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In vivo ultrasound-induced luminescence 
molecular imaging

Youjuan Wang1, Zhigao Yi    2, Jing Guo1, Shiyi Liao1, Zhe Li1, Shuai Xu1, Baoli Yin1, 
Yongchao Liu1, Yurong Feng1, Qiming Rong1, Xiaogang Liu    2, 
Guosheng Song    1  , Xiao-Bing Zhang    1   & Weihong Tan    1,3 

Optical imaging is crucial to study biological or pathological processes 
and diagnose diseases. However, poor tissue penetration typically limits 
conventional optical imaging. Here we report an imaging technique that 
uses ultrasound to activate luminescent molecules or nanoparticles 
through two-step intraparticle energy conversion. Ultrasonic activation can 
convert mechanical fluctuations into chemical energy via the piezoelectric 
effect and then induce luminescence via the chemiluminescent effect. We 
demonstrate two modalities for ultrasound-induced luminescence imaging: 
one achieves delayed imaging after cessation of the ultrasonic excitation, 
and the other enables real-time imaging during the ultrasonic excitation. 
Our imaging modality offers an improvement in luminescence intensity 
of up to 2,000-fold compared with sonoluminescence of H2O, a 10-fold 
improved of signal-to-noise ratio compared with fluorescence imaging, 
a spatial resolution of 1.46 mm and tissue penetration of up to 2.2 cm. We 
demonstrate its applicability for imaging subcutaneous and orthotopic 
tumours, mapping lymph nodes and screening peritoneal metastatic 
tumours. Furthermore, we design analyte-activatable luminescence 
probes based on resonance energy transfer, which can assess drug-induced 
hepatotoxicity and distinguish the responsivity of tumours after drug 
treatment. We expect that our technique will enable further preclinical and 
clinical applications, such as the study of histopathological lesions in living 
animals, the early detection of tumours, the profiling of biological molecules 
and the monitoring of cancer treatment or prognosis, among others.

Molecular imaging is a non-invasive tool utilized for visualizing and 
quantifying molecular and cellular biological processes, facilitating 
the detection, diagnosis, prediction and monitoring of diseases1–6. 
Optical imaging, an integral component of molecular imaging, offers 
advantages in terms of sensitivity, specificity and real-time detec-
tion7–11. Currently, luminescence is generated in molecules or materials 
through various means such as light excitation, chemical/biochemical 

interactions, radionuclides or X-rays7,12–15. However, fluorescence imag-
ing, which relies on real-time light excitation, often suffers from tissue 
autofluorescence, compromising both sensitivity and specificity in 
living organisms16,17. By contrast, other forms of luminescence imaging, 
such as chemiluminescence, bioluminescence, Cerenkov luminescence 
or X-ray-activated luminescence, can eliminate autofluorescence from 
biological tissues18. Nevertheless, bioluminescent or chemiluminescent 
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dynamic light scattering analysis confirmed that the TD NPs exhibited a 
spherical morphology with a narrow size distribution of approximately 
30–40 nm (Fig. 1d and Supplementary Fig. 8).

To collect ultrasound-induced luminescence photons, we estab-
lished new imaging apparatus as depicted in Fig. 1b and Extended Data 
Fig. 1, and as described in the Supplementary Methods. Two modes 
of ultrasound-induced luminescence imaging were implemented: 
delayed luminescence imaging after the cessation of ultrasonic exci-
tation; and real-time luminescence imaging during ultrasonic exci-
tation. In the delayed imaging mode, the ultrasonic transducer was 
positioned under/in the solution samples or on the tissue surface 
of animals to excite the nanoparticles using ultrasonic coupling gel. 
Immediately after the ultrasonic excitation was stopped, the sam-
ples or animals were transferred to an imaging dark box, and images 
were acquired using a cooled CCD (charge-coupled device) camera 
without light excitation (from an IVIS Lumina XR imaging system). 
In the real-time imaging mode, the ultrasonic transducer was placed 
inside the imaging dark box, and the samples were excited by ultra-
sonic waves inside the dark box. Ultrasound-induced luminescence 
images were simultaneously acquired without the need to transfer  
the samples.

Initially, we investigated the delayed ultrasound-induced lumi-
nescence of the nanoparticles using ultrasonic excitation. The images 
revealed ultrasound-induced luminescence photon emission from 
various nanoparticles, except for the curcumin- and IR780-based 
nanoparticles. Porphyrin-based nanoparticles (Ce6 and F-PpIX) exhib-
ited a higher luminescence intensity compared with the BODIPY- and 
cyanine-based nanoparticles (ICG and HD). Among the semiconducting 
polymer-based nanoparticles, those based on PFODBT displayed the 
highest luminescence intensity. Notably, the TD NPs demonstrated the 
strongest luminescence intensity among all of the tested nanoparticles. 
The luminescence intensity of the TD NPs was higher than that of H2O, 
PFODBT- and Ce6-based nanoparticles, with increases of 2,389.6-fold, 
71.6-fold and 71.3-fold, respectively (Fig. 1e,f).

Subsequently, we collected the real-time ultrasound-induced 
luminescence from the nanoparticles during ultrasonic excitation. TD 
NPs, porphyrin-based nanoparticles and PFODBT-based nanoparticles 
exhibited a stronger luminescence intensity compared with the other 
nanoparticles. Once again, the TD NPs displayed the highest lumines-
cence intensity among the tested nanoparticles, with an increase of 
1,428.1-fold compared with H2O (Fig. 1g). In addition, fluorescence 
images and intensities were obtained under appropriate excitation in 
the fluorescence mode (Fig. 1e,h).

