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Background: Carotid artery thrombosis is the leading cause of stroke. Since there are no apparent symptoms in the early stages of 
carotid atherosclerosis onset, it causes a more significant clinical diagnosis. Photoacoustic (PA) imaging provides high contrast and 
good depth information, which has been used for the early detection and diagnosis of many diseases.
Methods: We investigated thrombus formation by using 20% ferric chloride (FeCl3) in the carotid arteries of KM mice for the 
thrombosis model. The near-infrared selenium/polypyrrole (Se@PPy) nanomaterials are easy to synthesize and have excellent optical 
absorption in vivo, which can be used as PA contrast agents to obtain thrombosis information.
Results: In vitro experiments showed that Se@PPy nanocomposites have fulfilling PA ability in the 700 nm to 900 nm wavelength 
range. In the carotid atherosclerosis model, maximum PA signal enhancement up to 3.44, 4.04, and 5.07 times was observed by 
injection of Se@PPy nanomaterials, which helped to diagnose the severity of carotid atherosclerosis.
Conclusion: The superior PA signal of Se@PPy nanomaterials can identify the extent of atherosclerotic carotid lesions, demonstrat-
ing the feasibility of PA imaging technology in diagnosing carotid thrombosis lesion formation. This study demonstrates nanocompo-
sites and PA techniques for imaging and diagnosing carotid thrombosis in vivo.
Keywords: photoacoustic contrast agent, molecular imaging, Se@PPy nanocomposites, carotid artery thrombus

Introduction
Cardiovascular disease accounts for about half of all deaths worldwide, mainly due to the high fatality rate of advanced 
atherosclerosis.1,2 After lipid deposition in the intima of blood vessels, the intima will gradually thicken to form atherosclerotic 
plaques and will be a danger of falling off at any time.3 The thrombus is a potentially complicating condition of athero-
sclerosis. Thrombosis often occurs after atherosclerotic plaque ruptures, which may lead to stroke or acute myocardial 
infarction.4 The accumulation of plaque can block blood flow in the carotid arteries, and in severe cases, inadequate blood 
supply to the brain may lead to an acute stroke event. Approximately one-quarter of all ischemic strokes are cardioembolic, 
especially in patients with atrial fibrillation,5 and three-fourths are atherothrombotic, including carotid artery atherosclerotic 
disease.6 Despite advances in medical therapies and thrombolysis, the effective treatment of stroke remains elusive for various 
practical reasons. Therefore, it is essential to familiarize and prevent thrombotic diseases.7

Standard methods of identifying arterial thrombosis on clinical imaging include computed tomography,8 positron 
emission tomography,9,10 and magnetic resonance imaging.11 These imaging techniques are radioactive, expensive, or 
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harmful and have limitations in the clinical examination of thrombosis lesions. Due to the radiation-free and low-cost 
advantages of optics or ultrasound, it has attracted exploration and research in clinical medicine. Molecular fluorescence 
imaging does not produce ionizing radiation, requires low energy to excite fluorescence, and has excellent imaging 
contrast.12–15 However, this imaging modality only supplies a two-dimensional signal and lacks longitudinal information. 
Furthermore, the resolution is poor in biological tissues larger than 1mm due to light scattering.16 Ultrasound imaging 
receives reflected signals and processes them to obtain images of organs in the body. This imaging modality is less 
effective for thrombus detection due to the limited penetration of micron-sized contrast agents.17–19 Although available 
nano-bubble technology increases infiltration into the vasculature, the bubble size is at odds with clinical ultrasound 
system stability and echo efficiency.20–22 Thus, a low-cost, radiation-free imaging method is essential and can be 
combined with nanomaterial contrast agents to provide accurate thrombus localization and 3D information.

