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Abstract

Purpose: Hepatocellular carcinoma (HCC) remains one of the most challenging diseases 

worldwide. Glypican-3 (GPC-3) is a cell surface proteoglycan that is overexpressed on the 

membrane of HCC cells. The purpose of this study was to develop a target-specific 

radiofluorinated peptide for positron emission tomography (PET) imaging of GPC3 expression in 

hepatocellular carcinoma.

Procedures: New GPC3-binding peptides (GP2076 and GP2633) were radiolabeled with F-18 

using Al[18F]F labeling approach, and the resulting PET probes were subsequently subject to 

biological evaluations. A highly hydrophilic linker was incorporated into GP2633 with an aim of 

reducing the probe uptake in liver and increasing tumor-to-liver (T/L) contrast. Both GP2076 and 

GP2633 were radiolabeled using Al[18F]F chelation approach. The binding affinity, octanol/water 

partition coefficient, cellular uptake and efflux, and stability of both F-18 labeled peptides were 

tested. Tumor targeting efficacy and biodistribution of Al[18F]F-GP2076 and Al[18F]F-GP2633 

were determined by PET imaging in HCC-bearing mice. Immunohistochemistry analyses were 

performed to compare the findings from PET scans.
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Results: Al[18F]F-GP2076 and Al[18F]F-GP2633 were rapidly radiosynthesized within 20 min 

in excellent radiochemical purity (> 97 %). Al[18F]F-GP2633 was determined to be more 

hydrophilic than Al[18F]F-GP2076 in terms of octanol/water partition coefficient. Both Al[18F]F-

GP2076 and Al[18F]F-GP2633 demonstrated good in vitro and in vivo stability and binding 

specificity to GPC3-positive HepG2 cells. For PET imaging, Al[18F]F-GP2633 exhibited 

enhanced uptake in HepG2 tumor (%ID/g 3.37 ± 0.35 vs. 2.13 ± 0.55, P = 0.031) and reduced 

accumulation in liver (%ID/g 1.70 ± 0.26 vs. 3.70 ± 0.98, P = 0.027) at 60 min post-injection (pi) 

as compared to Al[18F]F-GP2076, resulting in significantly improved tumor-to-liver (T/L) contrast 

(ratio 2.00 ± 0.18 vs. 0.59 ± 0.14, P = 0.0004). Higher uptake of Al[18F]F-GP2633 in GPC3-

positive HepG2 tumor was observed as compared to GPC3-negative McA-RH7777 tumor (%ID/g 

3.37 ± 0.35 vs. 1.64 ± 0.03, P = 0.001) at 60 min pi, confirming GPC3-specific accumulation of 

Al[18F]F-GP2633 in HepG2 tumor.

Conclusion: The results demonstrated that Al[18F]F-GP2633 is a promising probe for PET 

imaging of GPC3 expression in HCC. Convenient preparation, excellent GPC3 specificity in HCC, 

and favorable excretion profile of Al[18F]F-GP2633 warrant further investigation for clinical 

translation. PET imaging with a GPC3-specific probe would provide clinicians with vital 

diagnostic information that could have a significant impact on the management of HCC patients.
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Introduction

Liver cancer is a major health problem, which currently ranks the fourth leading cause of 

cancer death worldwide [1]. Among all primary liver cancers, hepatocellular carcinoma 

(HCC) is the most common type, representing 75 %–85 % of all primary liver cancer cases 

[1, 2]. In the USA, HCC incidence and mortality rates have been increasing for decades [3]. 

A median survival following diagnosis of HCC is approximately 6 to 20 months due to late 

diagnosis in its course and few effective treatment options [4, 5]. Although surgical resection 

or liver transplantation may sometimes be successful for the treatment of early-stage HCC, 

very limited treatment options are available for patients diagnosed at an advanced stage [5]. 

Definitive diagnosis via non-invasive testing of HCC in clinic includes four-phase multi-

detector computed tomography (CT) or dynamic contrast-enhanced magnetic resonance 

imaging (MRI) [6]. Further improvement in HCC patient management through imaging will 

be limited unless anatomical studies are augmented with an assessment of tumor biology and 

metabolism in vivo [7]. A major factor contributed to this limitation is inability to 

characterize tumor growth and metabolism, a matter of pathophysiology which cannot be 

evaluated by anatomic imaging techniques. Targeted therapies for the management of 

patients with HCC continue to be researched [6]. However, the treatment responses are still 

being assessed on the basis of tumor size measurement before and after therapy. As targeted 

therapies may not cause significant changes in the size of lesions at an early stage, 

assessment of response to such treatments may not be accurate using conventional size 

measurement. The development of positron emission tomography (PET)/x-ray computed 

tomography (CT) technology creates the opportunity to combine metabolic and anatomic 
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imaging capabilities, capitalizing on the advantages each modality affords. A sizable body of 

evidence suggests that the basic pathophysiological processes of HCC may be evaluable in 
vivo using the physiologic imaging capabilities of PET [8-10]. Therefore, a target-specific 

PET probe may provide the early detection of HCC and/or be used as a companion 

diagnostic for HCC therapy.

