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Abstract

Background and Aims: Hepatocellular carcinoma (HCC) 
is the fourth most common cause of cancer-related death 
and ranks sixth in terms of incident cases worldwide. The 
purpose of this study was to develop an effective and sen-
sitive method to distinguish liver cancer tissues from nor-
mal tissues in HCC patients. Integrin α6 is a promising cell 
surface target for molecular imaging of HCC, where it is 
overexpressed and is a prognostic biomarker. We previous-
ly identified an integrin α6-targeted peptide CRWYDENAC 
(RWY) that has been used for positron emission tomogra-
phy (PET) imaging of HCC in mouse models. Methods: We 
labeled the integrin α6-targeted RWY peptide with cyanine 
7 (Cy7) to form an optical probe (Cy7-RWY) for near infra-
red fluorescent (NIRF) and photoacoustic (PA) imaging in 
HCC. Mice transplanted with subcutaneous HCC-LM3 or or-
thotopic HCC-H22 cells that overexpressed integrin α6 were 
intravenously injected with Cy7-RWY and its corresponding 
Cy7-control. NIRF and PA images of mice were collected 
from 0 to 48 h after injection. Results: Both NIRF and PA 
signals started to accumulate in the tumor 2 h after injec-
tion of Cy7-RWY and peaked at 24 h. Conclusions: Cy7-
RWY is a promising optical probe for NIRF and PA imaging 
of HCC in mice, and has potential clinical application for HCC 
detection.
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Introduction

Hepatocellular carcinoma (HCC) accounts for the majority 
of primary liver cancers. Worldwide, liver cancers are the 
fourth most common cause of cancer-related death and 
rank sixth in incident cases. According to GLOBOCAN 2018, 
the incidence of liver cancer is increasing, with an estimat-
ed 841,000 new cases and 782,000 deaths worldwide. Be-
cause of the absence of early symptoms and limitations of 
conventional imaging modalities for detection, the majority 
of HCC patients are diagnosed at an unresectable advanced 
stage with an extremely poor prognosis.1,2 Therefore, more 
effective methods for HCC detection are urgently required.

Targeted molecular imaging with high specificity and sen-
sitivity is an attractive technique for HCC detection that has 
achieved promising results in animal models in recent stud-
ies.3–6 Near infrared fluorescent (NIRF) imaging (650–900 
nm) is a noninvasive approach with high sensitivity and spe-
cific imaging ability. It is widely used in basic science, medical 
research, and drug development. However, poor spatial reso-
lution and insufficient depth penetration limit its application.7 
Photoacoustic (PA) imaging is a novel noninvasive imaging 
modality combining the advantages of optical and acoustic 
imaging. It generates three-dimensional images that provide 
excellent spatial resolution in living organisms.8,9 Photoacous-
tic imaging (PAI) uses either endogenous signals like hemo-
globin or an exogenous targeted contrast agent that is typi-
cally used for molecular imaging. The potential application of 
PA imaging in cancers has attracted intensive research inter-
est.10,11 In recent years, a series of side-viewing PA imaging 
systems have been developed and validated on small animal 
models, including in situ gastric cancer detection, melanoma 
in rat colorectum in vivo, and HCC xenograft tumors in vivo.12

Integrin α6, is an adhesion molecule located on the cell 
surface, and it is involved in cell attachment and multiple as-
pects of cancer invasion and metastasis.13 Many studies pro-
vide evidence that the integrin α6 is overexpressed in HCC 
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patients with particularly poor survival, and that it appears 
to have a significant role in tumor progression.14–17 We previ-
ously reported that integrin α6 overexpression occurs in ap-
proximately 94% of clinical early-stage HCCs and in mice is 
overexpressed in subcutaneous HCC-LM3 tumors compared 
with liver tissue.18 Several pathways have also been found to 
be involved in the function of integrin α6 in HCC development, 
such as the MAPK/ERK19 and PI3K/AKT15 signaling pathways. 
The evidence suggests that integrin α6 is a potential target for 
molecular imaging in HCC detection. Among the molecular-
targeted imaging probes, peptides have advantages of small 
size, low toxicity, highly efficient clearance from nontarget tis-
sues, and deep penetration into tissue, which are of great 
interest.20 Some of the peptides that have been investigated 
and successfully used for tumor receptor imaging and can-
cer detection/targeted therapeutics are Arg-Gly-Asp (RGD),21 
111In-DTPA-octreotide,22 and anti-Her2/neu peptide (AHNP).23

