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Background: Photothermal therapy (PTT) guided by photoacoustic imaging (PAI) using nanoplatforms has emerged as a promising 
strategy for cancer treatment due to its efficiency and accuracy. This study aimed to develop and synthesize novel second near-infrared 
region (NIR-II) absorption-conjugated polymer acceptor acrylate-substituted thiadiazoloquinoxaline-diketopyrrolopyrrole polymers 
(PATQ-DPP) designed specifically as photothermal and imaging contrast agents for nasopharyngeal carcinoma (NPC).
Methods: The PATQ-DPP nanoparticles were synthesized and characterized for their optical properties, including low optical band 
gaps. Their potential as PTT agents and imaging contrast agents for NPC was evaluated both in vitro and in vivo. The accumulation of 
nanoparticles at tumor sites was assessed post-injection, and the efficacy of PTT under near-infrared laser irradiation was investigated 
in a mouse model of NPC.
Results: Experimental results indicated that the PATQ-DPP nanoparticles exhibited significant photoacoustic contrast enhancement 
and favorable PTT performance. Safety and non-toxicity evaluations confirmed the biocompatibility of these nanoparticles. In vivo 
studies showed that PATQ-DPP nanoparticles effectively accumulated at NPC tumor sites and demonstrated excellent tumor growth 
inhibition upon exposure to near-infrared laser irradiation. Notably, complete elimination of nasopharyngeal tumors was observed 
within 18 days following PTT.
Discussion: The findings suggest that PATQ-DPP nanoparticles are a promising theranostic agent for NIR-II PAI and PTT of tumors. 
This innovative approach utilizing PATQ-DPP nanoparticles provides a powerful tool for the early diagnosis and precise treatment of 
NPC, offering a new avenue in the management of this challenging malignancy.
Keywords: nasopharyngeal carcinoma, photoacoustic imaging, photothermal therapy, PATQ-DPP nanoparticles

Introduction
Currently, cancer remains a significant threat to public health globally and stands as one of the primary causes of 
death.1,2 Notably, nasopharyngeal carcinoma (NPC) is recognized as one of the highly aggressive malignant 
tumors, occurring typically on the superior wall and lateral wall of the nasopharynx and displaying distinctive 
ethnic and regional distribution patterns.3–5 The majority of new cases are reported in East and Southeast Asia, 
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with China, in particular, being endemic to NPC.6 In Southern China, NPC ranks as the third most prevalent 
cancer, with an incidence rate of 50 per 100,000.7 What’s worse, the morbidity and mortality of NPC have been 
upswing with the steady increase of EB virus infection rate in recent years.8,9 However, conventional methodol-
ogies treatment, including surgical resection, chemotherapy, and radiotherapy, usually associated with many 
severe side effects and do not achieve complete cure.10–12 Furthermore, traditional diagnostic methods such as 
magnetic resonance imaging, computerized tomography, and positron emission tomography have been proven 
effective in diagnosing NPC. However, these approaches come with numerous drawbacks and fall short of 
fulfilling the simultaneous requirements for minimal side effects, high resolution, and deep imaging depth.13,14 

Thus, it is imperative to explore imaging technologies and treatments to significantly improve efficacy and 
decrease complications.

Currently, with the rapid development of modern technology, precision medicine and targeted therapy have 
received interest from anticancer treatments.15,16 Among the multifarious diagnosis and therapeutic methods, the 
combination of the photoacoustic imaging (PAI) and photothermal therapy (PTT) is one of the most powerful and 
noninvasive therapeutic tools which enables achieve the effect of remarkably therapeutic effects and few 
complications few side effects, high resolution and deep imaging depth simultaneously.17–21 The fundamental 
principle of the PAI lies in the absorption of pulsed laser radiation energy by contrast agents in tissues. These 
agents subsequently convert this energy into an acoustic signal, which is then detected, measured, and visualized 
as an image through a scanning transducer.22–24 Moreover, PAI stands out as an emerging nonionizing and non- 
invasive diagnostic technique that enables high-resolution and in-depth visualization of tissues.25,26 The funda-
mental principle of the PTT involves a photothermal agent absorbing light and generating thermal energy to 
effectively ablate tumor cells.27–33 PTT boasts several advantages, including non-invasiveness, high specificity, 
selectivity, and controllability.34–36 Additionally, the utilization of the second near-infrared region (NIR-II) in the 
range of 1000–1700 nm for PTT offers improved tissue penetration depth (approximately 3–5 cm) and a higher 
maximum permissible exposure. Harnessing NIR-II light not only facilitates the treatment of deeper tumor 
regions but also allows for a robust power density, enhancing heat generation and thereby achieving high 
therapeutic efficacy in PTT.37

