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Theranostics is defined as the combination of diagnostic and therapeutic moieties into a 

single platform.[1] With the emergence of nanotechnology, theranostic nanoagents contribute 

significantly to the development of more effective and less toxic diagnostic and therapeutic 

interventions. Theranostics can allow us to simultaneously diagnose and treat diseases, track 

the agent’s location, and evaluate the treatment efficacy. These nanoagents can also be 

customized by conjugation to biological ligands for targeting and can be used to develop 

multifunctional platforms for multimodal imaging and combination therapy.

In recent years, some theranostic nanoagents have been employed for cancer imaging and 

therapy, such as silica, carbon nanotubes,[3] polymeric nanoparticles,[4] gold-based 

nanostructures,[5] palladium-based composites,[6] magnetic nanoparticles[7] and lipid-based 

nanoparticles.[8] However, the scaffolds constructed by one diagnostic component and the 

other therapeutic components face enormous challenges, such as the inconsistency of the 

dose required for imaging and therapy.[9] Nanoagents that intrinsically have both diagnostic 

imaging and therapeutic capabilities have attracted much interest because they can avoid a 

complex synthetic process and improve patient outcome. Recently, benefiting from the 

distinct high specific surface areas, optical, thermal, and electronic properties, several kinds 

of 2D nanomaterials have served as powerful tools for theranostic applications, including 

reduced graphene,[10] transition metal dichalcogenides (TMDCs),[11] and topological 

insulators.[12] However, there are still great demands to develop new theranostic platforms 

for multimodal imaging-guided combination therapy to improve treatment efficacy.

Cobalt chalcogenides have emerged as promising non-noble metal-based nanoparticles in 

various applications, including lithium-ion batteries, cathode materials, and hydrogen 

evolution reaction catalyst.[13] Among these cobalt chalcogenides, cobalt selenides have 

attracted much attention due to their acid-stable property, optimal activity, as well as 

straightforward synthesis. Very recently, 2D cobalt selenides nanosheets were selectively 

synthesized and served as catalysts.[14] However, rare works have been done to study cobalt 

chalcogenides in biomedical application.

Here, we report the synthesis of biocompatible polyacrylic-acid-functionalized Co9Se8 

nanoplates (PAA-Co9Se8 nanoplates) and then investigate their theranostic properties in 

vitro and in vivo for the first time (Figure 1a). We demonstrate that PAA-Co9Se8 nanoplates 

exhibit strong near-infrared (NIR) absorbance and low cytotoxicity. The NIR absorbance 

property is extensively applied to in vitro and in vivo photoacoustic imaging (PAI) and 

photothermal therapy (PTT) by 808 nm laser irradiation. Interestingly, PAA-Co9Se8 

nanoplates can successfully serve as a T2-weight magnetic resonance imaging (MRI) 

contrast agent to obtain good contrast enhancement in vivo. To the best of our knowledge, 
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the magnetic resonance signal enhancing capability of cobalt selenide was not reported 

before. Due to the high surface-area-to-mass ratio of 2D nanomaterials, PAA-Co9Se8 

nanoplates can also be used as high drug loading nanocarriers to obtain PAA-Co9Se8-DOX 

complex, which shows pH-responsive chemotherapy. Furthermore, PAA-Co9Se8-DOX 

complex can be utilized for combined PTT and chemotherapy, which shows synergistic 

effect not only in in vitro cell culture assay, but also in a mouse tumor model. Clearly, PAA-

Co9Se8 nanoplates are new powerful and promising theranostic nanoagents for biomedical 

applications.

Co9Se8 nanoplates were prepared according to Xie’s method with minor modification.[14b] 

In order to make Co9Se8 nanoplates water-dispersible, we functionalized the surface with 

PAA by mixing the mixture of Co9Se8 nanoplates and PAA under sonication and then 

stirring in water. After removing the excess amount of PAA by centrifugation and washing 

three times with water, the PAA-Co9Se8 nanoplates solution with good water dispersibility 

was obtained. Atomic force microscopy (AFM) images revealed that most PAA-Co9Se8 

nanoplates had a diameter of approximately 100 nm and a thickness of about 6 nm, 

suggesting that these nanoplates have a layered structure (Figure 1b, c). Dynamic light 

scattering (DLS) data and transmission electron microscopy (TEM) images also confirmed 

the size of PAA-Co9Se8 nanoplates was approximately 100 nm (Figure 1d and Figure S1, 

Supporting Information). The X-ray diffraction (XRD) pattern of the resulting products 

(Figure S2, Supporting Information) showed that all peaks could be identified as a cubic 

Co9Se8 structure, which is in agreement with the reported literature.[14b] After modifying the 

surface with PAA, the obtained PAA-Co9Se8 nanoplates were negatively charged with a zeta 

potential of −25 mV in aqueous solution (Figure S3, Supporting Information). The UV–vis–

NIR absorbance spectrum was used to study the NIR absorbance properties of PAA-Co9Se8 

nanoplates. As shown in Figure 1e, PAA-Co9Se8 nanoplates exhibited broad band 

absorbance in the NIR region.

