +40% solvent C (0-3 min),
40-90% solvent C (3-3.5 min), 90% solvent C (3.5-11.5 min), 60% solvent A +40%
solvent C (11.5-15min). The injection volume was 10 uL. The flow rate of 1.2
mL/min.

To analyse the reaction efficiency of compounds 2022 under US radiation, the
solvent gradient for HPLC is as follows: 60% solvent A +40% solvent C (0 min),
40-90% solvent C (0-15min), 60% solvent A +40% solvent C (15-20 min). The
injection volume was 10 pL. The flow rate of 1.2 mL/min.

In HPLC analysis, the consumption of caged compounds and the release of

payloads were measured. External standard method was used for quantifying analytes.

UPLC-MS methods

The crude reaction was analysed by UPLC-MS for the identification of reaction
intermediates and the study of ultrasound-induced release mechanism. In
vitro sonication was carried out according to procedures detailed in the “Sonication

experiments” section. Post in vitro sonication, reaction mixtures in PBS were
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collected and desalted, freeze-dried into solids, and re-dissolved in a small amount of

methanol to obtain a concentrated reaction solution for UPLC-MS detection.

In vitro ultrasound activation of caged fluorescent probes

To demonstrate the feasibility of ultrasound-induced probe activation, two caged
fluorophores were used: CB (coumarin-derived) and MRB (methyl rhodol-based).
Stock solutions (10 mM in anhydrous DMSO) of caged fluorescent probes were
diluted to 10 uM in PBS (DMSO:PBS = 1:1000, v/v). Solutions underwent in
vitro sonication according to previously described procedures. Post-sonication
aliquots were collected for fluorometric analysis (Aex/Aem = 350/500 nm for CB,
Aex/Aem = 450/520 nm for MRB)as well as HPLC analysis.

In physiological environment simulation experiments, cell lysates (prepared
through three freeze-thaw cycles of cell suspensions) and lactic acid supplemented
DMEM complete medium (lactic acid, 10 mM, to give a pH of 6.8) supplemented
PBS to mimic the intracellular and tumour microenvironment, respectively.

For specificity profiling of CB (10 uM), the responsiveness towards various
redox active species (I mM, 100 e.q.) versus ultrasound treatment was tested using
fluorometric analysis. The in vitro ROS/RNS generation method was as follows™?:
(I) -OH: Hydroxyl radical was generated by Fenton reaction ([H202]:[Fe*"] = 10:1), in
which equimolar EDTA was used to avoid the precipitation of Fe(Il). The
concentration of ‘OH was considered equal to the Fe(II) concentration. (II) 'Oa:
Singlet oxygen was generated from H20: (1 e.q.) and OCI" (5 e.q.). (II) -NO: Nitric
oxide was generated from sodium nitroferricyanide(III) dehydrate (SNP, 1 e.q.). (IV)
ONOQO': Peroxynitrite solution was prepared from a mixture of sodium nitrite (1 e.q.)
and hydrogen peroxide (1 e.q.). (V) O2": Superoxide was generated from a mixture of
KO: (1 e.q.) and H>O. (VI) H2O2: Hydroperoxide solution (1 e.q.) was used directly.
(VII) TBHP: Tert-Butyl hydroperoxide solution (1 e.q.) was used directly. (VIII)
HOCI: NaOCl solution (1 e.q.) was used directly.

For intracellular interference studies, the experiment was

replicated under physiologically relevant GSH concentrations (10 mM GSH in
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DMEM complete medium). The response of CB to redox active species or ultrasound
treatment under endogenous reducing conditions was evaluated by fluorescence

spectroscopy.

Cell culture

All cell lines including 4T1, A375, AS549, BT-474, MCF-7, and
MDA-MB-231 were purchased from National Infrastructure of Cell Line Resource
(Beijing, China). A375, A549 and MCF-7 cells were cultured in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1%
penicillin-streptomycin. 4T1, BT-474 and MDA-MB-231 cells were cultured in
RPMI-1640 supplemented with 10% FBS, 1% penicillin-streptomycin. All cells were
maintained at 37 °C, in a humidified 5% CO: incubator, with passage performed

every 2-3 days.