Commonly utilized contrast agents encompass metallic nanoparticles, carbon materials, and similar 
substances.38–42 However, these materials are often plagued by degradability issues within tissues, posing 
a significant concern in clinical applications. Conjugated polymers have garnered increasing attention for diverse 
biomedical purposes, particularly in areas such as photodetectors, PTT, and PAI. Previous investigations primar-
ily focused on homopolymers like poly-(3-hexylthiophene) and its derivatives as typical light-harvesting con-
jugated polymers. Nevertheless, these homopolymers exhibit substantial optical band gaps exceeding 2.0 eV, 
rendering them unable to absorb photons in the near-infrared (NIR) range.43 Interestingly, in our previous 
research, we found that the PATQ-DPP nanoparticle is a low band gap polymer (0.56 eV).44 The PATQ-DPP 
nanoparticles have a number of superior characteristics including good biocompatibility, high photoacoustic 
signal intensity and deep signal penetration. The PATQ-DPP nanoparticles was proven to be an efficient and 
stable contrast agents of in vivo photoacoustic and photothermal in the previous research.

As depicted in Figure 1, PATQ-DPP nanoparticles exhibited a specific accumulation in the tumor region 
attributed to retention effects and enhanced permeability. In the present study, we integrated PATQ-DPP 
nanoparticles with PTT and PAI in the NIR-II to investigate their therapeutic efficacy in nasopharyngeal 
carcinoma, a novel exploration in the field. A comprehensive set of characterizations and experiments were 
conducted, revealing uniform particle size, efficient thermal conversion, notable biocompatibility, and significant 
tumor ablation efficiency for the conjugated polymer PATQ-DPP nanoparticles, both in vivo and in vitro. In 
summary, the combination of NIR-II PAI-guided PTT using PATQ-DPP nanoparticles as therapeutic agents 
presents an efficient, promising and targeted treatment approach for the NPC.
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Materials and Methods
Materials
Due to DongGuan Tungwah Hospital does not possess the necessary conditions for conducting animal research, and 
considering that this study requires such experiments, we utilized an animal facility (Guangdong Huamicro Testing Co., 
Ltd.) equipped with the appropriate qualifications. All animal experiments were conducted in accordance with the 
guidelines established by Institutional Animal Care and Use Committee and the Animal Care and Usage Committee of 
Guangdong Huawei Testing Co., Ltd. (FQ2021004-9). In this study, The BALB/c nude mice were procured from Zhuhai 
BesTest Bio-Tech Co., Ltd. The bovine serum albumin (BSA) was purchased from Shanghai Sigma Aldrich 
Biotechnology Co. Ltd. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was obtained from 
Guangzhou Nice Biotechnology Co. Ltd. All other reagents and solvents were bought from commercial sources 
(Energy Chemical, Aldrich, and AVT Shanghai Pharmaceutical Tech, etc). And these materials were used without 
further purification. All the water used in the experiment was Ultrapure water (18.25 MΩ·cm, 25°C).