In order to apply PAA-Co9Se8 nanoplates for biomedical use, the biocompatibility of 

nanomaterials is of primary concern. We used CCK-8 assay to evaluate the potential 

cytotoxicity of PAA-Co9Se8 nanoplates on HepG2 cancer cells. With the concentration of 

PAA-Co9Se8 ranging from 0 to 120 µg mL−1, all of the cells retained over 90% viability. As 

shown in Figure 1f the cytotoxicity studies showed that PAA-Co9Se8 nanoplates possess low 

cell cytotoxicity and good biocompatibility.

Nanoparticles with strong NIR absorbance properties have attracted much interest in 

developing new theranostic platforms for biomedical imaging and therapy.[5,6,15] To 

investigate the photothermal performance, various concentrations of PAA-Co9Se8 nanoplates 

were exposed to a NIR laser (808 nm, 1 W cm−2). With the increase of PAA-Co9Se8 

nanoplates concentration or irradiation time, the temperatures of the aqueous solution 

containing PAA-Co9Se8 nanoplates increased accordingly (Figure 1g). Furthermore, the 

temperature of the solution containing 30 µg mL−1 of PAA-Co9Se8 nanoplates was elevated 

by ≈26 °C after laser irradiation for 10 min, while pure water increased only ≈3 °C under 

the same laser irradiation conditions. These good photothermal properties of PAA-Co9Se8 

nanoplates motivated us to evaluate their potential for PAI and PTT.
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PAI is an emerging technology formed by detecting the pressure wave caused by the 

photoacoustic effect.[5c,6b,16] Compared with other imaging modalities, PAI has several 

merits, such as high contrast, good spatial resolution, and reasonable penetration depth. 

Therefore, it makes great sense for us to develop new nanostructures for PAI. To 

demonstrate the capacity of PAA-Co9Se8 nanoplates as a new PAI contrast agent, we first 

evaluated the photoacoustic signals from aqueous solutions containing different 

concentrations of PAA-Co9Se8 nanoplates. As shown in Figure 2a,b, a higher photoacoustic 

signal was detected with increased concentrations of PAA-Co9Se8 nanoplates. We then 

investigated PAA-Co9Se8 nanoplates as a PAI contrast agent for cancer cell imaging. As 

expected, a brighter image was observed in cancer cells treated with PAA-Co9Se8 nanoplates 

than those without PAA-Co9Se8 nanoplates (Figure 2c).

Currently, multi-modal imaging tools, especially the combination of MRI and PAI, which 

provides not only volume imaging but also edge detection,[17] have made great contributions 

towards the development of more sensitive and accurate biological imaging systems. 

Because cobalt has three unpaired electrons and large saturation magnetization value (1422 

emu cm−3),[18] some zero-valence ferromagnetic cobalt particles based T2-weight MRI 

contrast agents have been developed.[19] We subsequently investigated the potential of PAA-

Co9Se8 nanoplates to enhance MRI contrast. As shown in Figure 2d, the darker MR images 

of the aqueous solution of PAA-Co9Se8 nanoplates were obtained as the concentrations of 

PAA-Co9Se8 nanoplates increased. The transverse relaxivity (r2) of PAA-Co9Se8 nanoplates 

was determined to be 20.5 × 10−3 M−1 S−1 (Figure S4, Supporting Information). The 

negative enhancement in T2-weight images indicated that PAA-Co9Se8 nanoplates could be 

a new MRI contrast agent. Although the T2 relaxivity of Co9Se8 nanoplates now is relatively 

low, possibly due to their low saturation magnetization, the MRI contrast capability of 

Co9Se8 nanoplates may be further improved through morphology or dopant control.[20]

