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Abstract 23 

Reactive oxygen species (ROS)-responsive prodrugs offer a route to 24 

disease-selective drug activation, but their in vivo performance is often constrained by 25 

heterogeneous ROS production, short ROS lifetimes and reductive quenching. 26 

Therapeutic ultrasound can generate reactive species locally and on demand in deep 27 

tissues, yet whether conventional ROS-responsive masking groups respond 28 

productively to sonochemical activation and enable efficient drug release remains 29 

unclear. Here we show that, among representative ROS-responsive triggers, boronic 30 

acid/boronate motifs emerge as the most productive ultrasound-responsive motifs for 31 

prodrug activation, enabling rapid, robust and programmable release. Mechanistic 32 

studies indicate that this performance arises from a mixed sonochemical oxidation 33 

regime, in which hydrogen peroxide serves as the longer-lived oxidant and sustains 34 

major boronate oxidation, while transient hydroxyl radicals provide additional 35 

contributions. We validate this strategy using fluorogenic probes, doxorubicin and 36 

monomethyl auristatin E (MMAE) prodrugs, and an albumin–MMAE conjugate. In 37 

tumour-bearing mice, localized ultrasound enables therapeutic activation of boronic 38 

acid/boronate-caged prodrugs within short irradiation windows, suppressing tumour 39 

growth while reducing systemic toxicity. These findings establish therapeutic 40 

ultrasound as an external trigger for spatiotemporally controlled prodrug activation in 41 

vivo and provide design principles for advancing ROS-responsive prodrug chemistry 42 

beyond the constraints of endogenous ROS activation. 43 

 44 

Introduction 45 

Stimuli-responsive prodrugs and masked functional molecules offer a powerful 46 

route to widen the therapeutic window of potent therapeutics by restricting activity to 47 

diseased tissues1. In practice, however, achieving bond cleavage on demand, at depth, 48 

and with molecular precision remains a major challenge. Many activatable systems 49 

rely on endogenous tumour microenvironment cues, such as acidic pH, hypoxia, 50 

enzyme overexpression or altered redox balance2, but these biochemical triggers are 51 

highly heterogeneous across tumour types and disease stages, often leading to 52 
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premature activation or incomplete release3. Reactive oxygen species 53 

(ROS)-responsive prodrugs exemplify this challenge. Although oxidative stress is 54 

widely exploited for disease-selective activation, endogenous ROS signals are 55 

heterogeneous, low in steady-state abundance and readily buffered by reductive 56 

biological environments4-6. Moreover, the oxidative trigger available in a given lesion 57 

may not match the activation threshold, oxidant selectivity or release kinetics of a 58 

given ROS-responsive motif7,8. Consequently, chemically well-established 59 

ROS-responsive triggers may not translate into reliable, spatially controlled prodrug 60 

activation in vivo9. Exogenous activation strategies that can provide precise spatial 61 

and temporal control are therefore of considerable interest10. 62 

Among external triggers, ultrasound is uniquely attractive because it combines 63 

deep tissue penetration, noninvasiveness, clinical compatibility and spatiotemporal 64 

addressability11,12. Yet converting acoustic energy into selective small-molecule bond 65 

activation remains difficult13,14. To date, many ultrasound-mediated systems have 66 

relied on mechanical effects15-17, carrier disruption18,19, thermal effects20 or 67 

sonodynamic therapy21-24, all of which can impose constraints such as dependence on 68 

bulky delivery vehicles25,26, sonosensitizers27 or oxygen availability28. Recent 69 

examples of ultrasound-activatable masking groups have shown that acoustic 70 

cavitation can be harnessed for direct molecular uncaging29-32. However, these 71 

systems have largely been designed or interpreted around transient radical or 72 

radical-derived species, such as hydroxyl radicals (·OH) 29,30,33 and superoxide anions 73 

(O2·
-)31,32, generated during water sonolysis (Figure 1a). Because acoustic cavitation 74 

produces a mixed sonochemical environment containing both transient radicals and 75 

hydrogen peroxide, it remains unclear which ROS-responsive motifs can best convert 76 

ultrasound-generated reactivity into productive payload release rather than 77 

non-productive degradation. In particular, it remains unresolved whether 78 

peroxide-responsive motifs can harness sonochemically generated hydrogen peroxide 79 

in the bulk phase to overcome the limited diffusion, rapid quenching and short 80 

reaction windows associated with transient-radical activation (Figure 1b). 81 

Here, we sought to identify ROS-responsive masking groups that are not merely 82 
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ultrasound-reactive, but ultrasound-productive, and to determine whether 83 

bulk-oxidant-supported activation can enable efficient drug release beyond the 84 

constraints of endogenous ROS activation. We therefore used productive payload 85 

release, rather than trigger consumption alone, as the central criterion to compare 86 

representative transient-radical-sensitive and peroxide-responsive motifs under 87 

matched therapeutic ultrasound conditions. This design allowed us to test whether 88 

ultrasound-triggered uncaging is confined to short-lived radical chemistry or can be 89 

extended to a hydrogen peroxide-supported bulk activation mode with improved 90 

robustness in reductive and tumour-mimicking environments (Figure 1c). Our 91 

screening identified boronic acid/boronate motifs as the most productive 92 

ultrasound-responsive triggers among the tested ROS-responsive motifs. Comparative 93 

mechanistic studies show that boronic-acid/boronate uncaging is not governed by a 94 

hydroxyl-radical-only pathway, but instead by a composite mechanism in which 95 

hydrogen peroxide sustains the major productive boronate-oxidation pathway while 96 

transient radical contributions reinforce activation. 97 

This mixed activation mechanism enables rapid, robust and 98 

irradiation-programmed release in reductive and tumour-mimicking environments. 99 

We then translated this trigger chemistry into fluorogenic probes, small-molecule 100 

prodrugs and an albumin–drug conjugate to test whether mechanistically selected 101 

trigger chemistry remains operative beyond simple molecular scaffolds. In 102 

tumour-bearing mice, localized ultrasound activates boronic acid/boronate-caged 103 

prodrugs within short irradiation windows, suppressing tumour growth while reducing 104 

systemic toxicity. Together, this work establishes therapeutic ultrasound as an external 105 

trigger for spatiotemporally controlled ROS-responsive prodrug activation in vivo and 106 

provides design principles for advancing ROS-responsive prodrug chemistry beyond 107 

the constraints of endogenous ROS activation, from small-molecule prodrugs to 108 

macromolecular drug conjugates. 109 

 110 

Results and Discussion 111 

1. Representative screening identifies chemically useful ultrasound-responsive 112 
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masking groups 113 

Acoustic cavitation generates a complex ROS environment containing both 114 

transient radicals and hydrogen peroxide as the longer-lived oxidant34, as confirmed 115 

by EPR spin-trapping and H2O2 quantification experiment (Extended Data Fig. 1b, 116 

Supplementary Fig. 1), suggesting that structurally distinct ROS-responsive motifs 117 

might undergo uncaging and release payload under ultrasound (Fig. 2a). We therefore 118 

performed a representative screening of ROS-responsive candidate masking groups 119 

covering hydroxyl-radical-sensitive 3,5-dihydroxybenzyl carbamate (DHBC) 120 

motifs29,30, reduction-sensitive azide derivatives (aryl azides31,32 and sulfonyl azides), 121 

and peroxide-reactive motifs such as boronic acid/boronate groups33, α-ketoamides35, 122 

oxalates, and pentafluorobenzenesulfonate36. Several of these motifs have already 123 

been employed in other ROS-generating activation contexts, including 124 

X-ray-responsive systems37-40, but their relative behaviour has not been systematically 125 

compared under matched therapeutic ultrasound conditions. 126 

Under a common therapeutic ultrasound condition (1 MHz, 3.0 W cm⁻2, 70% 127 

duty cycle, 3 min, chosen after preliminary sonication-parameter optimization, 128 

Extended Data Fig. 1c,d), the tested substrates 1–16 (10 μM, 200 μL) displayed 129 

marked differences between desired product formation and non-productive 130 

degradation (Fig. 2b,c). Among the candidates plausibly activated through 131 

radical-mediated pathways, DHBC-type substrates 1–3 showed the highest level of 132 

ultrasound reactivity as well as productive release rate, with desired-product 133 

formation of 16–19% (Fig. 2b,c; Supplementary Fig. 15). Azide-derived substrates 4–134 

6 also underwent measurable ultrasound-induced transformation (20–40%), but with 135 

substantially lower productive conversion (~3%) than DHBC-type motifs 136 

(Supplementary Fig. 12). Sulfonyl azides 7–8 showed slightly improved productive 137 

conversion (~5%) relative to the simple aryl azides 4–6 in the same subset 138 

(Supplementary Fig. 13); however, they still underperformed DHBC under the same 139 

condition and, since their cleavage chemistry primarily affords sulfonamide products, 140 

their utility as a broadly applicable masking group remains intrinsically limited. 141 

A different trend was observed among supposedly peroxide-reactive candidates. 142 
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Boronic acid/boronate substrates 9–13 consistently afforded the most favourable 143 

product profiles in this subset, with representative desired-product formation 144 

exceeding 70% (Fig. 2b,c). By comparison, α-ketoamide and 145 

pentafluorobenzenesulfonate substrates showed only modest desired-product 146 

formation (<20%) (Supplementary Figs. 14, 17), indicating that peroxide 147 

responsiveness in conventional chemical systems does not readily translate into 148 

efficient ultrasound-triggered release. The oxalate-based substrate 14 showed a high 149 

product-formation ratio among the converted fraction (~80%), but its practical utility 150 

was nevertheless severely limited under these aqueous conditions because of 151 

pronounced hydrolytic instability (Supplementary Fig. 16).  152 

Taken together, these results show that only a subset of ROS-responsive motifs 153 

translate ROS reactivity into chemically useful release behaviour under ultrasound 154 

irradiation. The contrasting behaviours of radical-responsive and peroxide-reactive 155 

motifs further suggested that the key difference among ultrasound-responsive 156 

masking groups may not lie simply in ROS reactivity, but in the sonochemical mode 157 

through which productive uncaging is achieved. This hypothesis motivated the 158 

mechanistic comparison described below. 159 

 160 

2. Distinct sonochemical behaviours explain the productive ultrasound activation 161 

of boronic acid/boronate triggers 162 

To test our hypothesis, we selected DHBC- and boronic-acid-type motifs as 163 

mechanistically informative representatives of the two best-performing candidates 164 

within the radical-responsive and peroxide-reactive subsets, respectively (Fig. 3b, 165 

