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Abstract

Although various types of imaging agents have been developed for photoacoustic (PA) imaging, 

relatively few imaging agents exhibit high selectivity/sensitivity to the tumor microenvironment 

for on-demand PA imaging and therapy. Herein, molybdenum-based polyoxometalate (POM) 

clusters with the highest oxidation state of Mo(VI) (denoted as Ox-POM) were designed as novel 

agents for redox-activated PA imaging-guided photothermal therapy (PTT). Capable of escaping 

from recognition and capture by the liver and spleen, these renal clearable clusters with ultra-small 

size (hydrodynamic size: 1.9 nm) can accumulate in the tumor, self-assemble into larger 

nanoclusters at low pH, and are reduced to NIR absorptive agents in the tumor microenvironment. 

Studies in 4T1 tumor-bearing mice indicated that these clusters could be employed for bio-

responsive PA imaging-guided tumor ablation in vivo. Our finding is expected to establish a new 

physicochemical paradigm for the design of PA imaging agents based on clusters, bridging the 

conventional concepts of “molecule” and “nano” in the bio-imaging field.
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On-demand tumor diagnosis and therapy (i.e., theranostics) trigged by intrinsic 

physiological microenvironment characteristics (e.g., redox state, pH, enzymes, ions, etc.) 

have attracted considerable attention in recent years.1–4 Such therapies can simultaneously 

reduce the damage of anti-cancer agents to normal tissues and improve their therapeutic 

efficacy. Among the various physiological parameters, redox status plays a major role in 

many pathological conditions including chronic inflammation, stroke, and cancer.5, 6 It has 

been demonstrated that glutathione (GSH) is the most abundant reducing agent in the tumor, 

and levels of GSH in cancer tissues are significantly higher than that in normal tissues.7

Development of novel imaging methods or probes to detect and monitor redox status in vivo 
is highly desirable. By employing redox-activated molecules or nanoparticle-based probes, 

various methods for monitoring the redox environment have been reported, including optical 

imaging with high sensitivity and magnetic resonance imaging (MRI) with high 

resolution.8–12 As one of the fastest growing imaging modalities over the past decade, 

photoacoustic (PA) imaging combines the advantages of high sensitivity of optical imaging 

and high resolution of ultrasonic imaging.13, 14 In addition, it can usually be combined with 

photothermal therapy (PTT) for cancer treatment because both use the same near-infrared 

(NIR) absorbing materials.15, 16 However, PA imaging agents with redox-activated 

diagnostic and therapeutic functions, which could be of high significance for on-demand 

tumor treatment, have not been developed to date.

Various types of nano-agents have been explored as exogenous agents for PA imaging/PTT, 

including carbon-based materials,17–19 gold nanomaterials,15, 20–23 sulfides,24–26 and 

polymeric nanoparticles.27–30 A common concern about nano-agents for PA imaging is the 

non-specific uptake of nano-agents by mononuclear phagocyte systems (e.g., liver/spleen) 

and low accumulation in tumors due to the poor enhanced permeability and retention (EPR) 

effect. To address this issue, self-assembled PA agents have been designed to remain as 

small molecules during circulation in the bloodstream and then self-assemble into larger 

nanostructures in the tumor, triggered by the tumor microenvironment.31 Various 
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bioresponsive contrast agents have been developed for PA imaging of reactive oxygen 

species,28 enzyme activity,32,33 pH,34 and bacterial infection.30 For example, Dragulescu-

Andrasi et al. reported a probe with enzyme-induced self-aggregation, which could provide 

PA signal to detect enzymatic activity in living subjects.32 With their self-adaptive electronic 

structure for enhanced NIR absorption, the Mo-based polyoxometalate (POM) clusters can 

form larger structures through hydrogen bond formation due to acid-induced 

protonation.35, 36 This pH-responsive assembly and photothermal conversion of POM 

clusters with a size range between “molecule” and “nano” endows them promise as 

photothermal agents for cancer treatment.37 The electron relaxation polarization caused by 

the charge transfer between Mo(VI) and Mo(V) is regarded as the origin of the typical NIR 

absorption of the POM clusters.38 The readily reducible characteristics of Mo(VI) into lower 

oxidation states (e.g., Mo(V)) highlight the potential of POM clusters as an agent for redox-

activated bio-imaging.