Glypicans (GPCs) are a family of heparan sulfate proteoglycans anchored to cell membrane 

[11]. Among six identified GPCs in mammals [12], glypican-3 (GPC3) is an oncofetal 

proteoglycan containing a 70 kDa core protein [11]. There is no GPC3 expression in healthy 

liver, but GPC3 expression remains at high levels in HCCs [13]. In addition, the research 

results showed that, during the invasive growth of liver cancer, GPC3 expresses at different 

levels, suggesting that GPC3 plays an important role on HCC development [14]. 

Furthermore, HCC cell migration and invasion can be inhibited by GPC3 knockdown, 

indicating GPC3 may also critically involve in HCC metastasis and invasion [15].

Due to the important role of GPC3 in the HCC progression, various GPC3-targeted therapies 

have been developed, including antibodies, vaccines, immunotoxins, and genetic therapies 

[16, 17]. Companion diagnostics for antibody-based HCC therapies have been recently 

reported [18-20], where an anti-human GPC3 mAb (DFO-1G12) or αGPC3 IgG1 and the 

fragments were radiolabeled with 89Zr for PET imaging of HepG2 tumors. Although 89Zr-

labeled GPC3 mAbs showed very good HCC targeting efficacy and specificity, the relatively 

large size of mAbs led to unfavorable in vivo pharmacokinetics (PK) and immunogenicity 

[20], which might limit their clinical applications.

Through screening of a peptide library using immuno-precipitation method, a tetrakaideca 

peptide (TP) carrying sequence RLNVGGTYGLTTRQ was identified as a specific ligand 

binding to GPC3 [21]. This ligand can block the binding of the FITC-labeled TP to GPC3-

expressing cells, further indicating the specific binding of TP for GPC3. As compared to 

antibodies, peptides usually show less immunogenicity and toxicity, and the production cost 

of peptides is relatively lower [22-25]. Thus, it has become our great interest of utilizing the 

TP as a platform to build up GPC3-targeted PET probes. In our recent proof-of-concept 

work, we radiolabeled the TP with F-18 to form a PET probe for imaging GPC3-positive 

HCC tumors [26]. However, a low tumor-to-liver (T/L) ratio was observed due to high 

hepatobiliary excretion. In this study, we designed a new F-18-labeled PET probe by 

incorporating a hydrophilic peptide linker (GGGRDN) to the TP. The new PET probe could 

reduce the background radioactivity in liver and thus increase the T/L ratio. An F-18-labeled 

PET probe without the hydrophilic linker was also prepared for comparison.

Materials and Methods

Materials

All chemicals were purchased from commercial suppliers and used without further 

purification. The peptides (sequence: RLNVGGTYFLTTRQ) [21, 26] and 

GGGRDNRLNVGGTYFLTTRQ) were synthesized by the ChinaPeptides Company 

(Shanghai, China). Details of other materials and the HPLC methods are provided in 

electronic supplementary material (ESM).
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Radiosynthesis and In Vitro Studies

The radiolabeling of the GP2076 or GP2633 peptide was carried out using Al[18F]F 

chelation approach (Fig. 1) [26-29]. In brief, to a 5-ml vial containing 2 mM aluminum 

chloride (6 μl), glacial acetic acid (5 μl), and acetonitrile (334 μl) was added 250 μg of 

peptide (0.12 μmol of GP2076 or 0.09 μmol of GP2633) in 100 μl deionized (DI) water. 

After a rapid vibration, 40–50 μl of [18F]fluoride (555–740 MBq) was added into the 

mixture. The vial was heated at 100 °C for 10 min. After cooling to room temperature, the 

mixture was diluted with 15 ml of DI water. The mixture was then passed through a Varian 

Bond Elut C18 column, and the column was followed by washing with 10 ml of PBS and 20 

ml of water. Then, 0.4 ml of ethanol containing 10 mM of HCl was used to elute the product. 

After dilution with saline, the solution passed through a sterile filter and collected directly 

into a sterile product vial. The radiochemical purify of Al[18F]F-GP2076 or Al[18F]F-

GP2633 was determined based on reverse-phase analytical HPLC. Detailed procedures for 

the measurement of lipophilicity (Log P), cell culture and animal models, binding assay, in 
vitro biocompatibility, cellular uptake studies, and in vitro stability are provided in ESM.

