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Fig.1 Experimental setup and principle of the PP-PAT system

(a) Excited-state dynamics of methylene blue molecules, including singlet excitation, intersystem crossing, triplet-state formation, and oxygen

quenching processes. (b) Experimental setup for in vitro oxygen partial pressure measurement. (c) Fast laser pulse sequence used for pump-probe

photoacoustic acquisition.
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Fig. 2 Performance validation of the photoacoustic pump—probe system
(a—d) Photoacoustic images reconstructed from the pump-probe combined signal (M), pump-only signal (P), probe-only signal (T), and transient
triplet-state differential (TTD) signal at a pump-probe delay of A=4 ps. (¢) One-dimensional intensity profiles of M, P, T, and TTD extracted along
the depth direction of the catheter phantom. (f-i) Amplitude variations of M, P, T, and TTD as a function of the number of signal averages. (j—m)
Peak-signal columns extracted from 200 repeated reconstructions were laterally concatenated, where the horizontal axis represents the repeated

acquisition index, the vertical axis represents depth position, and the image intensity represents the normalized TTD signal amplitude. (n) Comparison

of TTD signal stability under different signal averaging numbers and pump-probe delay settings.
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Fig.3 Phantom validation of pO. measurement using PP-PAT

(a) Schematic illustration of the dual-tube phantom experiment. (b) TTD images acquired at different photodynamic therapy (PDT) time points.

(c) TTD decay curves obtained from the phantom tubes. (d) Quantitative oxygen partial pressure measurements derived from TTD lifetime fitting.
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Fig. 4 In vivo tumor pO: imaging using PP-PAT

(a) Pump-+probe photoacoustic image of the tumor-bearing mouse. (b) Pump photoacoustic image. (¢) Probe photoacoustic image. (d-1) TTD images

acquired at different pump-probe delay times. (m) Reconstructed oxygen partial pressure map of the tumor. (n) Comparison of TTD decay curves and

lifetime fitting results at selected high-oxygen (P,) and low-oxygen (P;) regions.
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Study on Tumor Microenvironment With Pump—probe Photoacoustic
Tomography Based on a Fast Acquisition Sequence”
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Abstract Objective Oxygen partial pressure (pO,) is a critical indicator of the tumor microenvironment and
plays an essential role in regulating tumor progression and therapeutic response, particularly for oxygen-
dependent treatments such as photodynamic therapy (PDT). Although photoacoustic imaging (PAI) has shown
great potential for functional and molecular imaging, conventional oxygenation imaging approaches based on
hemoglobin absorption mainly provide relative oxygen saturation information and cannot directly quantify tissue
oxygen partial pressure. Therefore, this study aimed to develop a fast laser sequence-based pump-probe
photoacoustic tomography (PP-PAT) system for quantitative, non-invasive, and dynamic monitoring of oxygen
partial pressure in tumor tissues. Methods The proposed PP-PAT system was developed based on the oxygen-

sensitive triplet-state lifetime characteristics of methylene blue (MB). Upon optical excitation, MB molecules
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undergo transitions from the ground state to an excited state and subsequently form metastable triplet states
through intersystem crossing. The lifetime of the triplet state is strongly affected by surrounding oxygen
concentration due to dynamic oxygen quenching, providing a direct correlation between triplet-state kinetics and
local oxygen partial pressure. A dual-wavelength pump-probe excitation scheme was implemented to selectively
interrogate MB triplet-state dynamics. The pump pulse was used to initiate the triplet-state population, while the
delayed probe pulse was applied to detect the transient triplet-state response. By optimizing the temporal interval
between the pump and probe pulses, transient triplet-state differential (TTD) signals were extracted to enhance the
specificity of oxygen-dependent molecular information and suppress background interference from conventional
photoacoustic signals. The performance of the PP-PAT system was systematically evaluated through phantom and
in vivo experiments. First, a single-tube phantom containing MB solution was used to investigate signal stability,
reproducibility, and the influence of signal averaging on imaging quality. Subsequently, a dual-tube phantom
model was established to simulate oxygen consumption during PDT, where one MB-containing tube was exposed
to laser irradiation and the other served as a control. Finally, in vivo experiments were performed using a
subcutaneous tumor model in nude mice. MB was locally injected into the tumor region before imaging to
evaluate the feasibility of tumor oxygen partial pressure mapping using the proposed PP-PAT system.
Results Phantom experiments demonstrated that the extracted TTD signals exhibited high stability and
effectively reflected MB triplet-state dynamics while reducing non-specific background contributions. Signal
averaging significantly improved the signal-to-noise ratio, and 50 repeated acquisitions provided an optimal
compromise between image quality and acquisition efficiency. In the dual-tube phantom experiments, continuous
PDT irradiation induced progressive oxygen depletion in the treated sample. The corresponding TTD decay rate
gradually decreased, accompanied by an increase in the calculated triplet-state lifetime, indicating reduced oxygen
quenching and decreased oxygen partial pressure. In contrast, the control sample showed relatively stable TTD
kinetics and oxygenation levels during the same period. These results demonstrated that PP-PAT could
quantitatively characterize oxygen consumption dynamics associated with photochemical reactions. In vivo
experiments further demonstrated the capability of PP-PAT for spatially resolved oxygen partial pressure imaging
in MB-injected tumor tissues. The reconstructed pO, maps revealed heterogeneous oxygen distributions within
tumors, showing relatively hypoxic regions in the tumor core and higher oxygenation levels near the tumor
boundary. This spatial oxygen distribution pattern was consistent with the typical physiological characteristics of
solid tumors, where abnormal vascular structures and limited oxygen diffusion result in intratumoral oxygen
gradients. Conclusion This study presents a fast laser sequence-based PP-PAT system capable of quantitative
and non-invasive imaging of tissue oxygen partial pressure. By utilizing the oxygen-dependent triplet-state
lifetime of MB and extracting TTD signals, the proposed method provides molecularly specific information
related to oxygen dynamics beyond conventional photoacoustic oxygenation imaging. The system enables
dynamic monitoring of oxygen consumption during PDT and reveals spatial oxygen heterogeneity within tumors.
This technique provides a promising imaging approach for tumor hypoxia characterization, evaluation of oxygen-

dependent therapeutic responses, and precision-guided cancer treatment.

Key words photoacoustic tomography, pump-probe imaging, fast acquisition sequence, tumor
microenvironment, oxygen partial pressure, photodynamic therapy
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