Synthesis and Preparation of Conjugated Polymers PATQ-DPP Nanoparticles
In this study, the material synthesis method in previous work published by our team has been adopted. The detailed 
methodology of this synthesis approach has been thoroughly documented in our earlier papers.44 The synthesis protocol 
of PATQ-DPP nanoparticles45,46 was performed as described below, the process is in Supplementary Figure 1. Briefly, 
four materials including M1 (71 mg, 64 μmol), M4 (76 mg, 64 μmol), Pd2(dba)3 (1.8 mg, 1.92 μmol) and P(o-tol)3 
(2.5 mg, 7.7 μmol) were filled into a 5 mL dry reaction vial, and then they were undergone in it three vacuum-nitrogen 
cycles rapidly. Subsequently, 3 mL of freshly degassed chlorobenzene was introduced into the reaction vial. The resulting 
mixture underwent stirring and heating under a nitrogen atmosphere at 120°C for a duration of 12 hours. Afterward, the 
precipitate was obtained from the reaction mixture after it was cooled to room temperature and filtered using methanol. 
The polymer was further purified with acetone by Soxhlet and extracted with tetrahydro-furan by using Soxhlet 
apparatus. The precipitate was ultimately filtered and subjected to vacuum drying, resulting in the collection of dark 
blue PATQ-DPP (109 mg, 90%). After that, a THF solution (2 mL) containing DSPE-PEG 2000 (5.0 mg), conjugated 
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Figure 1 Schematic illustrations of PATQ-DPP nanoparticles for PAI guided PTT combination therapy of nasopharyngeal tumors.
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polymer (1.0 mg), chloro-form (1.0 mL) and ultra-purified water (10.0 mL) were mixed evenly and emulsified with 
sonication for 10 mins. Then the solution was concentrated under vacuum to evaporate the solvent. Next, the concen-
trated product was purified through a membrane filter (diameter = 220 nm). Finally, 1 mg/mL nanoparticle aqueous 
solution was obtained.

Characterization
The SHI-MADZU UV-2600 spectrophotometer (SHIMADZU, China) measured the optical absorption spectrum of the 
nanoparticles. The Malvern Nano-ZS Particle Sizer (Malvern, UK) carried out the Dynamic light scattering (DLS) 
characterization of the nanoparticles. JEOL’s JEM-1400 Plus transmission microscope (JEOL, Japan) was utilized to 
obtain transmission electron microscopy (TEM) images of the nanoparticles. A homemade multispectral photoacoustic 
microscopy (MSPAM) system was utilized for the photoacoustic characterization.

Photothermal Property Test of the PATQ-DPP Nanoparticles in vitro
To evaluate the photothermal property of the PATQ-DPP nanoparticles, the nanoparticles’ solution was initially diluted 
with PBS to four concentrations such as 0 μg/mL, 20 μg/mL, 40 μg/mL, and 80 μg/mL. Subsequently, 1 mL of each 
concentration was dispensed into a glass colorimetry cup and subjected to irradiation using a near-infrared laser with 
a wavelength of 980 nm for 10 mins. Two different power densities, namely 0.5 W/cm² and 1.0 W/cm², were applied. 
Finally, the temperature changes of the nanoparticles at various concentrations and power densities were monitored using 
an infrared thermal imaging camera (CEM, China).

Photoacoustic Performance of MSPAM System
In this investigation, we employed our MSPAM system to assess the photoacoustic properties of the PATQ-DPP 
nanoparticles. The schematic representation of the MSPAM system is illustrated in Supplementary Figure 2. The energy 
source for excitation comprised an ultrasound transducer with a central frequency of 25 MHz (Olympus, USA) and 
a wavelength-tunable nanosecond pulsed OPO laser (Continuum, USA). The obtained signals were subsequently 
amplified using an amplifier (Olympus, USA). The system was further comprised of a data acquisition module and 
a motorized 2D scanning stage. To evaluate the PAI capabilities of our MSPAM system, the imaging resolution and depth 
were rigorously tested and verified through a series of experiments. Additionally, the imaging resolution of our 
photoacoustic system was examined and confirmed. For depicting the resolution of our system, two strands of human 
hair (with a diameter less than 100 µm) were imaged. These hairs were embedded and stabilized in agar. In a maximum 
intensity projection (MIP) image featuring high contrast, the optical-absorption map of the agar-hair phantom was 
displayed in Supplementary Figure 3A. As demonstrated in Supplementary Figure 3B, the image profile along the dashed 
line was extracted from the MIP image. These experimental results underscored the system’s capability to distinguish 
structures at the micrometer scale.

Cell Culture
In the experiment, human nasopharyngeal carcinoma cell lines CNE2 and Cos-7 were acquired from the American Type 
Culture Collection (ATCC). The CNE2 cell lines were cultivated in Roswell Park Memorial Institute-1640 (RPMI-1640) 
medium supplemented with 10% BSA and 1% penicillin-streptomycin (Gibco, USA). The Cos-7 cell lines were cultured 
in Dulbecco's Modified Eagle Medium (DMEM, Gibco) with 10% BSA and 1% penicillin/streptomycin (Corning). Both 
cell lines were maintained in the incubator at 37°C in 5% CO2. Cells were utilized for assays and for constructing the 
nasopharyngeal carcinoma model once they reached the logarithmic growth phase.

