
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 

 

 
 

 

 

King’s Research Portal 
 

DOI:
10.1021/jacs.3c11666

Document Version
Peer reviewed version

Link to publication record in King's Research Portal

Citation for published version (APA):
Chen, J., Chen, R., Chau, C. V., Sedgwick, A. C., Xue, Q., Chen, T., Zeng, S., Chen, N., Wong, K. K. Y., Song,
L., Ren, Y., Yang, J., Sessler, J. L., & Liu, C. (2024). Targeted Cyclo[8]pyrrole-Based NIR-II Photoacoustic
Tomography Probe for Suppression of Orthotopic Pancreatic Tumor Growth and Intra-abdominal Metastases.
Journal of the American Chemical Society, 146(7), 4620-4631. https://doi.org/10.1021/jacs.3c11666

Citing this paper
Please note that where the full-text provided on King's Research Portal is the Author Accepted Manuscript or Post-Print version this may
differ from the final Published version. If citing, it is advised that you check and use the publisher's definitive version for pagination,
volume/issue, and date of publication details. And where the final published version is provided on the Research Portal, if citing you are
again advised to check the publisher's website for any subsequent corrections.

General rights
Copyright and moral rights for the publications made accessible in the Research Portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognize and abide by the legal requirements associated with these rights.

•Users may download and print one copy of any publication from the Research Portal for the purpose of private study or research.
•You may not further distribute the material or use it for any profit-making activity or commercial gain
•You may freely distribute the URL identifying the publication in the Research Portal
Take down policy
If you believe that this document breaches copyright please contact librarypure@kcl.ac.uk providing details, and we will remove access to
the work immediately and investigate your claim.

Download date: 09. May. 2024

https://doi.org/10.1021/jacs.3c11666
https://kclpure.kcl.ac.uk/portal/en/publications/05cb4c1e-d52c-4a32-a2cc-c551968c3419
https://doi.org/10.1021/jacs.3c11666


Targeted Cyclo[8]pyrrole-based NIR-II Photoacoustic Tomography 

Probe for Suppression of Orthotopic Pancreatic Tumor Growth and  

Intra-abdominal Metastases 

Jingqin Chen1,8,*, Rui Chen1,2,6,7,8, Calvin V. Chau3,8, Adam C. Sedgwick4,8, Qiang Xue1, Tao Chen1, 

Silue Zeng1,2, Ningbo Chen1,5, Kenneth K. Y. Wong5, Liang Song1, Yaguang Ren1,*, Jian Yang2,6,*, 

Jonathan L. Sessler3,*, and Chengbo Liu1,*  

1 Research Center for Biomedical Optics and Molecular Imaging, Key Laboratory of Biomedical Imaging Science and 

Systems, Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences, Shenzhen 518055, China 
2 Department of Hepatobiliary Surgery I, General Surgery Center, Zhujiang Hospital, Southern Medical University, 

Guangzhou 510280, China 
3 Department of Chemistry, University of Texas at Austin, 105 East 24th Street A5300, Austin, Texas 78712-1224, United 

States 
4 Department of Chemistry, Kings College London, 7 Trinity Street, London, SE1 1DB, U.K. 
5 The University of Hong Kong, Department of Electrical and Electronic Engineering, Hong Kong, China 
6 Guangdong Provincial Clinical and Engineering Center of Digital Medicine, Guangzhou 510280, China 
7 Biliary Surgical Department of West China Hospital, Sichuan University, Chengdu 610064, China  
8 Equal contribution 

 

ABSTRACT: Pancreatic cancer is highly lethal. New diagnostic and treatment modalities are desperately needed. We report 

here that an expanded porphyrin, cyclo[8]pyrrole (CP), with a high extinction coefficient (89.16 L/g•cm) within the second 

near-infrared window (NIR-II) may be formulated with an αvβ3 specific targeting peptide, cyclic-Arg-Gly-Asp (cRGD), to 

form cRGD-CP nanoparticles (cRGD-CPNPs) with promising NIR-II photothermal (PT) therapeutic and photoacoustic 

(PA) imaging properties. Studies with a ring-array PA tomography system, coupled with analysis of control nanoparticles 

lacking a targeting element (CPNPs), revealed that cRGD conjugation promoted the delivery of the NPs through abnormal 

vessels around the tumor to the solid tumor core. This proved true in both subcutaneous and orthotopic pancreatic tumor 

mice models, as confirmed by immunofluorescent studies. In combination with NIR-II laser photoirradiation, the cRGD-

CPNPs provided near-baseline tumor growth inhibition through PTT both in vitro and in vivo. Notably, the combination of 

the present cRGD-CPNPs and photoirradiation was found to inhibit intra-abdominal metastases in an orthotopic pancreatic 

tumor mouse model. The cRGD-CPNPs also displayed good biosafety profiles as inferred from PA tomography, blood 

analyses, and H&E staining. They thus appear promising for use in combined PA imaging and PT therapeutic treatment of 

pancreatic cancer. 

