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Abstract

To meet the criteria of effective theranostics, biocompatible nanomedicine endowing intrinsic 

therapeutic and imaging properties have gained extraordinary momentum. In this study, an ultra-

stable near-infrared (NIR) dye croconaine (CR780) was engineered with arginine-glycine-aspartic 

acid (RGD) peptide and polyethylene glycol (PEG), which was then self-assembled into uniform 

nanoparticles (NPs). These RGD-CR780-PEG5K assemblies were radiolabeled with 125I through 

a facile standard Iodo-Gen method. The resulting [125I]RGD-CR780-PEG5K NPs showed 

effective accumulation in αvβ3 integrin expressing glioblastoma, as evidenced by single photon 

emission computed tomography (SPECT)/CT and NIR fluorescence imaging. More importantly, 

high-resolution photoacoustic imaging revealed that these NPs selectively targeted to angiogenic 

tumor vessels. With the favorable tumor selective accumulation and high photothermal conversion 

efficiency, the [125I]RGD-CR780-PEG5K NPs allowed thorough tumor ablation and inhibition of 

tumor relapse at a relatively low laser energy (0.5 W/cm2). Overall, this work offers a proper 

methodology to fabricate tumor-targeted multi-modal nanotheranostic agents, providing great 

opportunity for precision imaging and cancer therapy.
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1. INTRODUCTION

It is a key focus in nanomedicine to engineer compact materials with highly integrated 

modalities, which will exert widespread and far-reaching impact on molecular diagnostics, 

imaging and therapeutics.1–3 Theranostic nanoparticles are attractive as they can 

concurrently deliver imaging probes and therapeutic agents to particular organs or tissues, 

allowing diagnosis and therapy of disease during the same process.4–6 However, most of 

them struggle to enter into clinical trials, partially due to their structural complexity and 

potential toxicity to the normal tissues.7 Therefore, although it is a great challenge, 

combining multiple components in one single biocompatible and effective molecule to 

create new multimodality theranostic agents has proven to be urgent and promising.8

Over the past decade, fluorescence imaging with near-infrared (NIR) dyes have become a 

very promising modality for monitoring various important biological behaviors in vitro and 

in vivo.9 Croconaine dyes are a class of well-developed NIR dyes prepared by the 

condensation of croconic acid and a two-molar equivalent of a suitably reactive electron-

donating aromatic or heterocyclic system.10 Although they were less popular than squaraine 

dyes in imaging application,11–14 the croconaine dyes have many advantages over the 

squaraine dyes, such as stronger absorption, greater photostability, absorption at longer 

wavelengths and better yield.15–16 These extreme properties make croconaine dyes great 

candidates in bioimaging and photothermal therapy (PTT).17–18 Recently, we reported the 

synthesis of CR780-PEG5K NPs with outstanding tumor theranostic capabilities.19

However, the tissue penetration depth of optical imaging is limited to millimeters, which 

may set a high bar for its clinical applications.20 Moreover, to reduce the side effect on 

normal tissues under imaging guided PTT, a lower optical power density would be preferred. 

Radionuclide imaging such as single-photon emission computed tomography (SPECT) may 

represent an appropriate tool to obtain real-time and quantifiable information with high 

sensitivity and deep tissue penetration. Arg-Gly-Asp (RGD) is a well-known peptide with 

nanomolar affinity towards integrin αvβ3 which is overexpressed in many types of tumor 

cells and tumor vasculature.21–23 Numerous studies have proved that RGD peptide modified 

nanoparticles can efficiently target tumors through both active and passive targeting.24–26 
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RGD can be directly radioiodinated with 123I through standard Iodo-Gen method for SPECT 

imaging.27.28 These highlights and findings inspired the current investigation of [125I]RGD-

CR780-PEG5K as a highly integrated multimodal theranostic agent, which combines the 

strengths of both small molecules and nanomaterials (Figure 1). In summary, compared with 

our previous report, there is a great improvement for the current study. Firstly, to realize its 

high sensitivity, deep tissue penetration and extraordinary spatial resolution, nuclear imaging 

(SPECT imaging) was integrated by radiolabeling the CRNPs. Secondly, to improve its 

cancer active targeting ability, RGD peptide was conjugated with the croconaine dye. 

