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Fig. 5| Evaluation of antitumour effects of microbubble robots in vivo

using an orthotopic bladder tumour model. a, Schematicillustrating the
establishment of mice bearing orthotopic bladder tumour model and treatment
course. b,c, Representative in vivo bioluminescence images (b) and quantified
bioluminescence intensity (c) of tumour-bearing mice after intravesical
instillations of PBS, CBRs, free DOX, DOX-loaded bare bubbles, DOX-bubbles with
FUS exposure 2-h post-instillation, DOX-CBRs and DOX-CBRs + FUS. d-f, Weight
(d), H&E staining (e) and images (f) of resected bladders from tumour-bearing

mice at the endpoint post-treatment (day 21). Scale bars: 1.5 mm (e); 1 cm (f).

g, Body weight of mice throughout the treatment period. Error barsinc, d

and g represent the s.d. of the mean from four mice. Statistical analysisind

was performed using one-way analysis of variance. *P < 0.05, **P < 0.01. h, H&E
staining of the main organs (heart, liver, spleen, lung and kidney) resected from
tumour-bearing mice after treatment with PBS or DOX-CBRs + FUS. Scale bar:
100 pm. Panel a created with BioRender.com. IVIS, in vivo imaging system.

compared with controls, benefiting from their hybrid propulsion
mode. FUS stimulation (MBRs + Mag + FUS) further enhanced thera-
peutic outcomes by triggering inertial cavitation for deeper drug
penetration (Supplementary Notes 2 and 3).

Conclusion

In conclusion, the enzymatic microbubble robots introduced here
representaversatile, biocompatible and bioresorbable platform that
integrates multiple essential biological functionalities for advanced

therapeuticapplications. The natural BSA shell provides a structurally
stable yet biodegradable framework, with abundant primary amines
enabling versatile surface functionalization. Theinternal microbubbles
actas efficientimaging contrast agents, enabling real-time imaging and
feedback-controlled navigation of bubble robots in deep tissues for
precise targeting with minimal off-target exposure. On FUS stimulation,
robotshell collapse releases internal microbubbles, whose inertial cavi-
tation generates localized mechanical forces to enhance therapeutic
payload penetration into the tumour tissue.
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Powered by biocatalytic enzyme engines, these robots achieve
autonomous motion using bioavailable fuels, eliminating the need
for external power sources. Catalase modification endows CBRs with
active targeting towards H,0, gradients, enabling autonomous naviga-
tion to tumour sites without external field guidance. The urease and
H,0,gradients demonstrated here can be adapted to other enzymatic
engines (for example, glucose oxidase and lipase) and natural chemical
gradients (for example, cytokines, glucose and lactate), broadening
their application scopein diverse biomedical scenarios. The magnetic
navigation of MBRs complements chemotactic guidance, enabling
controlled motioninenvironments lacking biochemical cues and sup-
porting hybrid propulsion for enhanced manoeuvrability in confined
ortortuous anatomy. Invivo studies confirmed that these microbubble
robots achieve substantially enhanced antitumour efficacy compared
with traditional methods, combining targeted motion, FUS-activated
penetration and full biodegradability. By unitingimaging, navigation
andtissue penetration within afully biodegradable robotic platform,
this design achieves unprecedented functional integration, address-
ing key challenges in targeted drug delivery and advancing towards
clinically translatable robotic therapeutics.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41565-025-02109-6.
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Methods

Microbubble preparation

Microbubbles were facilely fabricated by sonication using an ultra-
sonic homogenizer (CGoldenWall). Briefly, 100 mg ml™ of BSA
(Sigma-Aldrich) in PBS was first prepared in an Eppendorftube (1.5 ml).
Then, the probe tip was placed at the liquid-air interface of the BSA
solution, followed by sonication for 5 min (1son/1s off,30% power). The
obtained milky suspension was keptat 4 °C for 15 min. Afterwards, the
solution was centrifuged (700g) for 6 min and washed with PBS three
times using buoyancy purification®. A white layer of microbubbles
formed on top of the liquid phase after centrifugation. The subnatant
wasremoved using asyringe. The collected microbubbles were stored
at 4 °C for use. The bubble concentration was quantified by measur-
ing the optical density at 500 nm (OD5,,, 10D =~ 108 bubbles ml™?) viaa
NanoDrop ultraviolet-visible spectrophotometer (Thermo Scientific).