 

INTRODUCTION 

The 5-year survival rate for pancreatic cancer is 

approximately 10%, a rate that seen little improvement 

during the past 40 years.1-3 Most patients with pancreatic 

cancer remain asymptomatic until the disease reaches an 

advanced stage, reflecting a lack of clear symptoms and 

diagnostic limitations that allows the disease to elude 

detection during its formative stages.4-5 Traditional 

medical imaging techniques, such as X-ray computed 

tomography (CT), magnetic resonance imaging (MRI), 

and ultrasound (US), are rarely able to detect pancreatic 

cancer in its early stage (lesions ≤1 cm in size).6-8 On the 

other hand, molecular-based imaging can be effective in 

detecting molecular and physiological alterations that 

occur before tumor anatomic changes.9 For example, 

fluorine-18-fluorodeoxy-D-glucose positron emission 

tomography (FDG-PET) can allow the early detection of 

pancreatic cancer, although the use of radioisotopes is a 

concern.10-11 

Photoacoustic (PA) molecular imaging is a relatively 

new imaging modality.12 It combines the advantage of 

both PA imaging (PAI) and the specificity of molecular 

probes.13-16 PAI operates on the principle of “light in and 

sound out” and thus benefits from the use of exogenous 

probes that absorb externally light and produce local 



heating. In addition to producing photoacoustic waves, 

this local heating can trigger a photothermal therapeutic 

(PTT) effect.17-20 To date, a variety of exogenous PA 

probes, including inorganic and carbon-based materials, 

organic semiconducting conjugated polymers, and 

porphyrins have been explored in the context of PAI and 

PTT.18, 21-25 So-called expanded porphyrins appear 

particularly attractive in this regard since they often 

possess absorption features that are shifted into the 

second near-infrared window (NIR-II)26-29 where tissues 

are more transparent.30-33 Here we report a set of 

nanoparticles (NPs), referred to as cRGD-CPNPs, that 

show promise for the PA-based imaging and PT-induced 

treatment of pancreatic cancer as inferred from in vivo 

murine model studies.  

The cRGD-CPNPs of the present study comprise an 

expanded porphyrin, cyclo[8]pyrrole (CP), that absorbs 

in the NIR-II spectral region combined with an integrin 

αvβ3 receptor ligand, cyclic-Arg-Gly-Asp (cRGD). 

Integrin αvβ3 receptors are transmembrane glycoproteins 

that are highly expressed by not only by the endothelial 

cells of new tumor vessels, but also by pancreatic cancer 

cells.34-35 They are thus promising tumor markers for drug 

delivery.36 As detailed below, the targeting of cRGD-

CPNPs to pancreatic tumors in both subcutaneous and 

orthotopic pancreatic tumor mice models was confirmed 

using a ring-array PA tomography system (Scheme 1). 

Moreover, guided by the resulting PA images, the 

pancreatic tumors in subcutaneous and orthotopic mouse 

models could be irradiated by a NIR-II laser and 

effectively suppressed. Meanwhile, the development of 

abdominal metastases was inhibited compared to control 

group. Support for an acceptable biosafety profile came 

from a combination of PA tomography, blood analyses, 

and H&E staining.   

 

 

 
Scheme 1. Schematic view of the proposed targeting of cyclo[8]pyrrole-cRGD nanoparticles (cRGD-CPNPs) to 

orthotopic pancreatic cancer in murine model. Also shown is the photoacoustic (PA) tomography imaging and 

photothermal therapy (PTT) the cRGD-CPNPs probes are expected to allow. NIR-II: second near-infrared region. 

 

RESULTS AND DISCUSSION  

Preparation and Characterization of cRGD-

CPNPs. The octapyrrolic porphyrinoid (CP) used in this 

study was chosen because it displays a strong absorbance 

(extinction coefficient = 89.16 L/g•cm) in the NIR-II 

region (max = 1064 nm; Figure S1). To enhance the water 

solubility of CP for potential use in PAI and PTT 

applications, CP was encapsulated within a 

functionalized surfactant (1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-polyethylene glycol (DSPE-

PEG2000) conjugated to cRGD (DSPE-PEG2000-cRGD)) 

via nanoprecipitation (Figure 1A) to give cRGD-CPNPs. 