Thirdly, to reduce the side effect on normal tissues but ensure the same photothermal 

therapeutic effect, a lower laser energy 0.5 W/cm2 was applied in the PTT.

2. EXPERIMENTAL SECTION

Synthesis of compound 3 (Tyr-CR780-PEG5K) and 6 (RGD-CR780-PEG5K)

Compound 1 (CR780-PEG5K) was first prepared as we previously described.19 Then 

compound 1 (0.1 mmol), HOBt (0.2 mmol) and EDC·HCl (0.2 mmol) were dissolved in 20 

mL DMF with 0.2 mmol DIPEA. The methyl 2-amino-3-(4-hydroxyphenyl)propanoate (2) 

(0.1 mmol) was then added to the above solution at 0 °C and kept stirring for 30 min. After 

additional reaction for 24 h at room temperature, the solvent was evaporated to yield a black 

crude product. Then, water (2 ml) was gradually added and stirred for another 2 h. Then, the 

sample was purified by dialysis in deionized water.. The final product 3 was obtained by 

freeze-drying (yield 63%). MALDI-TOF spectrum of 3, expected MW ~5495, measured 

MW about ~5496.

The compound 6 (RGD-CR780-PEG5K) was synthesized in a similar way, using 

cyclo(RGDyK) instead of 2. MALDI-TOF spectrum of 6, expected MW ~5919, measured 

MW about ~5920.

Preparation of Croconaine Nanoparticles

They were prepared as reported previously29. Briefly, Tyr-CR780-PEG5K or RGD-CR780-

PEG5K (2 μmol) was dissolved in chloroform (200 μl), then dried to yield a film layer. For 

formulation of nanoparticles, the film layer was rehydrated with 500 μl of phosphate 

buffered saline (PBS) and the suspension was sonicated for 10 min, yielding uniform sized 

croconaine nanoparticles. Morphology of the nanoparticles was characterized by TEM and 

DLS. The diluted solution of croconaine nanoparticles was used for further in vitro and in 
vivo studies.

Radioiodination of 4 ([125I]Tyr-CR780-PEG5K) and 7 ([125I]RGD-CR780-PEG5K)

3 or 6 was iodinated using the Iodo-Gen method.27 Iodo-Gen was dissolved in methylene 

chloride and coated onto glass tubes by evaporation. These tubes were stored covered and 

refrigerated until use. 3 or 6 (25–50 nmol) was added to the Iodo-Gen tube followed by 1–2 

mCi 125I as NaI in CH3CN. The solution was vibrated at 25 °C for another 5 min. Iodination 

process was stopped by adding Na2S2O5. Then it was filtered and purified by a 

semipreparative radio-HPLC column (Luna C-18, 5 μm, 10×250 mm; Thermo).
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Stability of Radioactive Products in Vitro

[125I]Tyr-CR780-PEG5K and [125I]RGD-CR780-PEG5K (370 KBq) after HPLC 

purification were dissolved in 100 μl of normal saline, and then mixed with 500 μL of 

normal saline or mouse serum at 37 °C, respectively. The detached radioidione was tested by 

radio-HPLC.

In vivo imaging

The animal experiments were performed following a protocol approved by the Animal Care 

and Use Committee (CC/ACUCC) of Xiamen University. U87MG tumor-bearing nude mice 

were obtained by subcutaneously injecting a suspension of 4×106 U87MG cells. When the 

tumor size was about 100 mm3, 100 μL of Tyr-CR780-PEG5K, RGD-CR780-PEG5K or 

RGD-CR780-PEG5K + c(RGDyK) (block) (1 mM, n = 4/group) was intravenously injected 

respectively for fluorescence imaging by Carestream FX Pro at 1, 6 and 24 h, and PA 

imaging on Endra Nexus128 (Ann Arbor, MI) at 6 h. A small-animal SPECT/CT imaging 

study was also conducted on U87MG tumor-bearing mice by intravenous injection with 18.5 

MBq of [125I]Tyr-CR780-PEG5K or [125I]RGD-CR780-PEG5K. The blocking study was 

also performed in U87MG mice (n = 4 per group) by co-injection of 18.5 MBq of 

[125I]RGD-CR780-PEG5K with an excess dose of the c(RGDyK) (200 μg). The SPECT 

images were obtained using a nanoScan-SPECT/CT preclinical scanner with 35 keV for 
125I. All images were acquired in the same manner, reconstructed and analyzed with Nucline 

software (Mediso Medical Imaging System).