We previously identified a tumor-targeted peptide CR-
WYDENAC (RWY) by phage display technology and con-
firmed that it binds to integrin a6 with high specificity and 
affinity and can be used for nasopharyngeal carcinoma-spe-
cific nanotherapeutics.24 Recently, we translated this integ-
rin a6-targeted peptide into a positron emission tomography 
(PET) probe, 18F-RWY, and explored its application for PET 
imaging of HCC in four different mouse HCC models.18 We 
also successfully constructed RWY peptide as an MR con-
trast agent, RWY-dL-(Gd-DOTA)4, for magnetic resonance 
(MR) imaging of HCC.25 In addition, our optimized integ-
rin a6-targeted MR probe, DOTA(Gd)-ANADYWR, efficiently 
visualized small HCC lesions.26 RWY peptide has been used 
as a molecular probe in other carcinomas, such as pancre-
atic,27 colorectal, and breast cancer.29 We demonstrated the 
feasibility of this targeted peptide for the detection of HCC 
patients in future clinical applications. In this study, we la-
beled RWY peptide with cyanine 5 (Cy5) to form an optical 
probe (Cy5-RWY) that specifically homed to HCC lesions in 
orthotopic HCC mice (Supplementary Fig. 1). However, the 
Cy5 wavelength is not suitable for PA imaging. We then la-
beled RWY peptide with cyanine 7 (Cy7) to form an optical 
probe (Cy7-RWY) that may be suitable for PA imaging. The 
characteristics, biodistribution, and imaging performance of 
this novel probe for PA imaging of HCC cancer were evalu-
ated in vitro and in vivo. The results supported the potential 
application of Cy7-RWY for HCC detection by PA imaging.

Methods

Peptide synthesis

The integrin a6-targeted fluorescent peptides (Cy7-RWY 
and Cy5-RWY) were synthesized by solid-phase chemistry 
and were purchased from the Chinese Peptide/Protein Core 
facility. The peptide imaging agent includes nine amino ac-
ids (Cys-Arg-Trp-Tyr-Asp-Glu-Asn-Ala-Cys) and cyclized by 
the formation of a disulfide bonds. The negative control 
peptide (Cys-Gly-Gly-Gly-Gly-Gly-Gly-Gly-Cys) was previ-
ously described by Sugahara et al.30

Cell culture and animal models

Mouse hepatocellular carcinoma cell lines H22 and Hepa1-
6 and human hepatocellular carcinoma cell lines LM3, PLC/
PRF/5, HepG2, and Huh7 were purchased from the Ameri-
can Type Culture Collection (Manassas, VA, USA). Cells were 
cultivated in Dulbecco’s modified Eagle’s medium (Life Tech-
nologies, Grand Island, NY, USA) containing 10% fetal bovine 
serum and 1% pen/strep (100 U/mL penicillin and 100 U/mL 

streptomycin) and incubated at 37°C and 5% CO2.
Balb/c nude mice (18±2 g, 4 weeks of age) were ob-

tained from the Animal Center of Vital River, Charles River 
China (Beijing, China). To obtain orthotopic transplantation 
tumor models, 1×106 of luciferase-tagged HCC-LM3 cells in 
50% Matrigel (BD Biosciences, San Jose, CA) were injected 
into the left lateral lobe of the liver. For subcutaneous trans-
plantation tumor models, 4×106 of HCC-LM3 or HCC-H22 
cells were administered by subcutaneous injection in the 
right flank of mice. The growth of liver cancer was moni-
tored by bioluminescence imaging.31,32