As a control, CPs encapsulated with DSPE-PEG2000 



without cRGD (CPNPs) were also prepared via the same 

method. 

As shown in Figure 1B, the ratio between DSPE-

PEG2000 and CP affects the CP-derived absorbance at 

1064 nm. Presumably, this reflects the fact that different 

relative concentrations of DSPE-PEG2000 influence the 

extent of aggregation within the nanoparticle. Increasing 

the ratio of DSPE-PEG2000 and CP from 10:1 to 20:1 led 

to an enhancement in the absorbance and extinction 

coefficient at 1064 nm, as well as the diameter (Table S1). 

The results provide support for the above hypothesis, 

namely that increasing concentration of DSPE-PEG2000 

serves to increase the size of the NPs, while enhancing 

the dispersibility of the CP in the NPs. However, high 

ratios of DSPE-PEG2000 were found to increase the 

cytotoxicity of the NPs (Figure 1C). In light of this, a 15:1 

DSPE-PEG2000:CP ratio was used in all subsequent 

nanoparticle formulations. Transmission electron 

microscopy (TEM) revealed that the cRGD-CPNPs 

obtained at this ratio were spherical with a core-shell 

structure (Figure S2A). An average diameter of 98.5 nm 

was determined via dynamic light scattering (DLS) 

(Figure S2B). The cRGD-CPNPs showed no obvious 

change in diameter after being stored for 7 days at room 

temperature in phosphate-buffered saline (PBS; pH 7.4; 

Figure S3). The cRGD-CPNPs prepared in this way, 

displayed an absorption band in the NIR-II region 

centered around 1064 nm (Figure 1D and Table S1) with 

an extinction coefficient of 49.7 L/g•cm.30, 37-38 The 

photothermal conversion efficiency was found to be 

41.3% (Figure 1E). This value is competitive with the 

most promising NIR-II organic photothermal reagents 

reported to date.39-40 In addition, cRGD was conjugated 

with PEG via a covalent bond to produce cRGD-CPNPs. 

We tested the stability of the resulting construct in the 

presence of glutathione (GSH) by monitoring the change 

in the characteristic cRGD absorbance feature around 210 

nm upon incubation with different concentrations of GSH 

for 3 h at 37 oC. A minimal change was seen (Fig. S4). 

These results are taken as evidence that the cRGD-CPNPs 

are stable in the presence of GSH under physiological 

conditions for the timescale of the present study.  

To test whether integrin αvβ3-based tumor targeting 

was seen for the cRGD-CPNPs, fluorescein 

isothiocyanate (FITC) was used to label the NPs (Figure 

S5). An increased FITC fluorescence signal was seen for 

cRGD-CPNPs-treated Panc02 pancreatic cancer cells 

compared to those treated with just CPNPs (cf. Figure 1F 

and Figure S6). This difference is ascribed to the 

pancreatic cell selectivity and high binding affinity 

displayed by the cRGD motif for the Panc02 integrin αvβ3 

cell receptors.41-42 To test further the presumed specificity 

of cRGD in pancreatic cancer targeting, differences in 

cRGD receptor integrin αvβ3 expression between 

pancreatic cancer tissue and paracancerous tissue from 

179 patients were analyzed using publicly available data 

sources and standard bioinformatics methods, namely a 

gene expression profiling interactive analysis (GEPIA).43-

45 The results obtained from this screen confirmed that 

integrin αvβ3 was overexpressed in pancreatic cancer in 

contrast to paracancerous tissue (Figure 1G). This data 

analysis also revealed that the 5-year survival probability 

for patients with high cRGD receptor expression was 

worse than for patients with low cRGD receptor levels 

(Figure 1H). To the extent this conclusion is correct, it 

provides support for the notion that integrin αvβ3 

constitutes an attractive therapeutic target for pancreatic 

cancer drug design.35, 46 

 
PA Properties of cRGD-CPNPs. To determine the 

NIR-II PA properties of cRGD-CPNPs, a custom-built 

PA imaging system was used.47-48 In water (pH =7.4), a 

linear correlation between PA intensity and cRGD-

CPNPs concentration was seen (Figure 2A and B). 