Extended Data Fig. 2a).  166 

We first compared direct substrate irradiation with a delayed-addition protocol 167 

(Fig. 3d), in which the aqueous medium was sonicated before the substrate was 168 

introduced. This experiment provides an operational distinction between activation 169 

that depends on short-lived reactive species generated during cavitation and activation 170 

that can be sustained by hydrogen peroxide as the longer-lived oxidant persisting in 171 

the bulk phase after sonication. Under delayed-addition conditions, DHBC-type 172 
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substrates (10 μM in PBS) showed no detectable conversion (Extended Data Fig. 2b), 173 

indicating that productive cleavage requires direct exposure to the cavitation event 174 

itself. By contrast, the boronic-acid-type substrate B1 retained substantial reactivity 175 

even when added after ultrasound pretreatment of the buffer. In addition, 176 

boronic-acid-type substrates continued to show increasing product formation during 177 

the post-sonication period (Extended Data Fig. 2c), indicating that a major component 178 

of its activation can proceed through hydrogen peroxide generated during sonolysis. 179 

These observations immediately suggested that DHBC- and boronic-acid-type motifs 180 

are not governed by a shared reactive principle, but instead occupy distinct 181 

sonochemical regimes. 182 

To define the reactive species involved in DHBC uncaging, we compared DHBC 183 

activation under H2O2, Fenton and ultrasound conditions, and examined the effects of 184 

radical scavengers during sonication. DHBC cleavage was observed under Fenton 185 

reactions but not upon treatment with H2O2 alone, and both DMPO and GSH 186 

suppressed ultrasound-triggered activation (Extended Data Fig. 2d). Together with the 187 

complete loss of reactivity in the delayed-addition experiment, these results indicate 188 

that DHBC activation occurs predominantly through highly localized hydroxyl-radical 189 

chemistry at or near the cavitation interface41,42. We therefore assign DHBC-type 190 

activation to a transient interfacial mode, in which productive release is rapid and 191 

spatially confined, but intrinsically sensitive to radical quenching and reductive 192 

perturbation (Fig. 3a). 193 

To define the reactive species and activation mode involved in boronic-acid 194 

uncaging, we used p-hydroxymethylphenylboronic acid (B1) as a model substrate 195 

(Fig. 3b). We then compared its behaviour under ultrasound and exogenous H2O2 196 

conditions, together with delayed-addition, product-analysis and 197 

scavenger-perturbation experiments. Direct ultrasound irradiation rapidly converted 198 

B1 into the corresponding phenol B0, whereas treatment with exogenous H2O2 at a 199 

concentration quantitatively matched to the amount generated during ultrasound 200 

irradiation (Extended Data Fig. 1b; Supplementary Figs. 5, 6) failed to reproduce the 201 

productive conversion observed under ultrasound (Fig. 3e), indicating that the 202 
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ultrasound effect cannot be reduced to simple bulk peroxide addition. This 203 

discrepancy became even more pronounced under mildly acidic (Fig. 3f) and 204 

reductive (Fig. 3g) conditions, under which H2O2-triggered activation was strongly 205 

attenuated whereas ultrasound-triggered conversion remained substantial and could be 206 

restored to near-complete conversion by prolonging irradiation (Extended Data Fig. 207 

2e). Thus, although a peroxide-supported pathway is clearly operative, these results 208 

indicate that bulk peroxide chemistry alone is insufficient to account for the full 209 

ultrasound response. LC-MS product analysis further showed that, in addition to the 210 

major product B0, ultrasound generated a secondary byproduct Bx that was not 211 

reproduced by H2O2 treatment alone (Supplementary Fig. 9), suggesting the operation 212 

of an additional ultrasound-specific pathway. Scavenger experiments then 213 

distinguished the two product branches (Fig. 3i; Extended Data Fig. 2f,g; 214 

Supplementary Fig. 10). Hydroxyl-radical scavengers43 suppressed or completely 215 

abolished Bx formation, whereas peroxide quenching reduced B0 production. Notably, 216 

IPA decreased Bx formation but increased B0 yield, consistent with its dual role as a 217 

hydroxyl-radical scavenger and a promoter of H2O2 accumulation44 under ultrasound 218 

(Supplementary Figs. 4–6). Together, these data support a model in which 219 

boronic-acid uncaging under ultrasound proceeds predominantly through a 220 

peroxide-supported productive pathway, while hydroxyl radicals contribute to the Bx 221 

branch and may also contribute to the enhanced ultrasound response through 222 

additional transient sonochemical pathways (Fig. 3h). 223 

This mechanistic interpretation is further supported by comparison with other 224 

peroxide-reactive motifs screened under the same ultrasound condition. Although 225 

α-ketoamide, oxalate and pentafluorobenzenesulfonate are all nominally 226 

peroxide-responsive, none matched the productive performance of boronic-acid-type 227 

substrates (Fig. 2b,c). This observation suggests that peroxide reactivity alone is not 228 

sufficient to ensure efficient ultrasound-triggered uncaging. Instead, the poorer 229 

behaviour of these motifs may reflect, at least in part, a greater susceptibility to 230 

transient radical-mediated damage during cavitation, potentially arising from 231 

structural features that disfavour productive reaction in the bulk solution while 232 
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increasing exposure to interfacial degradation pathways. More broadly, these results 233 

indicate productive release may require compatibility between the lifetime and 234 

localization of sonogenerated species and the reaction pathway of the masking group. 235 

Control experiments further excluded purely thermal or pyrolytic pathways for 236 

boronic-acid activation. No productive conversion was observed under simple heating 237 

or in anhydrous aprotic media, confirming that aqueous ROS generation is essential 238 

(Supplementary Figs. 2,3). Comparable trends were also observed for additional 239 

boronic-acid substrates, supporting the generality of this activation behaviour within 240 

the boronic acid/boronate subset (Supplementary Fig. 11). 241 

Taken together, these data show that productive ultrasound-triggered uncaging is 242 

not governed by a single sonochemical mechanism. Instead, at least two 243 

mechanistically distinct activation modes can be distinguished. DHBC-type motifs 244 

exemplify transient interfacial activation, in which productive cleavage depends on 245 

short-lived radical chemistry confined to the cavitation interface (Fig. 3a). By contrast, 246 

boronic-acid-type motifs exemplify persistent bulk activation, in which productive 247 

release is sustained primarily by hydrogen peroxide as the longer-lived oxidant in 248 

solution while remaining reinforced by transient radical contributions (Fig. 3h). This 249 

mechanistic distinction provides a basis for understanding why only a subset of 250 

ROS-responsive motifs emerge as practically useful and robust ultrasound triggers. 251 

 252 

3. Composite sonochemical activation enables robust and programmable 253 

molecular release in complex biological environments 254 

The mechanistic distinction defined above suggested that boronic-acid-caged 255 

substrates should be especially well suited to productive release in chemically and 256 

biologically complex environments (Fig. 4a). We therefore asked whether this 257 

advantage could be translated into functional molecular release using fluorogenic 258 

probes as direct readouts of productive uncaging (Fig. 4b). In CB, boronate oxidation 259 

is followed by 1,6-elimination to generate the fluorogenic product. In MRB, boronate 260 

oxidation and 1,6-elimination are followed by carbamate cleavage to release the 261 

fluorescent product (Supplementary Figs. 20,21). Under in vitro ultrasound irradiation 262 
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(1 MHz, 3.0 W cm⁻2, 70% duty cycle), both probes (10 μM in PBS) showed efficient 263 

turn-on responses in PBS, as confirmed by fluorometric and HPLC analyses, 264 

indicating that boronic-acid-mediated uncaging remains effective across chemically 265 

distinct release formats (Extended Data Fig. 3a–g). 266 

We next examined whether ultrasound-triggered boronic-acid activation retained 267 

functional efficiency under certain biological conditions that suppress conventional 268 

peroxide-mediated triggering. CB was therefore evaluated in PBS, in reductive 269 

medium (DMEM + 10% FBS + 1 mM GSH), and in mildly acidic tumour cell lysate 270 

(pH 6.5). Under reductive and tumour-mimicking conditions, activation by exogenous 271 

H2O2 and other defined exogenous ROS/RNS stimuli was strongly attenuated, 272 

whereas ultrasound maintained substantial fluorogenic release (Fig. 4c,d; Extended 273 

Data Fig. 3j–n; Extended Data Fig. 3h,i). These data show that ultrasound maintains 274 

productive boronic-acid uncaging under chemically challenging conditions in which 275 

exogenous peroxide triggering is strongly attenuated. 276 

This distinction was also evident kinetically. For MRB, ultrasound-triggered 277 

activation proceeded more rapidly than treatment with exogenous H2O2, even though 278 

the externally supplied H2O2 concentration far exceeded that generated during 279 

sonication (Fig. 4e; Extended Data Fig. 1b). This comparison is particularly 280 

informative because boronate oxidation by H2O2 is kinetically favoured under more 281 

alkaline conditions, whereas the near-neutral assay conditions used here render direct 282 

peroxide triggering relatively sluggish. Ultrasound in contrast did not show the same 283 

limitation. Thus, the functional advantage of ultrasound lies not only in maintaining 284 

activation in hostile media, but also in accelerating productive release relative to 285 

peroxide alone.  286 

We then examined whether ultrasound-triggered boronic-acid activation 287 

remained chemically discriminating and externally controllable. In competitive 288 

experiments, CB was incubated together with structurally related unprotected 289 

coumarin derivatives that are themselves susceptible to hydroxyl-radical-mediated 290 

degradation (Supplementary Fig. 28). Under brief ultrasound exposure, cleavage of 291 

the boronic-acid-caged probe clearly predominated, whereas degradation of the 292 
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unprotected coumarins remained limited (Fig. 4f). Productive uncaging is therefore 293 

not simply a consequence of indiscriminate oxidative destruction. The same trigger 294 

chemistry also remained temporally programmable. Repeated on/off irradiation cycles 295 

produced a stepwise increase in fluorescence from CB, demonstrating that 296 

ultrasound-triggered molecular release remains tightly coupled to the external 297 

ultrasound input and can be regulated in time (Fig. 4g). Together, these results show 298 

that ultrasound-triggered boronic-acid uncaging remains both chemically selective 299 

and temporally programmable. 300 

Having established these functional advantages in solution, we next examined 301 

whether the same trigger chemistry remained operative in living systems. In 302 

MDA-MB-231 cells, in situ sonication after incubation with CB produced a clear 303 

ultrasound-duration-dependent increase in fluorescence by flow cytometry, whereas 304 

untreated or non-sonicated controls showed minimal activation (Fig. 4h). Confocal 305 

imaging likewise visualized intracellular fluorescence generation after ultrasound 306 

exposure (Extended Data Fig. 4b), and MRB displayed the same qualitative behaviour, 307 

with signal intensity increasing with probe concentration and irradiation duration (Fig. 308 