In vitro Cytotoxicity Test of PATQ-DPP Nanoparticles
To assess the cytotoxicity of the obtained PATQ-DPP nanoparticles on COS-7 cells and CNE2 cells, an MTT assay was 
employed to estimate cell viability in vitro. During the logarithmic growth phase, Cos-7 cells and CNE2 cells (1x104 

cells per well, 100 µL) were seeded in 96-well plates and cultured in a constant temperature incubator at 37°C with a 5% 
CO2 concentration for 24 hours. Subsequently, the cells were exposed to PATQ-DPP nanoparticles aqueous solutions at 
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varying concentrations (0, 20, 40, 60, 80, 100 µg/mL) for an additional 24 hours. Following the incubation period, MTT 
solution (20 µL, 5000 µg/mL) was added to each well, and the 96-well plate was returned to the incubator for an 
additional 4 hours. Finally, an enzyme labeling apparatus was utilized to measure the absorbance (OD: 570 nm) of each 
well, allowing for the acquisition of experimental data on cell viability.

Animals and Tumor Model
Male BALB/c nude mice (5 weeks old) were selected to establish the NPC xenograft tumor model for in vivo 
experiments involving PAI and PTT. The CNE2 cells were cultured as described previously. The establishment of 
subcutaneous tumor models involved the injection of a CNE2 cell suspension (5×106 cells, 0.1 mL) into the right lateral 
side of BALB/c nude mice to induce tumor growth. When the tumor had reached a size of approximately 100 mm3 

(measured using the formula V = ab2/2, where a and b represent the tumor’s length and width, respectively), in vivo 
experiments were conducted.

In vivo PAI and PTT Experiments
To appraise the in vivo photoacoustic performance of PATQ-DPP nanoparticles in subcutaneous NPC tumors, initially, 
the NPC tumor-bearing nude mice were given an injection of a suspension of prepared nanoparticles (50 µL, 1 mg/mL). 
Subsequently, the mice were immediately put under anesthesia with sodium pentobarbital. The tumor location was 
imaged using our MSPAM system with 1064 nm laser excitation to obtain photoacoustic images at varying intervals over 
time (0, 6, 12, and 24 hours).

To evaluate the photothermal properties of PATQ-DPP nanoparticles in nude mice of nasopharyngeal tumors, 20 mice 
with a tumor volume of 100 mm3 were chosen for in vivo PTT. We randomly divided the mice into four groups (n = 5 per 
group): (1) PATQ-DPP nanoparticles + Laser group, (2) PBS + Laser group, (3) PATQ-DPP nanoparticles + No laser group, 
and (4) Control group. Except for the control group and no laser PATQ-DPP nanoparticles group, all tumor-bearing nude 
mice were subjected to laser treatment under the same parameters (980 nm, 1 W/cm,2 10 mins). To investigate the 
therapeutic effect of the treatment, tumor volumes and body weights were measured in all mice every 3 days.

Histological Analysis
Firstly, immediately after the mice were sacrificed following the in vivo experiment, their vital organs, consisting of the 
heart, spleen, liver, lung, and kidneys, were harvested from each group. Then, the tissues were treated with a 4% 
paraformaldehyde solution for a period of 24 hours. Subsequently, tumor tissue slices were obtained through HE 
pathological staining experiments. Finally, tumor tissue samples were examined using an inverted light microscope to 
observe their pathological section results.