Effective visualization was still apparent at cRGD-

CPNPs concentrations as low as ca. 20 μg/mL under 1064 

nm pulsed laser photoirradiation at a fluence rate of ca. 6 

mJ/cm2. The photothermal effect and PA signal of cRGD-

CPNPs with different DSPE-PEG2000 and CP ratios was 

also investigated. As shown in Table S2, with an increase 

in the ratio, the photothermal effect and PA signal of 

cRGD-CPNPs likewise increased. On the other hand, we 

note that CP dissolved in the non-biocompatible solvent 

DCM showed the highest photothermal effect and PA 

signal. 

No obvious changes in the PA signal were observed 

even after subjecting to 1000 laser pulses at 1064 nm 

(Figure 2C). The cRGD-CPNPs displayed better long-

term photostability than indocyanine green (ICG), an 

FDA approved agent used as a positive control (Figure 

2D). For instance, in the case of ICG a statistically 

significant decrease in the absorption intensity was seen 

after 7 days under natural light, whereas no discernible 

change was seen for the cRGD-CPNPs under otherwise 

identical conditions. Differences in the solution color 

were seen for ICG, but not for the cRGD-CPNPs (Figure 

S7).  

 



 
Figure 1. Preparation and characterization of cRGD-CPNPs. (A) Preparation of cRGD-CPNPs from cyclo[8]pyrrole. (B) 

Absorbance at 1064 nm for mixtures containing different ratios of DSPE-PEG2000 and cyclo[8]pyrrole. (C) Cytotoxicity 

study of the mixtures used in (B). (D) Absorbance spectrum of cRGD-CPNPs (prepared using a 15:1 DSPE-PEG2000:CP 

ratio) in water. (E) Calculation of the photothermal conversion efficiency and the warming and cooling seen when aqueous 

solutions of cRGD-CPNPs are subject to on-off photo-irradiation at 1 W/cm2. (F) Fluorescence images of cells incubated 

with CPNPs and cRGD-CPNPs (labelled with FITC). (G) Gene expression levels of integrin subunit alpha-V gene (ITGAV) 

in pancreatic cancer tumor and matching normal tissues. (H) Kaplan-Meier analysis of ITGAV in TCGA-PAAD. GEPIA: 

gene expression profiling interactive analysis; TCGA: the cancer genome atlas; PAAD: pancreatic adenocarcinoma. * p 

<0.05. 

To assess whether cRGD-CPNPs would provide NIR-

II sensitivity in biological tissues, several tubes 

containing cRGD-CPNPs (0.5 mg/mL solutions) were 

embedded at varying depth levels in chicken breast slices 

and imaged from the top (Figure 2E). The B-scan 

(vertical section) PA images revealed a discernible 

cRGD-CPNPs-induced PA signal at depths as great as 2 

cm under 1064 nm pulsed laser irradiation (Figure 2F and 

G). Next, samples of cRGD-CPNPs (100 µL, 0.2 mg/mL) 

mixed with matrigel (v:v = 1:1) were injected 

subcutaneously into the back of a BALB/c nude mouse. 

PA images were then captured under 808 nm and 1064 

nm laser irradiation (Figure 2H). The PA image at 1064 

nm displayed a signal-to-noise ratio (SNR) as high as 

24.4 dB, approximately 2-fold higher than at 808 nm 

(Figure 2I). A ca. 2x enhancement in the PA signal 

(relative to pre-injection) was also seen when the cRGD-

CPNPs (mixed with matrigel; v:v = 1:1) were injected 

into the pancreatic region and imaged under 1064 nm 

laser irradiation (Figure 2J, K, and Figure S8). The 

improvement seen on moving from 808 to 1064 nm is 

ascribed to the strong 1064 nm absorbance of the cRGD-

CPNPs, reduced light scattering in the NIR-II region, and 

lower laser energy attenuation through biological tissues 

at longer wavelengths.49 As expected based on the 

principles of photothermal effects and PA imaging, the 

stronger the laser intensity, the higher the laser fluence 

per unit area of NPs, and the better the PA signal and 

photothermal effect. Also, the higher the concentration of 

the NPs, the greater the absorbance, and the more intense 

the PA signal and photothermal effect. 