In Vivo Metabolic Stability

HepG2 tumor-bearing mice (n = 3/group) were intravenously injected with 5.55 MBq of 

Al[18F]F-GP2076 or Al[18F]F-GP2633. At 1 h after the injection, the mice were euthanized, 

and the HepG2 tumor, blood, liver, kidneys, and urine samples were collected. The study 

was performed according to the procedures reported previously [30, 31]. Briefly, the blood 

sample was immediately centrifuged for 5 min at 12,000 rpm. The HepG2 tumor, liver, and 

kidneys were homogenized and then centrifuged for 5 min at 12,000 rpm. The supernatant 

from each sample was passed through an ultrafiltration tube (Millipore, USA) and then 

centrifuged for 10 min at 12,000 rpm. The urine sample was diluted with 100 μl of PBS. The 

filtrate from each sample was injected into analytic HPLC. The HPLC eluents were 

collected with a fraction collector (one fraction/30 s), and the radioactivity of each fraction 

was measured by gamma counting.

MicroPET/CT Imaging and Biodistribution

MicroPET/CT scans were carried out using a Siemens Inveon PET/CT scanner (Siemens, 

Germany). Tumor-bearing mice (n = 3/group) were intravenously injected with 5.55 MBq of 

Al[18F]F-GP2076 or Al[18F]F-GP2633 under isoflurane anesthesia. A 10-min static PET 

scan for each animal was acquired at 30, 60, and 120 min after the injection. Three-

dimensional-ordered subset expectation maximization (3D-OSEM) algorithm was used for 

the PET reconstruction, and CT was applied for attenuation correction. Detailed procedures 

for the microPET/CT imaging and biodistribution are provided in ESM.

Tumor Histopathology

The tumor (HepG2 or McA-RH7777) tissues were fixed in paraformaldehyde (4 %) for 24 

h. The specimens were then dehydrated in ethanol, embedded in paraffin, and cut into thick 

sections (5 μm). The fixed sections were deparaffinized and hydrated according to a standard 

protocol and stained with hematoxylin and eosin (H&E) for observation. For analysis of 

GPC3 expression, sections were incubated with an anti-GPC3 antibody at a dilution of 1:150 

Li et al. Page 4

Mol Imaging Biol. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



at 4 °C overnight, and then incubated with a secondary antibody (K5007, polymer-HRP, 

DAKO, Denmark) at room temperature for 50 min.

Statistical Analysis

Quantitative data are reported as mean ± standard deviation (SD). Means were compared 

using one-way ANOVA and student’s t test. All tests were performed using SPSS version 

20.0 (IBM Corporation, Armonk, NY, USA). A P value of less than 0.05 was considered 

statistically significant, and the data were marked with (*) for P < 0.05, (**) for P < 0.01, 

and (***) for P < 0.001, respectively.

Results

Chemistry and Radiochemistry

Synthetic methods for GP2076, GP2633, and their corresponding Al19F-labeled peptides are 

detailed in ESM. All peptides were obtained in good yield and characterized by mass 

spectrometry (Suppl. Fig. 1, see ESM). Under the identical analytical HPLC condition, the 

retention time of GP2076 was 14.5 min, while the retention time of GP2633 was 13.5 min 

(Suppl. Fig. 2 a1 and a2, see ESM).

Al[18F]F-GP2076 and Al[18F]F-GP2633 were rapidly radiosynthesized using the Al18F 

chelation strategy and the solid-phase extraction (SPE) purification approach. The total 

synthesis time for Al[18F]F-GP2633 and [18F]Al[18F]F-GP2076 was approximately 20 min. 

The radiochemical yields (decay-uncorrected) of Al[18F]F-GP2076 and Al[18F]F-GP2633 

were 29.25 ± 1.81 % (n = 3) and 24.86 ± 7.99 % (n = 3), respectively. After the SPE 

purification, the radiochemical purities of Al[18F]F-GP2076 and Al[18F]F-GP2633 were 

larger than 97 % as determined by analytical HPLC. The retention times of Al[18F]F-

GP2076 and Al[18F]F-GP2633 were 14.0 min and 13.2 min, respectively (Suppl. Fig. 2, see 

ESM). The specific activities of Al[18F]F-GP2076 and Al[18F]F-GP2633 were estimated to 

be 780.5–1536.5 MBq/μmol and 939.1–1363.8 MBq/μmol, respectively.