Results and Discussion
Synthesis and Characterization of the PATQ-DPP Nanoparticles
The conjugated polymer PATQ-DPP nanoparticles are considered a promising class of near-infrared polymers for 
applications in PAI and PTT.47,48 In this study, the hydrodynamic diameter of the PATQ-DPP nanoparticles was obtained 
through the DLS. Figure 2A illustrates a hydrophilic diameter of approximately 70 nm. Subsequently, the morphology 
and size distribution of the PATQ-DPP nanoparticles were comprehensively characterized using TEM. As depicted in 
Figure 2B, TEM images revealed a predominantly regular spherical structure of PATQ-DPP nanoparticles, uniformly 
distributed in the solution, demonstrating favorable monodispersity. Moreover, the diameter observed through DLS 
closely matched that from TEM, suggesting precise and consistent measurements across different methods. Furthermore, 
the absorption spectra of PATQ-DPP nanoparticles were determined (Figure 2C), showing a strong and broad absorption 
spectrum spanning ranging from the visible to the near-infrared region. This broad absorption spectrum makes PATQ- 
DPP nanoparticles versatile and capable of meeting diverse requirements. The study indicated that PATQ-DPP nano-
particles exhibit strong NIR absorption, uniform morphology, and appropriate particle sizes.
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Regarding the biocompatibility of PATQ-DPP nanoparticles, we have conducted a comprehensive evaluation in our 
preliminary research. A series of standard tests, including cytotoxicity assays, have been performed, and the results 
demonstrated that the material exhibits excellent biocompatibility under physiological conditions.44 In this study, to re- 
evaluate the biocompatibility of PATQ-DPP nanoparticles in biomedical and clinical applications in vivo, their biocom-
patibility at the cellular level was assessed. Cytotoxicity of PATQ-DPP nanoparticles was evaluated using the MTT assay, 
as shown as in the Figure 2D and Supplementary Figure 5, illustrated that the viability of Cos-7 cells and CNE2 cells did 
not significantly differ with increasing concentrations of PATQ-DPP, highlighting the exceptional biocompatibility of 
these nanoparticles for biomedical and clinical use. In summary, the results demonstrated that PATQ-DPP nanoparticles 
possess suitable particle sizes, superior biostability, strong NIR absorption, and superior biocompatibility.

Photothermal Property of the PATQ-DPP Nanoparticles
In this study, various properties of the PATQ-DPP Nanoparticles have been validated by our previously published 
publications, particularly in terms of stability. The results indicated that even under extreme conditions, the material can 
maintain its structural and functional integrity.44 Considering that the PATQ-DPP nanoparticles possess light absorption 
characteristics, this study used 980 nm diode laser to reveal the photothermal effect of PATQ-DPP nanoparticles. The 
thermographic images of PATQ-DPP nanoparticles solutions were achieved under the continuous laser irradiation for 10 
mins with using infrared thermography, which were exhibited in Figure 3A. Quantitative monitoring of temperature 
changes was conducted across various concentrations (0, 20, 40, and 80 μg/mL) PATQ-DPP nanoparticles under 1.0 W/ 
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Figure 2 Characterizations and cytotoxicity of PATQ-DPP nanoparticles. (A) The DLS results of conjugated polymer PATQ-DPP nanoparticles in water. (B) TEM images of 
PATQ-DPP nanoparticles. (C) Absorbance spectrum change of PATQ-DPP nanoparticles. (D) Cell viabilities of Cos-7 cells incubated with the as prepared PATQ-DPP 
nanoparticles at different concentrations ranging from 0 μg/mL to 100 μg/mL.
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Figure 3 Photothermal ability of PATQ-DPP nanoparticles in vitro. (A) A series of photothermal images of the PATQ-DPP nanoparticles solution (0, 20, 40, 80 μg/mL) 
under NIR laser irradiation (1.0 W/cm2, 980 nm). (B) The temperature variation of the solution containing different concentrations of the PATQ-DPP solution (0, 20, 40, 80 
μg/mL) under the irradiation (1.0 W/cm2, 980 nm). (C) Temperature elevation in the PATQ-DPP aqueous solution (1 mL, 80 μg/mL) under NIR laser exposure of 980 nm 
laser at different power densities. (D) Temperature variations of the PATQ-DPP nanoparticles under 980 nm laser irradiation at a power density of 1.0 W/cm2 for five light 
on/off cycles laser irradiation. (E) The heating-cooling curves of the PATQ-DPP nanoparticles. Photothermal effect of PATQ-DPP (980 nm, 1 W/cm2). The laser was 
switched off after irradiation for 10 mins.
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cm2 irradiation. The temperature increment of PATQ-DPP nanoparticles at a concentration of 80 μg/mL was particularly 
notable after 2 mins of illumination, reaching over 45°C (Figure 3B). The temperature increase of pure water was 
negligible, whereas the temperature of the PATQ-DPP solution increased rapidly with the prolonged laser irradiation time 
or increasing nanoparticle concentration, as demonstrated by infrared thermal images. These results demonstrated that 
PATQ-DPP nanoparticles efficiently converted absorbed photon energy into heat energy, showcasing potential for tumor 
cell destruction. Figure 3C visually illustrates that the temperature of the PATQ-DPP nanoparticle solution could reach 
45°C even at a comparatively low laser power density (0.5 W/cm²), indicating effective tumor ablation. Moreover, 
nanoparticle stability is crucial for biological applications. Supplementary Figure 4 revealed no significant change in 
PATQ-DPP nanoparticles after 15 days of storage in different environments. Additionally, the photothermal stability of 
PATQ-DPP nanoparticles was evaluated through five laser on/off cycles under NIR laser irradiation (1 W/cm²). 
Surprisingly, after five cycles, the nanoparticles (80 μg/mL) maintained a consistent temperature level, indicating 
excellent photostability and reusability (Figure 3D). Furthermore, the study investigated the photothermal conversion 
efficiency (η) of PATQ-DPP nanoparticles,44 a crucial parameter for assessing photothermal agents. The nanoparticles 
exhibited admirable stability and desirable photothermal conversion efficiency, which varied depending on factors such 
as power, concentration, and time, aligning with the concept of precision medicine to meet the diverse demands of 
patients with nasopharyngeal carcinoma at different phases (Figure 3E).

