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Abstract

Background & Aims: Hepatocellular carcinoma (HCC) is rising steadily in incidence, and more 

effective methods are needed for early detection and image-guided surgery. Glypican-3 (GPC3) is 

a cell surface biomarker that is overexpressed in early-stage cancer but not in cirrhosis. Peptides 

have small dimensions that can overcome delivery challenges, resulting in high concentration and 

deep penetration in tumor. We aim to demonstrate a peptide that is specific for GPC3, and validate 

specific uptake in a pre-clinical model of HCC.

Methods: We used phage display to biopan against purified GPC3 core protein to identify 

a candidate peptide, and used IRDye800 as a fluorescence label. The peptide was validated 

in vitro using knockdown, competition, and co-localization experiments. Binding parameters 

were measured. Specific peptide uptake by tumor was evaluated in orthotopically-implanted 

HCC tumors using photoacoustic and fluorescence imaging methods. Serum stability, peptide 

distribution and toxicity were characterized. Experiments were controlled using a scrambled 

peptide and indocyanine green.
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Results: The 12-mer sequence ALLANHEELFQT was identified, and specific binding to GPC3 

was validated in vitro. A binding affinity of kd = 39.5 nM and time constant of k = 0.21 

min−1 (4.76 min) were measured. Photoacoustic images showed peak tumor uptake at 1.5 hours 

post-injection, and clearance within ~24 hours. Laparoscopic images showed strong fluorescence 

intensity from tumor versus adjacent liver. The peptide was stable in serum with a half-life of 3.5 

hours. Peptide biodistribution showed high uptake in tumor versus other organs. No acute peptide 

toxicity was observed on animal necropsy. Immunofluorescence staining of human liver specimens 

demonstrated specific binding to HCC versus cirrhosis, adenoma and normal liver.

Conclusions: A near-infrared peptide has demonstrated high affinity and fast kinetics for 

binding to GPC3, and specific uptake by orthotopically-implanted HCC tumors can be visualized 

in vivo using multi-modal imaging methods.

Hepatocellular carcinoma (HCC) is rising steadily in incidence, and more effective methods 

are needed for early detection and image-guided surgery. Glypican-3 (GPC3) is a cell surface 

biomarker that is overexpressed in early-stage cancer but not in cirrhosis. An IRDye800-labeled 

12-mer sequence was identified, and specific binding to GPC3 was validated in vitro and 

in orthotopically-implanted HCC tumors in vivo. Over 4-fold greater binding affinity and 2-

fold faster kinetics was measured by comparison with previous GPC3 peptides. Photoacoustic 

images showed peak tumor uptake at 1.5 hours post-injection and clearance within ~24 hours. 

Laparoscopic images and whole body fluorescence images showed strong intensity from tumor 

versus adjacent liver. Immunofluorescence staining of human liver specimens demonstrated 

specific binding to HCC versus cirrhosis, adenoma and normal liver. The near-infrared peptide 

demonstrated high affinity and fast kinetics for binding to GPC3, and specific uptake by 

orthotopically-implanted HCC tumors can be visualized in vivo using multi-modal imaging 

methods.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most common causes of cancer-related 

deaths worldwide with >840,000 new cases each year,1,2 and its contribution to the cancer 

burden in the U.S. is rapidly increasing.3 HCC arises from cirrhosis, a sequalae of chronic 

hepatitis and an increasing prevalence of non-alcoholic fatty liver.4–8 The steady growth 

of HCC demands more effective methods for early detection and therapy, in particular, 

for early-stage disease. Currently, α-fetoprotein (AFP) is used clinically as a serological 

biomarker for HCC surveillance, but is not useful as a tissue biomarker because of a 

low sensitivity of ~25%.9 Furthermore, drug therapies for HCC have demonstrated only 

a minimal survival advantage over placebo.10–12 Thus, new tissue biomarkers with high 

sensitivity and specificity for HCC are critically needed. Moreover, a targeting ligand that 

can be efficiently delivered to HCC tumor in vivo with specific uptake can be further 

developed to improve methods for image-guided surgery, distinguishing indeterminant liver 

nodules, and drug delivery.
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Glypican-3 (GPC3), a member of the glypican family of heparan sulfate proteoglycans, is 

anchored via glycosylphosphatidylinositol (GPI) to the cell membrane.13 The biochemical 

structure of GPC3 consists of a 70 kD core protein with two heparan sulfate side chains.14 