4i; Extended Data Fig. 4c). Finally, MRB was administered intratumourally in 4T1 309 

tumour-bearing mice, followed by localized ultrasound irradiation, and tumour 310 

sections were analysed ex vivo (Fig. 4j; Extended Data Fig. 4d,e). Ultrasound-treated 311 

groups showed markedly stronger fluorescence than non-sonicated controls, with 312 

signal intensity increasing with irradiation duration, confirming that 313 

boronic-acid-caged probes remain activatable in live tumour tissue. 314 

Together, these probe-based studies show that boronic-acid-caged probes remain 315 

functional across solution, cellular and tumour-associated settings, supporting its use 316 

as a robust ultrasound-responsive trigger for biological applications. 317 

 318 

4. Ultrasound-triggered activation enables controlled small-molecule prodrug 319 

chemotherapy 320 

Guided by the mechanistic and probe-level validation above, we next asked 321 

whether the same trigger chemistry could support the controlled release of a 322 
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therapeutically relevant small-molecule payload. Doxorubicin (Dox) was selected as 323 

an initial model because of its potent antitumour activity and well-recognized 324 

dose-limiting systemic toxicity. We therefore prepared the boronic-acid-caged Dox 325 

prodrug DB and examined whether the same trigger chemistry that enabled robust 326 

probe activation could be translated into controlled chemotherapy (Fig. 5a). As an 327 

initial step, we compared the precursor stability of DB with that of the corresponding 328 

DHBC-caged analogue DD under biologically relevant conditions (Extended Data Fig. 329 

5q). DB showed a more advantageous stability profile in cell culture medium and 330 

plasma, further supporting its selection for downstream therapeutic validation. 331 

Under established acoustic parameters, DB (10 μM in PBS) underwent 332 

time-dependent conversion to free Dox, as confirmed by HPLC analysis (Fig. 5b–c). 333 

These data show that the boronic-acid trigger remains competent for productive 334 

uncaging when coupled to a clinically relevant small-molecule drug. To determine 335 

whether the released payload retained biological activity, we first performed ex situ 336 

activation experiments, in which DB was sonicated before addition to cells. Across six 337 

tumour cell lines, ultrasound-preactivated DB showed markedly enhanced 338 

cytotoxicity relative to non-sonicated DB (approximately 20-fold) and approached the 339 

activity of free Dox, demonstrating efficient drug release (Fig. 5d; Extended Data Fig. 340 

5a–d). 341 

We then examined whether activation could also be achieved directly in the 342 

presence of intact cells under cell-compatible ultrasound conditions. In situ sonication 343 

(1.0 W cm⁻2, 10% duty cycle, 5 min) of 4T1 cells incubated with DB produced 344 

pronounced, dose-dependent cytotoxicity, whereas DB alone or ultrasound alone 345 

caused minimal cell death (Fig. 5e; Extended Data Fig. 5e–h). Thus, the boronic-acid 346 

trigger not only releases Dox efficiently in solution, but also remains functional under 347 

biologically compatible irradiation conditions. 348 

The therapeutic relevance of this chemistry was next examined in vivo in 4T1 349 

tumour-bearing Balb/c mice. DB was administered intraperitoneally at doses 350 

equivalent to 1× (6.9 mg/kg, marked as DB-low) or 3× (20.7 mg/kg, marked as 351 

DB-high) the molar amount of Dox (5 mg/kg), followed by localized ultrasound at 352 
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defined time points post injection (Fig. 5f). DB alone showed little antitumour activity, 353 

whereas DB + US markedly suppressed tumour growth and reduced endpoint tumour 354 

weight (Fig. 5g,h). Importantly, this therapeutic benefit was achieved with 355 

substantially improved tolerability relative to free Dox. Whereas Dox-treated mice 356 

exhibited pronounced body-weight loss (>20%) and histological evidence of systemic 357 

toxicity, DB + US–treated animals maintained significantly better weight stability and 358 

showed reduced organ damage (Fig. 5i; Extended Data Fig. 5i–m; Supplementary Fig. 359 

26). Acute-toxicity evaluation further confirmed that high-dose DB combined with 360 

ultrasound was substantially better tolerated than the corresponding free-drug 361 

treatment (Supplementary Fig. 25). Finally, a head-to-head in vivo comparison 362 

between the DHBC- and boronic-acid-caged Dox prodrugs further illustrated the 363 

distinct in vivo therapeutic effects of transient interfacial and 364 

persistent-bulk-dominated activation (Extended Data Fig. 5r). Under otherwise 365 

matched dose and ultrasound treatment, DB afforded stronger tumour suppression 366 

than DD, consistent with the greater environmental robustness of a 367 

persistent-bulk-dominated activation mode in vivo. 368 

Collectively, these results show that the mechanistically selected boronic-acid 369 

trigger can be translated from fluorogenic probes to therapeutically relevant 370 

small-molecule prodrugs. In this setting, ultrasound enables controlled release of a 371 

clinically important cytotoxic agent with an improved balance between efficacy and 372 

tolerability. 373 

 374 

5. Ultrasound-triggered activation extends to potent payloads and an albumin–375 

drug conjugate format 376 

We next asked whether the same trigger chemistry could be extended beyond a 377 

single small-molecule chemotherapeutic to more potent payloads and, ultimately, to 378 

more advanced therapeutic formats. To address this, we selected monomethyl 379 

auristatin E (MMAE), a highly potent tubulin inhibitor whose clinical utility is 380 

generally restricted to targeted delivery systems because of its extreme systemic 381 

toxicity45. A boronic-acid-caged MMAE prodrug, MB, was therefore prepared to test 382 
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whether ultrasound-triggered activation could be generalized to a structurally and 383 

pharmacologically distinct payload (Fig. 6a). 384 

As with DB, MB (50 μM in PBS) underwent efficient ultrasound-triggered 385 

conversion to free MMAE in PBS, as shown by HPLC analysis (Fig. 6b). Ex situ 386 

activation experiments in 4T1 and MDA-MB-231 tumour cells showed that 387 

ultrasound-pretreated MB acquired cytotoxicity approaching that of free MMAE, 388 

confirming productive release of the active payload (Fig. 6c; Extended Data Fig. 6a). 389 

In situ experiments further demonstrated functional activation in a biological context. 390 

Under cell-compatible sonication conditions (1.0 W cm⁻2, 10% duty cycle, 5 min), 391 

MB + US markedly inhibited tumour-cell migration in wound-healing assays, 392 

whereas MB alone showed limited effect (Fig. 6d; Extended Data Fig. 6b; 393 

Supplementary Fig. 24). These data indicate that the boronic-acid trigger remains 394 

operative even when coupled to a highly potent payload with a very narrow 395 

therapeutic window. 396 

We then evaluated this strategy in 4T1 tumour-bearing mice. Intravenous 397 

administration of MB (0.68 mg/kg; MMAE-equivalent 0.5 mg/kg) followed by 398 

localized ultrasound significantly suppressed tumour growth and reduced endpoint 399 

tumour burden relative to control groups (Fig. 6e–g). Although free MMAE also 400 

showed strong antitumour activity, it was accompanied by clear systemic toxicity. By 401 

contrast, MB + US achieved therapeutic benefit with a more favourable safety profile, 402 

as reflected in body-weight monitoring (Fig. 6h), blood biochemistry (Extended Data 403 

Fig. 6d–i) and histological evaluation (Supplementary Fig. 27). Long-term survival 404 

analysis further showed that MB + US prolonged survival relative to untreated 405 

controls and compared favourably with the free-drug group (Fig. 6i), supporting the 406 

conclusion that ultrasound-triggered boronic-acid activation can harness highly potent 407 

cytotoxins while mitigating systemic burden. 408 

To determine whether the same trigger chemistry remains operative not only 409 

across payloads but also across therapeutic formats, we finally incorporated it into an 410 

albumin–drug conjugate. The resulting sono-caged BSA–MMAE conjugate, 411 

BSA-L1101, was designed as a higher-order therapeutic construct in which the 412 
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boronic-acid trigger is embedded within a macromolecular delivery architecture (Fig. 413 

6j, Extended Data Fig. 6n). Under ultrasound, BSA-L1101 underwent productive 414 

activation to release MMAE, extending boronic-acid-triggered uncaging to the 415 

conjugated state. In vitro, ultrasound-treated BSA-L1101 showed substantial 416 

cytotoxicity across multiple tumour cell lines, whereas the non-sonicated conjugate 417 

remained much less effective (Fig. 6k; Extended Data Fig. 6j–m).  418 

In a 4T1 tumour-bearing nude mouse model, intravenous BSA-L1101 was 419 

administered every three days, with each dose followed by multiple localized 420 

ultrasound exposures at defined post-injection intervals. This schedule was designed 421 

to separate systemic prodrug administration from local payload activation, allowing 422 

repeated ultrasound-programmed release from a macromolecular conjugate rather 423 

than immediate burst release after injection. BSA-L1101 combined with localized 424 

ultrasound significantly inhibited tumour growth and reduced endpoint tumour weight 425 