Biodistribution

The distribution of [125I]Tyr-CR780-PEG5K and [125I]RGD-CR780-PEG5K in tumors and 

major organs (n = 4/group) were evaluated on female nude mice bearing U87MG tumor 

xenografts by injection of 0.18 MBq [125I]Tyr-CR780-PEG5K, [125I]RGD-CR780-PEG5K 

or RGD-CR780-PEG5K + c(RGDyK) (block, 200 μg). The mice were sacrificed and 

dissected at 6 h post-injection. Samples of tumor, blood, liver (without gallbladder) and 

other major organs were collected and weighted. The radioactivity was measured with a γ-

counter. The data were shown as mean ± SD percentage injected dose per gram (%ID/g).

Blood Half-Life

U87MG tumor-bearing mice with tumor size around 200 mm3 were injected with 

[125I]RGD-CR780-PEG5K (150 μL, 100 μCi). After collecting the blood samples from the 

tail vein at different time points, the radioactivity was detected by a well-type scintillation 

detector. Blood half-life of [125I]RGD-CR780-PEG5K was analyzed with the Drug and 

Statistics for windows 2.0 software.30

In Vitro Hemolysis Assay

The in vitro hemolysis assay was conducted following a previously reported method.31
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2. RESULTS AND DISCUSSION

Synthesis and Characterization of Croconaine Nanoparticles

The detailed synthetic routes of [125I]Tyr-CR780-PEG5K and [125I]RGD-CR780-PEG5K 

are shown in Scheme 1. CR780-PEG5K was first synthesized according to our previously 

reported method.19 The tyrosine and RGD were covalently linked to this compound via an 

amidation reaction. Tyr-CR780-PEG5K and RGD-CR780-PEG5K were confirmed by 1H 

NMR (Figure S1) and MALDI-TOF MS (Figure S2 C–D). Similar to what we have 

previously observed, these two amphiphilic compounds could also self-assemble into 

nanostructures because of interactions among individual hydrophobic croconaine molecules. 

DLS and TEM measurements revealed that Tyr-CR780-PEG5K and RGD-CR780-PEG5K 

formed nanoscale particles with sizes around 66 ± 2 nm and 40 ± 3 nm, respectively (Figure 

S3 A–D), at concentrations greater than 10 nM, and that the nanoparticle sizes were almost 

unchanged within one day incubation in serum, which were 56 ± 2 nm and 38 ± 2 nm, 

respectively (Figure S3 E–F). [125I]Tyr-CR780-PEG5K and [125I]RGD-CR780-PEG5K 

were both prepared using the standard Iodo-Gen method in high radiochemical yield of 89.2 

± 4.5% (n = 6) and the radiochemical purity was more than 95% (Figure S2 A–B). The 

purified [125I]Tyr-CR780-PEG5K and [125I]RGD-CR780-PEG5K were stable in mouse 

serum, and free iodide was undetectable after incubation at 37 °C for 24 h (Figure S4). The 

stability of the croconaine nanoparticles was also examined under physiological conditions. 

Tyr-CR780-PEG5K NPs and RGD-CR780-PEG5K NPs were incubated in DMEM (with 

10% FBS) and PBS for 24 h. No obvious aggregation was observed, indicating the excellent 

stability of croconaine nanoparticles (Figure S5).