Overexpression of GPC3 stimulates the canonical Wnt signaling pathway to promote tumor 

growth, differentiation, and migration.15,16 Increased gene transcription of GPC3 has been 

found in early-stage HCC (<2 cm).17 Furthermore, high protein expression of GPC3 was 

found in small HCC tumors using immunohistochemistry (IHC),18 and increased GPC3 

immunostaining was observed in cirrhotic macronodules with malignant potential.19 These 

results support GPC3 as a promising tissue biomarker for early-stage HCC. GPC3 is 

relatively absent in either normal liver or cirrhosis, and has expression levels that reflect 

tumor stage.20–24 Furthermore, mutations in GPC3 and knockdown of function have been 

shown to inhibit HCC growth.25

Peptide-based ligands have properties that are well matched for in vivo delivery to tumors 

that arise from cirrhotic livers.26–28 Their small size and low molecular weight facilitate 

challenging navigation obstacles, including irregular microvasculature, heterogeneous 

uptake, and transport barriers.29–36 Peptides can diffuse and extravasate through leaky 

vessels to achieve high concentrations and deep penetration in solid tumors. Also, peptides 

have low potential for immunogenicity.37,38 Established peptide synthesis processes are 

easy to scale up for mass production with reproducible products at low cost.39,40 By 

comparison, antibodies are much larger in size, which limits their ability to extravasate 

from the vasculature, diffuse and penetrate into tumor, and clear from interstitial space.41–44 

Peak uptake in tumor typically takes 2–3 days, and antibodies are prone to immunogenicity, 

which can limit repeat use.45 Here, we aim to identify and validate a peptide specific for 

GPC3, and using a near-infrared (NIR) label, demonstrate feasibility to target HCC in vivo 

using multi-modal imaging.

Results

Identification of GPC3 as HCC target

Gene expression profiles from human HCC specimens were analyzed from 2 independent 

datasets, GSE14520 and GSE44074, Fig. S1A,B.46,47 GPC3 showed large differences in 

average fold-change (Δ) for HCC tumor by comparison with non-tumor. The data points are 

shown on log scale, Fig. S1C,D. The ROC curve for GSE14520 shows 87% sensitivity and 

90% specificity with an area-under-the curve (AUC) of 0.92, Fig. S1E.

GPC3 expression in HCC was supported by results using immunohistochemistry (IHC). 

On representative sections of human HCC, no staining was observed for normal, minimal 

reactivity was seen for adenoma, and mild staining was found for cirrhosis, Fig. S2A–C. 

Either strong or moderate reactivity occurred with n = 22 out of 25 specimens of HCC (88% 

positives), Fig. S2D. Histology performed on adjacent sections is shown, Fig. S2E–H. An 

expert liver pathologist evaluated the specimens using a standard IHC scoring system.
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Peptide specific for GPC3

Peptide selection was performed by biopanning a phage display library against purified 

recombinant GPC3 core protein. After 4 rounds, the 12-mer peptide with sequence 

ALLANHEELFQT was identified based on enrichment. This peptide (black) was 

synthesized and attached to a IRDye800 (red) fluorophore via a GGGSC linker (blue) 

on the C-terminus to prevent steric hindrance, hereafter ALL*-IRDye800, Fig. 1A. 

IRDye800 was chosen for its high quantum yield and photostability.48 The scrambled 

sequence FEAEHNLALQTL was labeled with IRDye800 for use as control, hereafter 

FEA*-IRDye800, Fig. 1B. 3D space filling models show the structural differences between 

these 2 peptides. The absorbance and fluorescence emission spectra peak at λabs = 775 nm 

and λem = 816 nm, respectively, Fig. 1C,D. The IRDye800-labeled peptides were purified to 

>95% by HPLC, and an experimental mass-to-charge (m/z) ratio of 2870.09 was measured 

using mass spectrometry for ALL*-IRDye800 and FEA*-IRDye800, agreeing with expected 

values, Fig. S3A,B.