Fabrication of bubble robots

Preparation of MBRs. The microbubble solution (1 ml, 2 OD) was
incubated with Fe;O, NPs (5 mg ml™, 10 pl, Ocean NanoTech) for12 h
onashaking stage (650 revolutions per minute) at room temperature
(RT). Then, MNP-coated microbubbles were centrifuged and washed
three times with PBS using buoyancy purification (700g, 6 min). The
collected bubbles were treated with DBCO-PEG,-NHS ester (50 uM,
Click Chemistry Tools) for 1 hat RT. Meanwhile, urease (1 mg ml™) was
reacted with azido-PEG,-NHS ester (20 pM, Click Chemistry Tools)
for1h at RT. The resulting azido-modified urease was incubated with
DBCO-modified microbubbles for 1 h. After each reaction, the sam-
ples were washed three times with PBS to remove unreacted agents.
The obtained MBRs were stored at 4 °C for use. As a control group,
bubble-MNP was fabricated by incubating microbubbles (1 ml, 2 OD)
withFe,0,NPs (5 mg ml™, 10 ul) for 12 honashaking stage at RT, without
further modification.

Preparation of CBRs. The microbubble solution was first reacted
with DBCO-PEG,-NHS ester (50 uM) for 1 h at RT. Separately, ure-
ase (I1mgml™) and catalase (0.5 mg ml™) were cultured with
azido-PEG,-NHS ester (20 uM) for 1 h at RT, respectively. Then, the
azido-modified urease and catalase were simultaneously added to a
DBCO-modified microbubble solution for 1-h incubation. Each reac-
tion was followed by three PBS washes. The collected CBRs were stored
at4°Cforuse.

Characterization of bubble robots

The morphology of bare bubbles and bubble robots was character-
ized by TEM and EDS analysis (JEOL 2800) and SEM (ZEISS 1550VP
FESEM). Their zeta potentials were measured using ZEN 3600 Zetasizer
(Malvern). The paramagnetic features of MBRs were evaluated using a
vibrating sample magnetometer (Microsense EZ7).

To conduct fluorescence characterization, urease was sequen-
tially reacted with azido-PEG,-NHS ester and Sulfo-Cy3 NHS ester
(1 mM, Lumiprobe) for 30 min, respectively, during MBR fabrication.
For CBRs, urease and catalase were first treated with azido-PEG,-NHS
ester for 30 min, followed by labelling with Sulfo-NHS-Cy3 ester (1 mM)
and NHS-fluorescein (NHS-FITC, 1 mM, Fisher Scientific) for 30 min,
respectively. The fluorescenceimages were captured using aninverted
optical microscope (ZEISS Axio). The enzyme modification efficiency
of CBRs was assessed using flow cytometry analysis (BD Accuri C6).
Unmodified bubbles, surface-modified bubbles without introducing
DBCO or azido groups were used as the control groups.

Motion analysis

The motion performance of bubble robots was evaluated in PBS
(1x) solution containing various urea concentrations (0, 50,100 and
200 mM). The motion videos were recorded via an inverted optical
microscope (ZEISS Axio) witha x40 objective. The propulsion analysis

was conducted using Video Spot Tracker (v08.01) and Image] (v1.51;8).
The diffusion coefficient (D) was calculated using the equation MSD
(At) =4D.At, where At represents the time interval.

For thetestsin biological fluids, FBS (ATCC) was mixed with 50 mM
of urea. Urine was collected from a healthy mouse (female, C57BL/6),
8 weeks old, The Jackson Laboratory).

US imaging of MBRs

In vitro. An agarose mould (3%) with two reservoirs connected by a
microchannel (width,1 mm or 100 pm) was prepared. This microfluidic
chamber was filled with a PBS solution containing 100 mM of urea.
MBRs (10 pl) were added to the left reservoir. A permanent magnet
was positioned on the right side.

In vivo. The supine mouse (female, C57BL/6), 8 weeks old, The Jackson
Laboratory) was intravesically instilled with MBRs (1 0D, 50 pl). The
magnet was placed on the left side of the abdominal area.