In vitro Photoacoustic Capability of the PATQ-DPP Nanoparticles
To validate the photoacoustic properties of PATQ-DPP nanoparticles, a series of experiments were conducted using the 
MSPAM system as previously introduced. Figure 4A illustrates that there was no substantial variation in photoacoustic 
signals over 50 mins under laser irradiation, indicating the good stability of enhanced photoacoustic (PA) imaging with 
PATQ-DPP nanoparticles. With the photostability of PATQ-DPP nanoparticles confirmed, the PAI was performed at 
varying concentrations (20, 40, 60, 80, and 100 μg/mL) using laser excitation at 980 nm. As shown in Figure 4B, even at 
low concentrations, PATQ-DPP nanoparticles still manifested a photoacoustic effect, and PA signals remarkably 
increased with higher nanoparticle concentrations. Figure 4C displays imaging profiles along the green dashed line 
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Figure 4 In vitro photoacoustic property of as-prepared PATQ-DPP nanoparticles. (A) The photostability of photoacoustic signal under the irradiation of different laser 
powers for 50 mins. (B) Photoacoustic images of PATQ-DPP nanoparticles under excitation at 980 nm at different concentrations. (C) Intensity profiles along the dashed 
line from (B). (D) The Photoacoustic amplitudes at 980 nm as a function of concentrations of PATQ-DPP nanoparticles.
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from the photoacoustic image, revealing the sharp peaks signify the presence of PA signals at varying concentrations of 
nanoparticles. Importantly, the PA signal demonstrated a strong linear relationship with the concentration of PATQ-DPP 
nanoparticles, as shown in Figure 4D. In summary, these results indicated that PATQ-DPP nanoparticles exhibit 
admirable photoacoustic performance in vitro, showcasing their potential for use in PAI applications.

In vivo PAI of PATQ-DPP Nanoparticles
Base on the results above, the PAI capability of nanoparticles was attempted to be confirmed by using the nude mouse 
model. Brain blood vessels of the nude mouse model were conducted with our MSPAM system, and the results were 
recorded before and after injection PATQ-DPP nanoparticles. As shown in Figure 5A. the position and shape of a few 
brains blood vessels imaging were observed in a photoacoustic image before PATQ-DPP nanoparticles injection. After 
PATQ-DPP nanoparticles injection, the brain blood vessels performed clearer, which was shown in Figure 5B. These 
results indicated that the advantages of PAI with the aid of PATQ-DPP nanoparticles.