In situ ultrasound activation of caged fluorescent probes

MDA-MB-231 cells were seeded in 12-well plates (5 x 10° cells per well) and
incubated overnight. Following 30 min pre-incubation with CB (10 uM), direct in situ
sonication (0, 1, 3 or 5 min, acoustic parameters as previously described) was
performed. Post-treatment cells were incubated for 8 h prior to flow cytometry
analysis (Aex: 405 nm, V525 channel). For MRB activation in situ, the cells were
treated with MRB (10 uM) instead, followed by flow cytometry analysis (Aex: 488 nm,
FITC channel). Fluorescence intensity was quantified by FlowJo v10 (FlowJo, LLC).
The results are expressed as mean fluorescence = SD (n = 5).

To visualize the activation of caged fluorescent probes in living cells,
MDA-MB-231 cells were seeded in p-Dish 35 mm dishes (2 x 10° cells/mL) and
subjected to identical treatment protocols. In situ sonicated samples were immediately
imaged using a confocal microscopy (CB imaging: 405 nm excitation, 430-470 nm
emission; MRB imaging: 488 nm excitation, 500-550 nm emission) with 40x/1.30 NA
or 63x/1.40 NA oil objectives. Fluorescence quantification encompassed all cellular

regions using LAS X Office software (Leica, Germany).
23



683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

Ex situ ultrasound-activated prodrug cytotoxicity assessment

4T1, A375, A549, BT-474, MCF-7 or MDA-MB-231 cells were seeded in a
96-well plate (3,000-4,000 cells/well) and incubated overnight. Then the culture
medium was removed and replaced with 200 pL fresh medium (with 10% FBS)
containing caged compounds (DB or MB), free payloads (Dox or MMAE) or caged
compounds pre-treated with ex situ ultrasound (3 min, acoustic parameters as
previously described). The cells were incubated (for payload Dox, 48 h; for payload
MMAE, 72 h) before MTT proliferation assays. The absorbance was measured at
490 nm and all the proliferation data were normalized to the blank control (0.1% v/v
DMSO), of which the viability was set as 100%. Measurements were performed with

at least three independent replicates.

In situ sonication-activated prodrug cytotoxicity assessment

4T1, A375, A549, BT-474, MCF-7 or MDA-MB-231 cells were seeded in a
12-well plate (5 x 10° cells/well) and incubated overnight. Then the culture medium
was removed and replaced with 200 pL fresh medium (with 10% FBS) containing DB
at concentrations of 2, 4, 8 and 16 uM or Dox at concentrations of 0.2 and 0.4 uM.
Post 30 min incubation, all US groups received in situ sonication (5 min, acoustic
parameters as previously described). The cells were incubated for 48 h before MTT

proliferation assays as per previously described protocols.

In situ ultrasound-activated prodrug evaluation via wound healing assay
MDA-MB-231 cells were seeded in a 12-well plate (5 x 10° cells/well) and
cultured to 100% confluence. Cells were pretreated with fresh medium (with 10%
FBS) containing MB (0.2 nM) or MMAE (0.2 nM). Post 30 min incubation, all US
groups received in situ sonication (5 min, acoustic parameters as previously
described). After 12-h incubation in fresh medium, standardized linear wounds were
created across the monolayer using sterile 200 pL pipette tips, with detached cells

removed by PBS washing. Cells were maintained in low-serum medium (2% FBS).
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Bright field microscopy images were acquired at 0, 12, 24 and 36 h post-wounding.
Residual wound area was measured using Image] software (NIH) and all the
migration data were normalized to the initial O h, of which the migration rate was set

as 0%. Measurements were performed with three independent replicates.

Tumour model

Female Balb/c mice (7-8 weeks old) from Beijing Vital River Laboratory Animal
Technology Co. Ltd. were housed under specific pathogen-free conditions with
controlled temperature (20-25°C), humidity (40-70%), 12 h/12 h light/dark cycle,
with free access to food and water. Subcutaneous tumours were established by
injecting 2 x 10° 4T1 cells suspended in 100 pL of PBS into the right flank of mice.
Tumour volume (calculated as (widtH> x length)/2) and body weight were measured
at least three times per week using digital calipers and an electronic balance,
respectively. At the end of the experiment, all the mice were immediately euthanized.
Mice were euthanized upon reaching humane endpoints (tumour volume >1,200 mm?
or >20% body weight loss), with major organs excised for histological analysis (H&E

staining) and serum subjected to biochemical profiling.