The motion of MBRs was recorded by a high-frequency US imag-
ing system (Vevo 2100 Imaging System, FUJIFILM VisualSonics) with
a50-MHz linear array US probe (MS700). US imaging under clinically
relevant frequencies was conducted using a 3-MHz linear array (P5-2)
and a 5.5-MHz phased array (L7-4) probe. The captured videos were
analysed using MATLAB (PIVlab) to show streamlines that represented
the movement direction of MBRs.

Chemotactic motion of CBRs

A polydimethylsiloxane mould was first prepared, which included
two reservoirs connected by amicrochannel. The microfluidic device
was injected with a PBS solution (100 pl) containing 100 mM of urea.
An agarose gel (2%) containing 50 pM of H,0, was placed in the right
reservoir. Bare bubbles or CBRs (3 OD, 30 pl) were added to the left
side. The bubble amount in the right well was checked at various time
points (0, 60 and 90 min) using aninverted optical microscope (ZEISS
Axio), and further quantified viaa NanoDrop ultraviolet-visible spec-
trophotometer (Thermo Scientific).

To evaluate the chemotactic motion in the presence of cancer
cells, a Y-type polydimethylsiloxane mould was first fabricated. T24
bladder cancer cells (10° cells; HTB-4, ATCC) were seeded in a T25 cell
culture flask and cultured for 48 h. Then, the cells were harvested
(1.8 x10° cells mI™) and lysed using an ultrasonic homogenizer (30's,
15% power, CGoldenWall). The lysed cancer cell solution was used to
prepare the agarose gel (2%). PBS solution involving 100 mM of urea
was introduced into the Y-type microfluidic chamber. Afterwards,
the agarose gel was placed in one of the two reservoirs on the right
side, withthe other serving as the blank control. Bare bubbles or CBRs
(30D, 30 pl) were added to the left well. The bubble quantity in the
two right wells was monitored and quantified after different periods
oftime (0, 60 and 90 min).

Quantification of H,0, concentration inside cells

MB49 (SC065-Luc, GenTarget), T24 bladder cancer cellsand RAW264.7
macrophages (10° cells; TIB-71, ATCC) were incubated in a T25 cell
culture flask for 48 h. All cell lines were purchased from certified cell
banks and used within a limited number of passages. No additional
authentication was performed. The cells were collected (1 ml) and
counted (MB49, 9 x 10° cells mI™; T24, 1.8 x 10° cells mI™*; RAW264.7,
1x107 cells mI™). The intracellular H,0, concentration was quantified
using aHydrogen Peroxide Assay Kit (Abcam, ab102500) according to
the manufacturer’s protocol.

Biocompatibility of CBRs and MBRs

T24 cancer cellsand RAW264.7 macrophages were seeded in a 96-well
plate (10* cells per well) and cultured overnight. Then, CBRs or MBRs
were introduced at various concentrations (0.2, 0.5,1, 1.5 and 2 OD)
and incubated for 24 or 48 h. Cell viability was assessed using the Cell
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Counting Kit-8 assay (Abcam) as per the manufacturer’s instruction.
The absorbance at 460 nm was measured using a Synergy HTX multi-
mode reader (BioTek Instruments).

Drug loading and release

Here 100 pl of DOX solutions with varying concentrations (10, 25,
50, 75 and 100 pM) were incubated with CBRs, MBRs or bare bubbles
(10D, 100 pl) atRTfor 4 h. Theresulting solution was washed three times
with PBS to remove the unloaded drugs. The collected DOX-loaded
CBRs or MBRs were dispersed in 200 pl of PBS for future use. The DOX
concentration was quantified by measuring the fluorescence intensity
viaaSynergy HTX multimode reader (BioTek Instruments). The loading
efficiency was calculated as theratio of the drug-loading amount to the
druginput. Drug release was evaluated by incubating 200 pl of freshly
prepared DOX-loaded CBRs or MBRs for 24 hin the presence of different
urea concentrations (0,50 and 100 mM).

Invitro anticancer effect

The binding between CBRs and tumour cells was first assessed. T24
cells were seeded in a 96-well plate (10* cells per well) and incubated
overnight. Then, Cy3-labelled CBRs or bare bubbles (1.5 OD) were
introduced and incubated in PBS solution with 100 mM of urea for
2 h. After washing three times with PBS, cell nuclei were stained with
DAPI (5 pg ml™, Invitrogen) for 30 min. The fluorescence images were
captured using aninverted optical microscope (ZEISS Axio).