 
Figure 2. PA properties of cRGD-CPNPs. (A and B) PA images (A) and intensity (B) of cRGD-CPNPs at different 

concentrations (0.02, 0.05, 0.1, 0.2 and 0.3 mg/mL) in water. (C) PA signal intensity of cRGD-CPNPs after exposure to 

1000 laser pulses. (D) Change in absorbance at 1064 nm of cRGD-CPNPs and free ICG seen over the course of 7 days. (E) 

Tubes containing cRGD-CPNPs inserted into chicken breast for phantom PA experiments. PA images (F) and intensity (G) 

of cRGD-CPNPs tubes at varying depth levels in chicken breast. PA images (H) and signal-to-noise ratio (I) of cRGD-

CPNPs injected subcutaneously to a mouse back monitored at 808 nm or 1064 nm. *p <0.05. (J) Photo of a mouse 

constrained in the imaging setup used in the present study. The blue arrow indicates the pancreatic region where the cRGD-

CPNPs were injected; the red dotted line indicates the imaging section. (K) PA images and intensity of the mouse pancreas 

before and after injecting cRGD-CPNPs and subjecting to 1064 nm pulsed laser photoirradiation. *p <0.05.

In Vivo NIR-II PAI. A custom made NIR-II ring-

array PA tomography system in conjunction with a 

subcutaneous pancreatic tumor BALB/c nude mouse 

model was used to assess the in vivo targeting of cRGD-

CPNPs. After the tumor grew to ~80 mm3, the mice were 

evenly divided into two groups of 3 mice each, namely 

mice injected with CPNPs and mice injected with cRGD-

CPNPs (the same concentration of CP was used in both 

groups). Based on the results shown in Figures 3A and B, 

both groups displayed a similar PA intensity distribution 

over the span of 24 h. Whereas a low PA signal was seen 

pre-injection, analysis 5 min post-injection revealed both 

groups peaking. This enhancement was ascribed to the 

presence of these two probes in the epidermal blood. The 

PA signal then decreased, before peaking a second time 

at ca. 9 h post-injection. The PA signals in the CPNPs 

injected group were mainly distributed around the tumor. 

In contrast, the PA signals in the cRGD-CPNPs injected 

group were distributed throughout the tumor (Figure 3C). 

This difference in localization is interpreted in terms of 

the cRGD-CPNPs being internalized well, but the 

unfunctionalized CPNPs, in contrast, being unable to 

enter the tumor core. 

Solid tumors have been reported to contain abnormal 

blood vessels mainly distributed around the tumor 

tissue.50-51 This heterogeneity is generally viewed as 

being unfavorable for the delivery of probes and 

therapeutic agents (Figure 3D). In Figure 3E, the CD31-

labeled blood vessels can be clearly seen surrounding the 

pancreatic tumor. Moreover, CD61/CD51-labeled 

integrin αvβ3 were observed, not only in blood vessel 

endothelial cells, but also in pancreatic cancer cells, 

providing a target site for the cRGD-CPNPs to bind. On 

this basis, we expect that the cRGD moieties present in 

the cRGD-CPNPs will serve not only to enhance their 

targeting to pancreatic tumors sites but also their 

distribution throughout the cancerous lesion. 



 
Figure 3. In vivo PA tomography of a subcutaneous pancreatic tumor mouse model. (A) In vivo PA tomography of 

subcutaneous pancreatic tumor-bearing mice before and after injection with CPNPs and cRGD-CPNPs. (B) Quantitative PA 

signal of the tumor groups subject to injection with CPNPs and cRGD-CPNPs. (C) PA intensity cross-section of the CPNPs 

and cRGD-CPNPs injected tumor groups. (D) Schematic view of the solid tumor cross-section. (E) Cross-sectional 

immunofluorescence images of a solid tumor. Cell nuclei were stained with DAPI (blue), blood vessels were stained with 

CD31 (red), while integrin αvβ3 was stained with CD61 + CD51 (green). Yellow arrows indicate tumor cells and pink arrows 

indicate vessel walls. 