As a proof-of-concept experiment, we next utilized PAA-Co9Se8 nanoplates as a contrast 

agent for in vivo PAI/MRI dual-modal tumor imaging. All the animal experiments were 

carried out under protocols approved by Xiamen University Laboratory Animal Center. PAI 

was performed using an 808 nm laser as the excitation source before and after the injection 

of PAA-Co9Se8 nanoplates solution into HepG2 tumor-bearing mice. The PA images 

acquired after the injection of PAA-Co9Se8 nanoplates showed strong photoacoustic signals 

around the tumor region, while only major blood vessels could be seen without PAA-Co9Se8 

nanoplates (Figure 2e). T2-weight MR images were recorded before and after injection with 

PAA-Co9Se8 nanoplates with a 9.4 T MR instrument (Figure 2f). An obvious darkening 

effect at the tumor site could be observed after the injection of PAA-Co9Se8 nanoplates. The 

presented results confirmed that PAA-Co9Se8 nanoplates could be a promising dual-modal 

contrast agent for PAI and MRI.

Stimuli-responsive drug nanocarriers have recently attracted tremendous attention on 

account of their advantages,[21] such as high loading of anticancer drug, precise targeting to 

disease areas, and controllable drug release in response to special stimuli. In this work, we 

selected DOX as a model anti-cancer drug to investigate the drug loading and release with 

PAA-Co9Se8 nanoplates. After mixing the mixture of DOX and PAA-Co9Se8 nanoplates 

overnight, PAA-Co9Se8-DOX was obtained as precipitate through centrifugation. The UV–
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vis– NIR absorbance spectrum of PAA-Co9Se8-DOX showed a characteristic DOX 

absorption peak at about 490 nm, which verified the successful loading of DOX onto PAA-

Co9Se8 nanoplates (Figure 3a). PAA-Co9Se8-DOX showed a very weak fluorescence as 

compare with free DOX, which can suggest the strong binding of DOX to PAA-Co9Se8 

nanoplates and effective fluorescence quenching by PAA-Co9Se8 nanoplates (Figure 3b). 

Furthermore, the loading efficiency of DOX on PAA-Co9Se8 nanoplates was improved in a 

DOX concentration-dependent manner (Figure 3c). The adsorption of DOX onto PAA-

Co9Se8 nanoplates may be attributed to the hydrophobic interactions and the electrostatic 

interactions between DOX and the nanoplates.

To test the drug release profile, PAA-Co9Se8-DOX was dispersed in PBS at both pH 7.0 and 

5.0. The release amount of DOX was calculated by determining the absorbance peak 

intensity at about 490 nm of the supernatant. As shown in Figure 3d, the release amount of 

DOX from PAA-Co9Se8-DOX at pH 7.0 was only 10% over 12 h, indicating the high 

stability of PAA-Co9Se8-DOX in biological media. However, 45% of DOX was released 

from PAA-Co9Se8-DOX at pH 5.0 over 12 h. These results may be caused by protonation of 

the amino group in the DOX molecule in an acidic solution, which weakens the hydrophobic 

interactions between DOX and PAA-Co9Se8 nanoplates. The pH-responsive drug release 

profile of PAA-Co9Se8 nanoplates was similar to other 2D nanocarriers reported 

previously.[22] It has also been reported that anticancer drugs can be released from NIR 

absorbable nanocarriers triggered by laser irradiation because the local hyperthermia could 

induce increased thermal vibration of polymer chains and weaken the interactions between 

the drugs and the nanocarriers.[23] We thus measured the DOX release profile with and 

without NIR laser irradiation for 5 min (808 nm, 1 W cm−2). The data in Figure S5 

(Supporting Information) revealed that the NIR irradiation can accelerate the release speed 

of DOX in the first two hours at pH 5.0. However, the DOX release speed and the release 

amount are slightly changed at pH 7.0 in spite of NIR irradiation. This phenomenon could 

be useful for NIR-triggered enhancement of intracellular drug release. Furthermore, the pH-

dependent drug releasing properties could promote the drug release and accumulation at 

endo/lysosomal pH for effective chemotherapy.[24]

PTT employing photothermal conversion agent (PTCA) to convert NIR optical energy into 

thermal energy to kill cancer cells has been increasingly recognized as an effective and 

minimally invasive alternative to conventional approaches for cancer treatment.[3b,7c,17b,25] 

Inspired by the good photothermal property of PAA-Co9Se8 nanoplates, we first applied 

PAA-Co9Se8 nanoplates as a PTCA to cancer cell therapy. To verify the PTT effect, HepG2 

cells treated with PAA-Co9Se8 nanoplates were stained with propidium iodide (PI) after NIR 

laser treatment. As shown in confocal laser scanning microscopy (CLSM) results (Figure S6, 