PA, Optical, Photothermal Properties and Photothermal Stability of the Croconaine 
Nanoparticles

In our previous report, CR780-PEG5K NPs showed favorable optical properties, excellent 

photothermal conversion efficiency as well as ideal chemical and thermal stability. In this 

study, the tyrosine and RGD peptide was conjugated with CR780-PEG5K to form Tyr-

CR780-PEG5K and RGD-CR780-PEG5K, respectively. As expected, compared to the 

CR780-PEG5K NPs at the same concentration (30 μM), the modified croconaine 

nanoparticles exhibited no significant change of its physicochemical properties (Figure 2A–

H). To determine whether heating could compromise its chemical structure and optical 

properties, the infrared absorbance and fluorescence spectra were acquired before and after 

laser irradiation (0.5 W/cm2, 20 min) with 30 μM samples. No obvious change in optical 

properties was observed (Figure 2D–F) even though the temperature reached almost 65 °C 

(Figure 2A–B). Thus, we believe that Tyr-CR780-PEG5K NPs and RGD-CR780-PEG5K 

NPs maintained similar optical properties of CR780-PEG5K NPs.

In Vitro Specificity and PTT Efficacy of the Agents

To estimate the active targeting ability of the nanoparticles for αvβ3 integrin, U87MG cells 

(integrin αvβ3 positive)32 were treated with Tyr-CR780-PEG5K NPs, RGD-CR780-PEG5K 

NPs, or RGD-CR780-PEG5K NPs plus free RGD peptide (30 μM CR780 equivalent) for 4 

h. As shown in Figure 3A, the group treated with RGD-CR780-PEG5K NPs demonstrated 

much stronger fluorescence signal than that treated with Tyr-CR780-PEG5K NPs. The 
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competitive binding assay was also performed to study the specificity of RGD-CR780-

PEG5K NPs towards U87MG cells. The αvβ3 integrin receptors on U87MG cells were 

initially saturated by excess amount of free RGD peptide and then added RGD-CR780-

PEG5K NPs. After 4 h incubation, fluorescence signal was much weaker than that without 

αvβ3 integrin blocking. Similarly, the cell uptake experiment was also done by incubating 

the 125I-labeled croconaine nanoparticles for different time courses. It was obvious that the 

cells adding [125I]RGD-CR780-PEG5K reached the highest radioactivity at 4 h, which was 

significantly higher than that in [125I]Tyr-CR780-PEG5K group and blocking group (Figure 

3B). These results suggested that RGD-CR780-PEG5K NPs and [125I]RGD-CR780-PEG5K 

are αvβ3 integrin specific and consequently are able to reach the tumor site by integrin-

mediated targeting. After the cells were treated with RGD-CR780-PEG5K NPs and Tyr-

CR780-PEG5K NPs (30 μM) for 4 h, they were exposed to laser irradiation (808 nm, 0.5 

W/cm2, 10 min). The calcein AM and propidium iodide (PI) staining as well as MTT were 

done to calculate the cell viabilities. The cell viabilities of Tyr-CR780-PEG5K NPs group, 

RGD-CR780-PEG5K NPs group and block group after 10 min irradiation were 53.2 ± 3.2, 

12.4 ± 2.1 and 91.32 ± 2.5%, respectively (Figure 3D). However, all the non-irradiated 

groups revealed almost no dead cells, indicating their good biocompatibility without obvious 

cytotoxicity. Accordingly, RGD-CR780-PEG5K NPs can specifically target the U87MG 

cells and facilitate cell uptake.

In Vivo Fluorescence and Photoacoustic Imaging of the Croconaine Nanoparticles

Encouraged by the in vitro results, the NIR fluorescence imaging of these samples were 

monitored in vivo. U87MG tumor mice were intravenously injected with RGD-CR780-

PEG5K NPs and Tyr-CR780-PEG5K NPs (100 μL, 1 mM), and fluorescence images were 

acquired at different time points. As illustrated in Figure 4A, the NPs revealed a time-

dependent biodistribution profile in the mice. Although the NPs were widely dispersed 

among the whole body within 1 h postinjection, at later time points (e.g., after 6 h and later), 

RGD-CR780-PEG5K NPs showed obviously higher tumor accumulation as compared with 

Tyr-CR780-PEG5K NPs without RGD. Furthermore, to verify the receptor specificity, 

blocking experiments were also done by injecting free c(RGDyK) peptide 30 min before the 

administration of RGD-CR780-PEG5K NPs, the tumor uptakes of RGD-CR780-PEG5K 

NPs at 6 h and 24 h postinjection were significantly inhibited by the preinjection of 

c(RGDyK) peptide (Figure 4A–B).