The log P values of Al[18F]F-GP2076 and Al[18F]F-GP2633 were – 2.10 ± 0.07 (n = 4) and 

– 2.42 ± 0.09 (n = 4), respectively (Suppl. Table 1, see ESM), indicating that Al[18F]F-

GP2633 is more hydrophilic than Al[18F]F-GP2076.

Binding Assay

The binding affinity of GP2076 and GP2633 for GPC3 was determined by SPR method. The 

KD values of GP2076 and GP2633 were calculated to be 101 nM and 63.3 nM, respectively, 

suggesting that the incorporation of a hydrophilic linker (GGGRDN) slightly enhances the 

peptide binding affinity to GPC3.

In Vitro Biocompatibility

The cytobiocompatibility of GP2076 and GP2633 was examined prior to in vivo evaluations. 

As shown in Suppl. Fig. 3(see ESM), the cell viabilities of HepG2 cells were larger than 

90 % at all examined concentrations ranging from 120 to 840 μg/ml, demonstrating the 

excellent cytocompatibility of GP2076 and GP2633.
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Cellular Uptake, Internalization, and Efflux

The cellular uptake, internalization, and retention of Al[18F]F-GP2076 and Al[18F]F-

GP2633 were determined in GPC3-positive HepG2 and GPC3-negative McA-RH7777 HCC 

cells. The cellular uptake results showed that both Al[18F]F-GP2076 and Al[18F]F-GP2633 

bind to GPC3-positive HepG2 cells very rapidly, and the binding reaches a plateau after 30-

min incubation (Fig. 2a). At 60 min, the peak values of cell uptake were 1.08 ± 0.04 % for 

Al[18F]F-GP2076 and 1.15 ± 0.05 % for Al[18F]F-GP2633, respectively. No significant 

uptake difference (P = 0.721) was observed between Al[18F]F-GP2076 and Al[18F]F-

GP2633 after 1 h incubation, suggesting that both Al[18F]F-GP2076 and Al[18F]F-GP2633 

can bind to GPC3-positive HepG2 cells very well. On the other hand, in GPC3-negative 

McA-RH7777 cells, the cellular uptake values of Al[18F]F-GP2633 were significantly lower 

than those in GPC3-positive HepG2 cells after 15 min incubation (Fig. 2a). For instance, at 

60 min, the cellular uptake of Al[18F]F-GP2633 in McA-RH7777 cells was 0.30 ± 0.03 %, 

which is significantly lower than the value (1.15 ± 0.05 %, P = 0.002) in HepG2 cells. For 

the cell efflux study, both Al[18F]F-GP2076 and Al[18F]F-GP2633 exhibits reasonable cell 

retention than Al[18F]F-GP2076 in HepG2 cells (Fig. 2b). During the first 30 min, the efflux 

(off-target) rate of Al[18F]F-GP2633 was relatively slower than that of Al[18F]F-GP2076, 

suggesting that the binding of Al[18F]F-GP2633 to GPC3 is slightly stronger than that of 

Al[18F]F-GP2076. This result is consistent with the data from the GPC3 binding affinity 

determination. During 1 h study time, about 0.83 % (from 1.04 % to 0.21 %) and 0.86 % 

(from 1.13 % to 0.27 %) of radioactivity efflux were observed for Al[18F]F-GP2076 and 

Al[18F]F-GP2633, respectively. In GPC3-negative McA-RH7777 cells, Al[18F]F-GP2633 

showed poor cell retention property, and the radioactivity was rapidly washed out to the 

baseline within 5 min. Taken together, the cell uptake and efflux data demonstrated that the 

binding of Al[18F]F-GP2633 to HepG2 cells is target specific, which is indeed mediated by 

GPC3. As shown in Suppl. Fig. 4 (see ESM), the internalization of both Al[18F]F-GP2076 

and Al[18F]F-GP2633 in HepG2 cells at 2 h was very low (< 10 % of cell uptake).

In Vitro and In Vivo Stability

The vitro stability of [Al[18F]F-GP2076 and Al[18F]F-GP2633 was determined in PBS at 

room temperature and mouse serum at 37 °C after 2 h incubation. The stability was 

measured as percentage of intact radiotracer according to the HPLC analysis (Suppl. Fig. 5, 

see ESM). Overall, both Al[18F]F-GP2076 and Al[18F]F-GP2633 showed excellent stability 

in PBS and mouse serum. After 2 h incubation, > 95 % of Al[18F]F-GP2076 and > 98 % of 

Al[18F]F-GP2633 remained intact.