To evaluate the anticancer effect of CBRs, T24 cancer cells were
incubated in a 96-well plate (10* cells per well) overnight. Various solu-
tions containing 100 mM of urea were added for 2-h culture, including
PBS, barebubbles, CBRs, free DOX and DOX-loaded CBRs. The bubble
amount and DOX concentrations were set as 1 OD and 25 uM, respec-
tively. After removing the suspension, fresh cell culture media were
added for additional 22- or 46-h incubation. The cell viability at 24 or
48 hwas measured using a Cell Counting Kit-8 assay.

To assess the binding between MBRs and tumour cells, T24 cells
were seeded in a 96-well plate (10* cells per well) and incubated over-
night. Then, Cy3-labelled bare bubbles, bubble-MNP under mag-
netic control (bubble-MNP + Mag), MBRs and MBRs under magnetic
control (MBRs + Mag) were introduced and incubated in a PBS solu-
tion with 100 mM of urea for 30 min. The bubble concentration in
all groups was set as 1.5 OD. After washing three times with PBS, cell
nuclei were stained with DAPI (5 pg ml™, Invitrogen) for 30 min. The
fluorescence images were captured using an inverted optical micro-
scope (ZEISS Axio).

To evaluate the anticancer effect of MBRs, T24 cancer cells were
incubated in a 96-well plate (10* cells per well) overnight. Various
solutions containing 100 mM of urea were added for 30-min cul-
ture, including PBS, bare bubbles, MBRs, free DOX, DOX-loaded
bubble-MNP under magnetic control (DOX-bubble-MNP + Mag),
DOX-loaded MBRs (DOX-MBRs) and DOX-MBRs under magnetic
control (DOX-MBRs +Mag). The bubble amount and DOX concentra-
tions were set as 1 OD and 25 pM, respectively. After removing the
suspension, fresh cell culture media were added for additional 24- or
48-h incubation. The cell viability at 24 or 48 h was measured using
the Cell Counting Kit-8 assay.

Robot collapse and bubble cavitation

An FUS probe transducer (TQ60-0560, Siansonic Technology) with a
centre frequency of 480 kHz was used toinduce robot collapse and bub-
ble cavitation. A power amplifier (Model 75A250, Amplified Research)
was used to amplify the signal from the signal generator (480 kHz,
400 mV, 100 cycles, burst mode and pulse repetition frequency of
1kHz) with a gain of 50 dB. The CBR solution was exposed to FUS for
5s,followed by observation under amicroscope (ZEISS Axio) and TEM
characterization (FEl Tecnai T12). The mechanical index was calculated
astheratio of the PNP (unit: MPa) to the square root of the US frequency

(unit: MHz). The degradation of ruptured BSA shells was explored
by incubating with a trypsin solution (Gibco) for 12 h, followed by
TEM characterization.

The passive cavitation detection of CBRs was conducted according
toaprevious study®. Briefly, a Verasonicsimaging probe (L22-14v) and
FUS transducer were positioned orthogonally inside a degassed water
bath with aligned central focus area. The Eppendorf tube (2 ml) con-
taining CBRs (1 0D) or PBS (solutions degassed overnight under mild
vacuum) was placed at the focal point of the imaging probe and FUS
transducer. The US signal (480 kHz, 400 mV, 100 cycles, burst mode
and pulse repetition frequency of 1kHz) was applied for 30 s on the
amplification of a power amplifier (Model 75A250). The correspond-
ing PNP after amplification was 1.2 MPa. The Keller-Miksis model was
simulated using custom MATLAB scripts.

Tumour cell spheroid binding

T24 bladder cancer cells (8 x 10° cells) were cultured in a 96-well plate
withanultralow attachment surface for 4 days. The resulting cell sphe-
roids were incubated with Cy3-labelled bare bubbles or CBRs for 2 h
in the presence of 100 mM of urea. FUS was applied for 5 s following
the 2-hincubation with CBRs. After washing three times with PBS, the
optical and fluorescence images of the cell spheroids were captured
using aninverted optical microscope (ZEISS Axio).