Cytotoxicity assay

The in vitro cytotoxicity of Cy7-RWY peptide was determined 
by cell counting Kit-8 assay (CCK-8). Briefly, H22 cells were 
seeded in 96-well plates at a density of 3×103 cells in 100 
µL of medium per well. After 24 h, cells were incubated 
with concentrations of Cy7-RWY peptide ranging from 0 to 
500 nM for 48 h or 72 h. For assay, 10 µL of CCK-8 solution 
(Dojindo, Kumamoto, Japan) was added to each well, and 
the cells were incubated for an additional 2 h. Absorption 
was measured at 450 nm by a TECAN Infinite M1000PRO 
microplate reader (TECAN, Victoria, Austria).

In vitro cellular uptake

For confocal fluorescence microscopy, HCC-LM3 cells were 
seeded on 24-well glass coverslips. After 24 h of attachment, 
cells were incubated with Cy7-RWY (6 nM) for 2 h, washed 
with phosphate buffered saline (PBS) three times, and fixed 
with 4% paraformaldehyde for 10 m. The cells were permea-
bilized with 0.2% Triton X-100/PBS for 20 m, blocked with 5% 
bovine serum albumen, and incubated with primary antibod-
ies against integrin a6 (dilution 1:250; Cell Signaling Technol-
ogy) overnight at 4°C. Slides were then washed and incu-
bated with fluorescein-conjugated goat anti-rabbit secondary 
antibodies (dilution 1:1,000; Cell Signaling Technology) for 1 
h at 37°C. Nuclei were stained with diamidino-phenylindole 
and observed with a confocal microscope (Olympus FV1000, 
Tokyo, Japan). For cellular uptake of Cy7-RWY, cells were 
incubated with 10 µg Cy7-RWY dissolved in 500 µL PBS at 
4°C for 20 m with stirring, washed with PBS three times, and 
unbound Cy7-RWY was removed by centrifugation. Cellular 
fluorescence was read by flow cytometry (Beckman-Coulter).

NIR fluorescence imaging

HCC-LM3 tumor-bearing mice were intravenously injected 
with 10 nM Cy7-RWY in 100 µL 0.9% saline. NIR fluores-
cence imaging was performed at various times after injec-
tion with an IVIS Imaging Spectrum System and IVIS 4.2 
Living Imaging software (Perkin Elmer; Waltham, MA, USA).

PA imaging

PA imaging was performed with an Endra Nexus 128 PA 
tomography system (Endra, Michigan, USA) that provides 
wavelengths from 680 to 900 nm. The PA signals of Cy7-
RWY at different concentrations were determined with a la-
ser pulse of 750 nm. During image acquisition, a bowl-like 
tray with a dimple in the center was used for immobilizing 
the imaging positions in the center and filled with 1 mL 
water. Nude mice with subcutaneous HCC-LM3 tumors were 
placed in a water bath and anesthetized by intraperitoneal 
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injection of pentobarbital sodium (40 mg/kg). Cy7-RWY was 
intravenously injected into the tail vein (20 nM, 150 µL in 
PBS). PA imaging at 750 and 800 nm was performed before 
injection and at various times after injection. For ex vivo 
PA imaging, mice were sacrificed and the harvested organs 
were immediately placed in the PA imaging system.

RWY biodistribution

Tumor-bearing mice were sacrificed 48 h after injection of 
Cy7-RWY. The tissues were homogenized in PBS buffer and 
the homogenate was passed through 40 µm cell strainers 
to obtain clear tissue solutions. The distribution of RWY in 
the various organs was measured by Cy7 fluorescence and 
flow cytometry. The imaging studies were performed when 
the tumor volumes were about 100 mm3. The NIRF images 
of mice were obtained with the in vivo imaging system, a 
740 nm excitation wavelength and a 780 nm filter. Imme-
diately after imaging, the mice were sacrificed and heart, 
liver, spleen, kidney, lung, brain, and tumor were harvested 
for ex vivo imaging as described above.

