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Photoacoustic imaging (PAI) is a newly emerging technique in biomedical imaging that 

provides strong optical absorption contrast and high ultrasonic resolution, which could 

overcome the depth and resolution limits of conventional optical imaging techniques. [1] 

Using near-infrared (NIR, 650–900 nm) absorptive materials as exogenous contrast agents 

has been widely applied because it improves PAI sensitivity and deep tissue penetration 

ability. With the rapid development of nanotechnology, numerous inorganic nanomaterials, 

such as gold, [2] silver, [3] copper [4], and magnetic nanoparticles [5] (NPs), and a few 

organic nanomaterials such as carbon nanotubes [6] have been evaluated as PAI contrast 

agents. Many of these materials have also been conjugated with targeting moieties of 

interest and exhibited excellent PAI properties in vitro and in vivo. However, the 

nonbiodegradability and potential long-term toxicity of these nanomaterials severely hinder 

their clinical translation. More recently, conjugated polymer NPs with high NIR-absorption 

property [7] have been developed as attractive PAI agents. But their poor biodegradability 

and metabolism in living body remains a problem for clinical use. In comparison, traditional 

NIR-absorptive and emissive small molecular organic dyes, such as indocyanine green 

(ICG) [8] and other NIR dyes, [9] have shown attractive properties for PAI. Especially, ICG 

has been approved by the Food and Drug Administration for patient use, highlighting the 
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high clinical translation ability of organic dyes as imaging agents. However, the intrinsic 

optical instability, difficulty of modification, and high cost of those organic dyes 

dramatically limit their applications.

Despite of the good PAI property of the aforementioned materials, realizing their capability 

for deep tissue detection is a big challenge. Although carefully choosing the excitation NIR 

laser wavelength can efficiently enhance the detection depth, the light scattering in different 

tissues, and the absorption by endogenous hemoglobin in blood drastically reduce the laser 

flux to the deep region. For example, the physiological features of superficial brain tissues 

have been widely investigated using PAI contrast agents, [4a,6a,10] while only most recently 

silica-coated Au NPs were used for PA of superficial glioma in mouse models. [11,12] 

However, in vivo PAI of deep brain tumor is still difficult (the laser flux will be further 

reduced by the skull). Therefore, exploring novel biomaterials for PAI to collect more 

accurate information of deep tumor is highly desired.

Perylene-3,4,9,10-tetracarboxylic diimide (PDI) and its derivatives are a class of small 

molecules that possess exceptional high chemical, thermal, and photochemical stabilities, 

good optoelectronic property, easy modification, and extremely low cost. Due to their 

excellent performance, they have been widely developed as prominent materials for 

constructing various organic electronic devices. [13] In this study, for the first time, we 

successfully developed the PDI-based NIR-absorptive organic NPs (micelle-enveloped PDI) 

as an efficient contrast agent for PAI of deep brain tumor in living mice. By encapsulating 

into amphiphilic molecules, water-soluble PDI NPs were easily synthesized and exhibited 

excellent PAI property (Figure 1 a). We further demonstrated that the NPs were efficiently 

used for detection of mouse brain tumor with high PAI contrast in vivo. The unique 

properties of PDI with high biocompatibility, high photostability, and PAI sensitivity 

warrant it as a novel biomaterial for broad imaging applications.

PDI molecule structured with tertiary amine group (electron donor) and diimide group 

(electron acceptor) to form traditional donor–π–acceptor system for enhancing bathochromic 

effect was easily modified to realize its NIR absorption (Figures S1–S4, Supporting 

Information). Water-soluble PDI NPs (Figure 1 b) were then obtained through enveloping 

hydrophobic PDI with amphiphilic DSPE–mPEG5000. The NPs prepared showed high 

monodispersity and homogeneity with the similar measured average particle size of 48.0 nm 

(by transmission electron microscopy (TEM), Figure 1 c) and 53.0 nm (by dynamic light 

scattering, Figure 1 d), respectively. The PDI NPs exhibited NIR absorption in aqueous 

solution with a maximum absorption of around 700 nm as shown in Figure 1 e (detailed 

discussions of the optical properties of PDI dye were showed in Figures S5–S7 and Table 

S1, Supporting Information). The conjugated number of PDI molecules per NP was 

calculated to be about 1.0 × 10 4, and the extinction coefficient of PDI NP at 700 nm was 

2.00 × 10 8 M−1 cm−1, suggesting it is an excellent NIR light absorber (see Figures S8 and 

S9, Supporting Information).