PA imaging is a noninvasive technique based on the PA effect on biological tissues. It preserves high contrast 
performance and adds the depth advantage of ultrasonic imaging.23 In PA imaging technology, when a pulsed laser irradiates 
biological tissues, the absorbed electromagnetic wave energy is converted into heat energy, which produces an ultrasonic 
signal due to thermal expansion. Because light waves have a scattering effect in biological tissues, electromagnetic wave 
energy can effectively enter the tissue at a depth of about five cm.24 Based on the unique spectral characteristics of each atom 
and molecule, PA imaging can precisely detect the biochemical components of biological tissues, arousing people’s 
enthusiasm in various fields of biomedicine.25 PA imaging technology can diagnose diseases such as breast cancer, skin 
lesions, cerebrovascular disease, and colorectal cancer, obtaining high-resolution and high-contrast biological tissue images 
to help doctors accurately diagnose patients. In biomedical research, it can be used to observe the morphology, physiology, 
and metabolism of cells, tissues, and organs under different conditions and study the structure of cells and the human body, 
especially in disease research, which is of great significance. One of the potential research areas of PA imaging is 
cardiovascular disease diagnosis, such as noninvasive vascular imaging26–28 and intravascular imaging.29–32 The indirect 
study of thrombotic disease through thrombotic animal models is essential, and there have been cases of discovering 
antithrombotic drugs.33 Mice have a highly similar genetic structure to humans, often used in scientific research to study 
thrombotic diseases.34,35 A standard method of arterial thrombosis in mice is the application of FeCl3 to the arterial 
surface.36–39 When FeCl3 is administered topically, it causes vascular lipid peroxidation and endothelial cell destruction,40 

causing intimal damage, platelet adhesion, aggregation, and ultimately thrombosis. The characteristic information about 
atherosclerotic inflammation can be obtained without damage using the PA imaging system.41 Due to the light absorption 
properties of blood, Professor Vasilis’ team used it as a signal source to image the carotid artery in healthy humans using a PA 
imaging system.42 Imaging studies of arterial thrombosis in animals have been reported, and these researches have proved 
that PA imaging has the potential to detect thrombosis.43,44 In order to better apply the PA imaging system for the 
noninvasive detection of carotid thrombosis, we applied PPy-coated selenium (Se@PPy nanocomposite) as contrast 
agent.45 In recent years, selenium nanomaterials have been a new material that can efficiently enter tumors through the 
bloodstream and kill them using the photothermal effect.46,47 Both photothermal and PA effects are light energy conversion 
processes in the same direction, the difference being that photothermal therapy uses a continuous high-energy laser. In 
contrast, PA imaging uses a low-power pulsed laser; therefore, selenium nanomaterials have the potential for PA imaging. 
Our study will help to advance the use of PA technology in thrombosis imaging, thereby facilitating further research into 
thrombotic diseases in medicine. As illustrated in Figure 1, the Se@PPy nanocomposites could accumulate in the thrombus 
site, and the PA imaging system can aid in treatment decisions, such as thrombolysis, anticoagulation, and surgery. The 
following sections will cover our details, results, and discussions.

Materials and Methods
Materials
FeCl3 was purchased from Kemai Laboratory Supplies Management Department (Wuhan, China). NaCl and 
Heparin sodium were supplied by Shanghai Yuanye Bio-Technology Co., Ltd. Reagents for selenium dioxides 
and pyrrole were purchased from Shanghai Macklin Biochemical Technology Co., Ltd. Cell apoptosis was 
detected using the Annexin V-FITC/PI apoptosis detection kit (Yeasen Biotechnology Co., Ltd., Shanghai, 
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China). 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) and 
RPMI-1640 was obtained from Sigma (Shanghai, China). Aldrich. Unless otherwise noted, all commercial 
reagents were used as received. Experiments were carried out using ultra-pure water (18.25 MΩ*cm, 25°C).

Preparation of Se@PPy Nanocomposites
Prepare a 500 mL beaker and pour approximately 300 mL of deionized water into it. Place the beaker on a magnetic stirrer. 
Next, use a molecular balance to measure 80.4 mg of pyrrole solution and 79.89 mg of selenium dioxide. Pour the selenium 
dioxide particles into a flat-bottomed flask, then add 12 mL of deionized water. Transfer the pyrrole solution to the flask using 
a pipette. Place the magnetic stirrer in the flask. Cover the flask opening tightly with cling film to prevent the solution from 
splashing, and poke a few small holes for pressure balance. Then, clip the flask with an apparatus and immerse it partially in the 
water in the beaker. Adjust the magnetic stirrer’s speed and water bath temperature to 800 rpm and 35°C, respectively. Let the 
reaction proceed for 24 hours in the water bath. Finally, transfer the reaction mixture to a 20 mL brown glass bottle for storage.