Investigation of ultrasound-induced luminescence imaging
We focused on studying the luminescence performance of the TD NPs 
using the delayed ultrasound-induced luminescence imaging mode, 
which involved imaging after the cessation of ultrasonic excitation. 
After optimizing the surfactant, we found that TD NPs coated with DSPE- 
PEG (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy 
(polyethylene glycol)) exhibited the highest luminescence intensity 
(Supplementary Fig. 9). Subsequently, we pre-excited the TD NPs with 
ultrasound at different frequencies (that is, 30, 40, 50 and 100 kHz) and 
observed similar luminescence spectra with a peak at 625–650 nm, 
which was consistent with the fluorescence spectra (Fig. 2a). As the ultra-
sonic excitation duration was increased, the luminescence intensity of 
the TD NPs also increased continuously, reaching a maximum at 90 s 
(Fig. 2b). Similarly, an increase in the ultrasonic excitation power den-
sity led to an increased luminescence intensity of the TD NPs (Fig. 2c).  
Moreover, the ultrasound-induced luminescence intensity of the 
TD NPs showed a positive linear relationship with the nanoparticle 
concentration (Fig. 2d). After the cessation of ultrasonic excitation, 
we observed long-lasting signals from the TD NPs for over 7 h, with 
a half-life of approximately 180 s (Supplementary Fig. 10). To assess 
the tissue penetration depth of the ultrasound-induced luminescence 

signals are often influenced by enzyme microenvironments or sub-
strate biodistributions in living animals19. Cerenkov luminescence or 
X-ray-activated luminescence imaging typically requires high doses of 
radioisotopes or X-rays to achieve adequate imaging contrast, which 
may cause damage to normal tissue12,20.

Ultrasound imaging is a widely accessible, cost-effective, real-time, 
non-invasive and safe modality that utilizes sound waves to visual-
ize the interior of the human body with a nature similar to that of 
non-ionizing radiation, making it commonly used for anatomical and 
functional imaging in clinical settings21–23. Given these benefits, ultra-
sound waves possess the potential to serve as an energy source for 
activating luminescence. Sonoluminescence, a phenomenon charac-
terized by weak light emission resulting from the cavitation of liquid 
under high-intensity ultrasound, has been the subject of study since 
193424–26. However, sonoluminescence was not deemed to be an effec-
tive imaging technique due to its low efficacy and intensity of lumines-
cence, prolonged exposure time and extremely short lifetime25,27,28. 
To enhance ultrasound-induced luminescence intensity, chemilumi-
nescent substrates such as luminol were used to react with reactive 
oxygen species (ROS) generated by ultrasonic cavitation, although 
the luminescence intensity remained relatively low29–33. In addition, 
the underlying mechanism of ultrasound-induced luminescence  
and the design of molecules specifically tailored for this purpose still 
lack a comprehensive understanding, indicating that ultrasound- 
triggered luminescence in biomedical applications remains in its early 
stages of development34–37.

In this study we present a novel ultrasound-induced luminescence 
imaging technique that utilizes a two-step energy-conversion process 
to enhance the luminescence intensity, and we demonstrate its applica-
tion for in vivo imaging. We convert 15 types of luminescent molecule 
into water-soluble nanoparticles and establish two imaging models for 
collecting ultrasound-induced photons: delayed ultrasound-induced 
luminescence imaging and real-time ultrasound-induced luminescence 
imaging. By leveraging the piezoelectric effect and piezocatalysis 
of nanoparticles, we greatly improve the ultrasound-induced lumi-
nescence intensity. Among the nanoparticles tested, trianthracene 
derivative-based nanoparticles (TD NPs) exhibit the highest lumines-
cence intensity in delayed ultrasound-induced luminescence imaging. 
TD NPs generate polarization charges through the piezoelectric effect 
and subsequently produce a large amount of ROS through piezoca-
talysis. The generated ROS react further with the TD molecules to 
emit photons via a chemiluminescent process. Compared with fluo-
rescence imaging, ultrasound-induced luminescence imaging shows 
both improved sensitivity and signal-to-noise ratio due to the absence 
of crosstalk between ultrasonic excitation and optical signal emis-
sion, resulting in a minimal background signal in both the delayed and 
real-time imaging modes. We successfully demonstrate the feasibility 
of the in vivo imaging of subcutaneous and orthotopic tumours, peri-
toneal metastasis tumours and lymph nodes using ultrasound-induced 
luminescence imaging. In addition, we showcase the in vivo molecular 
imaging of enzymes and reactive species during immunotherapy or 
drug-induced hepatotoxicity using activatable ultrasound-induced 
luminescence probes.