Surprised by the remarkable PAI performance as conducted above, in vivo PAI was attempted to be performed on the 
CNE2 tumor-bearing mice. When the tumor reaches a volume of approximately 100 mm3, the CNE2 tumor-bearing mice 
were randomly divided into four groups of five mice per group. And then the PATQ-DPP suspensions (50 μL, 1 mg/mL) 
were injected into the mice. After injected the PATQ-DPP nanoparticles, the PA signals of tumor region at different times (0, 
6, 12, 24 hours) were obtained by our MSPAM system. As revealed in Figure 5C, after 6 hours, a photoacoustic signal was 
observed and increased rapidly over time until 24 hours, which demonstrated that the PATQ-DPP nanoparticles had the 
ability of target CNE2 cells and could accumulate in the tumor site. Given the above, the results indicated that the PATQ-DPP 
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Figure 5 In vivo PAI of PATQ-DPP nanoparticles. Brain blood vessels images of the nude mouse model with our MSPAM system before (A) and after (B) the injection of 
PATQ-DPP nanoparticles. (C) Photoacoustic intensity in the tumor region after intravenously injection of PATQ-DPP nanoparticles at different time points.
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nanoparticles possessed excellent tumor targeting accumulation in NPC tumor tissue, demonstrating exhilarating PAI effects 
and a long-lasting imaging period. In vivo multiscale PAI possesses the ability of comprehensive imaging of NPC.

In vivo PPT Based on PATQ-DPP Nanoparticles
Motivated by the efficient tumor accumulation of the nanoparticles, the curative effect of the NIR laser induced PTT of 
PATQ-DPP nanoparticles was evaluated in vivo with NPC tumor-bearing mice model, the exciting photoacoustic 
performance revealed the in vivo PTT capability of PATQ-DPP nanoparticles. NIR thermal imaging of PATQ-DPP 
nanoparticles in vivo was first explored under irradiation with 980 nm laser (1.0 W/cm2) for 10 mins after orthotopic 
injection. This experiment was carried out on subcutaneous tumor-bearing nude mice, in which the tumor size reached 
approximately 100 mm3. They were selected, then divided randomly into four groups (n = 5 per group) as follows, (1) 
PATQ-DPP nanoparticles + Laser group (1 W/cm2, 10 mins), (2) PBS + Laser group (1 W/cm2, 10 mins), (3) PATQ-DPP 
nanoparticles + No laser group, (4) Control group. As exhibited in Figure 6A, Hyperthermia was quickly generated in 
tumor region and raised to over 50 °C within 5 mins in the group treated with PATQ-DPP nanoparticles. While the results 
of the control group did not obvious change after 5 mins of laser irradiation, namely the temperature change was fully 
negligible. The results indicated that PATQ-DPP nanoparticles could serve as wonderful photothermal agents to generate 
hyperthermia in vivo to efficiently release hazardous substance and kill tumor cells.

Subsequently, to intuitively record long-term PTT efficacy and monitor the recovery process of PTT, the tumor 
volume of experimental mice and representative photographs were gathered and measured every 3 days after treatments. 
As revealed in Figure 6B, after laser hyperthermia treatment for 10 minutes, significantly dilated blood vessels were 
observed on the tumor surface in the NIR combined with PATQ-DPP nanoparticles-treated groups. The surface appeared 
slightly dark red, while other groups, after laser treatment for the same duration, showed less vasodilation on the surface, 
and the tumor appearance had no obvious change, with a slightly lighter color than the former. The results indicated that 
the growth rate of tumors in mice receiving single-factor treatment (only laser irradiation) was not significantly different 
from that of the control group without treatment and no laser PATQ-DPP nanoparticles-treated groups, indicating that 
laser irradiation alone and no laser PATQ-DPP nanoparticles-treated had no significant impact on tumor growth. At the 
previous treatment stage, the tumors treated by PATQ-DPP nanoparticles injection under laser irradiation displayed an 
admirable tumor ablation effect. Unexpectedly, complete tumor ablation with no recurrence was observed in 18 days by 
PATQ-DPP nanoparticles injection plus laser irradiation, while the tumors of other groups were growing rapidly, as 
marked with a green arrow in Figure 6B. These results confirmed that PATQ-DPP nanoparticles have excellent targeting 
treatment ability in vivo.

Furthermore, there were no substantial deviations in the body weight curves among the four groups, indicating that 
the treatments did not have a noticeable impact on the growth of the mice during the course of the experiment 
(Figure 6C). Meanwhile, it was observed that tumor volumes increased rapidly in the control groups throughout the 
experiment (Figure 6D). In summary, these results demonstrated that the combination of PATQ-DPP nanoparticles and 
PPT can serve as a promising and viable approach for cancer PTT in vivo with relatively minimal toxicity.