In this work, we report an intelligent theranostic agent based on POM clusters with the 

highest oxidation state of Mo(VI) (denoted as Ox-POM) for pH-responsive assembly and 

redox-activated PA imaging-guided PTT (Scheme 1). These Ox-POMs show no NIR 

absorption in their original chemical form, but exhibit strong NIR absorption in the tumor 

redox microenvironment because Mo(VI) is reduced to Mo(V). The rapidly renal-clearable 

Ox-POM can self-assemble into much larger nanostructures under acidic conditions for 

enhanced intratumoral accumulation, as demonstrated in our previous work,37 and herein we 

further employ the structures as redox-activated agents for PA imaging-guided PTT of 

cancer. Importantly, these clusters can escape from recognition and capture by the liver and 

spleen and are mainly excreted through the kidneys, representing an intelligent redox-

activated theranostic agent with significant clinical prospects.

The colorless and highly hydrophilic Ox-POMs, obtained from an easy, fast, and large-scale 

synthesis process, were highly stable in various media (Figure S1–S3). Such easy fabrication 

and large-scale synthesis at a low cost will undoubtedly promote the future investigation of 

these laboratory-synthesized Ox-POMs toward potential clinical studies. The clusters were 

highly uniform with an average diameter of ~1 nm at pH 7.4 as observed in transmission 

electron microscopy (TEM) image (Figure 1a). Their energy-dispersive X-ray (EDX) 

spectrum demonstrated the existence of all the essential chemical elements (Mo, P, and O) of 

these clusters (Figure S4). Interestingly, these clusters were found to self-assemble into 

larger but monodisperse spherical assemblies with a diameter of ~25 nm in mildly acidic 

conditions (pH = 6.5) as TEM showed the collapsed nano-vesicles during the drying process 

(Figure 1b), suggesting a hollow sphere formation by non-covalent linkage among these 

cluster blocks.35, 36 These nano-vesicles were further aggregated into larger structures 

through additional acidification at pH 5.0 and remained hydrophilic (Figure 1c). This 

process of pH-responsive self-assembly was also monitored by dynamic light scattering 

(DLS) measurement (Figure 1d), with their hydrated size increasing from 1.9 nm (pH = 7.4) 

to 29.3 nm (pH = 6.5) and to ~ 0.43 μm at pH 5.0. Our previous work revealed that the 

hydrogen bond formation of POM macroanions through acid-induced protonation, with 

resulting decreased electrostatic repulsions and increased attractive forces, was likely 

responsible for such pH-driven self-assembly.37
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Subsequently, the Ox-POM clusters were incubated with GSH at different concentrations to 

evaluate their redox-activated properties. As shown in Figure 1e–f, the pure solution of Ox-

POM clusters was colorless and exhibited no NIR absorption. After reduction with GSH, the 

color changed to blue, which deepened monotonically with increasing GSH concentration. 

The corresponding absorbance showed a peak in the NIR area, which enhanced gradually as 

the GSH concentration increased (Figure 1f). The same phenomenon was also observed for 

various concentrations of Ox-POM after incubation with a fixed concentration of GSH 

(Figure 1g, Figure S5). These reduced clusters with blue color exhibited high dispersity in 

different solvents including deionized water, PBS, FBS and DMEM (Figure 1i). Cysteine 

(Cys), another reducing agent, was also used as a model to demonstrate the common redox-

activated effect of these Ox-POM clusters. With the addition of an increasing amount of Cys 

to the Ox-POM solution, the NIR absorption of Ox-POM increased gradually as a result of 

the reduction of Mo(VI) (Figure S6). This enhanced NIR absorption of the Ox-POM is 

founded on the reduction of Mo(VI) to Mo(V) following GSH or Cys incubation. The 

increased reduction of Ox-POM will facilitate the delocalized electron density and 

occupiable cation site of Mo(V) through the reversible and multiple steps of electron 

exchange, which will simultaneously strengthen the electron relaxation polarization,37 

leading to enhanced NIR absorption. These Ox-POMs couldn’t be reduced in the blood, and 

extremely low hemolysis rate was found after incubation with red blood cells (Figure S7). 

Also, pH-dependent absorption of Ox-POM after GSH incubation was observed, where the 

acid-induced self-assembly of POM resulted in an enhanced absorption peak (Figure 1h). 

The significant blue-shift towards 808 nm, one of the most widely clinically used NIR 

lasers, makes these clusters a promising photothermal agent for tumor ablation therapy.