Results
Screening molecules and designing nanoparticles for 
ultrasound-induced luminescence imaging
We synthesized water-soluble nanoparticles by converting 15 different 
types of luminescent molecule, which include porphyrins, BODIPY, 
cyanine, trianthracene derivatives, A–D–A′–D–A conjugation mol-
ecules (where D is an electron donor and A is an electron acceptor) and 
semiconducting polymers, using surfactants (Fig. 1a,c, Supplementary 
Table 1 and Supplementary Figs. 1–5). The absorption and fluorescence 
spectra of these nanoparticles were characterized (Supplementary 
Figs. 6 and 7). Transmission electron microscopy (TEM) images and 
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emitted from the TD NPs, we used different thicknesses of tissue and 
carried out testing under two modes (Supplementary Fig. 11). Although 
both the ultrasound-induced luminescence and fluorescence signals 
decreased with increasing tissue thickness, the ultrasound-induced 
luminescence imaging exhibited a higher signal-to-noise ratio and 
greater tissue penetration (up to 2.2 cm) compared with the fluores-
cence imaging (Fig. 2e,f and Supplementary Fig. 12). Meanwhile, we 
observed a decrease in the efficiency of ultrasound power transfer 
(η) as the tissue thickness was increased (Supplementary Fig. 13). In 
addition, the spatial resolution of the ultrasound-induced lumines-
cence was assessed using full-width at half-maximum measurements, 
which revealed a spatial resolution of 1.46 mm with 0 mm tissue (Sup-
plementary Fig. 14a,b).

Then, we investigated the real-time ultrasound-induced lumi-
nescence performance of the TD NPs during ultrasonic excitation, 
and when the ultrasonic excitation power density was increased, 
the luminescence intensity was enhanced (Fig. 2g). The real-time 
ultrasound-induced luminescence intensity of the TD NPs also 
increased with an increase in the nanoparticle concentration  
(Fig. 2h). During continuous ultrasonic excitation from 0 to 30 min, 
the luminescence intensity of the TD NPs gradually increased, 
reached a maximum at 6 min and then decreased (Supplementary  
Fig. 15).

Finally, we explored the potential of higher frequency ultrasound 
at 1 MHz and 3 MHz to stimulate luminescence, and we observed a 
continuous increase in the delayed ultrasound-induced lumines-
cence intensity of the TD NPs with increasing power density of ultra-
sonic excitation, a longer excitation time and a higher nanoparticle 
concentration (Supplementary Fig. 16). Thus, the performance of 
ultrasound-induced luminescence of TD NPs was influenced by vari-
ous factors, including the imaging mode, the excitation duration, 
the excitation power density, ultrasound frequency, nanoparticle 
surfactant and concentration, and the signal acquisition time points. 
However, the ultrasound-induced luminescence spectra were found 
to be independent of the excitation frequency.

Mechanism of ultrasound-induced luminescence
To investigate the mechanism underlying ultrasound-induced lumines-
cence, a series of experiments was conducted. These experiments aimed 
to confirm the piezoelectric effect of the TD NPs, explore the generation 
of ROS during ultrasonic excitation, examine the chemical reactions 
between the TD NPs and ROS, and evaluate the resulting chemilumines-
cence. The piezoelectric effect of the TD NPs was confirmed by observ-
ing an increase in the open-circuit voltage when ultrasound was applied, 
specifically from TD molecules (Fig. 3b and Supplementary Fig. 17).  
Furthermore, the ultrasound-induced luminescence signal of the TD 
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Fig. 1 | Synthesis and measurement of luminescent nanoparticles for 
ultrasound-induced luminescence imaging. a, Chemical structures of 
the various luminescent molecules. Mes, mesityl. b, Schematic diagram of 
the experimental apparatus for the modes of delayed ultrasound-induced 
luminescence imaging (left) and real-time ultrasound-induced luminescence 
imaging (right). c, Illustration of nanoparticle preparation. d, Representative 
TEM image of the TD NPs. e, Photographs (top), delayed ultrasound-induced 
luminescence images (middle) and fluorescence images (bottom) of the 

nanoparticles (20 μg ml−1, 200 µl). For delayed ultrasound-induced luminescence 
imaging, the nanoparticle solutions were pre-excited with ultrasound (30 kHz, 
4.5 W cm−2). f, Quantification of the luminescence intensity for various 
nanoparticles in the delayed ultrasound-induced luminescence imaging mode 
in e. g, Quantification of the luminescence intensity for various nanoparticles in 
the real-time ultrasound-induced luminescence imaging mode during ultrasonic 
excitation (30 kHz, 8.7 W cm−2). h, Quantification of the fluorescence intensity of 
various nanoparticles in e. In f–h, the data are presented as the mean ± s.d. (n = 3).
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NPs or TD molecules was suppressed under N2-saturated conditions 
compared with O2-saturated conditions, indicating the important 
role of O2 in luminescence (Fig. 3c and Supplementary Fig. 18). The 
decreased absorption peak of 1,3-diphenylisobenzofuran at 416 nm 
confirmed the production of ROS from the TD NPs (Fig. 3d and Sup-
plementary Fig. 19). Electron spin resonance (ESR) spectra further 
confirmed the generation of singlet oxygen (1O2) and hydroxyl radicals 
(HO•) from the TD NPs during ultrasonic excitation (Fig. 3e and Sup-
plementary Fig. 20). Direct incubation of 1O2 and HO• with the TD NPs 
resulted in strong chemiluminescence, and the addition of ROS radical 
scavengers effectively suppressed the ultrasound-induced lumines-
cence intensity of the TD NPs, highlighting that ROS react with the TD 
molecules in the nanoparticles to induce chemiluminescence, whereas 
excess ROS diffuse out and interact with free radical scavengers (Sup-
plementary Figs. 21 and 22). Notably, the direct heating of TD NPs to 
40 °C did not result in any obvious luminescence, indicating that the 
observed luminescence could not be attributed to a thermal effect 
during ultrasonic excitation (Supplementary Fig. 23).