At 1 h after intravenous injection of Al[18F]F-GP2076 or Al[18F]F-GP2633 into tumor-

bearing mice, the metabolic stability was examined in HepG2 tumor, blood, liver, kidneys, 

and urine. The samples were analyzed by HPLC, and the representative radioactivity eluent 

profiles are shown in Fig. 3. For Al[18F]F-GP2076, the percentage of the parent F-18 labeled 

peptide was found to 97.69 ± 2.51 % in HepG2 tumor, 96.68 ± 1.55 % in blood, 96.06 

± 0.54 % in liver, 54.94 ± 2.12 % in kidneys, and 3.31 ± 0.20 % in urine, respectively (Fig. 

3a). For Al[18F]F-GP2633, the percentage of the intact radiotracer was determined to be 

93.01 ± 2.98 % in HepG2 tumor, 93.57 ± 1.38 % in blood, 92.95 ± 2.77 % in liver, 7.70 

± 2.56 % in kidneys, respectively (Fig. 3b). No parent Al[18F]F-GP2633 was identified in 
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urine at 1 h post-injection (pi). Overall, both Al[18F]F-GP2076 and Al[18F]F-GP2633 

displayed similar metabolic stability in HepG2 tumor, blood, and liver. As compared to 

Al[18F]F-GP2076, Al[18F]F-GP2633 was readily catabolized in kidneys, leading to 

complete metabolite(s) in urine.

MicroPET/CT Imaging and Biodistribution

The tumor-targeting efficacy and biodistribution of Al[18F]F-GP2076 and Al[18F]F-GP2633 

were examined in nude mice-bearing GPC3-positive HepG2- or GPC3-negatice McA-

RH7777 tumor xenografts at multiple time points (30, 60, and 120 min) with static PET 

scans. All GPC3-positive HepG2 tumors were clearly visible at all time points measured 

after the injection of Al[18F]F-GP2076 or Al[18F]F-GP2633, whereas the GPC3-negative 

McA-RH7777 tumors showed minimal uptake of Al[18F]F-GP2633. Representative whole-

body coronal slices (CT, PET, and PET/CT fusion) containing tumors at 60 min pi are shown 

in Fig. 4. Representative whole-body coronal PET images of tumor-bearing mice at different 

time points are presented in Suppl. Fig. 6(see ESM). Although both Al[18F]F-GP2076 and 

Al[18F]F-GP2633 exhibited very good uptake in HepG2 tumors, it is worthy to note that the 

pharmacokinetic (PK) properties of Al[18F]F-GP2076 and Al[18F]F-GP2633 are 

significantly different as visualized by PET images. High liver uptake of Al[18F]F-GP2076 

was observed at all imaging time points, whereas the accumulated radioactivities in liver for 

Al[18F]F-GP2633 remained at minimal levels (Fig. 4 and Suppl. Figs. 6and7, see ESM). 

Apparently, the clearance of Al[18F]F-GP2633 from the mouse body is predominantly 

through the renal system, while the excretion of Al[18F]F-GP2076 is primarily through the 

hepatic pathway.

The radioactivity accumulated in tumor and major organs was evaluated by measuring the 

ROIs of the entire organ for each PET scan. The quantitative data of Al[18F]F-GP2076 and 

Al[18F]F-GP2633 at 30, 60, 120 min pi are presented in Fig. 5 and Suppl. Tables 2-14 (see 

ESM). For the HepG2 tumor uptake, at 30 and 60 min pi, the values of Al[18F]F-GP2633 

were higher than those of Al[18F]F-GP2076 (%ID/g in HepG2 tumor at 30 min: 3.13 ± 0.31 

vs. 2.20 ± 0.36, P = 0.027; %ID/g in HepG2 tumor at 60 min: 3.37 ± 0.35 vs. 2.13 ± 0.55, P 
= 0.031). At 120 min pi, the HepG2 tumor uptake values (%ID/g) between Al[18F]F-

GP2076 (0.73 ± 0.32) and Al[18F]F-GP2633 (1.30 ± 0.17) were not considered statistically 

significant (P = 0.054) (Fig. 5 and Suppl. Tables 2-3, see ESM). For the GPC3-negative 

McA-RH7777 tumor model, the tumor uptake values of Al[18F]F-GP2633 (%ID/g: 1.75 

± 0.05 at 30 min, 1.64 ± 0.03 at 60 min, and 0.66 ± 0.06 at 120 min, respectively) were 

significantly lower than those in the GPC3-positive HepG2 tumor model (%ID/g: 3.13 

± 0.31 at 30 min, 3.37 ± 0.35 at 60 min, and 1.30 ± 0.17 at 120 min, respectively) (Fig. 5 

and Suppl. Tables 2 and 9, see ESM). For the liver uptake, at 30 and 60 min pi, the values of 

Al[18F]F-GP2633 were significantly lower than those of Al[18F]F-GP2076 (%ID/g in liver 

at 30 min: 1.80 ± 0.36 vs. 5.10 ± 0.53, P = 0.001; %ID/g in liver at 60 min: 1.70 ± 0.26 vs. 