Supporting Information), the red fluorescence of PI increased with increased laser 

irradiation time, indicating the increase of cell death. Quantitative analysis of cell viability 

was then carried out after irradiating the cells with different concentrations of PAA-Co9Se8 

nanoplates for 5 min. As shown in Figure 3e, cells with PAA-Co9Se8 nanoplates showed 

obviously lower cell viability under laser irradiation as compared with control experiments 

without laser irradiation. Moreover, cells incubated with 30 µg mL−1 of PAA-Co9Se8 

nanoplates exhibited only 10% cell viability after NIR laser irradiation for 5 min, while 

almost 100% of cells remained alive without NIR laser irradiation. In addition, the cell 
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viability assay was examined after exposing the cells with same concentration of PAA-

Co9Se8 nanoplates to laser for different lengths times (Figure S7, Supporting Information). 

These results revealed that PAA-Co9Se8 nanoplates are highly biocompatible and can be a 

potential PTCA for PTT of cancer.

We then quantitatively compared the difference of in vitro cytotoxicity between free DOX, 

PAA-Co9Se8 nanoplates, and PAA-Co9Se8-DOX complex with and without laser condition. 

Figure 3f showed that both free DOX and PAA-Co9Se8-DOX exhibited dose-dependent 

cytotoxicity. PAA-Co9Se8-DOX also showed relatively lower cytotoxicity than free DOX, 

likely because the gradual release of DOX from PAA-Co9Se8-DOX hindered the transport of 

DOX into cells and nuclei. However, it still holds great potential to develop pH-responsive 

drug nanocarriers, due to the fact that these nanocarriers not only can enhance the 

accumulation of the drug in tumor sites effectively but also allow multi-modal imaging and 

combination therapy to improve treatment efficacy. The results in Figure 3f clearly showed 

that PAA-Co9Se8-DOX had the most effective cell-killing effect in the presence of laser 

irradiation, presumably due to the combination of chemotherapy and photothermal heating. 

The combination therapy can obviously improve therapeutic effect and reduce drug dose, 

particularly when drug nanocarriers are applied to tumor elimination in vivo, where free 

drugs may be rapidly excreted.

Finally, in vivo antitumor experiments were carried out to suggest the combination of PTT 

and chemotherapy using PAA-Co9Se8-DOX. Tumor-bearing mice were prepared by 

subcutaneously injecting a suspension of 2 × 106 HepG2 cells in PBS (100 µL) into the back 

of the hind leg (6 weeks old, 20–25 g). In order to examine the in vivo photothermal effect 

of PAA-Co9Se8-DOX, an IR thermal camera was used to monitor the temperature change of 

the tumor areas before and after injection with PAACo9Se8-DOX (Figure 4a). As expected, 

tumors injected with PBS exhibited no significant temperature increase (≈37 °C) during 10 

min of laser irradiation. The temperature of tumors injected with PAACo9Se8-DOX 

gradually increased with prolonged irradiation time and reached a plateau of ≈52 °C (Figure 

4b), indicating the good photothermal performance of PAA-Co9Se8-DOX in vivo.

Tumor-bearing mice were then divided into four groups, i.e., control group, free DOX group, 

PAACo9Se8-DOX group, and PAA-Co9Se8-DOX plus NIR laser group. For tumor therapy, 

100 µL of PBS, free DOX solution, or PAA-Co9Se8-DOX solutions (DOX 2.5 mg kg−1, 

PAA-Co9Se8 nanoplates 5 mg kg−1) were injected into tumors after the tumor sizes reached 

about 200 mm3, and was followed by exposure to 808 nm laser at 0.75 W cm−2 for 10 min 

or no laser treatment. The body weights of the mice for all groups were measured during the 

treatments, and no significant weight loss was observed, indicating the low toxicity of all 

treatments (Figure 4c). As shown in Figure 4d and Figure S8, Supporting Information at 19 

d after treatment the mice treated with free DOX, PAA-Co9Se8-DOX solutions, or PAA-