Bioluminescence imaging

Bioluminescence imaging of luciferase-tagged HCC-LM3 
cells or tumors was performed with a Xenogen IVIS Spec-
trum Imaging System and analyzed with Living Image soft-
ware (PerkinElmer) by measurement of photon flux in the 
tumor region of interest in mice. Data were normalized to 
the background signal.

Immunohistochemistry

After sacrifice, the major organs were fixed in 4% formal-
dehyde, embedded in paraffin, sectioned, and stained with 

hematoxylin and eosin. After blocking nonspecific antigens 
with 5% fetal bovine serum, sections were incubated over-
night at 4°C with a primary antibody against integrin α6 
(Abcam, USA). After washing with PBS Tween three times, 
sections were incubated with a secondary antibody for 1 
h at room temperature and observed with a digital micro-
scope (Leica QWin).

Statistical analysis

PA signal intensity was measured by region of interest (ROI) 
analysis with IVIS 4.2 Living Imaging software and the re-
sults were reported as means±SD. The statistical calcula-
tions were performed with GraphPad Prism v.5 (GraphPad 
Software, Inc.; San Diego, CA, USA) and p < 0.05 was con-
sidered to be statistically significant.

Results

Binding of Cy7-RWY peptide to HCC cells

The expression of integrin a6 in HCC cell lines was evalu-
ated by western blotting. As shown in Figure 1A, integrin a6 
was highly expressed in HCC cell lines. Fluorophore Cy7 was 
used to label the N-terminus of RWY peptide to form an im-
aging probe (Cy7-RWY, Supplementary Fig. 2). The binding 
affinity of Cy7-RWY was confirmed by confocal microscopy 
using HCC-LM3 cells. Strong red fluorescence signals of the 
Cy7-RWY were observed in HCC-LM3 cells, whereas the 
Cy7-control without targeting, showed no fluorescence re-
sponse (Fig. 1B). Flow cytometry analysis was further per-
formed to investigate the binding ability of Cy7-RWY. Cy7-
RWY peptides displayed significantly higher cellular uptake 
than nontargeted peptides (Fig. 1C). Cytotoxicity of Cy7-
RWY was evaluated by CCK-8. As shown in Supplementary 

Fig. 1.  Integrin α6-target probe Cy7-RWY binds to HCC cells. (A) The expression of integrin α6 in the HCC cell lines. (B) Colocalization of Cy7-RWY peptide and 
integrin α6 in HCC-LM3 cells imaged by confocal microscope. (C) Flow cytometry assay of the binding affinity of Cy7-RWY to HCC cells. HCC, hepatocellular carcinoma.
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Figure 3, no significant cytotoxicity was observed in H22 
cells at increasing concentrations of Cy7-RWY, indicating 
the biocompatibility of the peptide. The results showed that 
Cy7-RWY had a high binding affinity to HCC cells in vitro.

Biodistribution and tumor-targeting ability of Cy7-
RWY

NIRF imaging was performed to evaluate the tumor-target-
ing ability of Cy7-RWY in vivo using a subcutaneous HCC-
LM3 tumor model. Figure 2A shows NIRF imaging of tumors 
before and after injection of Cy7-RWY. A strong fluorescence 
signal intensity was observed in the tumor site but little ac-
cumulation of fluorescence signals was observed in in the 
Cy7-control group. In an ex vivo analysis, the mice were 
sacrificed 24 h post-injection for harvesting and imaging of 
tumor tissue and organs (heart, lung, liver, spleen, kidneys 
and brain) for IVIS Lumina XR system quantitative biodis-
tribution analysis. The biodistribution of Cy7-RWY and Cy7-
control in the corresponding mice groups was evaluated 
by drawing ROI along the excised tumors and organs. As 
shown in Figure 2B, consistent with the in vivo observation, 
a strong signal was exhibited by tumors treated with Cy7-
RWY peptide, indicating selective targeted of the tumor site. 
Quantitative analysis of the accumulation of dye intensity in 
organs is shown in Figure 2C. These results show that Cy7-
RWY effectively and specifically accumulated in tumors.