The in vivo tumor targeting of the cRGD-CPNPs was 

also evaluated using a Panc02 orthotopic pancreatic 

tumor BALB/c nude mouse model, which was built using 

a modification of a method described in a previous 

report.52 For this model, matrigel was mixed with Panc02 

cells before injecting the resulting formulation into the 

pancreatic parenchyma in situ so as to prevent peritoneal 

leakage of the cells. After tumor establishment, the mice 

were injected intravenously with either CPNPs or cRGD-

CPNPs. Bioluminescence analyses confirmed the 

presence of the pancreatic tumor growing beside the 

spleen (Figure 4A). After tail vein injection of the NPs, 

PA imaging revealed an increased PA signal in the spleen, 

likely as the result of lymphatic drainage. These signals 

remained at a high level for 24 h in both the CPNPs and 

cRGD-CPNPs groups (Figure 4B and D). The CPNPs and 

cRGD-CPNPs groups also displayed persistent PA 

signals in the tumor region. At 9 h post-injection, the PA 

signal of the tumor in the cRGD-CPNPs group was 

significantly higher than that in the CPNPs group (Figure 

4B and C), likely due to the cRGD conjugation onto the 

CPNPs which acts to enhance accumulation of the NPs in 

the tumor. Excision of both the pancreatic tumor and 

spleen confirmed that the PA signal ascribed to the tumor, 

was not due to overlap with the spleen (Figure 4D and E). 

Hematoxylin-eosin (HE) staining of the tumor mass 

reconfirmed that the mass observed was a tumor (Figure 

4F). Overall, these results provide support for the design 

expectation that cRGD-CPNPs in conjuncture with NIR-

II ring-array PA tomography can be used to locate and 

image orthotopic pancreatic tumors. 

 



 
Figure 4. In vivo PA tomography of orthotopic pancreatic tumor. (A) In vivo bioluminescence image of an orthotopic 

pancreatic tumor mouse model. Inset is the cross-sectional scheme of the mouse. (B) In vivo PA tomography of orthotopic 

pancreatic tumor-bearing mice before and after injection with CPNPs and cRGD-CPNPs. S: spleen, T: tumor. (C and D) 

Quantitative PA signal of the tumor (C) and the spleen (D); *p <0.05. (E and F) Photograph (E) and hematoxylin-eosin (HE) 

image (F) of the excised orthotopic pancreatic tumor. Red arrows indicate tumor cells and blue arrows indicate pancreatic 

cells.

In Vitro and In Vivo PTT. Given the tumor 

localization inferred from the above studies, we sought to 

test whether the cRGD-CPNPs could be used for PTT. 

With this objective in mind, the photothermal capabilities 

of the cRGD-CPNPs were assessed.39, 53 The PTT setup 

used in this work is shown in Figure S9. The temperature 

of a 20 μg/mL cRGD-CPNPs solution in water at pH 7.4 

was found to reach 86.2 °C after subjecting to 

photoirradiation for 5 min (1064 nm laser; 1 W/cm2, 

Figure S10-S11). After five cycles of “on/off” laser 

irradiation, the cRGD-CPNPs solution maintained its 

high photothermal performance. In contrast, a significant 

decrease in photothermal efficiency was seen for 

analogous ICG solutions. This difference in 

photostability was reflected in the colors of the respective 

samples (Figure S12).  

The in vivo PTT utility of the cRGD-CPNPs was 

assessed per the timeline shown in Figure 5A. As a 

prelude to these studies, the viability of Panc02 cells 

treated with cRGD-CPNPs and subject to 1064 nm laser 

irradiation (5 min, 1 W/cm2) was assessed. As shown in 

Figure 5B, a ca. 80%, reduction in cell viability was seen 

in the presence of 100 μg/mL cRGD-CPNPs. This in vitro 

PTT effect was roughly 2x greater than what was seen 

with the CPNPs under identical study conditions. Cell 

killing was confirmed by a live/dead dual-staining 

(Figure 5C).  

For tests of in vivo PTT efficacy, 25 subcutaneous 

pancreatic tumor-bearing mice were divided into 5 

groups (n = 5/group). These groups were used to study 

the effect of injection with PBS and cRGD-CPNPs in the 

absence and presence of photo-irradiation. A group 

consisting of CPNPs + laser was included. Nine hours 

post-injection, in the appropriate groups, the tumors were 

subjected to 1064 nm laser irradiation (5 min, 1 W/cm2). 

As can be seen in Figure 5D, the tumor temperature in the 

cRGD-CPNPs + laser group increased to 55 °C. This 

value is higher than what was seen in the other groups, 

including the CPNPs + laser group (Figure S13). No 

evidence of tumor growth was seen in the cRGD-CPNPs 

+ laser group (3 injections followed by laser irradiation) 

18 days post-initial injection (study endpoint). In 

contrast, the other treatment groups showed tumor growth 

that mirrored that seen for the PBS control group. 

Following study termination, the tumors were excised 

and the relative tumor volumes, morphologies, and 

staining histologies assessed (Figure 5E-H). Little weight 

loss was seen throughout the course of treatment for any 

of the groups (Figure 5I). This was taken as an initial 

indication that cRGD-CPNPs + laser treatment might 

prove sufficiently safe for use in PTT. 
 