Ox-POM clusters were incubated with varying concentrations of GSH (control, 2, 10, and 15 

mM) to evaluate their redox-activated PA imaging performance. Representative PA images 

of the four samples with 870 nm excitation are shown in Figure 2a. No PA signal was 

detected for pure Ox-POM without GSH incubation. The samples with higher levels of 

reduction exhibited higher PA signal intensities, further confirmed by the PA spectra of the 

sample solutions (Figure 2b). Furthermore, the photothermal conversion performance of 

these samples was investigated under 808 nm laser irradiation at a power density of 1.5 

W/cm2. As shown in Figure 2c–d, the co-culture solutions with higher GSH concentrations 

showed higher temperatures of up to 55 °C within 5 min of irradiation, while the 

temperature of Ox-POM without GSH showed little change, demonstrating that the clusters 

after redox-activation can efficiently convert NIR laser energy into thermal energy. More 

detailed experiments revealed that the temperature enhancement was proportional to the 

concentration of clusters and the power density of the laser (Figure S8).

The blue-shift toward 808 nm (Figure 1h) of Ox-POM after redox activation motivated us to 

investigate the photothermal performance of these clusters at different pH values (pH = 4.0, 

6.5, 7.4, and pure PBS of pH = 7.4). Such blue-shift from ~1030 nm toward 808 nm was 

observed because the gap between the highest occupied molecular orbital and the lowest 

unoccupied molecular orbital was broadened by the acidity via the protonation of the edge-

sharing oxygen atoms.37 A more efficient photothermal conversion under 808 nm laser 

irradiation was obtained at lower pH values (Figure S9), highlighting the potential of these 

agents as promising agents for PTT cancer treatment since the pH in the tumor 
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microenvironment is usually lower than that in normal tissues.39 In addition, the recycling 

temperature variations of the cluster dispersion were explored to evaluate the photothermal 

stability of these clusters under 808 nm laser irradiation for 5 min, followed by natural 

cooling to room temperature for five laser on/off cycles. No deterioration of the clusters’ 

photothermal performance was found during the recycling (Figure S10), which indicates the 

durable photothermal properties of these clusters.

The in vitro toxicity of Ox-POM was tested by a standard MTT assay after incubation of the 

clusters at varying concentrations (0, 50, 100, 250, and 500 μg/mL) with human embryonic 

kidney 293 (HEK293) and murine breast cancer 4T1 cells for 24 h and 48 h. The Ox-POM 

showed negligible toxicity in both cell lines, even at a high concentration of 500 μg/mL 

(Figure S11). Subsequently, the Ox-POM clusters reduced by different concentrations of 

GSH (5, 10, and 15 mM) were added into cell culture plates containing 4T1 cells, followed 

by irradiation with an 808 nm laser for 5 min. As shown in Figure 3a, with stronger reducing 

conditions or higher concentrations of Ox-POM clusters, more cells were killed upon NIR 

laser irradiation at the power density of 1.5 W/cm2. Furthermore, 4T1 cells were then treated 

with 808 nm laser of various power densities (0.7, 1.0, and 2.0 W/cm2) and a constant level 

of Ox-POM. It was found that the relative viabilities of the 4T1 cells decreased remarkably 

at elevated power density, as well as at higher cluster concentration levels (Figure 3b). In 

contrast, negligible cell killing was found for the groups without any treatment or treatment 

with NIR laser only. The cancer cells were also stained with trypan blue to differentiate dead 

cells from live cells (Figure 3c), corroborating the MTT results. These findings clearly 

demonstrate that the Ox-POM clusters reduced by GSH can be used as an effective 

photothermal agent for cancer cell ablation.

With encouraging in vitro findings, the circulation, biodistribution, and clearance of Ox-

POM clusters were investigated via positron emission tomography (PET) imaging, a 

powerful, quantitative, and non-invasive imaging technique. The oxygen-rich Ox-POM 

clusters can be conveniently labeled with the highly oxophilic radionuclide 89Zr (in the 

chemical form of 89Zr4+),40, 41 and the labeling yield herein was measured to be as high as 

90.4% (Figure S12). After intravenous injection of ~ 5 MBq of 89Zr-Ox-POM clusters into 

BALB/c mice, PET imaging was performed at various time points. Interestingly, the ultra-

small sized 89Zr-Ox-POM showed low accumulation in the liver and spleen and was mainly 

excreted by the kidneys as strong PET signal was found in both the kidneys and bladder 

(Figure 4a). Our results consistent with previous reports that ultra-small sized particles 