In vivo ultrasound activation of caged fluorescent probe

When 4T1 tumour volume reached 40-100 mm?, the tumour-bearing Balb/c mice
were randomized into six groups (n = 3): MRB (0.6 mg/kg), MRB + US of indicated
durations (0.6 mg/kg + sonication of 2, 4 or 6 min), MR (0.5 mg/kg) and PBS as
control. MR (0.5 mg/kg) and MRB (0.6 mg/kg, equivalent to MR concentration of 0.5
mg/kg) were freshly formulated in sterile PBS (5% DMSO, v/v) for intratumoural
injection (50 pL/injection). Ultrasound irradiation of indicated durations (procedures
and acoustic parameters as previously described) was conducted at the tumour sites 30
min after injection for mice in US groups. To simulate a therapeutic experiment, the
treatment cycle (injection followed by sonication) was repeated every 48 h for three
administrations. Tumours at the experimental endpoint were harvested for

cryosectioning and confocal microscopy imaging.
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In vivo antitumour evaluation of doxorubicin prodrug activation

When 4T1 tumour volume reached 40-100 mm?, the tumour-bearing Balb/c mice
were randomized into seven groups (n = 6): Dox (5 mg/kg), Dox + US (5 mg/kg + 2 x
3 min sonication), DB low dose (6.9 mg/kg), DB high dose (20.7 mg/kg), DB low
dose + US (6.9 mg/kg + 2 x 3 min sonication), DB high dose + US (20.7 mg/kg + 2 %
3 min US irradiation) and PBS as control. Dox (1 mg/mL, 5 mg/kg) and DB (low dose:
1.38 mg/mL, 6.9 mg/kg or high dose: 4.14 mg/mL, 20.7 mg/kg) were freshly
formulated in PBS (containing 5% DMSO0/40% PEG-300/5% Tween-80, v/v) for
intraperitoneal injection (100 pL/injection). The injections were administered on day
0, 3, 5, 7. DB doses corresponded to 1x (6.9 mg/kg) and 3x (20.7 mg/kg) molar
equivalents of Dox. All mice in the US groups received ultrasound irradiation (3 min,
procedures and acoustic parameters as previously described) at two time points (30
and 60 min post injection). Tumour volumes and body weights were measured daily.
Both Dox and Dox + US group had 3 mice sacrificed for exceeding 20% weight loss

on day 11 (n=3 on day 14). After 14 days treatment, the mice were euthanized.

Acute toxicity evaluation

The 4T1-tumour-bearing mice were randomized into four groups (n = 5): Ctrl
(PBS vehicle), Dox (30 mg/kg), DB (41.4 mg/kg), and DB + US (41.4 mg/kg + 2x3
min sonication 30/60 min post-injection), receiving intraperitoneal injections on days
0 and 2. Comprehensive toxicity profiling included daily weight monitoring, serum

biochemistry and organ coefficient analysis 24 h after the final dose.

In vivo antitumour evaluation of MMAE prodrug activation

When 4T1 tumour volume reached 40-100 mm?, the tumour-bearing Balb/c mice
were randomly divided into five groups (n = 5): MMAE (0.5 mg/kg), MB (0.68
mg/kg), MB + US (0.68 mg/kg + 2 X 3 min sonication), US (PBS + 2 X 3 min
sonication) and PBS as control. MMAE (0.5 mg/kg) and MB (0.68 mg/kg, equivalent

to MMAE concentration of 0.5 mg/kg) were freshly formulated in PBS (5% DMSO,
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v/v) for intravenous injection (100 pL/injection). The injections were administered
intravenously on days 0, 5 and 10. All mice in the US groups received ultrasound
irradiation (3 min, procedures and acoustic parameters as previously described) at two
time points (30 and 60 min post injection). Tumour volumes and body weights were

measured three times a week. After 21 days treatment, the mice were euthanized.