Characterization
The atomic force microscope imaging was collected on an instrument (Multimode 8, Bruker Co.). The particle size of 
nanocomposites was tested with Malvern Nano-ZS Particle Sizer (Britain) at different concentrations after 24h and then 
at 160 μg/mL for seven days. PA characterization was performed using a self-constructed multi-spectral PA microscope 
system. The optical absorption spectrum of Se@PPy nanocomposites was detected with Thermo Fisher Scientific 
Evolution 300 spectrophotometer (USA).

Animal and Ethics Statement
All procedures involving animals were carried out under the Guidelines for Institutional Animal Care and Use 
Committee and approved by the approval of the Animal Care and Usage Committee of Guangdong Zhiyuan 
Biomedical Technology Co., Ltd (IAEC-2022011202). All KM mice used for the experiments were obtained from 
Beijing Vitalstar Biotechnology Co., Ltd. KM mice aged eight weeks were selected for this study. Twenty animals 

Figure 1 Principle of detecting carotid artery thrombosis with the photoacoustic imaging system. 
Abbreviations: OPO, optical parametric oscillator; DAQ, Data acquisition system.
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were divided into five groups (4 mice per group). The normal group underwent blood sampling by cardiac 
puncture. One group was used for blood clearance experiments. The other two groups were treated with FeCl3 

to model different degrees of carotid atherosclerosis. The other group of healthy mice was used for control 
experiments.

Clearance of Se@PPy Nanocomposites in Blood
Mouse was anesthetized with 1% sodium pentobarbital via tail vein injection. PA imaging of mouse ear vessels was 
performed under laser excitation at 850 nm. After injection of Se@PPy nanocomposites (160 μg/mL, 150 μL) through 
the tail vein, the mouse ear vessels were imaged again at 0h, 1h, 2h, 4h, 5h, and the PA signals were averaged in order to 
quantify Se@PPy nanocomposites concentration in blood.

Cytotoxicity of Se@PPy Nanocomposites
The material was centrifuged at 4000 rpm and filtered through a 220 nm filter to remove the supernatant. After adding an 
equal amount of culture medium to resuspend the materials uniformly, the required experimental concentration (10, 20, 
40, 80, 100 μg/mL) was prepared and stored on a clean bench.

To assess the toxic effects of Se@PPy nanocomposites for cells utilizing the cell proliferation assay (MTS). The 
22Rv1 cells (2×103 cells/per well, 100 μL) were divided into six groups, and five replicate wells were set up to incubate 
for 24 hours on 96-well plates to achieve cell apposition. After removing the medium, Se@PPy nanocomposites solutions 
were added at different concentrations (10, 20, 40, 80, 100 μg/mL), and the cells were placed in an incubator and 
incubated at 37°C for 24 hours. After adding 20 μL of MTS per well, enzyme labeling apparatus (OD: 490 nm) was used 
to measure the absorbance at 2, 3 and 4 hours to obtain cell viability values.

We also evaluated the in vitro cytotoxicity of Se@PPy nanocomposites on endothelial cells HUVEC using flow 
cytometry. HUVEC cells were seeded at a density of 5×105 cells/well in 6-well plates and five groups were 
established with different concentrations of Se@PPy nanocomposites (0, 10, 20, 40, 100 μg/mL). The plate was 
then incubated overnight in a cell culture incubator. On the second day, nanomaterials were added following the 
same material processing as previously and then incubated for 4 hours. The subsequent experimental operations 
were carried out according to the instructions of the reagent kit. After incubation, cells were collected by detached 
with trypsin without EDTA and centrifuged at 4°C for 5 min (300 g) to collect the cells. The cells were washed 
twice with pre-cooled (4°C) PBS, each time being centrifuged (under the same conditions as before). The PBS was 
discarded, and the cells were resuspended in 100 μL of 1×Binding Buffer. The cells were then stained with 5 μL 
of Annexin V-FITC and 10 μL of PI Staining Solution, mixed gently, and kept at room temperature for 15 min in 
the dark. Cell viability was detected using flow cytometry within 1 hour.