To assess the penetration depth, five radial lines were randomly
selected from the centre to the periphery of the cell spheroids in the
fluorescenceimages. The fluorescence intensity was quantified along
normalized distance from the centre (0%) to the periphery (100%)
using Image).

Animal studies

All animal tests were conducted in accordance with the approval and
guidelines of the Institutional Animal Care and Use Committee (pro-
tocols1A23-1800 and 1A23-1859) at the California Institute of Technol-
ogy. All mice were housed in a specific-pathogen-free facility under
a controlled 12-h light/12-h dark cycle at an ambient temperature of
20-26 °C and arelative humidity of 30%-70%. According to the insti-
tute’s guidance, a single tumour in each mouse was not allowed to
exceed amaximum ize of 1.5 cmin diameter or a total tumour burden
of10% of body weight. The tumour growth in this study was monitored
and remained within these limits at the endpoint.

In vivo tumour targeting and penetration. Female C57BL/6) mice
(8 weeks old, The Jackson Laboratory) bearing orthotopic bladder
tumour were established by injecting luciferase-expressing MB49
cells (2.5 x10* cells, SC065-Luc, GenTarget) into the bladder wall viaa
31-gaugeinsulinsyringe (BH Supplies). The tumour-bearing mice were
dividedintothree groups (n =3) after 4 days. Cy3-labelled bare bubbles
or CBRs were intravesically administered througha closed IV catheter
system (0.7 mm x 19 mm, BD Intimall). The mice were anaesthetized for
2 hto minimize solution leakage from the urethra. One groupinstilled
with CBRs was treated with FUS (CBRs + FUS) at the bladder area for
30safter2 h. Then, thebladders wereresected and sliced to stain with
DAPI for fluorescence characterization.

Toevaluate the penetration depth, six radial lines were randomly
selected from the centre to the periphery of tumour area in the fluo-
rescence images. The fluorescence intensity was quantified along
normalized distance from the centre (0%) to the periphery (100%)
using Image).

Quantification of H,0, concentrations inside bladder tumours.
Mice bearing an orthotopic bladder tumour were established as
described above. After 4-day incubation, the urine and bladder of the
tumour-bearing mice (n = 3) were collected to evaluate the H,0, con-
centration using a Hydrogen Peroxide Assay Kit (Abcam, ab102500)
based on the manufacturer’s protocol. Normal mice (n = 3) incubated
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for 4 days served as controls, with their urine and bladder samples also
collected for H,0, quantification.

In vivo antitumour activity. Mice bearing an orthotopic bladder
tumour were first established as described above. For CBRs, 6 days
after cell inoculation (day 0), the tumour-bearing mice were ran-
domly divided into seven groups (n =4), and intravesically instilled
with PBS, CBRs, free DOX, DOX-loaded bare bubbles (DOX-bubbles),
DOX-bubbles with additional FUS exposure (DOX-bubbles +FUS, 30 s)
2-hpost-injection, DOX-loaded CBRs (DOX-CBRs), and DOX-CBRs with
additional FUS exposure (DOX-CBRs + FUS, 30 s) 2-h post-injection.
For MBRs, 6 days after cell inoculation (day 0), the tumour-bearing
mice wererandomly divided into seven groups (n=4), and intravesi-
cally injected with PBS, MBRs, free DOX, DOX-loaded bubble-MNP
on magnetic control (DOX-bubble-MNP + Mag), DOX-loaded MBRs
(DOX-MBRs), DOX-MBRs on magnetic control (DOX-MBRs + Mag)
and DOX-MBRs + Mag with additional FUS exposure (DOX-MBRs +
Mag +FUS, 30 s) 2-h post-injection. A magnetic field was applied for
30 min. The mice were anaesthetized for 2 hto minimize the leakage
ofinjected solutions from the urethra. Tumour growth was monitored
by detecting the bioluminescence ofimplanted luciferase-expressing
MB49 cells via an AMI HTX imaging system (Spectral Instruments
Imaging). Body weights of the mice were also tracked throughout
the treatment. At the study endpoint (day 21), the mice were eutha-
nized and underwent cardiac perfusion. Then, the bladder, heart,
liver, spleen, lungs and kidneys were harvested for weighting and
H&E staining.