3.70 ± 0.98, P = 0.027) (Fig. 5 and Suppl. Tables 2 and 4, see ESM). For the uptake in 

kidneys, at 30 and 60 min pi, the values of Al[18F]F-GP2633 were remarkably greater than 

those of Al[18F]F-GP2076 (%ID/g in kidneys at 30 min: 39.40 ± 0.98 vs. 9.83 ±3.69, P = 

0.0002; %ID/g in kidneys at 60 min: 36.86 ± 2.05 vs. 7.03 ± 2.32, P = 0.0001) (Fig. 5 and 

Suppl. Tables 2 and 5, see ESM). For the uptake of Al[18F]F-GP2633 in liver and kidneys, 
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no statistical difference was found between the GPC3-positive HepG2 and GPC3-negative 

McA-RH7777 tumor model at 30, 60, and 120 min pi (Fig. 5 and Suppl. Tables 2, 10, and 

11, see ESM). Minimal uptake of Al[18F]F-GP2076 or Al[18F]F-GP2633 was found in other 

major organs, such as brain, heart, and lung. Particularly, the low uptake of radioactivity in 

bone for both Al[18F]F-GP2076 and Al[18F]F-GP2633 proved that the Al[18F]F-NOTA 

chelation is stable and defluorination from the radiotracers did not occur in vivo.

Based on the quantitative data from the PET scans, the tumor-to-non-target (T/M, T/L, and 

T/K) ratios were calculated (Fig. 5 and Suppl. Tables 6-8 and 12-14, see ESM). At all 

measured time points, the values of T/M for Al[18F]F-GP2633 were significantly greater 

than those for Al[18F]F-GP2076 (T/M: 9.11 ± 0.79 vs. 5.56 ± 1.36 (P = 0.017) at 30 min, 

12.17 ± 0.62 vs. 5.13 ± 2.08 (P = 0.005) at 60 min, and 6.20 ± 1.80 vs. 2.68 ± 0.29 (P = 

0.029) at 120 min, respectively). Significantly higher T/L values were also observed for 

Al[18F]F-GP2633 as compared to Al[18F]F-GP2076 at all measured time points (T/L: 1.77 

± 0.20 vs. 0.43 ± 0.06 (P = 0.0004) at 30 min, 2.00 ± 0.18 vs. 0.59 ± 0.14 (P = 0.0004) at 60 

min, and 1.28 ± 0.25 vs. 0.46 ± 0.40 (P = 0.039) at 120 min, respectively). At 60 min pi, the 

T/K value of Al[18F]F-GP2633 (0.09 ± 0.01) was found to be significantly lower than that of 

Al[18F]F-GP2076 (0.31 ± 0.04, P = 0.001). For the GPC3-negative McA-RH7777 tumor 

model, at 30 and 60 min pi, the T/M ratios of Al[18F]F-GP2633 (T/M: 3.87 ± 1.97 at 30 

min, and 6.20 ± 2.67 at 60 min, respectively) were significantly lower than those in the 

GPC3-positive HepG2 tumor model (T/M: 9.11 ± 0.79 (P = 0.013) at 30 min, and 12.17 

± 0.62 (P = 0.019) at 60 min, respectively) (Fig. 5 and Suppl. Table 12, see ESM). At 30, 60, 

and 120 min pi, the T/L and T/K values of Al[18F]F-GP2633 in the HepG2 tumor model 

were all significantly higher than those in the McA-RH7777 tumor model (Fig. 5 and Suppl. 

Tables 13-14, see ESM). Overall, at 60 min pi, the best tumor-to-non-target contrast can be 

achieved for Al[18F]F-GP2633 in the GPC3-positive HepG2 tumor model, which can be 

very well distinguished from two comparing groups: Al[18F]F-GP2076 in the HepG2 tumor 

model and Al[18F]F-GP2633 in the McA-RH7777 tumor model.

The data from the ex vivo biodistribution at 60 min pi are shown in Suppl. Table 15 (see 

ESM). Overall, the results are consistent with the findings from the PET study. The HepG2 

tumor uptake of Al[18F]F-GP2633 was 1.96 ± 0.29 %ID/g which is significantly higher than 

that of Al[18F]F-GP2076 (1.13 ± 0.02 %ID/g, P = 0.007). As compared to Al[18F]F-

GP2076, Al[18F]F-GP2633 exhibited lower uptake in the liver (0.97 ± 0.07 %ID/g vs. 2.30 

± 0.56 %ID/g, P = 0.015). No statistical difference was observed for the tracer uptake in 

blood, heart, and bone between the Al[18F]F-GP2076 and Al[18F]F-GP2633 groups.