(Fig. 6l,m). This therapeutic effect was achieved with acceptable tolerability, as 426 

reflected by body-weight changes and organ-level readouts (Extended Data Fig. 6n–427 

p).  428 

Taken together, these studies extend the same externally controlled activation 429 

principle from small-molecule prodrugs to a macromolecular drug conjugate, 430 

supporting a generalizable strategy for spatially and temporally controlled payload 431 

release. Uniquely, the macromolecular conjugate design decouples systemic 432 

circulation from local activation and allows repeated ultrasound-defined release 433 

windows. This conjugate-level validation further points to the potential of 434 

mechanistically selected ultrasound-responsive triggers for more advanced 435 

bioconjugate formats, including ADC-inspired therapeutic designs. 436 

 437 

Conclusion 438 

In summary, this study repositions therapeutic ultrasound from a physical 439 

drug-delivery trigger to a chemically programmable source of localized oxidative 440 

stimuli for activating ROS-responsive prodrugs in vivo, shifting prodrug activation 441 

from reliance on heterogeneous endogenous ROS to localized sonochemical reactivity. 442 
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This strategy addresses a central limitation of conventional ROS-responsive prodrug 443 

activation, in which release depends on pre-existing ROS signals that are often 444 

insufficient, spatially variable or poorly matched to the activation threshold of a given 445 

masking group. 446 

By comparing representative ROS-responsive masking groups under matched 447 

ultrasound conditions, we show that conventional ROS responsiveness does not 448 

necessarily translate into useful ultrasound responsiveness. Several ROS-reactive 449 

motifs undergo inefficient release or competing degradation, whereas boronic 450 

acid/boronate motifs emerge as the most productive ultrasound-responsive triggers 451 

among the tested motifs for productive cargo release. These findings define a 452 

sonochemical trigger-matching principle for ROS-responsive prodrug activation that 453 

productive release depends on matching sonogenerated reactivity with the intrinsic 454 

reaction pathway and degradation susceptibility of the masking group. 455 

Mechanistically, our results distinguish two sonochemical activation behaviours. 456 

DHBC-type motifs primarily depend on transient interfacial radical chemistry, 457 

whereas boronic acid/boronate motifs exploit a mixed oxidation regime in which 458 

hydrogen peroxide sustains the major boronate oxidation pathway and transient 459 

hydroxyl radicals provide reinforcing contributions. This composite mechanism 460 

explains the rapid activation, high release efficiency and robustness of boronic 461 

acid/boronate triggers in reductive and tumour-mimicking environments, and enables 462 

irradiation-programmed release under therapeutic ultrasound. 463 

The utility of this trigger chemistry extends from fluorogenic probes to 464 

doxorubicin and MMAE prodrugs, as well as an albumin–MMAE conjugate. In 465 

tumour-bearing mice, localized ultrasound activates boronic acid/boronate-caged 466 

prodrugs within short irradiation windows, suppressing tumour growth while reducing 467 

systemic toxicity. Together, these findings define a sonochemical design principle for 468 

advancing ROS-responsive prodrug chemistry beyond endogenous ROS activation 469 

and support therapeutic ultrasound as a precision trigger for spatiotemporally 470 

controlled prodrug activation in vivo across small-molecule prodrugs and 471 

macromolecular drug conjugates. 472 
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 473 

Methods 474 

Reagents and apparatus 475 

Chemical reagents were purchased from Sigma-Aldrich, J&K and Alfa Aesar. All 476 

chemicals were used as received without further purification unless otherwise stated. 477 

Sono-responsive caged compounds (designated as Compounds 1–22, see 478 

Supplementary Tab. 1–4) were synthesized, purified, and characterized according to 479 

procedures detailed in the Experimental Section of the Supplementary Information. 480 

Cell culture reagents including Dulbecco’s Modified Eagle Medium (DMEM), 481 

RPMI-1640 Medium, fetal bovine serum (FBS), penicillin, and streptomycin were 482 

obtained from Gibco (Thermo Fisher Scientific, USA). 483 

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased 484 

from Beyotime Biotechnology Institute (China). Ultrapure water (resistivity 18.2 485 

MΩ cm−1) was prepared using a Milli-Q Reference water purification system 486 

(Millipore, USA). 487 

 488 

Ultrasound irradiation was carried out using a Nu-Tek UT1021 ultrasonic device 489 

with a 1 cm2 transducer probe, with adjustable parameters (frequency f = 1 or 3 MHz, 490 

power intensity IP = 0-3.0 W cm−2 and duty cycle DC=10-100%). Nuclear magnetic 491 

resonance (NMR) spectra were recorded on a Bruker AVANCE III 400 MHz 492 

spectrometer using deuterated solvents obtained from Sigma-Aldrich. MestReNova 493 

v.7 was used for NMR analysis. Signals are presented as parts per million (ppm) and 494 

multiplicity is presented as single (s), broad (b), doublet (d), triplet (t), quartet (q) or 495 

multiplet (m). Analytical HPLC assays were performed on a Shimadzu LC-20 ADXR 496 

system with an Agilent ZORBAX SB-C18 column (4.6 × 250 mm, 5 µm, column 497 

temperature 40 °C) and a Shimadzu Nexera SPD-M40 PDA Detector. Preparative 498 

HPLC separations were performed via an Elite EClassical 3140 semi-preparative 499 

system equipped with an Agilent C18 column (20 × 250 mm, 5 µm) at a flow rate of 500 

10 mL/min. Ultra-performance liquid chromatography–mass spectrometry (UPLC–501 

MS) was performed on a Thermo Ultimate 3000 nano LC system equipped with a 502 
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Thermo Q Exactive HF-X Hybrid Quadrupole-Orbitrap mass spectrometer. 503 

High-resolution mass spectroscopy was performed on a Waters Xevo G2-S Q-ToF 504 

Mass Spectrometer. Electron paramagnetic resonance (EPR) signals were detected 505 

using a Bruker ELEXSYS E 580 spectrometer. Fluorescence spectra were measured 506 

on an Agilent Cary Eclipse spectrometer. Microplate reading was performed using an 507 

Agilent BioTek Synergy NeO2 Multi-Mode Reader. Flow cytometry analysis was 508 

performed on a Beckman Coulter Cytoflex LX flow cytometer. Confocal fluorescence 509 

images were recorded on a Leica STELLARIS 8 STED confocal microscope platform 510 

equipped with Leica HyD X detectors. Data were analysed and plotted using Origin 511 

2020 (OriginLab) or GraphPad Prism 9 (GraphPad Software). BioRender was used to 512 

design some of the illustration in the manuscript and Supporting Information 513 

(https://biorender.com). 514 

 515 

Syntheses of sono-responsive caged compounds 516 

Full synthetic procedures can be found in Supplementary Information. 517 

 518 

Sonication experiments 519 

As shown in Extended Data Fig. 1a, in vitro sonication was carried out with 520 

sonication frequency f = 1 MHz, power intensity IP = 3.0 W cm−2 and duty cycle DC = 521 

70%. Caged compounds were dissolved in DMSO:1× PBS (v:v= 1:1000) to a final 522 

concentration of 10 μM unless otherwise stated. For each in vitro trial, 200 μL of the 523 

mixture was transferred to a sample tube (borosilicate glass, 11.6 mm × 32 mm), 524 

exposed to ultrasound irradiation for designated durations, with aliquots collected at 525 

specific time points for fluorescence spectroscopy and HPLC analysis.  526 

Ex situ sonication was conducted under identical ultrasonic parameters to the in 527 

vitro experiments. Caged compounds were dissolved in complete cell culture medium. 528 

For each ex situ trial, 2 mL of the solution was taken out and placed in a sample bottle 529 

(borosilicate glass, 14 mm × 47 mm), where it received ultrasound irradiation for a 530 

given time and was then administered to cells for MTT proliferation assays. 531 

In situ sonication employed reduced acoustic parameters (f = 1 MHz, 532 
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IP = 1.0 W cm−2, DC = 10%) to minimize direct ultrasound-induced cellular damage. 533 

Cultured cells in 12-well plates were incubated with the caged compound-containing 534 

medium and exposed to direct sonication through the plate bottom using the stated 535 

parameters. Following ultrasound treatment, cells were incubated at 37 °C in a 5% 536 

CO2 incubator for 48/4/4 h before being processed for MTT assay, flow cytometry 537 

analysis or confocal microscopy imaging.  538 

In vivo sonication on tumour-bearing mice utilized 539 

sonication frequency f = 1 MHz, power intensity IP = 2.5 W cm−2 and duty cycle DC = 540 

70%. Acoustic coupling gel was applied to the tumour site prior to transducer probe 541 

placement for ultrasound treatment. 542 

During all sonication experiments, the temperature was maintained at 25-30 °C 543 

with a cooling system. 544 

 545 

Electron paramagnetic resonance (EPR) detection of ultrasound-generated reactive 546 

oxygen species (ROS)  547 

Two types of ROS (hydroxyl radicals ·OH and singlet oxygen ¹O₂) generated 548 

during in vitro sonication were directly quantified using an X-band EPR spectrometer 549 

with the spin-trapping method46. Spin trapping was performed at 298 K with 550 

4-hydroxy-2,2,6,6-tetramethylpiperidine (4-OH-TEMP, a final concentration of 150 551 

mM in PBS) for ¹O₂ detection and 5,5-Dimethyl-1-pyrroline N-oxide (DMPO, a final 552 

concentration of 200 mM in PBS) for ·OH detection. For in vitro sonication 553 

experiments, reaction mixtures (200 μL in borosilicate tubes) were irradiated under 554 

standard parameters (1 MHz, 3.0 W cm⁻2, 70% DC). At designated timepoints, 555 

aliquots (30 μL) were immediately transferred to quartz capillaries for EPR 556 

measurement. Quantification of spin concentrations was achieved by comparing 557 

double-integrated signal intensities against a 4-OH-TEMPO 558 

(2,2,6,6-tetramethyl-4-piperidinol-N-oxyl) calibration curve (0.1-100 μM in PBS, R² > 559 