Co9Se8-DOX plus NIR laser showed inhibition of tumor growth as compare with the control 

group. More importantly, the PAA-Co9Se8-DOX plus NIR laser group had almost complete 

tumor eradication, showing significantly enhanced therapeutic efficacy compared with other 

three groups. Hematoxylin and eosin staining of tumor slices (Figure 4e) revealed that tumor 

tissues in PAA-Co9Se8-DOX plus NIR laser groups showed more obvious necrosis and the 

tumor cells were more irregularly shaped with shrinking cell nucleus than that in free DOX 
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group and PAA-Co9Se8-DOX group. However, cancer cells in the control group retained 

regular cell morphology with intact cell nucleus. The significantly improved therapeutic 

efficacy of PAA-Co9Se8-DOX plus NIR laser treatment in vitro and in vivo could probably 

be attributed to a synergistic effect between PTT and chemotherapy. On one hand, NIR laser 

treatment can cause local hyperthermia to destroy most cancer cells and induce treated cells 

to be more susceptible to the damage caused by chemotherapy[26] On the other hand, the 

DOX release from PAA-Co9Se8 nanoplates can be stimulated by intracellular environment 

and can be accelerated by NIR laser irradiation to enhance chemotherapeutic efficacy. These 

results clearly confirmed that PAA-Co9Se8-DOX has potential applications for combined 

PTT and chemotherapy to receive superior therapeutic efficacy.

In summary, we successfully synthesized biocompatible PAA-Co9Se8 nanoplates and 

utilized them for in vitro and in vivo biomedical applications for the first time. The PAA-

Co9Se8 nanoplates showed strong NIR absorbance, good photothermal performance, T2 

shortening effect, high drug loading capacity, as well as low cytotoxicity. We demonstrated 

that PAA-Co9Se8 nanoplates could be a promising contrast agent for PAI/MRI dual-modal 

imaging in vitro and in vivo. Furthermore, PAA-Co9Se8 nanoplates possess high drug 

loading capabilities for pH-responsive chemotherapy. We also proved that PAA-Co9Se8-

DOX has the ability to combine chemotherapy with PTT to enhance cancer treatment 

efficacy. Although further studies, such as the function of tumor targeting and long-term 

toxicity, should be investigated before clinical translation, our work introduces a new 

theranostic nanoagent of PAA-Co9Se8-DOX for PAI/MRI-guided chemophotothermal 

combination therapy.

Experimental Section

Materials, details on synthesis of PAA-Co9Se8-DOX, and procedures for imaging and 

therapy methods are included in the Supporting Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
a) Schematic illustration for the design of PAA-Co9Se8-DOX as a theranostic platform. b) 

AFM image of the synthetic PAA-Co9Se8 nanoplates. c) The corresponding height image of 

two random nanoplates. d) DLS measured sizes of as-synthesized PAA-Co9Se8 nanoplates 

in aqueous solutions. e) UV–vis–NIR absorption spectra of PAA-Co9Se8 nanoplates in 

water. f) Relative cell viability of HepG2 cells incubated with different concentrations of 

PAA-Co9Se8 nanoplates for 24 h. g) Temperature elevation of pure water and different 

concentrations of PAA-Co9Se8 nanoplates as a function of irradiation time.
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Figure 2. 
a) PA images and b) PA intensity of aqueous dispersions contained different concentrations 

of PAA-Co9Se8 nanoplates. c) PA images of HepG2 cells (2 × 105) incubated with different 

concentrations of PAA-Co9Se8 nanoplates. d) T2-weighted MR images of the PAA-Co9Se8 

nanoplates in aqueous solution at different Co concentrations. e) PA images of tumor site 

before and after injection with PAA-Co9Se8 nanoplates. f) Representative T2-weighted MRI 

scans of mice before and after injection with PAA-Co9Se8 nanoplates (the tumor areas are 

marked by the white circle).
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Figure 3. 
a) UV–vis–NIR spectra of free DOX, PAA-Co9Se8 nanoplates and PAA-Co9Se8-DOX. b) 

Fluorescence spectra of free DOX and PAA-Co9Se8-DOX. c) DOX loading efficiency with 

different concentrations of DOX. d) DOX release profile of PAA-Co9Se8-DOX at different 

pH values. e) Cell viability of HepG2 cells exposed to different concentrations of PAA-

Co9Se8 nanoplates with or without laser irradiation. f) Relative viability of HepG2 cells after 

various treatments.
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Figure 4. 
a) IR thermal images of tumor-bearing mice after injection with PBS or PAA-Co9Se8-DOX 

exposed to the 808 nm laser at 0.75 W cm−2. b) Tumor temperatures of mice monitored by 

the IR thermal camera as a function of the irradiation time. c) Body weights of mice in 

different groups. d) Relative tumor volume in different groups measured at the start and the 

end of various treatments. Asterisk indicates P < 0.01. e) Representative hematoxylin and 

eosin stained histological images from mice after various treatments.
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