Histological Analysis
Furthermore, the mice were dissected after the in vivo experiment and the tumors were further studied using 
Hematoxylin and Eosin (H&E) staining. Each group of tumor tissue was subjected to H&E staining. As displayed in 
Figure 7A, the results showed that the PATQ-DPP nanoparticles plus laser irradiation group exhibited noticeable cell 
apoptosis and necrosis. In contrast, the groups with single-factor treatment (only laser irradiation) showed only partial 
destruction of tumor cells, while the tumor cells in the control group and the PATQ-DPP nanoparticles without laser 
group exhibited almost no necrotic tissue. These results demonstrated that PATQ-DPP nanoparticles have admirable 
photothermal properties and can effectively conduct chemo-PPT.

Last but not least, to further validate the biocompatibility of PATQ-DPP nanoparticles in vivo, mice were dissected 
after treatment, and major organs (heart, spleen, liver, lung, and kidneys) were examined using H&E staining. Compared 
with the control group, the results of the two groups were consistent, showing no obvious lesions and side effects in these 
major organs, was presented in Figure 7B. On the contrary, noticeable necrosis and cell apoptosis were observed in the 
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tumor after treatment with PATQ-DPP nanoparticles (Figure 7A), further indicating the insignificant cytotoxicity of 
PATQ-DPP nanoparticles to normal tissues while remarkably destroying the tumor tissues. In summary, the results 
presented substantiate that the obtained PATQ-DPP nanoparticles are an outstanding photothermal agent, with an eminent 
targeting accumulation ability toward nasopharyngeal carcinoma cells, consistent with the in vitro outcomes. 
Furthermore, these results suggested the security and low toxicity of PATQ-DPP nanoparticles, highlighting their 
potential as an effective platform for cancer PTT with relatively low systemic toxicity.

0 s 30 s 60 s 90 s 120 s 300 s

PBS + Laser
60 °C

0 °C

A

0 Day 3 Day 6 Day 9 Day 12 Day 15 Day 18 Day

PBS + Laser

Blank group

B
PATQ-DPP
+ Laser

PATQ-DPP
+ Laser

PATQ-DPP
+ No Laser

C D

Figure 6 In vivo PTT of NPC tumor-bearing nude mice. (A) Photothermal images of NPC tumor-bearing mice injected with PBS and PATQ-DPP Nanoparticles (50 μL, 
1 mg/ mL) under NIR laser irradiation (980 nm, 1 W/cm2) for 5 mins at 6 h post-injection. (B) Representative photos of NPC tumor-bearing mice after different days before 
(0 day) and after (3, 6, 9, 12, 15 and 18 days) different treatments. (C) Average body weights of mice from each group after various treatments, and (D) Tumor volume 
changes of mice after different treatments: (1) The blue line represented Control group, no treatment. (2) The gray line represented PATQ-DPP Nanoparticles + Laser, 
injection of PATQ-DPP Nanoparticles with a laser. (3) The red line represented laser, irradiation with laser only. (4) The green line represented no laser, PATQ-DPP 
Nanoparticles only.
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Conclusion
In summary, we have resoundingly synthesized a novel low-band-gap conjugated polymer, PATQ-DPP nanoparticles, 
which good biocompatibility, prominent photothermal conversion, high photoacoustic signal intensity and deep signal 
penetration. Both in vitro and in vivo animal studies have shown that PATQ-DPP nanoparticles could simultaneously 
exhibit a photothermal effect under laser irradiation, enabling synergistic enhancement of PAI and PTT for the diagnosis 
and treatment of the NPC. The synthesized PATQ-DPP nanotheranostic platform exhibits significant potential for serving 
as a nanotheranostic tool for the precise diagnosis and treatment of NPC. It may surpass the limitations of conventional 
NPC treatments49,50 and emerge as a novel strategy for NPC treatment. However, it’s important to note that our current 
study was conducted using an NPC tumor-bearing mouse model with ectopic dorsal xenografts, which is limited by the 
experimental setup. Moving forward, we plan to upgrade our experimental equipment and delve deeper into the diagnosis 
and treatment of primary nasopharyngeal carcinoma through comprehensive research.
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