0.98). In ROS scavenging studies, glutathione (GSH, final concentrations of 1,5,10 560 

and 20 mM in PBS) was added before sonication. Typical settings applied for EPR 561 

detection were: center field, 3510.00 G; scan range, 200.0 G; sweep time, 180.32640 s; 562 
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modulation amplitude, 1.00 G; modulation frequency, 100.00 kHz; and microwave 563 

power, 23.77 mW. 564 

 565 

Quantification of ultrasound-generated hydrogen peroxide (H₂O₂) 566 

Ultrasound-generated H2O2 was quantified through two independent methods:  567 

(I) Iodometric Spectrophotometry. The triiodide (I₃⁻) formation method was 568 

adapted from Kormann et al. with modifications. In vitro sonicated samples (100 μL 569 

aliquots, collected at designated time intervals) were transferred to 96-well plates 570 

containing 37.5 μL of 0.1 M potassium hydrogen phthalate buffer and 37.5 μL of a 571 

solution containing 0.4 M potassium iodide, 0.06 M sodium hydroxide, and 0.1 mM 572 

ammonium molybdate. After 2 min incubation (37 °C, dark conditions), absorbance at 573 

352 nm was measured using a microplate spectrophotometer. H₂O₂ concentrations 574 

were calculated via external calibration (0-1000 μM H₂O₂ standards in PBS).  575 

(II) Amplex Red/horseradish peroxidase (HRP) assay. Following manufacturer's 576 

protocol (Thermo Fisher A22188) with minor modifications, 100 μL of in vitro 577 

sonicated samples were mixed with 4.0 μL of 10 mM Amplex Red stock solution in 578 

DMSO and 1.0 μL of 200 U/mL HRP stock solution. After 2 min incubation (37 °C, 579 

dark conditions), fluorescence (λex/λem = 571/585 nm) and absorption at OD560 was 580 

measured. H₂O₂ concentrations were quantified through a standard curve.  581 

All assays were performed with three independent replicates. In ROS scavenging 582 

studies, ROS scavengers were added before sonication. Under hypoxic conditions, the 583 

solution was saturated with inert gas in advance, and the inert gas atmosphere was 584 

maintained during the ultrasonic process. 585 

 586 

HPLC analysis 587 

HPLC separations involved mobile phases of 0.1% (v/v) TFA in ultrapure water 588 

(solvent A), 0.1% (v/v) TFA in methanol (solvent B) and 0.1% (v/v) TFA in 589 

acetonitrile (solvent C). 590 

To analyse the reaction efficiency of compounds 1–22 under US radiation and 591 

the effects of various radical scavengers on the reaction, the solvent gradient for 592 
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HPLC is as follows: 90% solvent A + 10% solvent B (0-3 min), 10-25% solvent B 593 

(3-7 min), 25% solvent B (7-10 min), 25-40% solvent B (10-15 min), 90% solvent A 594 

+ 10% solvent B (15-18 min). The injection volume was 10 μL. The flow rate of 1.2 595 

mL/min. 596 

To analyse the reaction efficiency of compound 19 under US radiation, the 597 

solvent gradient for HPLC is as follows: 35% solvent A + 65% solvent B (0-3 min), 598 

65-85% solvent B (3-10 min), 85% solvent B (10-13 min), 35% solvent A + 65% 599 

solvent B (13-18 min). The injection volume was 10 μL. The flow rate of 1.0 mL/min. 600 

To analyse the reaction efficiency of compounds 10–11, 15–17 under US 601 

radiation, the solvent gradient for HPLC is as follows: 20% solvent A + 80% solvent 602 

B (0-3.5 min), 80-90% solvent B (3.5-8.5 min), 90% solvent B (8.5-13 min), 20% 603 

solvent A + 80% solvent B (13-15 min). The injection volume was 10 μL. The flow 604 

rate of 1.0 mL/min. 605 

To analyse the reaction efficiency of compound 18 under US radiation, the 606 

solvent gradient for HPLC is as follows: 60% solvent A + 40% solvent C (0-3 min), 607 

40-90% solvent C (3-3.5 min), 90% solvent C (3.5-11.5 min), 60% solvent A + 40% 608 

solvent C (11.5-15 min). The injection volume was 10 μL. The flow rate of 1.2 609 

mL/min. 610 

To analyse the reaction efficiency of compounds 20–22 under US radiation, the 611 

solvent gradient for HPLC is as follows: 60% solvent A + 40% solvent C (0 min), 612 

40-90% solvent C (0-15 min), 60% solvent A + 40% solvent C (15-20 min). The 613 

injection volume was 10 μL. The flow rate of 1.2 mL/min. 614 

In HPLC analysis, the consumption of caged compounds and the release of 615 

payloads were measured. External standard method was used for quantifying analytes. 616 

 617 

UPLC–MS methods 618 

The crude reaction was analysed by UPLC–MS for the identification of reaction 619 

intermediates and the study of ultrasound-induced release mechanism. In 620 

vitro sonication was carried out according to procedures detailed in the “Sonication 621 

experiments” section. Post in vitro sonication, reaction mixtures in PBS were 622 
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collected and desalted, freeze-dried into solids, and re-dissolved in a small amount of 623 

methanol to obtain a concentrated reaction solution for UPLC–MS detection.  624 

 625 

In vitro ultrasound activation of caged fluorescent probes 626 

To demonstrate the feasibility of ultrasound-induced probe activation, two caged 627 

fluorophores were used: CB (coumarin-derived) and MRB (methyl rhodol-based). 628 

Stock solutions (10 mM in anhydrous DMSO) of caged fluorescent probes were 629 

diluted to 10 μM in PBS (DMSO:PBS = 1:1000, v/v). Solutions underwent in 630 

vitro sonication according to previously described procedures. Post-sonication 631 

aliquots were collected for fluorometric analysis (λex/λem = 350/500 nm for CB, 632 

λex/λem = 450/520 nm for MRB)as well as HPLC analysis. 633 

In physiological environment simulation experiments, cell lysates (prepared 634 

through three freeze-thaw cycles of cell suspensions) and lactic acid supplemented 635 

DMEM complete medium (lactic acid, 10 mM, to give a pH of 6.8) supplemented 636 

PBS to mimic the intracellular and tumour microenvironment, respectively. 637 

For specificity profiling of CB (10 μM), the responsiveness towards various 638 

redox active species (1 mM, 100 e.q.) versus ultrasound treatment was tested using 639 

fluorometric analysis. The in vitro ROS/RNS generation method was as follows32: 640 

(I) ·OH: Hydroxyl radical was generated by Fenton reaction ([H2O2]:[Fe2+] = 10:1), in 641 

which equimolar EDTA was used to avoid the precipitation of Fe(II). The 642 

concentration of ·OH was considered equal to the Fe(II) concentration. (II) 1O2: 643 

Singlet oxygen was generated from H2O2 (1 e.q.) and OCl- (5 e.q.). (III) ·NO: Nitric 644 

oxide was generated from sodium nitroferricyanide(III) dehydrate (SNP, 1 e.q.). (IV) 645 

ONOO-: Peroxynitrite solution was prepared from a mixture of sodium nitrite (1 e.q.) 646 

and hydrogen peroxide (1 e.q.). (V) O2
·-: Superoxide was generated from a mixture of 647 

KO2 (1 e.q.) and H2O. (VI) H2O2: Hydroperoxide solution (1 e.q.) was used directly. 648 

(VII) TBHP: Tert-Butyl hydroperoxide solution (1 e.q.) was used directly. (VIII) 649 

HOCl: NaOCl solution (1 e.q.) was used directly.  650 

For intracellular interference studies, the experiment was 651 

replicated under physiologically relevant GSH concentrations (10 mM GSH in 652 
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DMEM complete medium). The response of CB to redox active species or ultrasound 653 

treatment under endogenous reducing conditions was evaluated by fluorescence 654 

spectroscopy.  655 

 656 

Cell culture 657 

All cell lines including 4T1, A375, A549, BT-474, MCF-7, and 658 

MDA-MB-231 were purchased from National Infrastructure of Cell Line Resource 659 

(Beijing, China). A375, A549 and MCF-7 cells were cultured in Dulbecco’s modified 660 

Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% 661 

penicillin-streptomycin. 4T1, BT-474 and MDA-MB-231 cells were cultured in 662 

RPMI-1640 supplemented with 10% FBS, 1% penicillin-streptomycin. All cells were 663 

maintained at 37 °C, in a humidified 5% CO2 incubator, with passage performed 664 

every 2-3 days. 665 

 666 

In situ ultrasound activation of caged fluorescent probes 667 

MDA-MB-231 cells were seeded in 12-well plates (5 × 105 cells per well) and 668 

incubated overnight. Following 30 min pre-incubation with CB (10 μM), direct in situ 669 

sonication (0, 1, 3 or 5 min, acoustic parameters as previously described) was 670 

performed. Post-treatment cells were incubated for 8 h prior to flow cytometry 671 

analysis (λex: 405 nm, V525 channel). For MRB activation in situ, the cells were 672 

treated with MRB (10 μM) instead, followed by flow cytometry analysis (λex: 488 nm, 673 

FITC channel). Fluorescence intensity was quantified by FlowJo v10 (FlowJo, LLC). 674 

The results are expressed as mean fluorescence ± SD (n = 5). 675 

To visualize the activation of caged fluorescent probes in living cells, 676 

MDA-MB-231 cells were seeded in μ-Dish 35 mm dishes (2 × 105 cells/mL) and 677 

subjected to identical treatment protocols. In situ sonicated samples were immediately 678 

imaged using a confocal microscopy (CB imaging: 405 nm excitation, 430-470 nm 679 

emission; MRB imaging: 488 nm excitation, 500-550 nm emission) with 40×/1.30 NA 680 

or 63×/1.40 NA oil objectives. Fluorescence quantification encompassed all cellular 681 

regions using LAS X Office software (Leica, Germany). 682 
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 683 