The as-prepared PDI NPs were highly stable and can be stored in phosphate-buffered saline 

(PBS, 0.1 M, pH = 7.4) without any precipitation in the refrigerator for at least two months. 

No PDI molecule leaching out of the NPs was observed after incubation for 48 h in mouse 
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serum at 37 °C (see Figure S10, Supporting Information). More importantly, compared with 

commercial ICG that exhibited considerably reduced absorption (>80%) under light 

exposure, PDI NPs were found to be intriguing photostability (only 5% reduced absorption) 

after 60 min of continuous laser irradiation at 700 nm and 8 mJ cm–2 (Figure 1 f). This result 

highlights the outstanding optical stability of the obtained PDI NPs, which is a significant 

advantage of contrast agents for PAI.

For PAI application in vivo, the detection sensitivity of PDI NPs in living body was then 

tested by subcutaneous injection of PDI NPs on the lower back of mice. Their ultrasound 

(US) and PA images were collected (Figure S11a, Supporting Information) and showed that 

the PA signal decreases linearly with the concentration decrease (R2 = 0.990, Figure S11b, 

Supporting Information). Furthermore, 0.625 nM of PDI NPs was found to give the 

equivalent PA signal strength as the tissue background, highlighting the high detection 

sensitivity of PDI-based PA imaging technique.

To examine the imaging performance of PDI NPs in brain tumor in vivo, the orthotopic 

glioblastoma tumor models by implanting C6-Fluc cells and the control models by injection 

of PBS in the mice brains were established. Bioluminescence imaging was used to monitor 

the tumor growth, and magnetic resonance imaging (MRI) providing anatomical information 

was also used to accurately localize the tumors (the region in yellow circle in Figure S12, 

Supporting Information). After tail vein injection of PDI NPs, the coronal section of PAI 

was collected for investigating the PAI depth in our system. In Figure 2a, a weak PA signal 

above the skull region was observed both in tumor mice and control mice before NPs 

injection which may be derived from the capillary vessels in the skin and the trauma on the 

skull and skin under surgery. After 2 h injection, the PA imaging at the same region became 

much brighter because of the existence of circulating PDI NPs in the blood vessel. At the 

same time, no PA signal was found in the brain. After 1 d injection, an obvious PA signal 

appeared in the brain of tumor mice whereas no signal was found in the control mice. Such 

PA position in the mouse brain was in accordance with the tumor position obtained from 

MRI, demonstrating excellent PAI effect of PDI NPs on brain tumor. PDI NPs were 

anticipated to enter the extravascular space by diffusion through the disrupted blood brain 

barrier as a result of the tumor formation and accumulation in the tumor cells. Such 

enhanced permeability and retention (EPR) effect thus contributed to the enhanced PAI 

signal at the orthotopic tumor sites, which has been reported for many inorganic NPs. [14]

After 2 d injection, a deeper tumor region (depth at 4.0 mm) was more clearly visualized 

from PAI (Figure 2 a) than after 1 d injection (depth at 3.0 mm). The enhanced tumor 

penetration of NPs with time was generally used to explain this phenomenon. Compared 

with the solid silica-coated Au NPs with the size of larger than 100 nm used for brain tumor 

detection,[10] the relatively smaller size (about 50 nm) and softer structure of the organic 

PDI NPs may achieve better tumor penetration ability to obtain deep tumor PAI.[15] It is 

intriguing to find that the increase of detectable tumor depth was accompanied with the 

decreased PA signals above the skull (in red dotted circle) and in the tumor region (in blue 

dotted circle) with time (Figure 2 b, 2 d vs 1 d). Besides the enhanced tumor penetration of 

NPs, the depth of tumor PAI was also determined by the laser flux to the deep tumor region. 