In vivo fluorescence imaging of the HCC orthotopic trans-
plantation tumor model carried out at various times showed 
that the fluorescence intensity reached the strongest level 
in orthotopic HCC-LM3 tumors at 24 h after systemic deliv-
ery (Supplementary Fig. 4). Figures 3 and Supplementary 

Figure 5 also show the localization of Cy7-RWY in orthotopic 
HCC-H22 tumors by in vivo fluorescence imaging. After the 
mice were sacrificed, ex vivo fluorescence images of tumor 
tissue and major organs from mice were obtained 48 h after 
injection. The high level of the fluorescence signal found in 
the tumors of the mice that received Cy7-RWY suggested 
effective accumulation of the peptide in the tumor at the 
time of observation. After the imaging procedures, we ob-
served strong staining of integrin α6 of tumor sections by 
immunohistochemistry (Supplementary Fig. 6). Confocal 
examination of tumor sections found significant colocaliza-
tion of Cy7-RWY (red fluorescence) and integrin α6 receptor 
in HCCs from mice (Supplementary Fig. 7), which confirmed 
highly efficient tumor targeting by Cy7-RWY. Major organs 
were harvested to analyze the biodistribution of Cy7-RWY. 
Flow cytometry revealed that, compared with the control 
group, liver cancer lesions had significantly higher fluores-
cence signals (Supplementary Fig. 8). We evaluated the in 
vivo toxicity of the imaging dose of Cy7-RWY. H&E stain-
ing did not find significant cell and tissue damage in major 
organs including the heart, spleen, lung, kidney and brain 
compared with the control group (Supplementary Fig. 9). 
We further assessed the biosafety of Cy7-RWY peptide in 
excess dose in normal mice and mice bearing subcutane-
ous HCC-LM3 tumors by routine blood examination (Sup-
plementary Fig. 10) and H&E staining of the heart, liver, 
spleen, lung, and kidney (Supplementary Fig. 11). The re-
sults provided strong evidence of the high tumor-targeting 
efficiency of the Cy7-RWY peptide.

Photoacoustic properties of Cy7-RWY peptide

Cy7-RWY was used as an integrin a6 tracker for PAI in vivo 

Fig. 2.  NIRF imaging with Cy7-RWY in subcutaneous HCC-LM3 tumor-bearing mice. (A) In vivo fluorescence images of mice before (0 h) and at 24 h after 
tail-vein intravenous injection of Cy7-RWY. (B) Ex vivo NIRF images of major organs and tumor 24 h post-injection. (C) Quantitative analysis of NIRF signal intensity in 
major organs and tumors 24 h post-injection. Student’s t-test, n=3, **p<0.01; ***p<0.001. NIRF, near infrared fluorescent.
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as shown in Figure 4A. For evaluation, tumor-bearing mice 
were anesthetized and placed in the center of a tray. In the 
UV-vis spectrum, with increasing excitation, Cy7-RWY yield-
ed a characteristic peak at 744 nm at a concentration of 100 
nM (Fig. 4B). Photoacoustic signals at different concentra-
tions of Cy7-RWY increased as the Cy7-RWY concentration 
increased (Fig. 4C), and the fluorescence intensity of Cy7-
RWY was positively correlated with Cy7 concentration (Fig. 
4D). The results support the use of Cy7-RWY as a probe for 
biological applications.