Since the croconaine nanoparticles had a strong light absorbance in the NIR region, PA 

imaging was employed to witness the blood vessel distribution of CRNPs in the tumor area. 

As displayed in Figure 4C–D, the tumor PA contrast of RGD-CR780-PEG5K NPs group at 

6 h postinjection was considerably higher than that of the other two groups and before 

injection, which was consistent with the fluorescence imaging results. These outcomes 

demonstrated that the tumor specific accumulation of RGD-CR780-PEG5K NPs was 

mediated by the RGD peptide.

SPECT/CT Imaging

The limited tissue-penetration property of optical imaging may prevent its clinical 

application, radionuclide imaging represents an appropriate tool to obtain real-time and 
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quantifiable information about receptor expression with high sensitivity and spatial 

resolution. Therefore, SPECT/CT imaging was performed to investigate its specific targeting 

and to optimize the time point for photothermal therapy by examining mice administered 

with [125I]RGD-CR780-PEG5K, [125I]Tyr-CR780-PEG5K, or [125I]RGD-CR780-PEG5K 

plus free RGD peptide (18.5 MBq/mouse). SPECT/CT imaging illustrated that the 

radioactive signal in the tumor area of [125I]RGD-CR780-PEG5K was definitely stronger 

than that of [125I]Tyr-CR780-PEG5K at 6 h post-injection (Figure 5A). Nevertheless, in the 

blocking group, the radioactive signal was significantly decreased, and the tumor 

accumulation of [125I]RGD-CR780-PEG5K was marginal.

Biodistribution

The mice were sacrificed after SPECT/CT imaging, and the biodistribution of radiolabeled 

nanoparticles in major organs were recorded as the percentage of injected dose per gram 

tissue (%ID/g) (Figure 5B). Unlike most of the other nanomaterials which mainly 

accumulated in the liver,33–34 both [125I]RGD-CR780-PEG5K and [125I]Tyr-CR780-PEG5K 

had predominant renal clearance. Tumor uptake of [125I]RGD-CR780-PEG5K was also 

significantly reduced in the presence of free RGD peptide. The tumor uptake of [125I]Tyr-

CR780-PEG5K was 2.74 ± 0.47 %ID/g at 6 h, which was notably less than that of 

[125I]RGD-CR780-PEG5K (p < 0.05). These results confirmed the SPECT/CT findings. 

Most of the nanoparticles have the disadvantages of high accumulation and retention in the 

reticuloendothelial system (RES), which may bring potential long-term toxicity and hamper 

their clinical translation.35 To minimize nonspecific uptake by the RES, the croconaine 

nanoparticles in this study were prepared with renal clearance, which allows the 

nanoparticles to be effectively cleared through the kidneys.

The pharmacokinetic properties of [125I]RGD-CR780-PEG5K was also assessed, which 

showed that the blood level of the tracer declined over time and had only about 2 %ID/g 

remaining at 6 h after injection (Figure 5C). The blood clearance half-life (t1/2) was 

calculated to be 2.21 ± 0.12 h by applying non-compartmental analysis of Drug and 

Statistics for windows 2.0 software.30

In vivo PTT

The in vivo PTT effect of the probes was evaluated by tail vein injection with PBS or 

different probes (100 μL, 2 mM). U87MG tumor mice were randomly divided into seven 

groups (n= 5/group): PBS, PBS + laser, Tyr-CR780-PEG5K, Tyr-CR780-PEG5K + laser, 

RGD-CR780-PEG5K, RGD-CR780-PEG5K + laser, RGD-CR780-PEG5K + free 

c(RGDyK) + laser. In our previous report, the tumor can be eliminated by CR780-PEG5K 

NPs with 808 nm NIR irradiation (1 W/cm2, 10 min). However, the excessively high optical 

power density (1 W/cm2) and the relatively low specific uptake in tumor may lead to the 

injury of normal tissues around the tumor tissues. Therefore, to avoid the side effect to 

normal tissues, we conducted the PPT at a much lower laser power density of 0.5 W/cm2. 