Long-term survival assessment

The 4T1-tumour-bearing mice were randomized into three groups (n = 10): PBS,
MMAE (0.5 mg/kg), or MB+US (0.68 mg/kg). The injections were administered
intravenously every 5 days (total 4 doses). Survival was monitored for 25 days with
predefined humane endpoints. Kaplan-Meier curves were generated using event times

(death or endpoint-triggered euthanasia).

In vivo antitumour evaluation of sono-caged BSA-MMAE conjugate activation

When 4T1 tumour volume reached 40-100 mm?, the tumour-bearing Balb/c mice
were randomly divided into three groups (n = 5): BSA-L1101 (47.2 mg/kg),
BSA-L1101 + US (47.2 mg/kg + 3 X 5 min sonication), and PBS as control.
BSA-L1101 (equivalent to MMAE concentration of 0.5 mg/kg) was formulated in
PBS (5% DMSO, v/v) for intravenous injection (100 pL/injection). The injections
were administered intravenously on days 0, 3 and 9. All mice in the US groups
received ultrasound irradiation (5 min, procedures and acoustic parameters as
previously described) at three time points (8, 24 and 48 h post injection). After 18

days treatment, the mice were euthanized.

Ethical statement

All animal procedures were approved by Peking University Institutional Animal
Care and Use Committee (IACUC Approval # DLASBE(0714, DLASBEO0716) and
conducted in strict accordance with institutional ethical guidelines. During our
research, any mouse with tumour volume exceeding 1,200 mm? or weight loss

exceeding 20% of the normal weight was euthanized. At the end of the experiment, all
27



803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838

the mice were immediately euthanized.

Statistics

Data are expressed as the mean =+ standard deviation (s.d.) or
standard error of the mean (s.e.m.) as indicated in each of the figure legend. Statistical
significance was determined using a two-tailed unpaired Student’s #-test when only
two value sets were compared or by ANOVA for comparison between multiple groups
via Prism 9.5. Exact P values are documented in the figures or figure legends.
Difference was considered to be significant if P<0.05, (*P<0.05, **P<0.01,

*¥ExP <0.001, ****P<0.0001 unless otherwise indicated).
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Fig. 2 | Representative screening of ROS-responsive masking groups under ultrasound
irradiation. a, Schematic illustration of the rationale for functional-group screening under ultrasound.
Ultrasound-induced cavitation and sonolysis of water generate multiple reactive oxygen species, which
may activate structurally distinct ROS-responsive masking groups. b, Quantitative summary of
ultrasound-induced product distribution for representative substrates. The relative proportions of
desired product formation and undesired degradation were determined after ultrasound treatment under
a common screening condition (1 MHz, 3.0 W/em?, 70% duty cycle, 3 min). Compounds 1-16
correspond to the representative substrates shown in panel c. ¢, Schematic overview of representative
masking-group scaffolds, expected structural transformations, and screening substrates. Among the
tested substrates, boronic acid/boronate groups showed the most favorable balance between productive
release and limited degradation, and were therefore selected for further mechanistic and biological

investigation.
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Fig. 3 | Comparative mechanistic dissection of transient interfacial activation and persistent bulk
activation of representative motifs under ultrasound irradiation. a, Schematic illustration of the
proposed transient interfacial activation mode for DHBC-type masking groups. b, Schemes of boronic
acid-caged model compounds uncaging under ultrasound irradiation (1 MHz, 3.0 W/cm?, 70% duty
cycle, 3 min). ¢, Schematic summary of the operative ROS environment and the robustness of
ultrasound-triggered boronic acid activation. Both hydrogen peroxide and short-lived radical species
are generated under ultrasound, and productive uncaging is maintained under tumour-mimicking
conditions, including low oxygen tension, mildly acidic pH, and elevated glutathione. d, Schematic
illustration of direct versus delayed substrate exposure experiments. Comparison of substrates
irradiated directly under ultrasound (substrate + US) with those added after ultrasound pretreatment
(US + substrate) distinguishes persistent ROS-mediated activation from contributions requiring
transient reactive intermediates. e—g, Kinetic analyses of boronic acid uncaging of B1 (10 uM in 0.02
M PBS buffer, under aforesaid US condition) to BO under different reaction conditions (e, comparison
with exogenous H>O»; f, mildly acidic pH; g, increasing GSH concentrations; #» = 3, mean =+ s.d.). h,
Schematic illustration of the proposed dual-pathway mechanism for boronic acid activation under