Ex situ ultrasound-activated prodrug cytotoxicity assessment 684 

4T1, A375, A549, BT-474, MCF-7 or MDA-MB-231 cells were seeded in a 685 

96-well plate (3,000-4,000 cells/well) and incubated overnight. Then the culture 686 

medium was removed and replaced with 200 μL fresh medium (with 10% FBS) 687 

containing caged compounds (DB or MB), free payloads (Dox or MMAE) or caged 688 

compounds pre-treated with ex situ ultrasound (3 min, acoustic parameters as 689 

previously described). The cells were incubated (for payload Dox, 48 h; for payload 690 

MMAE, 72 h) before MTT proliferation assays. The absorbance was measured at 691 

490 nm and all the proliferation data were normalized to the blank control (0.1% v/v 692 

DMSO), of which the viability was set as 100%. Measurements were performed with 693 

at least three independent replicates. 694 

 695 

In situ sonication-activated prodrug cytotoxicity assessment 696 

4T1, A375, A549, BT-474, MCF-7 or MDA-MB-231 cells were seeded in a 697 

12-well plate (5 × 105 cells/well) and incubated overnight. Then the culture medium 698 

was removed and replaced with 200 μL fresh medium (with 10% FBS) containing DB 699 

at concentrations of 2, 4, 8 and 16 μM or Dox at concentrations of 0.2 and 0.4 μM. 700 

Post 30 min incubation, all US groups received in situ sonication (5 min, acoustic 701 

parameters as previously described). The cells were incubated for 48 h before MTT 702 

proliferation assays as per previously described protocols. 703 

 704 

In situ ultrasound-activated prodrug evaluation via wound healing assay  705 

MDA-MB-231 cells were seeded in a 12-well plate (5 × 105 cells/well) and 706 

cultured to 100% confluence. Cells were pretreated with fresh medium (with 10% 707 

FBS) containing MB (0.2 nM) or MMAE (0.2 nM). Post 30 min incubation, all US 708 

groups received in situ sonication (5 min, acoustic parameters as previously 709 

described). After 12-h incubation in fresh medium, standardized linear wounds were 710 

created across the monolayer using sterile 200 μL pipette tips, with detached cells 711 

removed by PBS washing. Cells were maintained in low-serum medium (2% FBS). 712 
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Bright field microscopy images were acquired at 0, 12, 24 and 36 h post-wounding. 713 

Residual wound area was measured using ImageJ software (NIH) and all the 714 

migration data were normalized to the initial 0 h, of which the migration rate was set 715 

as 0%. Measurements were performed with three independent replicates.  716 

 717 

Tumour model 718 

Female Balb/c mice (7-8 weeks old) from Beijing Vital River Laboratory Animal 719 

Technology Co. Ltd. were housed under specific pathogen-free conditions with 720 

controlled temperature (20-25°C), humidity (40-70%), 12 h/12 h light/dark cycle, 721 

with free access to food and water. Subcutaneous tumours were established by 722 

injecting 2 × 106 4T1 cells suspended in 100 μL of PBS into the right flank of mice. 723 

Tumour volume (calculated as (widtH2 × length)/2) and body weight were measured 724 

at least three times per week using digital calipers and an electronic balance, 725 

respectively. At the end of the experiment, all the mice were immediately euthanized. 726 

Mice were euthanized upon reaching humane endpoints (tumour volume >1,200 mm³ 727 

or >20% body weight loss), with major organs excised for histological analysis (H&E 728 

staining) and serum subjected to biochemical profiling. 729 

 730 

In vivo ultrasound activation of caged fluorescent probe 731 

When 4T1 tumour volume reached 40-100 mm3, the tumour-bearing Balb/c mice 732 

were randomized into six groups (n = 3): MRB (0.6 mg/kg), MRB + US of indicated 733 

durations (0.6 mg/kg + sonication of 2, 4 or 6 min), MR (0.5 mg/kg) and PBS as 734 

control. MR (0.5 mg/kg) and MRB (0.6 mg/kg, equivalent to MR concentration of 0.5 735 

mg/kg) were freshly formulated in sterile PBS (5% DMSO, v/v) for intratumoural 736 

injection (50 μL/injection). Ultrasound irradiation of indicated durations (procedures 737 

and acoustic parameters as previously described) was conducted at the tumour sites 30 738 

min after injection for mice in US groups. To simulate a therapeutic experiment, the 739 

treatment cycle (injection followed by sonication) was repeated every 48 h for three 740 

administrations. Tumours at the experimental endpoint were harvested for 741 

cryosectioning and confocal microscopy imaging. 742 
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 743 

In vivo antitumour evaluation of doxorubicin prodrug activation 744 

When 4T1 tumour volume reached 40-100 mm3, the tumour-bearing Balb/c mice 745 

were randomized into seven groups (n = 6): Dox (5 mg/kg), Dox + US (5 mg/kg + 2 × 746 

3 min sonication), DB low dose (6.9 mg/kg), DB high dose (20.7 mg/kg), DB low 747 

dose + US (6.9 mg/kg + 2 × 3 min sonication), DB high dose + US (20.7 mg/kg + 2 × 748 

3 min US irradiation) and PBS as control. Dox (1 mg/mL, 5 mg/kg) and DB (low dose: 749 

1.38 mg/mL, 6.9 mg/kg or high dose: 4.14 mg/mL, 20.7 mg/kg) were freshly 750 

formulated in PBS (containing 5% DMSO/40% PEG-300/5% Tween-80, v/v) for 751 

intraperitoneal injection (100 μL/injection). The injections were administered on day 752 

0, 3, 5, 7. DB doses corresponded to 1× (6.9 mg/kg) and 3× (20.7 mg/kg) molar 753 

equivalents of Dox. All mice in the US groups received ultrasound irradiation (3 min, 754 

procedures and acoustic parameters as previously described) at two time points (30 755 

and 60 min post injection). Tumour volumes and body weights were measured daily. 756 

Both Dox and Dox + US group had 3 mice sacrificed for exceeding 20% weight loss 757 

on day 11 (n=3 on day 14). After 14 days treatment, the mice were euthanized. 758 

 759 

Acute toxicity evaluation 760 

The 4T1-tumour-bearing mice were randomized into four groups (n = 5): Ctrl 761 

(PBS vehicle), Dox (30 mg/kg), DB (41.4 mg/kg), and DB + US (41.4 mg/kg + 2×3 762 

min sonication 30/60 min post-injection), receiving intraperitoneal injections on days 763 

0 and 2. Comprehensive toxicity profiling included daily weight monitoring, serum 764 

biochemistry and organ coefficient analysis 24 h after the final dose. 765 

 766 

In vivo antitumour evaluation of MMAE prodrug activation 767 

When 4T1 tumour volume reached 40-100 mm3, the tumour-bearing Balb/c mice 768 

were randomly divided into five groups (n = 5): MMAE (0.5 mg/kg), MB (0.68 769 

mg/kg), MB + US (0.68 mg/kg + 2 × 3 min sonication), US (PBS + 2 × 3 min 770 

sonication) and PBS as control. MMAE (0.5 mg/kg) and MB (0.68 mg/kg, equivalent 771 

to MMAE concentration of 0.5 mg/kg) were freshly formulated in PBS (5% DMSO, 772 
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v/v) for intravenous injection (100 μL/injection). The injections were administered 773 

intravenously on days 0, 5 and 10. All mice in the US groups received ultrasound 774 

irradiation (3 min, procedures and acoustic parameters as previously described) at two 775 

time points (30 and 60 min post injection). Tumour volumes and body weights were 776 

measured three times a week. After 21 days treatment, the mice were euthanized.  777 

 778 

Long-term survival assessment 779 

The 4T1-tumour-bearing mice were randomized into three groups (n = 10): PBS, 780 

MMAE (0.5 mg/kg), or MB+US (0.68 mg/kg). The injections were administered 781 

intravenously every 5 days (total 4 doses). Survival was monitored for 25 days with 782 

predefined humane endpoints. Kaplan-Meier curves were generated using event times 783 

(death or endpoint-triggered euthanasia). 784 

 785 

In vivo antitumour evaluation of sono-caged BSA-MMAE conjugate activation 786 

When 4T1 tumour volume reached 40-100 mm3, the tumour-bearing Balb/c mice 787 

were randomly divided into three groups (n = 5): BSA-L1101 (47.2 mg/kg), 788 

BSA-L1101 + US (47.2 mg/kg + 3 × 5 min sonication), and PBS as control. 789 

BSA-L1101 (equivalent to MMAE concentration of 0.5 mg/kg) was formulated in 790 

PBS (5% DMSO, v/v) for intravenous injection (100 μL/injection). The injections 791 

were administered intravenously on days 0, 3 and 9. All mice in the US groups 792 

received ultrasound irradiation (5 min, procedures and acoustic parameters as 793 

previously described) at three time points (8, 24 and 48 h post injection). After 18 794 

days treatment, the mice were euthanized. 795 

 796 

Ethical statement 797 

All animal procedures were approved by Peking University Institutional Animal 798 

Care and Use Committee (IACUC Approval # DLASBE0714, DLASBE0716) and 799 

conducted in strict accordance with institutional ethical guidelines. During our 800 

research, any mouse with tumour volume exceeding 1,200 mm3 or weight loss 801 

exceeding 20% of the normal weight was euthanized. At the end of the experiment, all 802 
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the mice were immediately euthanized. 803 

 804 

Statistics 805 

Data are expressed as the mean ± standard deviation (s.d.) or 806 

standard error of the mean (s.e.m.) as indicated in each of the figure legend. Statistical 807 

significance was determined using a two-tailed unpaired Student’s t-test when only 808 

two value sets were compared or by ANOVA for comparison between multiple groups 809 

via Prism 9.5. Exact P values are documented in the figures or figure legends. 810 

Difference was considered to be significant if P < 0.05, (*P < 0.05, **P < 0.01, 811 