Tumor Histopathology

Qualitative visual assessment of the immunohistochemical assay showed high expression of 

GPC3 in the HepG2 xenograft (Fig. 6a) whereas the GPC3 expression in McA-RH7777 

tumor was minimal (Fig. 6b). Hematoxylin and eosin (H&E) staining demonstrated that no 

tumor tissue damage was detected in both HepG2 and McA-RH7777 xenograft (Fig. 6c, d).
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Discussion

Recent studies have shown that GPC3 plays a critical role on molecular mechanisms by 

which the proliferation and invasion of HCC are regulated and controlled [32]. The 

involvement of GPC3 in HCC progression was found through various pathways, including 

stimulation of Wnt signaling and macrophage recruitment, interaction with growth factors, 

and promotion of epithelial–mesenchymal transition [32, 33]. It is worthy to note that GPC3 

expression levels are significantly different between the tumor tissue in HCCs and the tissue 

in healthy or nonmalignant livers. For example, in a clinic study [13], GPC3 expression was 

detected in 72 % of HCC patients, whereas no GPC3 expression was found in patients with a 

healthy or benign liver. In addition, GPC3 expression was identified in 63–91 % of HCC 

patients in approximate 20 clinical studies [16]. As a result, GPC3 has been considered as a 

valuable biomarker for the HCC diagnosis and therapy [16]. As the development of GPC3-

targeted therapies continues to be a very active field of HCC treatment, studying GPC3-

targeted PET imaging probes as companion diagnostics has become of great interest [18-20]. 

A GPC3-targeted PET probe can be used to noninvasively monitor the GPC3 expression 

during the tumorigenesis and HCC development and guide the GPC3-targeted treatment. In 

addition, due to overexpression of GPC3 in early-staged HCCs and minimal GPC3 

expression in cirrhotic tissue, a GPC3-targeted PET probe could be useful in distinguishing 

the early-staged HCC from benign cirrhotic nodule, which remains a clinical challenge on 

the HCC diagnosis.

In our previous study, we prepared a peptide-based PET probe for imaging GPC3 expression 

in HepG2 tumors [26]. Although HepG2 tumors can be visualized by PET, the T/L ratio was 

low (0.93 ± 0.16) at 1 h pi. Predominant hepatobiliary excretion of the probe causes high 

radioactivity background in liver, which may hamper the detection of intrahepatic tumor as 

well as tumor in the abdomen. Low radioactivity background in liver is preferred for a PET 

probe to be sensitive enough to detect HCCs and/or hepatic metastases. Efforts have been 

made in the development of PET probes to reduce the hepatobiliary excretion and decrease 

the radioactivity level in liver [34-36]. One of effective approaches is to increase the 

hydrophilicity of PET probes by incorporating hydrophilic auxiliaries, such as a 

carbohydrate moiety, a polyethylene glycol (PEG) unit, and a peptide-based linker [34-36]. 

For instance, a linker with six hydrophilic amino acids (GGGRDN) containing no net charge 

was introduced to modify F-18-labeled GRPR agonists and antagonists [37]. Incorporating 

this linker into PET probes takes advantages of (1) an oligo-glycine moiety to facilitate 

radiolabeling by reducing steric hindrance, (2) an Arg-Asp pair with opposite charges to 

increase hydrophilicity, and (3) an Asn to serve as a hydrophilic spacer.

In the present study, a hydrophilic linker of GGGRDN was conjugated to the GPC3-targeted 

TP to form a new PET probe (Al[18F]F-GP2633). The binding assay showed that the 

addition of the linker slightly enhances the GPC3 binding affinity. The retention time on 

analytical HPLC and octanol/water partition coefficient confirmed that Al[18F]F-GP2633 is 

more hydrophilic than Al[18F]F-GP2076, a PET probe without the hydrophilic linker. In 

addition, Al[18F]F-GP2633 showed excellent specificity of GPC3 binding at cellular level, 

and good stability in vitro and in vivo. As compared to Al[18F]F-GP2076, Al[18F]F-GP2633 

significantly reduce hepatobiliary excretion and achieve a higher T/L ratio for PET imaging 
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at all measured time points (30, 60, and 120 min) (Figs. 4 and 5). In addition, slightly 

increased uptake of Al[18F]F-GP2633 in GPC3-positive HepG2 tumors was also observed as 

compared to Al[18F]F-GP2076 (Fig. 5). As expected, Al[18F]F-GP2633 showed minimal 

uptake in GPC3-negative McA-RH7777 tumors. The immunohistochemistry analyses 

confirmed the GPC3 expression levels in HepG2 and McA-RH7777 tumors, which are 

consistent with the results form PET imaging. For the radiosynthesis of Al[18F]F-GP2633, a 

single-step method was achieved by using the Al[18F]F chelation approach. The purification 

of Al[18F]F-GP2633 without HPLC further simplifies the radiosynthesis procedure. The 

results demonstrated that the radiosynthesis of Al[18F]F-GP2633 was simple, fast, and 

efficient with good specific activity of final product.