ultrasound. A peroxide-enabled boronate oxidation pathway is proposed as the major productive route,
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whereas hydroxyl radical-assisted aromatic addition constitutes a possible parallel pathway under
ultrasound. i, Product-distribution analysis supporting mechanistic divergence between bulk
peroxide-driven release and interfacial radical-associated side chemistry. The relative abundances of
characteristic products (B0) and byproducts (Bx) under different conditions (scavengers 1 mM) are

displayed.
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984 Fig.4 | Ultrasound-triggered boronic acid/boronate-caged functional probe activation in
985 biologically relevant environments and living systems. a, Schematic depiction of the advantages of
986 ultrasound-triggered fluorogenic activation. b, Schemes of boronic acid-caged probes uncaging under
987 ultrasound irradiation (1 MHz, 3.0 W/cm?, 70% duty cycle, 3 min). ¢, Conversion kinetics of CB (10
988 uM) under ultrasound irradiation in complex environments (PBS; DMEM + 10% FBS + GSH 1mM,;
989 cell lysate, pH 6.5). d, Endpoint fluorescence summary comparing ultrasound-triggered and
990 H»0,-triggered CB (10 uM) activation in PBS and under reductive conditions (10 mM GSH). e, Kinetic
991 comparison of ultrasound-triggered and exogenous H,O,-triggered fluorogenic activation of MRB (10
992 uM). f, Competitive selectivity analysis of ultrasound-triggered CB (10 uM in PBS) activation in the
993 presence of structurally related unprotected coumarins. g, Temporal-programming analysis of
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ultrasound-triggered compound 10 (100 uM in PBS) activation by repeated on/off US irradiation cycles.
h, Flow cytometry analysis (V525-A) of MDA-MB-231 cells incubated with CB (10 uM), with 7,4-Hfc
generated in cells following US irradiation for 1 min, 3 min and 5 min (1.0 W/cm?, 10% duty cycle).
Flow cytometry analyses are based on a population of 5,000 cells (n = 5). Statistical significance was
determined as P > 0.05 (ns), P < 0.05 (*), P < 0.01 (**), P < 0.001 (***) by a Tukey’s test. The
histogram indicating the percentage of 7,4-Hfc-positive cells in flow cytometry. i, Representative
confocal fluorescence images of MDA-MB-231 cells after being treated with increased irradiation
duration or increased MRB concentrations. Scale bar, 10 um. Three independent experiments were
performed and the representative results are shown. j, Representative confocal fluorescence images of
tumour sections. Scale bar, 25 pm. Balb/c mice implanted subcutaneously with 4T1 cells were used (n =
3 mice per group). The experimental groups of mice were given MRB (0.6 mg/kg) and then received

ultrasound irradiation (2.5 W/cm?2, 70% duty cycle) for three separate times for indicated durations.
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1008 Fig.5 | Ultrasound-triggered activation of a boronic acid/boronate-caged doxorubicin prodrug. a,
1009 US irradiation triggers the doxorubicin prodrug DB activation and releases Dox. b, HPLC traces for the
1010 reaction mixture of prodrug DB after US irradiation with increasing duration, showing unreacted prodrug
1011 DB (Rt = 8.80 min) and doxorubicin (Rt = 4.67 min). ¢, The conversion rate of DB (10 uM in 0.02 M
1012 PBS buffer) into Dox under US irradiation (1 MHz, 3.0 W/cm?, 70% duty cycle). d, Cell viability curve
1013 (4T1 cells) of US-induced doxorubicin prodrug activation in vitro. The prodrug was irradiated under ex
1014 situ ultrasound (3.0 W/cm?, 70% duty cycle, 3 min). e, Cell viability assay (4T1 cells) of US-induced