(hydrodynamic size <5.5 nm) can escape from recognition and capture by the liver and are 

cleared via the kidneys, which filters metabolites from the bloodstream through the 

approximately 10 nm pores of the basal lamina.42 Quantitative data obtained from region-of-

interest (ROI) analysis of these PET images indicated the excellent in vivo circulation 

behavior of these clusters with a long half-life of 2.79 ± 0.47 h (Figure 4b), which is highly 

desirable for both active and passive targeting of tumor tissue. The time point of the highest 

kidney uptake was 6 h postinjection (p.i.), at 23.7 ± 3.1 % ID/g, while the signals in the liver 

and spleen decreased gradually over the first 24 hours (Figure 4c). To further confirm the 

accuracy of PET quantification analysis, ex vivo biodistribution studies were carried out at 

24 p.i. As shown in Figure 4d, the kidney uptake at 24 h p.i. of 89Zr-Ox-POM was 17.5 

± 3.2 % ID/g, while the accumulation in the liver and spleen was relatively low, with values 
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of 8.7 ± 0.7 and 3.1 ± 1.1 % ID/g, respectively (n = 3). These results show that the clusters 

have excellent in vivo pharmacokinetic properties and can overcome the limitations of high 

uptake by mononuclear phagocyte systems (e.g., liver/spleen) and long in vivo retention time 

of many commonly-used nanoparticles.

The efficient redox-activated self-assembly of Ox-POM, strong photothermal conversion, 

and excellent in vivo pharmacokinetics encouraged us to employ Ox-POM for in vivo PA 

imaging-guided photothermal therapy of cancer. In vivo redox-activated PA imaging was 

conducted on 4T1-tumor-bearing mice prior to, and at 1 h, 3 h, 6 h, and 24 h after 

intravenous injection of Ox-POM clusters. As shown in Figure 5a, the PA signal was 

detected in the tumors as early as 1 h p.i., demonstrating the strong redox-activated effect of 

Ox-POM by the tumor redox status, which is regarded as one of the several physiologic 

properties differing tumor and normal tissues.43, 44 The signal intensity increased gradually 

from 1 h to 6 h p.i. (Figure S13) and showed excellent tumor tissue penetration. As both the 

extracellular tumor milieu (pH = 6.5 – 6.8) and endocytic organelles (pH = 5.0 – 6.0) in the 

tumor endothelial cells show a pH drop,1,39,45 the POM clusters can self-assemble into 

nano-aggregates in the tumor tissue to enhance tumor retention over time, which has been 

confirmed by TEM imaging of tumor tissues,37 as well as strong PA signal at an extended 

time of 24 h p.i. (Figure 5a). In line with the aforementioned in vitro results, these in vivo 
results confirm the pH-responsive self-assembly and redox-activated effect of Ox-POM 

clusters in the acidic and reducing tumor microenvironment.

Taking advantage of such redox-activated effects, in vivo photothermal imaging and therapy 

were performed under the exposure of an 808 nm laser for 5 min at 6 h p.i. of Ox-POM, as 

this time point demonstrated peak uptake of the nanoclusters in the tumor. The tumor 

temperature and thermal images were visualized with a thermal camera. As shown in Figure 

5b, the temperature of the tumor rapidly increased to above 40 °C in 30 s and reached 52 °C 

in 5 min under laser irradiation, which is sufficient to thermally ablate the tumor, while the 

control group showed only limited temperature increase (Figure S14). For the treated group, 

4T1 tumor growth was completely eliminated without subsequent recurrence for a prolonged 

period of up to 2 months (Figure 5c–e, Figures S15–16), whereas the control groups 

demonstrated rapid tumor growth. Hematoxylin and eosin (H&E) staining of tumors from 

different groups further confirmed the above results, where the treatment group shows the 

most tumor damage (Figure 5f). No abnormal behavior or significant weight loss was 

observed in any group (Figure S17), indicating minimal side effects of the clusters. The 

H&E stained images of different organs (heart, liver, spleen, lung, and kidney) showed no 

noticeable organ damage or inflammatory lesions over 30 days (Figure S18), suggesting the 

low in vivo toxicity of these clusters to normal tissue.

CONCLUSION

In summary, we present here the redox-activated Ox-POM clusters for tumor 

microenvironment-responsive PA imaging-guided tumor ablation, which exhibits high-

performance PA imaging with outstanding photothermal conversion efficiency. The ultra-

small Ox-POM clusters can escape from recognition and capture by the liver and spleen and 

are mainly excreted through the kidneys, which is highly desirable for reducing the potential 
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toxic effects caused by the long-term accumulation of nanoparticles in various organs. 