***P < 0.001, ****P < 0.0001 unless otherwise indicated). 812 
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Fig. 1 | Conceptual framework of ultrasound-triggered molecular activation. a, Schematic 938 

depiction of reactive oxygen species generation from water under ultrasound irradiation. b, The 939 

conceptual advance from previous ultrasound activation modes to sonochemical uncaging reactions 940 

based on water sonolysis. c, Masking-group screening and the proposed activation model for boronate 941 

uncaging. Representative ROS-responsive functional groups were evaluated for ultrasound-triggered 942 

uncaging. Two sonochemical activation behaviours were considered to guide productive trigger 943 

selection. 944 

 945 

  946 



33 

 

Fig. 2 | Representative screening of ROS-responsive masking groups under ultrasound 947 

irradiation. a, Schematic illustration of the rationale for functional-group screening under ultrasound. 948 

Ultrasound-induced cavitation and sonolysis of water generate multiple reactive oxygen species, which 949 

may activate structurally distinct ROS-responsive masking groups. b, Quantitative summary of 950 

ultrasound-induced product distribution for representative substrates. The relative proportions of 951 

desired product formation and undesired degradation were determined after ultrasound treatment under 952 

a common screening condition (1 MHz, 3.0 W/cm2, 70% duty cycle, 3 min). Compounds 1–16 953 

correspond to the representative substrates shown in panel c. c, Schematic overview of representative 954 

masking-group scaffolds, expected structural transformations, and screening substrates. Among the 955 

tested substrates, boronic acid/boronate groups showed the most favorable balance between productive 956 

release and limited degradation, and were therefore selected for further mechanistic and biological 957 

investigation. 958 

 959 
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Fig. 3 | Comparative mechanistic dissection of transient interfacial activation and persistent bulk 961 

activation of representative motifs under ultrasound irradiation. a, Schematic illustration of the 962 

proposed transient interfacial activation mode for DHBC-type masking groups. b, Schemes of boronic 963 

acid-caged model compounds uncaging under ultrasound irradiation (1 MHz, 3.0 W/cm2, 70% duty 964 

cycle, 3 min). c, Schematic summary of the operative ROS environment and the robustness of 965 

ultrasound-triggered boronic acid activation. Both hydrogen peroxide and short-lived radical species 966 

are generated under ultrasound, and productive uncaging is maintained under tumour-mimicking 967 

conditions, including low oxygen tension, mildly acidic pH, and elevated glutathione. d, Schematic 968 

illustration of direct versus delayed substrate exposure experiments. Comparison of substrates 969 

irradiated directly under ultrasound (substrate + US) with those added after ultrasound pretreatment 970 

(US + substrate) distinguishes persistent ROS-mediated activation from contributions requiring 971 

transient reactive intermediates. e–g, Kinetic analyses of boronic acid uncaging of B1 (10 μM in 0.02 972 

M PBS buffer, under aforesaid US condition) to B0 under different reaction conditions (e, comparison 973 

with exogenous H2O2; f, mildly acidic pH; g, increasing GSH concentrations; n = 3, mean ± s.d.). h, 974 

Schematic illustration of the proposed dual-pathway mechanism for boronic acid activation under 975 

ultrasound. A peroxide-enabled boronate oxidation pathway is proposed as the major productive route, 976 
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whereas hydroxyl radical-assisted aromatic addition constitutes a possible parallel pathway under 977 

ultrasound. i, Product-distribution analysis supporting mechanistic divergence between bulk 978 

peroxide-driven release and interfacial radical-associated side chemistry. The relative abundances of 979 

characteristic products (B0) and byproducts (Bx) under different conditions (scavengers 1 mM) are 980 

displayed.  981 

 982 
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Fig.4 | Ultrasound-triggered boronic acid/boronate-caged functional probe activation in 984 

biologically relevant environments and living systems. a, Schematic depiction of the advantages of 985 

ultrasound-triggered fluorogenic activation. b, Schemes of boronic acid-caged probes uncaging under 986 

ultrasound irradiation (1 MHz, 3.0 W/cm2, 70% duty cycle, 3 min). c, Conversion kinetics of CB (10 987 

μM) under ultrasound irradiation in complex environments (PBS; DMEM + 10% FBS + GSH 1mM; 988 

cell lysate, pH 6.5). d, Endpoint fluorescence summary comparing ultrasound-triggered and 989 

H2O2-triggered CB (10 μM) activation in PBS and under reductive conditions (10 mM GSH). e, Kinetic 990 

comparison of ultrasound-triggered and exogenous H2O2-triggered fluorogenic activation of MRB (10 991 

μM). f, Competitive selectivity analysis of ultrasound-triggered CB (10 μM in PBS) activation in the 992 

presence of structurally related unprotected coumarins. g, Temporal-programming analysis of 993 
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ultrasound-triggered compound 10 (100 μM in PBS) activation by repeated on/off US irradiation cycles. 994 

h, Flow cytometry analysis (V525-A) of MDA-MB-231 cells incubated with CB (10 μM), with 7,4-Hfc 995 

generated in cells following US irradiation for 1 min, 3 min and 5 min (1.0 W/cm2, 10% duty cycle). 996 

Flow cytometry analyses are based on a population of 5,000 cells (n = 5). Statistical significance was 997 

determined as P > 0.05 (ns), P < 0.05 (*), P < 0.01 (**), P < 0.001 (***) by a Tukey’s test. The 998 

histogram indicating the percentage of 7,4-Hfc-positive cells in flow cytometry. i, Representative 999 

confocal fluorescence images of MDA-MB-231 cells after being treated with increased irradiation 1000 

duration or increased MRB concentrations. Scale bar, 10 μm. Three independent experiments were 1001 

performed and the representative results are shown. j, Representative confocal fluorescence images of 1002 

tumour sections. Scale bar, 25 μm. Balb/c mice implanted subcutaneously with 4T1 cells were used (n = 1003 

3 mice per group). The experimental groups of mice were given MRB (0.6 mg/kg) and then received 1004 

ultrasound irradiation (2.5 W/cm2, 70% duty cycle) for three separate times for indicated durations. 1005 

 1006 

  1007 
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Fig.5丨 Ultrasound-triggered activation of a boronic acid/boronate-caged doxorubicin prodrug. a, 1008 

US irradiation triggers the doxorubicin prodrug DB activation and releases Dox. b, HPLC traces for the 1009 

reaction mixture of prodrug DB after US irradiation with increasing duration, showing unreacted prodrug 1010 

DB (RT = 8.80 min) and doxorubicin (RT = 4.67 min). c, The conversion rate of DB (10 μM in 0.02 M 1011 

PBS buffer) into Dox under US irradiation (1 MHz, 3.0 W/cm2, 70% duty cycle). d, Cell viability curve 1012 

(4T1 cells) of US-induced doxorubicin prodrug activation in vitro. The prodrug was irradiated under ex 1013 

situ ultrasound (3.0 W/cm2, 70% duty cycle, 3 min). e, Cell viability assay (4T1 cells) of US-induced 1014 

doxorubicin prodrug activation in situ. The prodrug was irradiated under cell-friendly ultrasound (1.0 1015 
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W/cm2, 10% duty cycle, 5 min). Cell viability was measured using an MTT assay after 48 h of incubation 1016 

at 37 °C. f, Schematic illustration of intraperitoneal administration of prodrug DB and US irradiation in 1017 

the 4T1 tumour-bearing Balb/c mice model. g, Tumour growth curves of different groups after various 1018 

treatments. Mice in the Ctrl group received intraperitoneal injection of PBS (100 μL). Dox group 1019 

received intraperitoneal injection of Dox (5 mg/kg). DB low dose group received intraperitoneal 1020 

injection of DB (6.9 mg/kg) and high dose group received DB (20.7 mg/kg). All mice in the US groups 1021 

received ultrasound irradiation (2.5 W/cm2, 70% duty cycle, 3 min) for two separate times (30 min and 1022 

60 min post injection). Tumour burdens were measured every other day using a caliper. The data are 1023 

presented as mean ± s.d. (n = 6). Statistical analysis was performed using one-way ANOVA with Dunnett 1024 

post-test compared to PBS-treated mice. h, Average weights of excised 4T1 tumours on day 14 (n = 6 1025 

except for Dox group and Dox-US group). Both Dox and Dox-US group had 3 mice sacrificed for 1026 

exceeding the ethical weight limit on day 11 (n = 3 on day 14). i, Weight change curves of mice (n = 6 1027 

mice per group, mean ± s.d.). Statistical significance was determined as P > 0.05 (ns), P < 0.05 (*), P < 1028 

0.01 (**), P < 0.001 (***) by a Tukey’s test.  1029 

  1030 
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Fig.6丨 Ultrasound-triggered activation of boronic acid/boronate-caged MMAE prodrugs and an 1031 
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albumin–MMAE conjugate. a, US irradiation triggers the release of potent cytotoxic drug MMAE. b, 1032 

HPLC traces for the reaction mixture of prodrug MB (50 μM in 0.02 M PBS buffer) after US irradiation 1033 

with increasing duration, showing unreacted prodrug MB (RT = 7.67 min) and MMAE (RT = 3.87 min). c, 1034 

Cell viability test (4T1 cells) of US-induced MMAE prodrug activation in vitro. The prodrug MB was 1035 

irradiated under ex situ ultrasound (3.0 W/cm2, 70% duty cycle, 3 min). d, Scratch assay of 1036 

MDA-MB-231 cells after 12 h of treatment with different conditions (Ctrl, US, MMAE, MB and 1037 

MB-US). The prodrug MB was irradiated under in situ ultrasound (1.0 W/cm2, 10% duty cycle, 5 min). 1038 

The images show the migration of cells into the scratched area at different time points. e, Schematic 1039 

illustration of intravenous administration of prodrug MB and US irradiation in the 4T1 tumour-bearing 1040 

Balb/c mice model. f, Tumour growth curves of different groups after various treatments. Mice in the Ctrl 1041 

and US groups received intravenous injection of PBS (100 μL). MMAE group received intravenous 1042 

injection of MMAE (0.5 mg/kg). MB group received intravenous injection of MB (0.5 mg/kg). The 1043 

injections were administered on day 0, 5, 10. Mice in the US and MB-US groups received ultrasound 1044 

irradiation (2.5 W/cm2, 70% duty cycle, 3 min) for two separate times (30 min and 60 min post injection). 1045 