1015 doxorubicin prodrug activation in situ. The prodrug was irradiated under cell-friendly ultrasound (1.0
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W/cm?, 10% duty cycle, 5 min). Cell viability was measured using an MTT assay after 48 h of incubation
at 37 °C. f, Schematic illustration of intraperitoneal administration of prodrug DB and US irradiation in
the 4T1 tumour-bearing Balb/c mice model. g, Tumour growth curves of different groups after various
treatments. Mice in the Ctrl group received intraperitoneal injection of PBS (100 pL). Dox group
received intraperitoneal injection of Dox (5 mg/kg). DB low dose group received intraperitoneal
injection of DB (6.9 mg/kg) and high dose group received DB (20.7 mg/kg). All mice in the US groups
received ultrasound irradiation (2.5 W/cm?, 70% duty cycle, 3 min) for two separate times (30 min and
60 min post injection). Tumour burdens were measured every other day using a caliper. The data are
presented as mean + s.d. (n = 6). Statistical analysis was performed using one-way ANOVA with Dunnett
post-test compared to PBS-treated mice. h, Average weights of excised 4T1 tumours on day 14 (n = 6
except for Dox group and Dox-US group). Both Dox and Dox-US group had 3 mice sacrificed for
exceeding the ethical weight limit on day 11 (n = 3 on day 14). i, Weight change curves of mice (n = 6
mice per group, mean =+ s.d.). Statistical significance was determined as P > 0.05 (ns), P < 0.05 (*), P <
0.01 (**), P <0.001 (***) by a Tukey’s test.
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1031 Fig.6 | Ultrasound-triggered activation of boronic acid/boronate-caged MMAE prodrugs and an
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albumin—-MMAE conjugate. a, US irradiation triggers the release of potent cytotoxic drug MMAE. b,
HPLC traces for the reaction mixture of prodrug MB (50 uM in 0.02 M PBS buffer) after US irradiation
with increasing duration, showing unreacted prodrug MB (Rt = 7.67 min) and MMAE (Rt =3.87 min). ¢,
Cell viability test (4T1 cells) of US-induced MMAE prodrug activation in vitro. The prodrug MB was
irradiated under ex situ ultrasound (3.0 W/cm?, 70% duty cycle, 3 min). d, Scratch assay of
MDA-MB-231 cells after 12 h of treatment with different conditions (Ctrl, US, MMAE, MB and
MB-US). The prodrug MB was irradiated under in situ ultrasound (1.0 W/cm?, 10% duty cycle, 5 min).
The images show the migration of cells into the scratched area at different time points. e, Schematic
illustration of intravenous administration of prodrug MB and US irradiation in the 4T1 tumour-bearing
Balb/c mice model. f, Tumour growth curves of different groups after various treatments. Mice in the Ctrl
and US groups received intravenous injection of PBS (100 pL). MMAE group received intravenous
injection of MMAE (0.5 mg/kg). MB group received intravenous injection of MB (0.5 mg/kg). The
injections were administered on day 0, 5, 10. Mice in the US and MB-US groups received ultrasound
irradiation (2.5 W/cm?, 70% duty cycle, 3 min) for two separate times (30 min and 60 min post injection).
Tumour burdens were measured every other day using a caliper. The data are presented as mean £ s.d. (n
= 5). Statistical analysis was performed using one-way ANOVA with Dunnett post-test compared to
PBS-treated mice. Mice in MMAE group exceeding the ethical weight limit were executed on the same
day. g, Average weights of excised 4T1 tumours on day 14 (n=5). h, Weight change curves of mice (n =
5 mice per group, mean * s.d.). i, Kaplan-Meier survival analysis of mice in different treatment groups.
Mice in groups of Ctrl, MB-US, and MMAE (n = 10 mice per group. The dose administered was the
same as above, and the frequency of administration was twice a week.) were monitored for survival over
25 days. Mice were sacrificed when endpoint criteria were met. The log-rank test was used to assess
statistical significance between groups (P < 0.0001). j, Design of sono-caged BSA-MMAE conjugate
(BSA-L1101) and its conversion under US to free drug MMAE. k, Cell viability test (4T1 cells) of
US-induced BSA-L1101 conjugate activation in vitro. 1, Tumour growth curves after intravenous
administration of the conjugate prodrug BSA-L1101 and US irradiation in the 4T1 tumour-bearing
Balb/c nude mice model. m, Average weights of excised 4T1 tumours on day 14 (n = 5). Statistical
significance was determined as P > 0.05 (ns), P < 0.05 (*), P < 0.01 (*¥*), P < 0.001 (***) by a Tukey’s