The laser irradiation (0.5 W/cm2, 10 min) was conducted at 6 h post-injection when tumor 

uptake peaked according to the in vivo imaging, followed by size determination with a 

caliper every other day. The temperature change in vivo was monitored by an IR thermal 

camera, which illustrated that the tumor temperature rose to 50 °C at 6 min after laser 
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irradiation for the RGD-CR780-PEG5K + laser group, while after blocking with free RGD, 

only reached 35 °C. Without receptor mediated targeting, however, it reached only 45 °C for 

the Tyr-CR780-PEG5K + laser group (Figure 6A–B). The dark-red skin at the tumor site 

was found in both RGD-CR780-PEG5K and Tyr-CR780-PEG5K + laser groups after laser 

treatment, indicating that tissue burns were caused by the local photothermal effect, while no 

remarkable change was observed in the blocking group (Figure 6E). Tumors from RGD-

CR780-PEG5K + laser group entirely disappeared on day 14 without regrowth in the next 40 

days, while it reappeared in the Tyr-CR780-PEG5K + laser group with delayed growth. In 

marked contrast, tumors in the other control groups, including PBS injection without or with 

laser irradiation, as well as croconaine nanoparticles injection without laser exposure, all 

showed rapid growth (Figure 6C). Remarkably, mice after PTT treatment with RGD-CR780-

PEG5K were tumor-free and survived for more than 40 days, while in the other six control 

groups the average life spans of mice were less than 24 days, clearly suggesting that RGD-

CR780-PEG5K was effective for in vivo photothermal ablation of tumors (Figure 6D). 

Particularly, as our tracer can precisely target tumor angiogenic vessels that play an 

important role for tumor growth, destruction to tumor microvasculature may hence be a 

valuable mechanism for cancer inhibition. Furthermore, through the same method used for 
125I labeling, RGD-CR780-PEG5K can be labeled with 131I, a beta- and gamma-ray emitter 

broadly used for cancer radiotherapy in the clinic, to allow simultaneous PTT and 

radiotherapy, which will likely yield synergistic anticancer effect by employing a single 

nanoscale theranostic agent.

Finally, we studied the potential toxic effect of RGD-CR780-PEG5K NPs in normal mice 

with 2-fold of the therapy dose, which showed negligible organ damage or abnormalities 

according to the H&E staining of main organs from mice 7 days post-treatment (Figure S6). 

These results illustrated that RGD-CR780-PEG5K NPs had no noticeable short-term toxicity 

in mice in the present study. Furthermore, to investigate the biocompatibility of RGD-

CR780-PEG5K NPs, hemolysis assay was conducted to explore the interaction between 

CRNPs and blood components (Figure S7), and no hemolysis of RBCs was observed in the 

presence of the highest experimental concentration, manifesting their favorable blood 

compatibility and biocompatibility.

4. CONCLUSION

In summary, a novel class of radiolabeled integrin targeted nanotheranostic agent comprised 

of croconaine nanoparticles (CRNPs) has been developed. The resulting CRNPs showed 

highly integrated properties of the all-in-one molecule, including nuclear, optical, acoustic 

and thermal responses, which allow SPECT/CT imaging, optical imaging, PA imaging and 

photothermal therapy. We envision that the CRNPs will also be able to load anticancer drugs 

and be radiolabeled with radionuclide 131I for chemo- and radio-thermal combined therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic illustration of radiolabled angiogenesis-targeting croconaine nanoparticles 

([125I]RGD-CR780-PEG5K NPs) for tumor αvβ3 integrin multimodality imaging guided 

photothermal therapy.
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Figure 2. 
(A) Real-time thermal imaging and (B) temperature changes of RGD-CR780-PEG5K, Tyr-

CR780-PEG5K in aqueous solutions (30 μM) and PBS with laser irradiation (808 nm, 0.5 

W/cm2 for 20 min). (C) Emission spectra of RGD-CR780-PEG5K and Tyr-CR780-PEG5K 

in aqueous solutions (30 μM) excited at 760 nm. (D–F) Vis-NIR spectra (D), Fluorescent 

images (E) and quantification of corresponding intensities of RGD-CR780-PEG5K and Tyr-

CR780-PEG5K at 30 μM before and after laser irradiation (808 nm, 0.5 W/cm2 for 20 min). 