The PA Properties of Se@PPy Nanocomposites
This study employed a multi-spectrum PA microscopy system (as illustrated in Figure S1). The sample was excited using 
a tunable nanosecond pulsed OPO laser (Continuum, USA) as the energy source. The resulting acoustic signals were then 
captured using an ultrasound transducer (Olympus, USA) with a central frequency of 25 MHz. The captured signals were 
amplified using an amplifier (Olympus, USA) and transmitted to a computer outfitted with a data acquisition module and 
image processing module for further analysis. Injection of Se@PPy nanocomposites at 160 μg/mL into the capillary glass 
tube and then fixed in a block of agar plates, followed by PA signal acquisition of this sample from 750 nm to 940 nm at 10 
nm wavelength intervals to get the PA spectrum. Followed by continuous irradiation of new glass capillary tubes at 800 nm 
for 20 minutes after switching to a fresh sample, the PA stability of the nanomaterial was assessed by monitoring the change 
in PA intensity. Different concentrations (0, 20, 40, 80, 160 μg/mL) of Se@PPy nanocomposites glass tubes were prepared 
using the above method, and then PA images and intensities were obtained at an excitation wavelength of 850 nm.
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PA Intensity of Se@PPy Nanocomposites Mixed with Blood
The blood collected by cardiac puncture was transferred to a 96-well plate (containing heparin sodium) and mixed with 
three concentrations of 80 μg/mL, 160 μg/mL, and original of Se@PPy nanocomposites (ratio of blood to Se@PPy 
nanocomposites 1:1) to obtain PA images and statistical average PA signal value.

In vivo PA Imaging of Carotid Artery Thrombosis
Mice were anesthetized with 1% pentobarbital sodium via intraperitoneal injection, and the depth of anesthesia was 
confirmed by pinching their toes. After a small animal electric clipper removed the neck and upper chest fur, the mice 
were immobilized in the supine position, and the surgical site was disinfected with alcohol. A surgical blade made 
a small incision in the neck, and the skin was separated from the subcutaneous layer. A midline incision was made in the 
neck. The thin fascia between the submandibular glands was gently dissected using thin hemostatic forceps and Graefe 
tweezers to expose the left common carotid artery. Hemostatic forceps separated the carotid artery from the fascia 
through a small opening. Hold a clean filter paper fragment with forceps and insert it through the opening, then unfold 
the paper to absorb any FeCl3 that may have penetrated the surrounding blood vessels. In advance, another filter paper 
(0.5×1 ~ 2×2 mm) was soaked in 20% FeCl3 solution until saturated and placed on the carotid endothelial surface for 5 
minutes. After that, the FeCl3 solution was cleaned with PBS. The area where the FeCl3 solution was applied was imaged 
by the PA imaging system immediately, and the PA image and PA signal value was obtained. The imaging process 
took about 30 minutes, and nanomaterials (160 μg/mL, 150 μL) were immediately injected via the tail vein. The same 
area was imaged again under the same conditions as before. Small-scale filter paper corresponds to the partial part, and 
large-scale infiltration corresponds to the entire part. The wound was closed after surgery.

Statistical Analysis
Statistical analysis was performed using IBM SPSS Statistics 25 software. Data are shown as mean ±SD. In group 
comparisons, the Mann–Whitney U-test was used for continuous variables. The Kruskal–Wallis test tested the concen-
tration difference. A p-value less than 0.05 was considered statistically significant in all cases.

Result and Discussion
The carotid arteries are primarily responsible for delivering blood to the head. Patients with mild carotid artery 
thrombosis will experience mild dizziness, headaches, and other discomforts. Severe carotid artery thrombosis is mainly 
a bilateral thrombosis of the carotid artery, causing severe ischemia in the brain, manifesting in the form of shock and 
coma, consciousness is lost, and the body is paralyzed.48 In this research, we proved the feasibility of Se@PPy 
nanocomposites combined with PA imaging technology and used to detect carotid artery thrombosis in mouse models. 
We could diagnose the severity of carotid artery thrombosis in mouse models.

Characterization of Se@PPy Nanocomposites
At room temperature, pyrrole can reduce H2SeO3 in water to produce elemental selenium, and selenium can act as 
a catalyst for the polymerization of pyrrole, ultimately resulting in the synthesis of Se@PPy nanocomposites. Fabrication 
of Se@PPy nanocomposites is elucidated in Figure S2. The stability of the nanocomposite is displayed in Figure S3, and 
the dissolution in water is shown in Figure S4.