On the basis of the aforementioned results, a probable mecha-
nism for ultrasound-induced luminescence was proposed (Fig. 3a).  

Upon ultrasonic vibration, the TD NPs generated polarization 
charges through the piezoelectric effect, leading to the production 
of 1O2 and HO• via piezocatalysis. These ROS then reacted with TD 
molecules, forming intermediates as confirmed via MALDI-TOF MS 
(matrix-assisted laser desorption/ionization–time of flight mass spec-
trometry) analysis. Oxidation of the initial TD molecules by 1O2 or HO• 
resulted in the addition of HO• species and oxygen atoms, forming 
TD-•OH intermediates (I) or dioxetane intermediates (II, III) (with 
molecular weights of 1,086, 1,103 and 1,199, respectively) (Fig. 3f 
and Supplementary Figs. 24 and 25). These dioxetane intermediates  
(II, III) gradually underwent cleavage, whereas the TD-•OH intermedi-
ates (I) reacted with O2, leading to rupture of the C–C bond and the 
gradual release of chemical energy18,38,39. Finally, the chemical energy 
of the intermediates was transferred to nearby intact or destroyed 
TD molecules, resulting in luminescence (Supplementary Fig. 26 and 
Supplementary Results and discussion).

After identifying the mechanism of ultrasound-induced lumi-
nescence, we designed composite nanoparticles to enhance the 
weaker ultrasound-induced luminescence intensity observed in the 
PFODBT-based nanoparticles (PFODBT NPs) (Extended Data Figs. 2 
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induced luminescence images (top) and fluorescence images (bottom) of 
TD NPs through tissue of different thicknesses, using test mode I shown in 
Supplementary Fig. 11. f, Signal-to-noise ratio for the ultrasound-induced 
luminescence and fluorescence of TD NPs as a function of the tissue thickness, 
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8.7 W cm−2). In b, c, f and g, the data are presented as the mean ± s.d. (n = 3).
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and 3 and Supplementary Results and discussion). Various chemi-
luminescent substrates, such as HBA-COOH, SO, CPPO and HBA-Cl 
(Extended Data Fig. 2a), were doped into the PFODBT NPs. Specifically, 
the doping of HBA-COOH into the PFODBT NPs (PFODBT@HBA NPs) 
resulted in an enhancement of the luminescence intensity (121.4-fold) 
compared with the undoped PFODBT NPs (Extended Data Fig. 2c). 
In the composite nanoparticles, the piezoelectric effect of PFODBT 
converted the ultrasonic energy into ROS, which then reacted with 
HBA-COOH to generate the higher chemiluminescence intensity 
(Extended Data Fig. 3d–g). Similarly, doping with HBA-COOH could 
also increase the ultrasound-induced luminescence intensity of the 
BTz-IC-H-, BODIPY-Br- and PFBT-based nanoparticles (19.3-, 5.5- and 
2.3-fold, respectively), following a similar principle (Supplementary 
Table 2 and Supplementary Fig. 27).

Ultrasound-induced luminescence imaging in vivo
Benefitting from the cytocompatibility of nanoparticles (Supplemen-
tary Fig. 28), we investigated their ability to induce luminescence under 
ultrasound in vivo using the delayed ultrasound-induced luminescence 
imaging mode, unless otherwise specified. To do this, a solution of TD 
NPs was placed under the abdomen of mice after ultrasonic excitation. 
Notably, a strong luminescence signal that was induced by ultrasound 
was observed from the upward side of the mice, while the fluorescence 
signal was barely distinguishable from the background, indicating 
the good penetration of ultrasound-induced luminescence in vivo 
(Fig. 4a). After injecting TD NPs into tumour-bearing mice, the tumour 
areas were excited with ultrasound and exhibited strong luminescence, 
while almost no background signal was detected from other parts of 
the mice (Fig. 4b). The signal-to-noise ratio for ultrasound-induced 
luminescence was calculated to be ~206, which was 11.7-fold higher than 
that of fluorescence (Fig. 4c and Supplementary Fig. 29). Subsequently, 
we intravenously injected TD NPs, and the tumour areas were excited 
with ultrasound at 6 h post-injection, from which there were strong 
luminescence signals from the tumour areas, indicating the effective 
tumour targeting ability of the TD NPs (Supplementary Figs. 30 and 31).  
In addition, the tumour areas also exhibited a strong luminescence 

signal during ultrasonic excitation in the real-time ultrasound-induced 
luminescence imaging mode (Supplementary Fig. 32).

We constructed glioblastoma multiforme (GBM) tumour model 
in mice and confirmed this through the haematoxylin and eosin (H&E) 
staining of brain slices (Fig. 4d and Supplementary Fig. 33). Upon intra-
venous injection of TD NPs, orthotopic GBM-bearing mice exhibited 
dynamically enhanced signals in their head areas after ultrasonic excita-
tion, indicating that this imaging system can be used for deep-seated 
tumours (Fig. 4d and Supplementary Fig. 34). Furthermore, we used TD 
NPs for the ultrasound-induced luminescence imaging of pancreatic 
tumour-bearing mice (Fig. 4e and Supplementary Fig. 35). As time 
progressed, the orthotopic pancreatic tumour-bearing mice displayed 
a dynamic increase in the signal in the pancreas area (Fig. 4e and Sup-
plementary Fig. 36).