Considering the limitation of laser energy safely used for in vivo imaging, the decreased 
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laser absorption above the skull at 2 d in our system provided the enhanced laser photon flux 

to the tumor region which could enhance the tumor PAI. Thereafter, the laser penetration in 

tumor should contribute to the PAI depth effect of tumor. Due to the existence of PA 

contrast agent in tumor, the laser flux to the deep tumor region and the resultant PA signal 

were assumed to be determined by the absorption property and NPs concentration in tumor 

while, to our knowledge, no related work was reported. Because of its difficulty to be 

investigated in vivo, we built up an in vivo phantom to try to disclose the NP concentration–

PA depth relationship to some extent. The agarose gels with the same volume buried with 

different concentrations of PDI NPs were used to mimic the tumor region with different NPs 

contents, and their PA signals were measured and compared with each other (Figure 2 d, e). 

Our results of phantom study clearly demonstrated that lower flux of laser light was 

transmitted to the deeper region at high NPs concentrations because of the absorption of 

most excitation light by the NPs close to the surface. With the decrease of NPs 

concentration, more light could penetrate through the surface to the deep location, therefore 

achieving more detectable PA depth although the PA signal still decreased. Thus, based on 

the similarity of the tumor PAI with the phantom study, the enhanced detectable tumor depth 

by PAI at 2 d may also result from the decreased NP concentration in the superficial region 

of tumor to rend more laser flux to the deep region. It should be emphasized that because of 

the weak laser energy transferred to the deep region, the strong absorption property of PA 

agents is no doubtfully very essential for PAI.[11] However, overstrong absorption of the 

contrast agents may lead to the undesired increased light absorption at the superficial regions 

of the tumor and thus reduce the production of PA signal from the deeper region. This may 

explain why the silicon-coated Au NPs with high sensitivity (109 cm−1 M−1) looks only 

produce the PA signal at the superficial region of the tumor (no PA depth data provided)[11], 

whereas PDI NPs with relative low absorption (108 cm−1 M−1) could provide deeper PA 

information.

The localization of PDI NPs in brain tumor was further confirmed by PA spectra 

measurements. In Figure 2 c, it can be clearly seen that the tumor region after 2 d NPs 

injection exhibited the strong peaks of PA signal at 700 and 735 nm (blue line). This 

observation is in accordance with the NIR absorption peak of PDI NPs (Figure 1 e) and the 

PA peaks of pure PDI NPs in aqueous solution (black line) while much different from the 

PA peaks before NP injection which is from the typical endogenous hemo-oxygen in blood 

(red line), indicating the successful accumulation of PDI NPs in the tumor. Interestingly, 

different with PDI NPs in aqueous solution with the maximum PA peak at 700 nm, the 

maximum PA peak at 760 nm was found in tumor region. It is conceivable that besides the 

absorption capability of NPs, the penetrability of the excited laser at different wavelength 

also highly influenced the PA signal in the deep region.

To diminish the interference PA signal around the skull region and further testify the 

capability of PDI NPs for deep tumor PAI, ex vivo US and PA imagings of mice brains 

which were harvested and buried in agarose gel were studied to compare with the in vivo 

imaging. In Figure 3a, the ex vivo PAI quality of brain tumor was obviously more clear 

than in vivo, and the accumulation of PDI NPs in the brain was evident from the PA signal. 

In contrast, no PA signal was detected in the mouse brain injected with PBS. Since the 
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similar position of PA signal in the brain of tumor mouse ex vivo with the tumor MRI in 

vivo, the PDI NPs exhibited favorable property as a PA contrast agent for in vivo deep brain 

tumor detection simply by EPR effect. Furthermore, the spatial accumulation and 

distribution of PDI NPs in tumor can be well mapped through constructing the 3D US and 

PA image (Figure 3 b). It was showed that the NPs localized around the spatial position to 

which the C6-Fluc cells were injected, indicating the excellent 3D PAI quality of PDI NPs 

for tumor imaging.