The results of the atomic force microscopy observation as shown in Figure 2A, where the height of the Se@PPy 
nanocomposites can be seen to be approximately 100 nm to 140 nm. In addition, the diameters of selenium nanomaterials 
with different concentrations were detected by dynamic light scattering, as shown in Figure 2B, indicating that the 
average hydrodynamic diameter of the nanostructures is about 190 nm, which differs from the results observed by atomic 
force microscopy. The differences in sample preparation are the reason for this discrepancy. When the concentration was 
160 μg/mL on the first day, the particle diameter distribution was shown in Figure 2C, proving that the material’s particle 
distribution was stable After seven days of continuous detection, as shown in Figure 2D, it is found that the diameter of 
the nanoparticles has little difference, which verifies that the nanoparticles have good stability.
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PA Properties of Se@PPy Nanocomposites in vitro
As shown in Figure 3A, the absorption spectrum demonstrated that the absorption range of Se@PPy nanocomposites was 
extended to the near-infrared region from 700 nm to 850 nm. The relevant experiments were performed using the multi- 
spectrum PA microscopy system to confirm the PA properties of the nanomaterials further. First, we measured the PA 
signal value of the material in the wavelength range of 750 nm to 940 nm. The experimental results are shown in 
Figure 3B. It can be seen that the Se@PPy nanocomposites have a strong PA signal in the near-infrared area from 800 nm 

Figure 2 (A) Atomic force microscope image of Se@PPy nanocomposites. Cohesive and discrete nanoparticles have been synthesized. (B) The dynamic light scattering 
method measured the hydrodynamic dimensions of nanocomposites with different concentrations after 24h placement. (C) The particle diameter distribution of Se@PPy 
nanocomposites with a concentration of 160 μg/mL. (D) The hydrodynamic diameter was detected for seven consecutive days.

Figure 3 (A) UV-vis absorption spectrums of the Se@PPy nanocomposites at different concentrations dissolved in water. (B) PA spectrum of Se@PPy nanocomposites at 
different wavelengths.

https://doi.org/10.2147/IJN.S404743                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2023:18 4048

He et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


to 900 nm, and the characteristic peak can be seen at 850 nm, which is similar to the absorption spectrum. However, 
a shift in the peak is observed by comparing the two curves. This situation will also be seen in other PA contrast agents. 
This is mainly affected by slight differences in preparation or caused by differences in the spectral and photophysical 
processes.

After confirming the best wavelength imaging of Se@PPy nanocomposites, we performed PA imaging of five 
concentrations of nanomaterials under laser excitation at 850 nm. The reagents were injected individually into multiple 
2 mm glass tubes wrapped in agar. The results are shown in Figure 4A, where it can be observed that the Se@PPy 
nanocomposites exhibited a PA effect even at a low concentration.

The result after continuous laser irradiation is shown in Figure 4B shows that the PA signal did not change 
significantly during 20 minutes of continuous laser irradiation, demonstrating that Se@PPy nanocomposites improve 
the stability of PA imaging. In addition, as the concentration of the nanomaterials increases, the corresponding PA signals 
are significantly enhanced. The curve shown in Figure 4C was extracted from the PA image along the green dashed line, 
with five sharp peaks representing the PA signal for different concentrations of the Se@PPy nanocomposites. The fitted 
curve between the concentrations of Se@PPy nanocomposites and PA signal values as displayed in Figure 4D, showed 
an excellent linear relationship (r=0.973) between the two. Therefore, it can be demonstrated from the above in vitro 
experimental results that Se@PPy nanocomposites exhibited desirable PA properties.

Toxic Side Effects of Se@PPy Nanocomposites
Cytotoxicity experiments were conducted to evaluate the biocompatibility of Se@PPy nanocomposites. Through cell 
experiments, it can be seen that the effects of composite materials on the vitality of 22Rv1 cells at different concentra-
tions. In Figure 5, after co-cultured with 22Rv1 cells for 24h, it was seen that the cell viability showed an enhanced trend 
even at higher concentrations, which showed that the nanomaterial has good biocompatibility and has the potential to 
promote cell growth at appropriate doses. The flow cytometry results, as shown in Figure S5, demonstrate that at 

Figure 4 (A) PA images of Se@PPy nanocomposites under excitation at 850 nm at various concentrations. (B) The PA signal from Se@PPy nanocomposites under 
continuous laser irradiation for 20 min. (C) Intensity profiles along the dashed line from (A). (D) The PA amplitudes at 850 nm as a function of the concentrations of 
Se@PPy nanocomposites.