Next, we used ultrasound-induced luminescence imaging for diag-
nosing metastatic tumours. Strong luminescent spots were detected in 
the intestines of tumour-bearing mice, indicating the presence of meta-
static tumours, whereas no obvious signal was observed in healthy mice 
(Fig. 4f and Supplementary Fig. 37). The presence of metastatic tumours 
was further confirmed via H&E staining (Supplementary Fig. 38).  
By comparison, autofluorescence in the fluorescence images was so 
intense that it was difficult to detect metastatic tumours.

We also imaged lymph nodes by directly injecting TD NPs into 
the hind paws of mice (Fig. 4g). The inguinal lymph nodes displayed 
a strong ultrasound-induced luminescence signal and a higher 
signal-to-noise ratio than the fluorescence signal (Fig. 4h). Meanwhile, 
such ultrasound-induced luminescence could be re-excited three times 
with no discernible attenuation in the maximum intensity, demonstrat-
ing the capacity for multiple and longitudinal in vivo imaging sessions 
(Supplementary Fig. 39).

Moreover, we conducted a comprehensive investigation into the 
potential damage to cells and tissues under the ultrasound conditions 
utilized in our study, and we demonstrated that, under the tested condi-
tions, the TD NPs exhibited negligible systemic toxicity and excellent 
biocompatibility (Supplementary Figs. 40–43 and Supplementary 
Results and discussion).
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Activatable ultrasound-induced luminescence probes
Enzymes play a critical role in various biological processes, underscoring 
the importance of imaging their dynamic activities40,41. In this study, we 
propose the design of enzyme-activatable ultrasound-induced lumi-
nescence probes by incorporating different enzyme-cleavable peptide 
sequences as linkers between donor–acceptor pairs, on the basis of reso-
nance energy transfer. Initially, we introduced a granzyme B-cleavable 
peptide sequence (Ile–Glu–Phe–Asp (IEFD)) as the linker between the TD  
NPs (donor) and BHQ-3 (acceptor) to create a granzyme B-activatable 
ultrasound-induced luminescence probe (TD-Grz-BHQ) (Fig. 5a and Sup-
plementary Fig. 44). TD-Grz-BHQ was characterized via its absorption and 
fluorescence spectra. The resulting TD-Grz-BHQ probe has two absorp-
tion peaks, at 590 nm and 690 nm (Supplementary Fig. 45). Furthermore, 
the weak fluorescence emission from TD-Grz-BHQ confirmed the efficient 
luminescence quenching by BHQ-3 when spatially constrained (Fig. 5b).

Subsequently, we evaluated the performance of TD-Grz-BHQ as 
a sensor for the in vitro assay of granzyme B. The ultrasound-induced 
luminescence signals of TD-Grz-BHQ were measured after incubation 
with granzyme B. As expected, the IEFD peptide between the TD NPs and 
BHQ-3 was cleaved in the presence of granzyme B, resulting in a strong 
ultrasound-induced luminescence signal. This demonstrated the sen-
sor capabilities of the TD-Grz-BHQ probe with desirable ‘signal-on’ 
behaviour (Fig. 5c and Supplementary Fig. 46). Quantification of the 
signals showed a linear correlation between the luminescence intensity 
and the granzyme B concentration (Fig. 5d). Importantly, TD-Grz-BHQ 
did not exhibit any obvious signal activation in the presence of other 
enzymes or biomolecules, confirming the probe’s specificity for the 
detection of granzyme B (Fig. 5e).

On the basis of this resonance energy transfer, TD-Grz-BHQ can 
serve as a versatile platform for customizing various enzyme-responsive 
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channel, excitation at 535 nm. For delayed ultrasound-induced luminescence 
imaging, nanoparticles were pre-excited with ultrasound (30 kHz, 4.5 W cm−2) 
for 15 s. b, Schematic diagram of the imaging of a subcutaneous CT-26 tumour 
(left). Ultrasound-induced luminescence image of a tumour-bearing mouse 
after the intratumoural injection of TD NPs (1 mg ml−1, 10 µl) (right). The tumour 
region was pre-excited with ultrasound (30 kHz, 4.5 W cm−2) for 15 s. c, Signal-
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luminescence images of pancreatic tumour-bearing mice at different points 
after the intravenous injection of TD NPs (1 mg ml−1, 200 µl) (right). The tumour 
region was pre-excited with ultrasound (1 MHz, 2 W cm−2) for 30 s. f, Schematic 
diagram of imaging peritoneal metastatic tumours (left), and ultrasound-
induced luminescence and fluorescence images of mice after skin resection to 
expose the abdominal cavity at 4 h after the intravenous injection of TD NPs 
(1 mg ml−1, 200 µl) (right). The tumour regions are marked with red circles. For 
ultrasound-induced luminescence imaging, the tumour regions were pre-excited 
with ultrasound (30 kHz, 4.5 W cm−2) for 15 s. g, Schematic diagram of imaging 
a lymph node (left), and ultrasound-induced luminescence and fluorescence 
images of the lymph node at 30 min after the intradermal injection of TD NPs 
(1 mg ml−1, 50 µl) into the hind paw of the mouse (right). For ultrasound-induced 
luminescence imaging, the lymph regions were pre-excited with ultrasound 
(30 kHz, 4.5 W cm−2) for 15 s. h, Signal-to-noise ratios of the lymph nodes from the 
fluorescence and ultrasound-induced luminescence images in g. P = 2.5 × 10−5. 
Statistical significance was calculated via one-way analysis of variance (ANOVA).
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ultrasound-induced luminescence probes. For instance, using different 
enzyme-cleavable peptide sequences as linkers, such as Gly–Pro–Leu–
Gly–Ile–Ala (GPLGIA; a matrix metalloproteinase-2 (MMP-2)-cleavable 
peptide sequence) or Asp–Glu–Val–Asp (DEVD; a caspase-3-cleavable 
peptide sequence), we can create probes such as TD-MMP-BHQ and 
TD-caspase-BHQ for the detection of MMP-2 and caspase-3, respec-
tively (Fig. 5a, Supplementary Figs. 44, 47 and 48 and Supplementary 
Results and discussion). In addition, we incorporated IR780 (a cyanine 
dye that is responsive to peroxynitrite (ONOO–)) into TD NPs to con-
struct the probe TD@IR780 NPs for the imaging of ONOO– through 
resonance energy transfer (Figs. 5a,f–i and Supplementary Results 
and discussion).