The NP clearance and biodistribution at 2 d were investigated by ex vivo PA signal 

quantification of the resected organs embedded in agarose gel (Figure S13a, Supporting 

Information). The biodistribution in the mice injected with PBS was also analyzed for 

comparison. It was found that very low PA signal presented in all organs for the mice 

injected with PBS. As for the mice injected with PDI NPs, the NPs exhibited dominant 

uptake in the liver and the spleen, a significantly lower uptake in the kidney, skin, intestine, 

stomach, and heart, and nearly no accumulation in the bone, pancreas, and muscle (Figure 

S13b, Supporting Information). This distribution pattern is quite similar to those reported for 

inorganic and organic NPs because the NPs with size higher than 10 nm are mainly cleared 

through hepatobiliary system.[16]

The relative high viability of NIH3T3 cells (95%–105% as compared with the nontoxic 

control) after 24 h of incubation with different concentrations of PDI NPs indicated their 

good biocompatibility and low cytotoxic effect (Figure S14a, Supporting Information). The 

in vivo toxicity of PDI NPs in mice was further evaluated through H&E staining of those 

organs in which the NPs highly accumulated. Following tail vein injection of PDI NPs, there 

was no death or abnormal behavior in any of the experimental animal groups during the 

study period. H&E staining of the liver, the spleen, and the kidneys did not show any 

apparent changes in cellular structures after 7 d NPs injection (Figure S14b, Supporting 

Information). These preliminary results demonstrated that intravenous administration of PDI 

NPs did not cause acute toxicity to the liver, the spleen, or the kidney in mice. Further 

investigations are still needed to comprehensively evaluate the NPs toxicity.

In conclusion, PDI NPs were successfully prepared and used to realize PAI of deep 

orthotopic brain tumor in mice models. Because of its low cost, ease of chemical 

modifications, and extraordinary high photostability, PDI system exhibits high potential for 

PAI of deep tumor. Furthermore, selecting contrast agents with appropriate light absorption 

capability and/or controlling their concentrations in tumor in an appropriate extent may be 

essential to obtain good PAI of deep tumor. Overall, our work provides insight on how to 

design or choose appropriate organic NP-based contrast agents for promoting the 

development of PAI technology for deep tumor imaging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
a) Schematically illustrating the PAI process of brain tumor in vivo by PDI NPs. b) Picture 

of PDI NPs in PBS (pH = 7.4). c) TEM of PDI NPs (Bar = 100 nm). d) Hydrodynamic size 

distribution graph of PDI NPs. e) UV–vis–NIR absorption spectrum of PDI NPs in aqueous 

solution. f) Photostability comparison of PDI NPs with ICG.
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Figure 2. 
a) The US (grey), PA (green), and their overlay coronal sections of brain of control model 

(top) and tumor model (bottom) before and after tail vein injection of 250 μL of 250 nM PDI 

NPs. b) The relative PA signal changes of the skull region (S, in red dotted circle of (a)) and 

tumor region (T, in blue dotted circle of (a)) at 2 d compared with that at 1 d, respectively, 

and that of T/S at 1 d and 2 d. c) PA spectra of PDI NPs in aqueous solution (black line), the 

region in red dotted circle of (a) before injection of NPs (red line) and tumor region of (a) 

after 2 d injection of NPs (blue line). d) The PA coronal sections of PDI NPs with different 

concentrations (from 50 to 0.390625 nM) in agarose gel (in vivo phantom). e) The plots of 

PA intensity–NP concentration and PA detectable depth–NP concentation relationships.
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Figure 3. 
a) The ultrasonic (grey), photoacoustic (green), and their overlay coronal sections of brain of 

control model (left) and tumor model (right) which were harvested and buried in agarose gel 

after 2 d tail vein injection of PDI NPs. b) Photographic transverse imaging (left) and the 

overlay of PA (green) and US (grey) sagittal 3D image (right) of tumor bearing brain. The 

red dot in fi gure (b) is the injection point of C6-Fluc cell.
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