 
Figure 5. In vitro and in vivo PA guided PTT in a subcutaneous pancreatic tumor model. (A) In vivo PTT of subcutaneous 

pancreatic mouse model study schedule. (B) Cell viability of Panc02 cells incubated with different concentrations of samples 

with or without laser irradiation. (C) Representative fluorescence images of live/dead dual-stained Panc02 cells after 

treatment with PBS, PBS + laser, cRGD-CPNPs, or cRGD-CPNPs + laser. (D) Tumor temperature changes of tumor-bearing 

mice treated with PBS, cRGD-CPNPs, PBS + laser, CPNPs + laser irradiation, and cRGD-CPNPs + laser irradiation, 

respectively, were monitored using a thermal imager. (E and F) Changes in the relative tumor volumes (E) and individual 

tumor volumes (F) seen for tumor-bearing mice in the PBS, cRGD-CPNPs, PBS + laser, CPNPs + laser, and cRGD-CPNPs 

+ laser groups. *p <0.05. (G) Photos of tumors excised from the study mice at the end treatment (i.e., 18 days post-initial 

injection). (H) HE tumor-stained images of the different groups. (I) Body weight changes seen for the different tumor-

bearing mice groups. (J) Legend for the curves for Figures 5D-5I. Laser irradiation: 1064 nm, 5 min, 1 W/cm2.

To provide further support for the above suggestion, in 

vivo PA guided PTT studies were carried out using an 

orthotopic pancreatic tumor mouse model. The treatment 

schedule is shown in Figure 6A. Briefly, tumor-bearing 

BALB/c nude mice were randomly divided into five 

groups (n = 5/group): G1, PBS; G2, cRGD-CPNPs; G3, 

PBS + laser; G4, CPNPs + laser; G5, cRGD-CPNPs + 

laser. An NIR-II laser fiber needle was inserted into the 

abdominal cavity of the mouse under study and for the 

light groups used to photoirradiate the pancreatic tumor 

in situ (5 min, 1064 nm, 1 W/cm2). As can be seen from 

inspection of the infrared thermal images shown in Figure 

6B and C, a rapid rise in temperature was observed in the 

cRGD-CPNPs + laser group (53.6oC). In contrast, the 

corresponding temperature increases in the PBS + laser 

and CPNPs + laser groups were 41.5 oC and 46.2 oC, 

respectively (Figure 6B and C). Bioluminescence 

imaging (BLI) was used to monitor the growth of the 

tumor (Figure 6D and E). Compared to the other groups, 

the lowest BLI signal in the tumor area (red circles) was 

seen in the cRGD-CPNPs + laser group. After treatment, 

a lot of BLI signal was seen in the abdominal region 

(yellow circles) in the control groups, likely due to the 

presence of intra-abdominal tumor metastases.54-55 On the 

other hand, the abdominal BLI signal in the cRGD-

CPNPs + laser group was relatively low. This finding 

leads us to suggest that PTT combined with cRGD-

CPNPs could inhibit the generation of intra-abdominal 

metastases, as inferred from this orthotopic pancreatic 

tumor model (Figure 6D, E and Figure S14). At the end 

of treatment, the pancreatic tissues from different groups 

were excised; again, the lowest BLI signal was seen in the 

cRGD-CPNPs + laser group compared to the other groups 

(Figure 6F and G). Hematoxylin and eosin (HE) staining 

studies provided further support for the proposed efficacy 



of the putative cRGD-CPNPs + laser treatment (Figure 

6H).  

 
Figure 6. In vivo PA guided PTT in an orthotopic pancreatic tumor model. (A) In vivo PTT of orthotopic pancreatic mouse 

model and associated study schedule. (B and C) Infrared thermal images and temperature changes of tumor in the tumor-

bearing mice. (D and E) Bioluminescence images and corresponding quantitative results for tumor-bearing mice at the end 

of treatment corresponding to different groups. Red dotted circles indicate orthotopic pancreatic regions; yellow dotted 

circles indicate tumor intra-abdominal metastases. *p <0.05. (F and G) Bioluminescence images and quantitative results of 

pancreatic tissue excised at the end of treatment for different groups. *p <0.05. (H) HE staining images of tumor tissues in 

different groups. Scale bar =100 μm. (I) Legend for the curves in Figures 6B-6G. Laser irradiation: 1064 nm, 5 min, 1 

W/cm2.