Ultrasound-induced luminescence imaging of granzyme B for 
monitoring the immune response in living mice
Cancer immunotherapy, which boosts host immunity and induces 
long-term immune memory effects to suppress tumour relapse and 
metastasis, is a vital approach for improving patient prognosis42. 
However, the immunotherapy efficacies vary widely across different 

tumour and treatment types43. The early differentiation of treated 
responders from non-responders would help to triage non-responding 
patients away from ineffective therapies44. However, it remains difficult 
to distinguish high responders from poor responders before tumour 
volume divergence. Granzyme B, a serine protease that is released by 
CD8+ T cells and natural killer (NK) cells during immune responses, 
plays a crucial role in mediating cancer cell death through cytotoxic 
lymphocytes43–45. Therefore, it is important to develop real-time 
and accurate imaging techniques for granzyme B to distinguish the 
immune response of different tumour types. In this study, we utilized 
TD-Grz-BHQ for imaging granzyme B and distinguishing the immune 
response after anti-programmed cell death ligand 1 (anti-PDL1) treat-
ment in two tumour models (Fig. 6a). The ultrasound-induced lumi-
nescence signal of TD-Grz-BHQ was detected in CT-26 tumours after 
anti-PDL1 treatment. This signal was higher than the signal observed 
in 4T1 tumours. By contrast, tumours treated with phosphate-buffered 
saline (PBS) did not exhibit intense activation of luminescence signals 
in either the CT-26 or 4T1 tumours (Fig. 6b). From immunofluores-
cence staining and flow cytometry analysis of granzyme B, cytotoxic 
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TD-Grz-BHQ probe. c, Delayed ultrasound-induced luminescence imaging for 
TD-Grz-BHQ (1.5 µg ml−1, 200 µl) in the presence of different concentrations of 
granzyme B. Probes were pre-excited with ultrasound at 40 kHz. d, Quantification 
of the luminescence intensity in c. e, Response ratio of TD-Grz-BHQ in the 
presence of various enzymes. NQO1, NAD(P)H quinone oxidoreductase 1;  
PDEs, phosphodiesterases; ALP, alkaline phosphatase; GSH, glutathione;  

GGT, γ-glutamyl transferase; GAL, β-galactosidase. f, Absorption spectra of 
TD@IR780 NPs (the peak at 450–650 nm corresponds to TD, and the peak at 
780 nm corresponds to IR780). The inset shows the delayed ultrasound-induced 
luminescence imaging of TD NPs and TD@IR780 NPs. g, Delayed ultrasound-
induced luminescence imaging for TD@IR780 NPs (6.25 µg ml−1, 100 µl) in the 
presence of different concentrations of ONOO–. Probes were pre-excited with 
ultrasound at 30 kHz, 4.5 W cm−2. h, Quantification of the luminescence intensity 
in g. i, Response ratio of TD@IR780 NPs in the presence of various ROS or ONOO− 
(5 µM), where the TD@IR780 NPs showed a higher selectivity towards ONOO−. 
For e and i, the data are presented as the mean ± s.d. (n = 3).

http://www.nature.com/naturephotonics


Nature Photonics

Article https://doi.org/10.1038/s41566-024-01387-1

T lymphocytes and NK cells confirmed that, after anti-PDL1 treatment, 
the CT-26 tumours showed a higher level of granzyme B, CD8+ T cells and 
NK cells compared with the 4T1 tumours (Fig. 6c,d and Supplementary 
Figs. 49 and 50). The activation of ultrasound-induced luminescence 
signals in the tumour areas using the TD-Grz-BHQ probe was attributed 
to the increased release of granzyme B from activated CD8+ T cells 
and NK cells. These findings demonstrate that TD-Grz-BHQ can not 
only monitor the immunotherapy response in CT-26 tumours but also 
distinguish the immune response between CT-26 and 4T1 tumours.