test.
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1063 Extended Data Fig. 1 | Experimental workflow, ROS generation under ultrasound, and
1064 optimization of ultrasound-triggered conversion conditions. a, Schematic illustration of the overall
1065 experimental workflow from local proof-of-concept activation to systemically administered therapeutic
1066 validation. The study design progresses from ultrasound-triggered activation chemistry and
1067 masking-group screening to mechanistic dissection, fluorogenic probe validation, and in vivo prodrug
1068 therapy. b, Time-dependent generation of major reactive oxygen species during ultrasound irradiation.
1069 (i-iii), Representative measurements show ultrasound-induced production of hydroxyl radicals, singlet
1070 oxygen, and hydrogen peroxide as a function of irradiation time, establishing a composite ROS
1071 environment generated from cavitation-driven water sonolysis. (iv), Comparison of singlet oxygen
1072 generation by direct ultrasound irradiation and conventional sonodynamic treatment. Ultrasound alone
1073 generates a relatively lower but still significant concentration of singlet oxygen than Ce6-mediated

Extended Figures:
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1078
1079
1080
1081

sonodynamic treatment, supporting the distinct mechanistic basis of the present sonochemical
activation mode. ¢, Effects of sample concentration and reaction volume on ultrasound-triggered
conversion. The conversion efficiency depends on substrate concentration and irradiation volume,
reflecting the relationship between ROS generation, cavitation conditions, and productive uncaging. d,
Effects of ultrasound power and duty cycle on conversion efficiency. Ultrasound-triggered activation
exhibits clear parameter dependence, and productive uncaging increases with irradiation intensity once

the cavitation threshold is exceeded.
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1082 Extended Data Fig. 2 | Additional mechanistic analyses of DHBC and boronic acid activation
1083 under ultrasound irradiation. a, Schematic illustration of ultrasound-triggered activation of
1084 DHBC/DMOBC-caged substrates. b, Comparison of direct substrate ultrasound irradiation and delayed
1085 addition for DHBC- and boronic-acid-caged substrates. ¢, Comparison of immediate (within 3 min) and
1086 30 min post-sonication conversion for DHBC- and boronic-acid-caged substrates. d,
1087  Ultrasound-triggered conversion of DHBC-caged model substrates CS-1 and CS-2 under different
1088 reaction conditions (Ctrl: US 3 min; GSH: 1 mM; DMPO: 1 mM; H,0,: 1 mM; Fenton’s reagent: H,O»
1089 10 mM and Fe (II) 1 mM). In vivo tumour-growth analyses compare the therapeutic consequences of
1090 two distinct masking-group chemistries under otherwise similar ultrasound-triggered treatment
1091 conditions (2.5 W/cm?, 70% duty cycle, 3 min). e, Effect of 1 mM GSH and recovery of activation by
1092  prolonged ultrasound exposure. f—g, Effects of selected additives on ultrasound-triggered boronic acid
1093 uncaging. Conversion of Bl was evaluated under direct ultrasound exposure, co-incubation with
1094 additives during ultrasound, or addition after ultrasound pretreatment of the medium. These
1095 experiments distinguish persistent bulk oxidant-mediated activation from contributions requiring

1096 transient reactive intermediates. f, Effect of 1 mM NAC. g, Effect of 1 mM DMPO.
1097
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1098 Extended Data Fig. 3 | Additional fluorogenic probe characterization and activation under
1099 complex chemical environments. a, US irradiation of two ‘fluorescence-caged’ probes CB and MRB
1100 results in fluorescence turn-on. b—d, Ultrasound-triggered activation of CB. b, Time-dependent
1101 conversion of CB (10 uM in 0.02 M PBS buffer, pH7.2) into 7,4-Hfc under ultrasound irradiation. ¢,
1102 HPLC traces showing CB (Rr= 5.20 min) consumption and 7,4-Hfc (Rr = 3.62 min) formation after