Overall, our study demonstrated that Al[18F]F-GP2633 is a GPC3-specific probe with 

favorable PK for PET imaging in HCC. Convenient preparation, excellent GPC3 specificity 

in HCC, and promising excretion profile of Al[18F]F-GP2633 warrant further translational 

studies.

Conclusion

New F-18-labeled GPC3-targeted peptides have been successfully developed for PET 

imaging of GPC3 expression in HCC-bearing mice. The PET probe (Al[18F]F-GP2633) with 

a hydrophilic linker exhibited better binding affinity to GPC3, enhanced HepG2 tumor 

uptake, and improved T/L contrast, as compared to the probe (Al[18F]F-GP2076) without 

the hydrophilic linker. The preclinical data in this study demonstrated that Al[18F]F-GP2633 

is a promising PET probe for future clinical translation. PET imaging with a GPC3-specific 

probe would allow clinicians to early detect GPC3-targeted HCC as well as accurately assess 

tumor response to GPC3-targeted therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Schematic structures of a Al[18F]F-GP2076 and b Al[18F]F-GP2633.
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Fig. 2. 
Cell uptake and efflux assay. a Time-dependent uptake of Al[18F]F-GP2076 (blue line) and 

Al[18F]F-GP2633 (red line) in GPC3-positive HepG2 cells, and Al[18F]F-GP2633 (green 

line) in GPC3-negative McA-RH7777 cells (n = 4/group, mean ± SD). b Time-dependent 

efflux of Al[18F]F-GP2076 (blue line) and Al[18F]F-GP2633 (red line) in GPC3-positive 

HepG2 cells, and Al[18F]F-GP2633 (green line) in GPC3-negative McA-RH7777 cells (n = 

4/group, mean ± SD).
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Fig. 3. 
Metabolic stability of a Al[18F]F-GP2076 or b Al[18F]F-GP2633 in HepG2 tumor, blood, 

liver, kidneys, and urine at 1 h pi. The analytical HPLC profile of Al[18F]F-GP2076 or 

Al[18F]F-GP2633 is shown as a reference.
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Fig. 4. 
MicroPET/CT study of subcutaneous HCC-bearing nude mice after 1 h intravenous (i.v.) 

injection of Al[18F]F-GP2076 or Al[18F]F-GP2633. Tumors are indicated by red arrows, and 

livers are indicated by white arrows. Representative decay-corrected whole-body coronal 

microPET/CT images of nude mice bearing GPC3-positive HepG2 tumor after 1 h i.v. 

injection of a Al[18F]F-GP2076 or b Al[18F]F-GP2633. c Representative decay-corrected 

whole-body coronal microPET/CT images of nude mice bearing GPC3-negative McA-

RH7777 tumor after 1 h i.v. injection of Al[18F]F-GP2633.
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Fig. 5. 
Biodistribution of Al[18F]F-GP2076 or Al[18F]F-GP2633 at 30, 60, and 120 min pi in major 

tissues and organs of subcutaneous HCC-bearing nude mice (n = 3/group; mean ± SD). 

Blue: Al[18F]F-GP2076 in GPC3-positive HepG2 tumor model; red: Al[18F]F-GP2633 in 

GPC3-positive HepG2 tumor model; green: Al[18F]F-GP2633 in GPC3-negative McA-

RH7777 tumor model. a Uptake in tumor (%ID/g). b Uptake in liver (%ID/g). c Uptake in 

kidneys (%ID/g). d Tumor-to-muscle (T/M) ratio. e Tumor-to-liver (T/L) ratio. f Tumor-to-

kidneys (T/K) ratio. Statistical significance between two groups is shown (*P < 0.05; **P < 

0.01; ***P < 0.001; NS, non-significant).
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Fig. 6. 
Immunohistochemical (IHC) staining of a HepG2 tumor and b McA-RH7777 tumor for 

GPC3 and hematoxylin and eosin (H&E) staining of c HepG2 tumor and d McA-RH7777 

tumor (scale bar: 100 μm). The IHC staining confirmed that the HepG2 tumor is GPC3 

positive, and the McA-RH7777 tumor is GPC3 negative.
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