We further investigated the potential of TD-Grz-BHQ ultrasound- 
induced luminescence imaging for visualizing the abscopal response. 
The abscopal effect in oncology refers to the potential of immuno-
therapy not only to eliminate primary tumours but also to inhibit 
the growth of distant tumours46. However, the abscopal response 
may be hindered by widespread tolerance at tumour areas, making 
it difficult to predict the response to immunotherapy46,47. To address 
this challenge, we evaluated the abscopal response in mice receiving 
oxaliplatin combined with anti-PDL1 treatment using TD-Grz-BHQ 

ultrasound-induced luminescence imaging of the granzyme B levels. In 
the CT-26 tumour-bearing mice, the primary tumour was treated with 
either oxaliplatin or PBS, followed by the injection of anti-PDL1 and 
ultrasound-induced luminescence imaging (Fig. 6e). We first imaged 
the primary tumour and observed higher luminescence signals in the 
oxaliplatin-treated primary tumour compared with the PBS-treated 
primary tumour. Subsequently, the distant tumours in mice whose 
primary tumours were treated with oxaliplatin exhibited enhanced 
luminescence signals compared with those whose primary tumours 
were treated with PBS (Fig. 6f). This finding indicated that TD-Grz-BHQ 
can be used to monitor the granzyme B levels in both the primary and 
distant tumours during oxaliplatin administration combined with 
immune checkpoint blockade therapy. The expression level of gran-
zyme B and the population of cytotoxic T lymphocyte cells and NK 
cells in the tumours were measured using immunofluorescence stain-
ing or flow cytometry analysis (Fig. 6g,h and Supplementary Fig. 51).  
These results demonstrated that the combination treatment (oxalipl-
atin for the primary tumour combined with intravenous injection of 
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4T1 tumour inoculation
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ultrasound-induced luminescence imaging, which can distinguish the 
immune response of different tumour types. b, Delayed ultrasound-induced 
luminescence images (left) and intensities (right) for mice from each group 
after injection with TD-Grz-BHQ. c, Confocal fluorescence images of tumour 
slices stained with granzyme B antibody (red colour), from each group. DAPI, 
4′,6-diamidino-2-phenylindole. d, Flow cytometry of cytotoxic T lymphocyte 
(CD8+ and CD4+) cells within tumour tissues from each group.  
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anti-PDL1) led to increased infiltration of CD8+ T cells and NK cells and 
higher levels of granzyme B both in the primary and distant tumours, 
compared with single treatment (intravenous injection of anti-PDL1). In 
addition, the TD@IR780 NPs probe demonstrated the ability to detect 
ONOO– in a drug-induced hepatotoxicity model (Supplementary Figs. 52  
and 53 and Supplementary Results and discussion).

Conclusion
This study presents an advance in achieving intense and intravi-
tal ultrasound-induced luminescence imaging through a two-step 
intraparticle energy-conversion process. Notably, the intensity of 
ultrasound-induced luminescence surpasses that of sonolumines-
cence, while also exhibiting minimal background noise, an improved 
signal-to-noise ratio, imaging sensitivity and imaging depth compared 
with conventional fluorescence imaging. Moreover, it provides several 
key advantages over X-ray-activated luminescence, bioluminescence or 
Cerenkov luminescence, including radiation-free operation, handheld 
excitation, ease of use, safety and not requiring costly instrumentation.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41566-024-01387-1.
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Methods
Ultrasound-induced luminescence imaging in solution
We set up new apparatus to collect the photons for ultrasound-induced 
luminescence imaging (details in the Supplementary Methods).

For delayed ultrasound-induced luminescence imaging after the 
cessation of ultrasonic excitation (30 kHz), the nanoparticle solutions 
were kept in 24-well plates, and the ultrasonic transducer was placed 
into the sample solution to excite the nanoparticles. Immediately 
after ultrasonic excitation, the solution samples were transferred into 
a dark box and the luminescence images were collected via a cooled 
CCD camera using an IVIS Lumina XR imaging system. The imaging 
parameters are as follows: bioluminescence modes; open filter; field 
of view, C; and an acquisition time of 10 s.

For real-time ultrasound-induced luminescence imaging during 
ultrasonic excitation, the ultrasonic transducer was set up in the dark 
box and placed on tubes containing solution samples to excite the 
nanoparticles using an ultrasonic coupling gel. The luminescence 
images were collected during ultrasonic activation via cooled CCD 
camera, using an IVIS Lumina XR imaging system. The imaging param-
eters are as follows: bioluminescence modes; open filter; field of view, 
C; and an acquisition time of 1 s.

For delayed ultrasound-induced luminescence imaging after the 
cessation of higher frequency ultrasound at 1 MHz and 3 MHz, this was 
carried out by placing the nanoparticle solutions in glass bottles and 
positioning the ultrasonic transducer beneath the solution sample 
for nanoparticle excitation. Subsequently, the solution samples were 
transferred into the dark box immediately after ultrasonic excitation, 
and luminescence images were acquired using the IVIS Lumina XR imag-
ing system. The imaging parameters are as follows: bioluminescence 
modes; open filter; field of view, C; and an acquisition time of 10 s.

Ultrasound-induced luminescence imaging and fluorescence 
imaging in vivo
After various administrations, the above mice were anaesthetised using 2%  
isoflurane in oxygen. The mice were pre-excited with either 30 kHz or 
1 MHz ultrasound, and ultrasonic coupling gel was applied between 
the ultrasonic transducer and the region of interest (ROI). Immediately 
after ultrasonic excitation, the mice were transferred into the dark box 
and the luminescence images were collected via the cooled CCD camera 
using the IVIS Lumina XR imaging system. The imaging parameters are 
as follows: bioluminescence modes; open filter; field of view, C; and an 
acquisition time of 10 s or 30 s.