Tumour burdens were measured every other day using a caliper. The data are presented as mean ± s.d. (n 1046 

= 5). Statistical analysis was performed using one-way ANOVA with Dunnett post-test compared to 1047 

PBS-treated mice. Mice in MMAE group exceeding the ethical weight limit were executed on the same 1048 

day. g, Average weights of excised 4T1 tumours on day 14 (n = 5). h, Weight change curves of mice (n = 1049 

5 mice per group, mean ± s.d.). i, Kaplan-Meier survival analysis of mice in different treatment groups. 1050 

Mice in groups of Ctrl, MB-US, and MMAE (n = 10 mice per group. The dose administered was the 1051 

same as above, and the frequency of administration was twice a week.) were monitored for survival over 1052 

25 days. Mice were sacrificed when endpoint criteria were met. The log-rank test was used to assess 1053 

statistical significance between groups (P < 0.0001). j, Design of sono-caged BSA-MMAE conjugate 1054 

(BSA-L1101) and its conversion under US to free drug MMAE. k, Cell viability test (4T1 cells) of 1055 

US-induced BSA-L1101 conjugate activation in vitro. l, Tumour growth curves after intravenous 1056 

administration of the conjugate prodrug BSA-L1101 and US irradiation in the 4T1 tumour-bearing 1057 

Balb/c nude mice model. m, Average weights of excised 4T1 tumours on day 14 (n = 5). Statistical 1058 

significance was determined as P > 0.05 (ns), P < 0.05 (*), P < 0.01 (**), P < 0.001 (***) by a Tukey’s 1059 

test. 1060 
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Extended Figures: 1062 

Extended Data Fig. 1 | Experimental workflow, ROS generation under ultrasound, and 1063 

optimization of ultrasound-triggered conversion conditions. a, Schematic illustration of the overall 1064 

experimental workflow from local proof-of-concept activation to systemically administered therapeutic 1065 

validation. The study design progresses from ultrasound-triggered activation chemistry and 1066 

masking-group screening to mechanistic dissection, fluorogenic probe validation, and in vivo prodrug 1067 

therapy. b, Time-dependent generation of major reactive oxygen species during ultrasound irradiation. 1068 

(i-iii), Representative measurements show ultrasound-induced production of hydroxyl radicals, singlet 1069 

oxygen, and hydrogen peroxide as a function of irradiation time, establishing a composite ROS 1070 

environment generated from cavitation-driven water sonolysis. (iv), Comparison of singlet oxygen 1071 

generation by direct ultrasound irradiation and conventional sonodynamic treatment. Ultrasound alone 1072 

generates a relatively lower but still significant concentration of singlet oxygen than Ce6-mediated 1073 
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sonodynamic treatment, supporting the distinct mechanistic basis of the present sonochemical 1074 

activation mode. c, Effects of sample concentration and reaction volume on ultrasound-triggered 1075 

conversion. The conversion efficiency depends on substrate concentration and irradiation volume, 1076 

reflecting the relationship between ROS generation, cavitation conditions, and productive uncaging. d, 1077 

Effects of ultrasound power and duty cycle on conversion efficiency. Ultrasound-triggered activation 1078 

exhibits clear parameter dependence, and productive uncaging increases with irradiation intensity once 1079 

the cavitation threshold is exceeded. 1080 
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Extended Data Fig. 2 | Additional mechanistic analyses of DHBC and boronic acid activation 1082 

under ultrasound irradiation. a, Schematic illustration of ultrasound-triggered activation of 1083 

DHBC/DMOBC-caged substrates. b, Comparison of direct substrate ultrasound irradiation and delayed 1084 

addition for DHBC- and boronic-acid-caged substrates. c, Comparison of immediate (within 3 min) and 1085 

30 min post-sonication conversion for DHBC- and boronic-acid-caged substrates. d, 1086 

Ultrasound-triggered conversion of DHBC-caged model substrates CS-1 and CS-2 under different 1087 

reaction conditions (Ctrl: US 3 min; GSH: 1 mM; DMPO: 1 mM; H2O2: 1 mM; Fenton’s reagent: H2O2 1088 

10 mM and Fe (II) 1 mM). In vivo tumour-growth analyses compare the therapeutic consequences of 1089 

two distinct masking-group chemistries under otherwise similar ultrasound-triggered treatment 1090 

conditions (2.5 W/cm2, 70% duty cycle, 3 min). e, Effect of 1 mM GSH and recovery of activation by 1091 

prolonged ultrasound exposure. f–g, Effects of selected additives on ultrasound-triggered boronic acid 1092 

uncaging. Conversion of B1 was evaluated under direct ultrasound exposure, co-incubation with 1093 

additives during ultrasound, or addition after ultrasound pretreatment of the medium. These 1094 

experiments distinguish persistent bulk oxidant-mediated activation from contributions requiring 1095 

transient reactive intermediates. f, Effect of 1 mM NAC. g, Effect of 1 mM DMPO. 1096 
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Extended Data Fig. 3 | Additional fluorogenic probe characterization and activation under 1098 

complex chemical environments. a, US irradiation of two ‘fluorescence-caged’ probes CB and MRB 1099 

results in fluorescence turn-on. b–d, Ultrasound-triggered activation of CB. b, Time-dependent 1100 

conversion of CB (10 μM in 0.02 M PBS buffer, pH7.2) into 7,4-Hfc under ultrasound irradiation. c, 1101 

HPLC traces showing CB (RT = 5.20 min) consumption and 7,4-Hfc (RT = 3.62 min) formation after 1102 

increasing ultrasound exposure. d, Fluorescence emission spectra of CB after ultrasound treatment. e–g, 1103 
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Ultrasound-triggered activation of MRB. e, Time-dependent conversion of MRB (10 μM in 0.02 M 1104 

PBS buffer, pH7.2) into MR under ultrasound irradiation. f, HPLC traces showing MRB (RT = 6.57 min) 1105 

consumption and MR (RT = 3.78 min) formation after increasing ultrasound exposure. g, Fluorescence 1106 

characterization of MRB activation under ultrasound. h-i, Selectivity of ultrasound-triggered CB 1107 

activation in PBS and under reductive conditions. The boronic acid-caged probe CB is preferentially 1108 

activated by H2O2 and ultrasound relative to other ROS in PBS. And the selective reactivity of the 1109 

boronic acid masking group to ultrasound is even more pronounced under reductive conditions (GSH 1110 

10 mM). j-k, Comparison of ultrasound-triggered and H2O2-triggered CB activation in PBS and in 1111 

DMEM containing 1 mM GSH. Ultrasound-triggered activation proceeds more effectively than 1112 

exogenous H2O2 in reductive media, supporting the additional advantages of ultrasound over hydrogen 1113 

peroxide activation in biologically relevant systems. l-n, Conversion kinetics of CB (10 μM) under 1114 

ultrasound irradiation in complex environments (l, PBS; m, DMEM + 10% FBS + GSH 1mM; n, cell 1115 

lysate, pH 6.5). Ultrasound-triggered activation consistently shows efficient fluorescence turn-on in 1116 

various complex environment, demonstrating tolerance to biologically relevant environments. 1117 
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Extended Data Fig. 4 | Additional cellular and tumour imaging validation of ultrasound-triggered 1119 

probe activation. a, Confocal fluorescence imaging of CB (10 μM) activation in MDA-MB-231 cells 1120 

under in situ ultrasound irradiation. b, Confocal fluorescence imaging of MRB (10 μM) activation in 1121 

MDA-MB-231 cells under in situ ultrasound irradiation (Hoechst 33342 (5 μM) was used for nuclear 1122 

staining.). c, Flow-cytometric analysis of MRB (10 μM) activation in MDA-MB-231 cells. d-e, Ex 1123 

vivo imaging of ultrasound-triggered MRB activation in tumours from 4T1 tumour-bearing mice. The 1124 

mice were intratumourally given MRB (0.3 mg/kg) and then received ultrasound irradiation (2.5 W/cm2, 1125 

70% duty cycle). 1126 
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Extended Data Fig. 5 | Additional cellular and in vivo validation of ultrasound-triggered 1128 

doxorubicin prodrug activation. a–d, Cytotoxicity assays of DB in multiple cell lines. The prodrug 1129 

was irradiated under in vitro ultrasound (3.0 W/cm2, 70% duty cycle, 3 min). e–h, Cytotoxicity assays 1130 

of DB in multiple cell lines under cell-compatible ultrasound conditions. The prodrug was irradiated 1131 

under in situ ultrasound (1.0 W/cm2, 10% duty cycle, 5 min). i, Endpoint tumour-volume analysis in 1132 

4T1 tumour-bearing mice treated with DB and ultrasound. Dox group had 3 mice sacrificed for 1133 

exceeding 20% weight loss on day 11 (n = 3 on day 14). j–m, Blood biochemical analyses after DB 1134 

treatment in vivo. 1135 
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Extended Data Fig. 6 | Additional cellular and in vivo validation of ultrasound-triggered MMAE 1137 

prodrug and conjugate activation. a-b, In vitro and in situ cytotoxicity assays of MMAE prodrug 1138 

MB in MDA-MB-231 cells. c, Endpoint tumour-volume analysis in 4T1 tumour-bearing mice treated 1139 

with MB and ultrasound. d–i, Blood biochemical and hematological analyses after MB treatment in 1140 

vivo. j-k, Cytotoxicity assays of L1101 in multiple cell lines under ultrasound treatment. l-m, 1141 

Cytotoxicity assays of the BSA-L1101 conjugate in multiple cell lines under ultrasound treatment. n, 1142 

Body weight changes in 4T1 tumour-bearing nude mice treated with BSA-L1101 and ultrasound. o, 1143 

Spleen weight ratio (spleen weight/body weight, a.u.) comparison at the endpoint of BSA-L1101 1144 

treatment. p, Endpoint tumour-volume analysis in mice treated with BSA-L1101 and ultrasound. 1145 
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