International Journal of Nanomedicine 2023:18                                                                                   https://doi.org/10.2147/IJN.S404743                                                                                                                                                                                                                       

DovePress                                                                                                                       
4049

Dovepress                                                                                                                                                               He et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=404743.docx
https://www.dovepress.com
https://www.dovepress.com


concentrations of 10 μg/mL, 20 μg/mL, and 40 μg/mL, the cell survival rates were 91.2%, 95.3%, and 94.8%, 
respectively. Our findings demonstrate that HUVEC possesses excellent tolerance to Se@PPy nanocomposites at low 
concentrations, and incorporating these foreign particles did not impact cell activity. Furthermore, even at a 100 μg/mL 
nanoparticle concentration, 90.5% of HUVEC cells remained viable, indicating that Se@PPy nanocomposites have 
favorable biocompatibility and will not cause significant toxic side effects on normal tissues upon entering the body.

Once the effect on cellular activity has been confirmed in vitro, it is essential to investigate whether the nanoparticles 
harm biological organs. To this end, Se@PPy nanocomposites (160 μg/mL, 150 μL) were injected into mice via intravenous 
injection in the tail vein, and several major organs - including the heart, liver, spleen, lung, and kidney - were sampled after 
seven days of regular feeding and subjected to H&E analysis. The experimental results are shown in Figure 6, and it can be 
seen that there is no significant damage in the experimental group compared to normal organs, which showed that they have 
no toxic effects on biological organs.

PA Signal of Se@PPy Nanocomposites Mixed with Blood
Mixing different concentration gradients of Se@PPy nanocomposites with mouse blood, the signal intensity is evident as 
shown in Figure 7A. As displayed in Figure 7B, the results show a significant difference between groups for each 
concentration gradient, **P < 0.01; ***P < 0.001. The experimental results accurately show that the signal value of the 
nanomaterials mixed with blood increases with increasing concentration, indicating the potential use in angiography.

Figure 5 Cell viability of 22Rv1 cells when co-cultured with different concentrations (10, 20, 40, 80, and 100 μg/mL) of the Se@PPy nanocomposites at 24 h.

Figure 6 Hematoxylin and eosin (H&E) staining of the heart, kidney, liver, lung, and spleen from healthy untreated KM mouse (top row) and mice after injection of Se@PPy 
nanocomposites (bottom row). The scale bar was 200 µm.
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After injection of Se@PPy nanocomposites into the mouse through the tail vein, the highest initial PA signal can be 
observed in the ear vessels as shown in Figure 7C, and then gradually weakened with time until 5 hours later, the signal 
was similar to that before the injection, and the Se@PPy nanocomposites left in the circulating blood could be ignored.

In vivo PA Imaging of Carotid Artery Thrombosis of Varying Severity
It has been proven that FeCl3 activates platelets and clotting factors in the coagulation system. Activated platelets release 
hormones such as adenosine diphosphate and thromboxane A2, which further recruit more platelets to aggregate and 
form a platelet plug. FeCl3 also damages vascular endothelial cells, causing them to lose their normal anticoagulant 
function and further promoting thrombosis. In this process, fibrinogen is converted into fibrin, which produces a network 
of cross-linked fibrin, further enhancing the strength of the platelet embolus.49 Compared with high-fat diet-induced 
atherosclerosis methods,50 the induction of carotid atherosclerosis with FeCl3 is not only easy to shape. It has a high 
success rate but also a low cost. Small pieces of filter paper (0.5×1 mm) contain a smaller range of FeCl3 solution, which 
might lead to localized thrombus. The larger filter paper (2×2 mm) could cover the whole blood vessel so that FeCl3 can 
be well infiltrated into both ends of the blood vessel, causing a thrombus to seriously affect blood circulation and lead to 
blood vessel occlusion. We found that the carotid artery of mice was infiltrated with FeCl3-saturated filter paper of 
different sizes, and reticular thrombosis of different sizes was formed as shown in Figure S6.