Photoacoustic imaging with Cy7-RWY in mice with 
subcutaneous HCC

We performed in vivo PA imaging in mice bearing subcutane-
ous HCC-LM3 cells at various times. Mice were intravenously 
injected with Cy7-RWY, followed by PAI before injection), and 
at 1, 2, 4, 6, and 24 h after injection. The photoacoustic signal 
was calculated by drawing an ROI around the tumor. As shown 
in Figure 5A, before injection only large blood vessels in the 
tumor could be visualized using hemoglobin as an endoge-
nous contrast agent (at 750 nm and 800 nm). One hour after 
intravenous injection of Cy7-RWY, we found consistently in-

creasing photoacoustic signals, indicating that Cy7-RWY pas-
sively targeted tumor tissues in a short period of time. The PA 
signals reached maximum accumulation at 24 h for Cy7-RWY 
(Fig. 5A), indicating prolonged circulation time in the blood-
stream. Imaging of tumor blood vessels was possible with 
an endogenous hemoglobin agent at 800 nm. Photoacous-
tic signals were observed in the important metabolic organs, 
such as the liver and kidney (Fig. 5B). Quantitative analyses 
of photoacoustic signal enhancement in the tumor regions at 
different times after injection (Fig. 5C) provided substantial 
evidence for the tumor-targeting ability of Cy7-RWY.

Discussion

Previously, we used phage display technology to identify a 
tumor-targeted peptide RWY, and confirmed its target as 
integrin α6.24 In this study, we developed an integrin α6-
targeted NIRF and PA imaging agent, Cy7-RWY and focused 
on its use in HCC. We confirmed that integrin α6 was ex-
pressed at a relatively high level in all HCC cell lines, and 
that the RWY peptide specifically bound to HCC cells in vit-
ro. The integrin α6-overexpressing HCC cells HCC-LM3 and 
HCC-H22 were used to establish subcutaneous and ortho-

Fig. 3.  NIRF imaging with Cy7-Control and Cy7-RWY in orthotopic HCC-H22 tumor-bearing mice. (A) The luminescence imaging signals were observed in the 
hepatic regions. (B) Quantification of luminescence imaging signals in the hepatic regions. (C) Ex vivo fluorescence images of major organs and tumors at 48 h post-
injection. (D) Quantification of fluorescence intensity extracted from the organs. Student’s t-test, n=3, ***p<0.001. NIRF, near infrared fluorescent
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Fig. 4.  Characteristics of the Cy7-RWY peptide. (A) Schematic of the photoacoustic imaging system. (B) UV-vis-NIR spectra of Cy7-RWY peptide. (C) PA signals 
with different concentrations of Cy7-RWY at 760 nm and the linear relationship between PA signal intensity and the different concentrations of Cy7-RWY. (D) The near 
infrared fluorescence signal of the Cy7-RWY. PA, photoacoustic.

Fig. 5.  Photoacoustic imaging in mice bearing subcutaneous HCC-LM3 tumors. (A) In vivo PA imaging of the tumor areas before (0 min) and 1, 2, 4, 6, and 24 
h after injection of Cy7-RWY. (B) Ex vivo quantification of PA signals of major organs and tumors from mice 24 h post-injection. (C) Quantitative analyses of PA signals 
of tumor tissues in vivo. Student’s t-test, n=3, ***p<0.001. PA, photoacoustic.
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tropic HCC tumors in mice. In vivo PA/NIRF imaging showed 
Cy7-RWY effectively and specifically accumulated in HCC 
tumors. The data indicate that Cy7-RWY has potential as an 
agent for PA imaging of α6-overexpressing HCCs.

Cell targeting peptides are a class of targeting moieties 
used as delivery vehicles for HCC diagnosis and imaging.20 
Recent advances in developing different targeted peptides 
provide exciting new possibilities for targeted therapy in 
HCC. Using mass spectrometry, Lee et al.33 identified L5 
(Thr-Tyr-Phe-Leu-Thr-Arg-Gln) peptide targeting glypican-3 
expressing HCC cells, which supports its use as suitable 
homing moiety for HCC diagnosis and targeted therapy. 
Du et al.34 showed that the peptide A54 screened from the 
phage display library was a novel targeting therapy vector 
in doxorubicin delivery for HCC target therapy. In addition, 
LO et al.35 demonstrated that the conjugation of SP94 and 
liposomal doxorubicin enhanced the therapeutic efficacy 
against HCC xenografts.