Biosafety Evaluation. Further biosafety assessments 

of the cRGD-CPNPs were carried out in vitro and in vivo 

in the absence of laser irradiation. Hemolytic (damage to 

red blood cells) analyses revealed good 

hemocompatibility for red blood cells treated with 

cRGD-CPNPs (≤15% hemolysis; Figure S15). When 

Panc02 cells were treated with cRGD-CPNPs at a 

concentration of up to 0.1 mg/mL, ≥85% viability was 

seen after 24 h (Figure S16). PAI was also used to 

monitor in real time the liver and kidneys of mice before 

and after injection of cRGD-CPNPs (Movies S1 and S2). 

As shown in Figure 7A, enhanced PA signals were seen 

in both organs whose intensity peaked at 9 h and 1 h, 

respectively, before decreasing to near pre-injection 

levels within 24 h (Figure 7B). The PA signal in the liver 

was much higher than in the kidney. These findings are 

consistent with the cRGD-CPNPs being cleared primarily 

through the liver over the course of about one day. Further 

support for these PA results came from biodistribution 

and pharmacokinetics studies (cf. Figure S17). 

Hematological and histological analyses were carried out 

on healthy mice treated with cRGD-CPNPs over a period 

of 7 days.  No statistically significant differences between 

the cRGD-CPNPs treated mice and those treated with 

PBS were seen (Figure 7C). Likewise, no apparent 

differences in several key renal function indicators, 

including alanine aminotransferase (ALT), aspartate 

aminotransferase (AST), blood urea nitrogen (BUN), and 

creatinine (Cr), were seen for the cRGD-CPNPs and PBS 

treated groups (Figure 7D). Lastly, HE staining revealed 

no obvious tissue damage or inflammatory lesions in the 

liver and kidneys (Figure 7E) or other major organs (e.g., 

heart, spleen, and lung; Figure S18). On this basis, we 

suggest that the cRGD-CPNPs possess a biosafety profile 

adequate for use as PAI-guided PTT agents.  



 
Figure 7. Biosafety evaluation by PA tomography in vivo. (A) PA signals of the liver and kidney in mice before and after 

intravenous injection of cRGD-CPNPs (in PBS, 150 µL, 15 mg/kg). (B) PA intensities of liver and kidney of mice before 

and after injection of cRGD-CPNPs. (C) Number of red blood cells (RBC), white blood cells (WBC), hemoglobin 

concentration (HGB), and platelet levels (PLT) of healthy BALB/c nude mice at 7 days post intravenous injection of PBS 

and cRGD-CPNPs, respectively. (D) Blood test of liver and renal function of healthy BALB/c nude mice at 7 days post 

intravenous injection of PBS and cRGD-CPNPs, respectively. ALT: alanine aminotransferase; AST: aspartate 

aminotransferase; BUN: blood urea nitrogen; CR: creatinine. ns, not statistically significant compared to PBS (control) 

group (p >0.05). (E) Representative HE stained images of the liver and kidney of a mouse treated with cRGD-CPNPs (15 

mg/kg) through intravenous injection after 7 d. Scale bar = 100 μm. 

CONCLUSION 
In summary, we have developed a set of water soluble 

NIR-II absorbing nanoparticles, cRGD-CPNPs. These 

NPs comprise an expanded porphyrin, cyclo[8]pyrrole, 

encapsulated within DSPE-PEG2000 bearing an cRGD 

tumor targeting moiety. A non-targeting control system 

CPNPs was also prepared. The cRGD-CPNPs were 

shown to target pancreatic cancer with a maximum 

accumulation being observed 9 h post-injection using a 

ring-array PA tomography system. Differentiation 

between tumors and paracological tissues was seen in 

both subcutaneous and orthotopic pancreatic cancer 

models, as confirmed by histological analyses. In 

combination with NIR-II photoirradiation, the cRGD-

CPNPs demonstrated greater antitumor efficacy relative 

to various controls, including CPNPs + Laser. These 

favorable results are ascribed to the enhanced tumor 

targeting imparted by the cRGD moiety in the cRGD-

CPNPs. In the absence of laser, the cRGD-CPNPs 

displayed negligible toxicity as inferred from PA 

tomographic clearance studies and blood and histological 

analyses. We thus suggest that cRGD-CPNPs may have a 

role to play in photoacoustic-based imaging and 

photothermal-mediated treatment of pancreatic cancer. 
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