Importantly, with long in vivo circulation half-life, these bioresponsive clusters can be 

passively accumulated in the tumor due to the EPR effect, self-assemble into larger nano 

sizes under the tumor’s acidic environment, and be reduced to NIR absorptive agents for 

efficient PA imaging-guided PTT of cancer, as was demonstrated by various in vitro and in 
vivo experiments. As a proof-of-concept, this finding is expected to establish a new class of 

redox-activated probes based on clusters, bridging the conventional concepts of “molecule” 

and “nano” in the bio-imaging field.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Synthesis and characterization of Ox-POM. a - c) TEM images of clusters at pH = 7.4, 6.5, 

and 5.0. d) DLS measurements of Ox-POM clusters with successive acidifications from pH 

= 7.4 to pH = 6.5 and to pH = 5.0. e) Photographs of Ox-POM clusters dispersed in 

deionized water before and after incubation with various concentrations of GSH and f) the 

corresponding UV-vis spectra. g) UV-vis absorptions of Ox-POM clusters with various Mo 

concentrations after incubation with GSH (15 mM). h) UV−vis-NIR absorptions of Ox-

POM clusters (100 ppm Mo) at various pH values after incubation with GSH (15 mM). i) 

Photographs of GSH-reduced Ox-POM clusters dispersed in various media.
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Figure 2. 
Redox-activated PA and photothermal properties of Ox-POM clusters. a) PA imaging and b) 

PA spectra of Ox-POM clusters after incubation with various concentrations of GSH 

(control, 2, 10, and 15 mM). c) Thermal images of various solutions and d) photothermal 

heating curves of Ox-POM clusters (100 ppm Mo, incubated with various concentrations of 

GSH) with 808 nm laser irradiation for 5 min at the power intensity of 1.5 w/cm2.
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Figure 3. 
In vitro photothermal therapy. a) Relative viabilities of 4T1 cells after photothermal therapy 

at varied concentrations of Ox-POM in different reducing conditions (GSH: 15, 10, and 5 

mM) under 808 nm NIR laser irradiation (1.5 W/cm2) for 5 min (n = 4, mean ± s.d., 

*P<0.05, ***P<0.001). b) Relative viabilities of 4T1 cells after photothermal therapy at 

varied concentrations of Ox-POM reduced with 15 mM GSH under 808 nm NIR laser 

irradiation of various power densities (2.0, 1.0, and 0.7 W/cm2) for 5 min (n = 4, mean ± 

s.d., *P<0.05, ***P<0.001). c) Optical microscopy images of trypan blue-stained cells after 

incubation with clusters and exposure to the 808 nm laser (1.5 W/cm2, 5 min) at different 

treatment conditions. Scale bar: 100 μm.
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Figure 4. 
In vivo studies of Ox-POM clusters. a) Representative maximum intensity projection PET 

images of mice taken at various time point post intravenous injection of 89Zr-Ox-POM. H: 

heart; K: kidney; L: liver; B: bladder. b) Time-activity curves of 89Zr-Ox-POM in the blood 

(n = 3, mean ± s.d.). c) Quantification of 89Zr-Ox-POM uptake in the blood, liver, spleen, 

kidney, and muscle at various time points post-injection (n = 3, mean ± s.d.). d) 

Biodistribution of 89Zr-Ox-POM clusters at 24 h after intravenous injection into mice as 

determined by 89Zr radioactivity measurement in various tissues and organs (n = 3, mean ± 

s.d.).
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Figure 5. 
In vivo PA imaging and photothermal therapy in 4T1-tumor-bearing mice. (a) In vivo PA 

images of 4T1 tumor-bearing mice before and after intravenous injection of Ox-POM 

clusters. The entire view was tumor tissues. b) Photothermal images of 4T1 tumor-bearing 

mice before and after intravenous injection of Ox-POM clusters under continuous 808 nm 

laser irradiation for different durations. c) Tumor growth profiles of 4T1 tumors after each 

treatment (n = 4, mean ± s.d., ***P<0.001). d) Representative photographs of dissected 

tumors and e) mice at 14 day post treatments. f) H&E staining of tumor sections after 

various treatments. Scale bar: 100 μm.
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Scheme 1. 
Schematic diagram of the Ox-POM in response to the tumor microenvironment for redox-

activated PA imaging-guided PTT.
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