Molecular imaging is an emerging diagnostic approach 
for oncology applications. Recently, interest in peptides as 
probes for dual-modality tumor imaging there has increased. 
Chen et al. described the use of plectin-1 targeted nanopar-
ticles for fluorescence/MR dual-modal imaging in pancreatic 
cancer.36 Dual-modality (MRI/SPECT) molecular imaging was 
shown to be a powerful diagnostic tool for the early diagno-
sis of mesothelin-expressing cancers.37 The results of this 
study showed that the novel optical probe, Cy7-RWY peptide, 
bound specifically to integrin α6 in HCC in vitro and in vivo. 
Cy7, an NIR fluorophore with longer wavelength absorption 
and emission provides deeper tissue penetration to achieve 
good signal and should be a strong contrast agent for NIRF 
and PA imaging. Therefore, optical imaging with the Cy7 la-
beling method has great potential for the highly sensitive 
and accurate visualization of tumor microfoci that overex-
press integrin α6. In this study, we found that integrin α6 
was expressed at a relatively high level in HCC cell lines. 
Colocalization of Cy7-RWY and integrin a6 was observed in 
HCC cells, and fluorescence activated cell sorting supported 
the results. The in vivo integrin a6 binding specificity was 
confirmed biodistribution and imaging studies. In both sub-
cutaneous and orthotopic HCC tumor xenografts, the results 
demonstrated the presence of NIRF signals localized exclu-
sively in the HCC-LM3 or HCC-H22 tumor model in a time-
dependent manner with relatively low uptake by nontargeted 
organs. However, spatial resolution is the major limitation of 
the technique. Therefore, mice bearing subcutaneous HCC-
LM3 tumors were given Cy7-RWY through vein tail to allow 
systemic circulation and were subjected to photoacoustic ra-
diation at different times. Before injection, there was only a 
weak PA signal detected in the tumor tissue. After injection, 
enhanced PA signals were visible in tumor tissue, and they 
increased gradually with time, indicating good tumor accu-
mulation of Cy7-RWY after systemic administration. Com-
pared with NIRF imaging, PA had significantly higher spatial 
resolution. The PA signal in the tumor was very strong at 24 
h, suggesting high tumor-targeting efficiency. In our study, 
the fluorescence signal reached a steady level already after 6 
h and was sustained until 24 h post-injection, thus providing 
a broad clinically useful time window for imaging. Imaging 
agent toxicity is a concern for which there is relatively little 
data. The Cy7-RWY probe showed no toxicity in major organs 
including the heart, lung, liver, spleen, and kidney, and had 
fast renal clearance. Given the data, Cy7-RWY provided ex-
tremely high sensitivity for the detection of liver tumor foci. 
Studies of intraoperative resection, drug carriers, therapy 
monitoring, and cancer diagnosis will benefit from Cy7-RWY 
peptide guided imaging.

There are several limitations in our study. Firstly, al-
though the PA signal has good tissue penetration, system-
ic imaging is rarely done because of the limited scanning 
range of the machine. It is challenging to use for whole-

body imaging as applied in diagnostic systems and intra-
operative imaging for clinical applications. Secondly, it is 
difficult for the targeted Cy7-RWY peptide to detect early 
HCC lesions with a small diameter without optimization. 
Thirdly, we did not determine whether Cy7-RWY peptide is 
suitable for malignant metastatic HCC. We are now explor-
ing the feasibility of our peptide in differentiating tumors 
from abnormal liver tissues such as fibrosis, and from re-
generative nodules.

Conclusions

In summary, we successfully constructed an integrin α6-
targeted probe, Cy7-RWY with promising biocompatibility 
and good optical stability. It is suitable for NIRF and PA 
imaging of HCC. Upon further development and validation, 
the Cy7-RWY probe may contribute to the accurate deline-
ation of liver tumor foci and may have wide clinical ap-
plication in early diagnosis and accurate surgical excision 
in the future.
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