1103 increasing ultrasound exposure. d, Fluorescence emission spectra of CB after ultrasound treatment. e—g,
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Ultrasound-triggered activation of MRB. e, Time-dependent conversion of MRB (10 uM in 0.02 M
PBS buffer, pH7.2) into MR under ultrasound irradiation. f, HPLC traces showing MRB (Rr= 6.57 min)
consumption and MR (Rr = 3.78 min) formation after increasing ultrasound exposure. g, Fluorescence
characterization of MRB activation under ultrasound. h-i, Selectivity of ultrasound-triggered CB
activation in PBS and under reductive conditions. The boronic acid-caged probe CB is preferentially
activated by H»O, and ultrasound relative to other ROS in PBS. And the selective reactivity of the
boronic acid masking group to ultrasound is even more pronounced under reductive conditions (GSH
10 mM). j-k, Comparison of ultrasound-triggered and H»O»-triggered CB activation in PBS and in
DMEM containing 1 mM GSH. Ultrasound-triggered activation proceeds more effectively than
exogenous H,O» in reductive media, supporting the additional advantages of ultrasound over hydrogen
peroxide activation in biologically relevant systems. I-n, Conversion kinetics of CB (10 uM) under
ultrasound irradiation in complex environments (I, PBS; m, DMEM + 10% FBS + GSH 1mM; n, cell
lysate, pH 6.5). Ultrasound-triggered activation consistently shows efficient fluorescence turn-on in

various complex environment, demonstrating tolerance to biologically relevant environments.
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1119 Extended Data Fig. 4 | Additional cellular and tumour imaging validation of ultrasound-triggered
1120 probe activation. a, Confocal fluorescence imaging of CB (10 puM) activation in MDA-MB-231 cells
1121 under in situ ultrasound irradiation. b, Confocal fluorescence imaging of MRB (10 pM) activation in
1122 MDA-MB-231 cells under in situ ultrasound irradiation (Hoechst 33342 (5 uM) was used for nuclear
1123 staining.). ¢, Flow-cytometric analysis of MRB (10 uM) activation in MDA-MB-231 cells. d-e, Ex
1124  vivo imaging of ultrasound-triggered MRB activation in tumours from 4T1 tumour-bearing mice. The
1125 mice were intratumourally given MRB (0.3 mg/kg) and then received ultrasound irradiation (2.5 W/cm?,
1126 70% duty cycle).
1127
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Extended Data Fig. 5 | Additional cellular and in vivo validation of ultrasound-triggered

doxorubicin prodrug activation. a—d, Cytotoxicity assays of DB in multiple cell lines. The prodrug

was irradiated under in vitro ultrasound (3.0 W/cm?, 70% duty cycle, 3 min). e-h, Cytotoxicity assays

of DB in multiple cell lines under cell-compatible ultrasound conditions. The prodrug was irradiated

under in situ ultrasound (1.0 W/cm?, 10% duty cycle, 5 min). i, Endpoint tumour-volume analysis in

4T1 tumour-bearing mice treated with DB and ultrasound. Dox group had 3 mice sacrificed for

exceeding 20% weight loss on day 11 (n = 3 on day 14). j-m, Blood biochemical analyses after DB

treatment in vivo.
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1137 Extended Data Fig. 6 | Additional cellular and in vivo validation of ultrasound-triggered MMAE
1138 prodrug and conjugate activation. a-b, In vitro and in situ cytotoxicity assays of MMAE prodrug
1139 MB in MDA-MB-231 cells. ¢, Endpoint tumour-volume analysis in 4T1 tumour-bearing mice treated
1140 with MB and ultrasound. d-i, Blood biochemical and hematological analyses after MB treatment in
1141 vivo. j-k, Cytotoxicity assays of L1101 in multiple cell lines under ultrasound treatment. l-m,
1142 Cytotoxicity assays of the BSA-L1101 conjugate in multiple cell lines under ultrasound treatment. n,
1143 Body weight changes in 4T1 tumour-bearing nude mice treated with BSA-L1101 and ultrasound. o,
1144 Spleen weight ratio (spleen weight/body weight, a.u.) comparison at the endpoint of BSA-L1101
1145 treatment. p, Endpoint tumour-volume analysis in mice treated with BSA-L1101 and ultrasound.
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