Statistics and reproducibility

The experiments shownin Figs. 1b,c and 4h,l,n,p were independently
repeated three times with similar results. Quantitative results are
shown as mean + standard deviation (s.d.). Comparison between two
groups or multiple groups was determined using a paired two-tailed
t-testand one-way analysis of variance, respectively. Statistical signifi-
canceisrepresented as*P<0.05and**P<0.01.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data supporting the results in this study are available within the
paper and its Supplementary Information. Source data are provided
with this paper.

Code availability

The custom MATLAB code for the Keller-Miksis dynamic model simu-
lationsinthis studyis available viaZenodo at https://doi.org/10.5281/
zenodo.17717384 (ref. 65).
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Bright and fluorescence images were taken using ZEN 2.3.

Data analysis The motion videos were analyzed using Video Spot Tracker (v08.01) and ImageJ (v1.51j8). Ultrasound imaging videos were analyzed in
MATLAB (R2022a) using PIVlab. The bioluminescence of tumor-bearing mice was assessed using Aura software (v4.0.8). Microsoft Excel
(Microsoft 365) and OriginPro 2024 were used for data analysis and plotting.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The data supporting the results in this study are available within the paper and its Supplementary Information. The Source data for Figs. 2-5 are provided with this
paper. The custom MATLAB code for the Keller—Miksis dynamic model simulations in this study are available at Zenodo (doi.org/10.5281/zenodo.17717384).
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Blinding For in vivo studies, investigators were blinded to group allocation during VIS image quantification and histological scoring to minimize bias.

Blinding was not required for bladder weight and body weight measurements due to the objective nature of these readouts. In vitro assays
relied on automated and quantitative data acquisition, and blinding was therefore not relevant.
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

T24 human bladder carcinoma cells (ATCC HTB-4), MB49 mouse bladder carcinoma cells (Luciferase-stable, SCO65-Luc,
GenTarget Inc), RAW 264.7 mouse macrophage cells (ATCC TIB-71)

All cell lines were purchased from certified cell banks and used within a limited number of passages. No additional
authentication was performed by the authors.

Mycoplasma contamination We did not observe any mycoplasma contamination in our cell cultures.

Commonly misidentified lines  None of the cell lines used are listed as commonly misidentified by ICLAC.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research
Laboratory animals
Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

Female C57BL/6J mice (8 weeks old, purchased from The Jackson Laboratory)

This study did not involve wild animals.

Only female mice were used in this study due to the practical advantages for intravesical instillation procedures in bladder tumor
models. The therapeutic mechanism and treatment outcomes evaluated in this work are not known to be sex-dependent, and

therefore sex was not considered as a biological variable in statistical analyses.

No field-collected samples were used.

All animal tests were conducted in accordance with the approval and guidelines of the Institutional Animal Care and Use Committee
(protocols IA23-1800 and I1A23-1859) at California Institute of Technology.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
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Methodology

Sample preparation

Urease and catalase were first treated with azido-PEG4-NHS ester for 30 mins, followed by labeling with Sulfo-NHS-Cy3 ester
(1 mM) and NHS-Fluorescein (NHS-FITC, 1 mM, Fisher Scientific) for 30 min, respectively. Meanwhile, The microbubble
solution was first reacted with DBCO-PEG4-NHS ester (50 uM) for 1 h. Then, the azido-modified and fluorescently labeled
urease and catalase were simultaneously added to DBCO-modified microbubble solution for 1-hour incubation. Each reaction
was followed by three PBS wash. The collected CBRs were stored at 4 degree for use.
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Instrument BD Accuri C6 Flow Cytometer
Software FlowJo V10

Cell population abundance The FSC/SSC-gated microbubble population accounted for the majority of detected events. Within this population, dual-
positive microbubbles constituted approximately 91% of the total events, with 0.46% Cy3-only, 2.29% FITC-only, and about
6% double-negative events. These results confirm a high abundance and purity of dual-enzyme-functionalized microbubbles.

Gating strategy Events were first gated on FSC and SSC signals to exclude debris. Fluorescence quadrants for Cy3-urease and FITC-catalase
were defined based on single-positive controls to determine positive and negative boundaries. The same gating strategy was

applied across all samples, and representative flow plots are provided in Fig. 3b and Supplementary Fig. 13.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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