The representative PA imaging of a healthy mouse after the injection of Se@PPy nanocomposites as shown in 
Figure 8A and B. In two mouse models with different degrees of thrombotic lesions, before and after Se@PPy 
nanocomposites injection as displayed in Figure 8C–F, respectively. The mouse in the control group showed a limited 
fluctuation of the PA signal. However, no improved PA signal evident with the same arteries after the probe was injected 
was detected. It can be observed that the PA signal was strengthened after injection of Se@PPy nanocomposites in 
a segment of arteries in two thrombotic lesion mouse models (partial and entire), which meant there was thrombus plaque 
in these areas. The PA signal was enhanced by 3.44, 4.04, and 5.07 times for three arteries with different degrees of 
thrombotic lesions in the in vivo PA imaging experiment as displayed in Figure 8G. Based on the above results, it is 
proved that this molding method is feasible. Furthermore, we analyzed the data and found that the nanocomposite can 

Figure 7 (A) PA images of different concentrations of Se@PPy nanocomposites mixed into the blood under excitation at 850 nm. (B) Quantified PA signal enhancement 
from (A). (C) The blood circulation curve of Se@PPy nanocomposites. Data are shown as mean ±SD. **P < 0.01; ***P < 0.001.
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convey specific information regarding thrombus through PA signal values. Notably, the signal intensity correlates directly 
with the severity of the thrombus. Through quantitative data analysis, it can be found that in the case of the partial 
thrombus model, the PA imaging system cannot effectively detect the information of thrombus. However, after the 
injection of Se@PPy nanocomposites, it can be found that there is a difference (p < 0.05). The PA imaging system can be 
directly detected when the thrombus develops seriously. Moreover, the precise location and size of the thrombus could be 
seen through the image information after the injection of Se@PPy nanocomposites, and the photoacoustic signals before 
and after injection were statistically different from those in the control group (p < 0.01). These conclusions prove that the 
combination of Se@PPy nanocomposites and PA imaging system can effectively detect the degree of thrombus lesion.

PA tomography for detecting carotid artery thrombus relies on the magnitude of the PA signal generated in 
a hemoglobin solution.43 When hemoglobin concentration is low or ischemia occurs, the absorption of light decreases, 
leading to potential overlap between the thrombus signal and hemoglobin signal, which lowers the accuracy of evaluating 
the location and size of the thrombus. In contrast, this study used selenium nanomaterials to exploit their excellent 
penetration properties. The enrichment process in nascent thrombi was very similar to that in tumors, and the results 
demonstrated that selenium nanomaterials positively enhanced the signal of thrombi in the PA images. This extends the 
clinical application of selenium nanomaterials from tumor therapy to thrombus detection. It will also enhance the 
potential of photoacoustic imaging for thrombus detection.

Although Se@PPy nanocomposites have no specificity, they could gather at the thrombus site. We guessed that the 
reticular structure of thrombosis would intercept Se@PPy nanocomposites, and then the size and position of the 
thrombus could be displayed through the PA imaging system. Simply injecting Se@PPy nanocomposites may play 
a poor role. However, with the formation of a thrombus, Se@PPy nanocomposites can build up in the thrombus area, 
thereby enhancing the PA signal in the area where the thrombus is located. A comparison of partial and overall thrombus 
showed that Se@PPy nanocomposites could significantly enhance the PA signatures of thrombus. Carotid artery 
thrombosis requires timely diagnosis and treatment.51 Our research proves that PA imaging could precisely localize 
the location and size of the thrombus, which could help physicians diagnose the severity of carotid artery thrombosis, 
assisting with vascular interventional thrombectomy or surgical thrombectomy, etc.52

Conclusion
In summary, our research has proven the feasibility of the PA imaging system and Se@PPy nanocomposites for detecting 
carotid artery thrombus in vivo and its ability to diagnose thrombus severity.

Figure 8 (A and B) PA images of blood vessels in normal mice and following injection of Se@PPy nanocomposites, respectively. (C and D) PA contrast images of the partial 
thrombus before and after injecting Se@PPy nanocomposites. (E and F) PA contrast images of the entire thrombus before and after injection of Se@PPy nanocomposites. 
The scale bar represents 1 mm. (G) Quantified PA signal enhancement from (A–F). Data are shown as mean ±SD. *P < 0.05; **P < 0.01.
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