(G–H) PA images (G) and corresponding amplitude (H) of RGD-CR780-PEG5K and Tyr-

CR780-PEG5K at 30 μM. The data are shown as mean ± SD (n = 3).
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Figure 3. 
(A) Subcellular localization of Tyr-CR780-PEG5K, RGD-CR780-PEG5K and RGD-CR780-

PEG5K + free c(RGDyK) (block) (30 μM). Co-localization of the NIR dyes (Ex = 633 nm) 

with DAPI at 4 h in U87MG cells as imaged by confocal microscope. (B) Uptake of 

[125I]Tyr-CR780-PEG5K, [125I]RGD-CR780-PEG5K and [125I]RGD-CR780-PEG5K + free 

c(RGDyK) (block) (37 KBq) by U87MG cells at different times. (C–D) Fluorescence 

images of calcein AM/PI co-stained U87MG cells (C) and Cell viability determined by MTT 

assay (D) after incubation with Tyr-CR780-PEG5K, RGD-CR780-PEG5K and RGD-

CR780-PEG5K + free c(RGDyK) (block) (30 μM) for 4 h with or wihtout being exposed to 

808 nm laser at 0.5 W/cm2 for 5 min. The data are shown as mean ± SD (n = 3), ** P < 0.01, 

*** P < 0.001, compared with non-irradiated group.
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Figure 4. 
(A–B) Whole-body NIR fluorescent imaging (A) and correspondingly tumor-to-muscle 

ratios (B) of U87MGtumor-bearing mice after intravenous (i.v.) injection of Tyr-CR780-

PEG5K, RGD-CR780-PEG5K and RGD-CR780-PEG5K + free c(RGDyK) (block). Images 

were acquired at indicated time points and the color bar indicates radiant efficiency (low, 

2.5×106; high, 4.80×106). Red circles were used to indicate tumors. (C–D) PA imaging (C) 

and PA intensities (D) of tumor tissues in U87MG tumor-bearing mice at 6 h after injection. 

n = 4 per group, ** P < 0.01, *** P < 0.001.
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Figure 5. 
In vivo behavior of the probes. (A) SPECT/CT imaging of tumor-bearing mice 6 h after 

intravenous injection with [125I]Tyr-CR780-PEG5K, [125I]RGD-CR780-PEG5K, or 

[125I]RGD-CR780-PEG5K probes plus free RGD peptide (100 μL, 0.15 mM), at a radiation 

dose of 18.5 MBq. (B) Biodistributions of the probes 6 h after injection. (C) Blood clearance 

profile of [125I]RGD-CR780-PEG5K after intravenous injection. The data are shown as 

mean ± SD (n = 4), * P < 0.05, ** P < 0.01.

Tang et al. Page 15

ACS Appl Nano Mater. Author manuscript; available in PMC 2018 November 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
In vivo PTT effect. (A) Thermal images of U87MG tumor-bearing mice i.v. treated with 100 

μL PBS, Tyr-CR780-PEG5K, RGD-CR780-PEG5K or RGD-CR780-PEG5K + c(RGDyK) 

(block, 200 μg) (2 mM) and illuminated with 808 nm laser (0.5 W/cm2, 10 min) at 6 h post-

injection. (B) Quantitative analysis of temperature changes in tumor area. (C) U87MG tumor 

growth rate in each groups after indicated treatments. Tumor volumes were normalized to 

their initial size (n = 5 per group). (D) Survival curves of tumor-bearing mice after various 

treatments. RGD-CR780-PEG5K + laser group showed 100% survival over 40 days. (E) 

Representative images of mice bearing U87MG tumors after treatments. The data are shown 

as mean ± SD (n = 3), ** P < 0.01.
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Scheme 1. 
Synthesis of [125I]Tyr-CR780-PEG5K (A) and [125I]RGD-CR780-PEG5K (B). Reagents: 

(a), (c) EDC, NHS, DIPEA, CH2Cl2, 0 °C-r.t., 4 h, 85%; (b), (d) 1) [125I]-NaI, Iodo-Gen, r.t., 

3.5 min, 2) Na2S2O5
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