For real-time ultrasound-induced luminescence imaging during 
ultrasonic excitation, the ultrasonic transducer was set up in a dark box 
and placed onto the tumours of the mice using ultrasonic coupling gel. 
The ultrasound-induced luminescence images were collected during 
ultrasonic activation (30 kHz, 8.7 W cm−2), via the cooled CCD camera, 
using the IVIS Lumina XR imaging system. The imaging parameters are 
as follows: bioluminescence modes; open filter; field of view, C; and an 
acquisition time of 1 s.

The fluorescence images were collected using the IVIS Lumina XR 
imaging system. The imaging parameters are as follows: fluorescence 
modes; acquisition time of 1 s; excitation at 535 nm; emission, DsRed 
channel; and field of view, C.

The images were analysed via ROI analysis using Living Image 
4.3.1 software18.

The signal-to-noise ratio was calculated as the ratio of the lumi-
nescence intensity (ultrasound-induced luminescence imaging or 
fluorescence imaging) from the ROI containing nanoparticles to that 
of the tissue without nanoparticles.

Data availability
All of the data that support the findings of this study are reported 
in the main text and Supplementary Information. The data that sup-
port the findings of this study are available from the corresponding 
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https://doi.org/10.6084/m9.figshare.24579853. Source data are pro-
vided with this paper.
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Extended Data Fig. 1 | Schematic diagram of set up apparatus for the mode of “delayed ultrasound-induced luminescence imaging” and “real-time ultrasound-induced 
luminescence imaging”.
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Extended Data Fig. 2 | Design of composite nanoparticles to enhance 
ultrasound-induced luminescence, in the mode of “delayed ultrasound-
induced luminescence imaging”. a, Schematic diagram for design of composite 
nanoparticles by luminescent molecule (PFODBT) and chemiluminescent 
substrates. b, TEM image revealed spherical PFODBT@HBA-NPs. c, Ultrasound-
induced luminescence intensity of various chemiluminescent substrates doped 
PFODBT-NPs (50 μg mL–1, 400 µL) pre-excited with ultrasound (30 kHz, 4.5 W cm–2) 
for 45 s. d, Ultrasound-induced luminescence intensity of PFODBT@HBA-NPs with 
different ratios of HBA-COOH: PFODBT, nanoparticle solutions (50 μg/mL, 200 µL) 
were pre-excited with ultrasound (30 kHz, 4.5 W/cm2) for 15 s. e, Ultrasound-

induced luminescence intensity of PFODBT@HBA-NPs with different surfactants, 
those nanoparticles (50 μg mL–1, 400 μL) were pre-excited with ultrasound 
(30 kHz, 4.5 W cm–2) for 30 s. f, Ultrasound-induced luminescence emission of 
PFODBT@HBA-NPs (PFODBT: HBA-COOH = 1: 1, 25 μg mL–1, 200 µL) in different 
channels, pre-excited with ultrasound (30 kHz, 4.5 W cm–2) for 15 s. g, Ultrasound-
induced luminescence intensity of PFODBT@HBA-NPs (6.25 μg mL–1, 200 µL) after 
different time of ultrasonic excitation (30 kHz, 4.5 W cm–2). h, Ultrasound-induced 
luminescence intensity of various concentrations of PFODBT@HBA-NPs pre-
excited with ultrasound (30 kHz, 4.5 W cm–2) for 15 s. Data for d–g are presented as 
mean values ± s.d. (n = 3).
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Extended Data Fig. 3 | Mechanism for ultrasound-induced luminescence 
of PFODBT@HBA-NPs. a, Ultrasound-induced luminescence intensity of 
HBA-COOH-NPs, PFODBT-NPs, PFODBT@HBA-NPs (50 μg mL–1, 400 µL), pre-
excited with ultrasound (30 kHz, 4.5 W cm–2) for 45 s. Data are presented as mean 
values ± s.d. (n = 3). b, Luminescence intensity of PFODBT@HBA-NPs (12.5 μg mL–1,  
100 µL) excited by heating at various temperatures (for example, 10, 20, and 
40 oC) or ultrasonic excitation (30 kHz, 4.5 W cm–2 for 15 s). c, Temperatures 
of PFODBT@HBA-NPs after receiving different times of ultrasonic excitation 
(30 kHz, 6.5 W cm–2), as measured by an infrared thermal camera. d, Reproducible 

voltage output of PFODBT when the ultrasonic transducer (30 kHz) was turned 
on and off. e, ESR spectra of 1O2 generated from PFODBT-NPs (200 µg mL–1, 
100 µL) and trapping by 4-oxo-2,2,6,6-tetramethylpiperidine (TEMP) (1 M, 
100 µL) before or after ultrasonic excitation. f, ESR spectra of •OH generated 
from PFODBT-NPs (200 μg mL–1, 100 μL) and trapped by dimethyl-1-pyrroline 
N-oxide (DMPO) (1 M, 100 μL) in water before or after ultrasonic excitation. 
g, Schematic diagram of ultrasound-induced luminescence mechanism for 
PFODBT@HBA-NPs.
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