GPC3 knockdown in HCC cells

Strong binding by ALL*-IRDye800 (red) and AF488-labeled anti-GPC3 (green) was 

observed at the surface (arrow) of Hep3B cells transfected with siCL non-targeting 

siRNA (control), Fig. 2A. Minimal signal was seen with either peptide or antibody for 

Hep3B knockdown cells transfected with 3 unique siRNAs, Fig. 2B–D. Quantified results 

showed significantly reduced fluorescence intensity with peptide and antibody in all GPC3 

knockdown cells, Fig. 2E. Also, signal from ALL*-IRDye800 was significantly greater 

than that from FEA*-IRDye800. Western blot shows GPC3 expression for the control and 

knockdown cells, Fig. 2F.

Competition for peptide binding

Unlabeled ALL* was added to compete for binding (block) with ALL*-IRDye800 to Hep3B 

cells, and significantly reduced fluorescence intensities were observed in a concentration 

dependent manner, Fig. 3A. The addition of unlabeled FEA* (control) showed no significant 

changes, Fig. 3B. The fluorescence intensities were quantified, and the differences for ALL* 

and FEA* were found to be significant at concentrations of 50 μM and greater, Fig. 3C. 

These results support the peptide rather than the fluorophore mediating specific binding 

interactions with the GPC3 target.

Co-localization of peptide and antibody binding

Strong fluorescence from ALL*-IRDye800 (red) and AF488-labeled anti-GPC3 (green) was 

observed on the surface of Hep3B cells using confocal microscopy, Fig. 3D. The merged 

image showed co-localization of peptide and antibody binding with a correlation of ρ = 0.71.

Characterization of peptide binding

An apparent dissociation constant of kd = 39.5 nM, and an apparent association time 

constant of k = 0. 21 min−1 (4.8 min) were measured for ALL*-IRDye800 binding to Hep3B 

cells using flow cytometry, Fig. 3E,F. These results support binding with high affinity and 

rapid onset, respectively.
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In vivo photoacoustic imaging of orthotopic human HCC xenograft tumors

Photoacoustic images were collected in vivo from mice bearing orthotopically-implanted 

human Hep3B HCC xenograft tumors to evaluate the time course for peptide uptake. 

Minimal intensity was seen from the tumors prior to peptide injection (0 hour). ALL*-

IRDye800 (150 μM, 200 μL), FEA*-IRDye800 (150 μM, 200 μL), ALL* (block, 1.5 mM, 

100 μL), and ICG (2.46 mg/kg) were administered intravenously, and images were collected 

over 48 hours, Fig.4A–D. Blocking was performed by injecting unlabeled ALL* prior to 

ALL*-IRDye800 to block binding interactions and serve as an additional control. Quantified 

intensities showed a peak T/B ratio at 1.5 hours after injection of ALL*-IRDye800, Fig. 

4E. By comparison, ICG did not reach peak uptake until over 48 hours post-injection. 

This difference can be explained by the non-specific, passive accumulation of ICG in HCC 

via the EPR effect.49 The signal decreased to the baseline by ~24 hours post-injection. 

The mean value at 1.5 hours was significantly greater for ALL*-IRDye800 versus FEA*-

IRDye800, ALL* (block), and ICG, Fig. 4F.

In vivo laparoscopic imaging of orthotopic human HCC xenograft tumors

An ultrasound and T1-weighted MR image were collected from a representative mice 

to confirm orthotopic implantation of HCC tumor (arrow) in the liver, Fig. 5A,B. ALL*-

IRDye800, FEA*-IRDye800, ALL* (block), and ICG were administered systemically 1.5 

hours prior to imaging. Representative white light (WL) and fluorescence (FL) images 

collected in vivo from the exposed liver are shown, Fig. 5C,D. A conventional surgical 

laparoscope was attached to an imaging module to collect white light and NIR fluorescence 

images, Fig. S4. Image intensities were quantified, and the mean T/B ratio for ALL*-

IRDye800 was found to be significantly greater than that for FEA*-IRDye800, ALL* 

(block), and ICG, Fig. 5E. Moreover, ALL*-IRDye800 produced sharp tumor margins 

(arrows) by comparison with ICG.

After imaging was completed, the mice were euthanized, and the livers were resected, 

formalin-fixed, and sectioned. Immunohistochemistry was performed using an anti-

cytokeratin specific for human tissues, and showed reactivity in the human HCC tumor 

implanted in mouse liver, Fig. 5F. Strong staining with anti-GPC3 confirmed GPC3 

expression in HCC, Fig. 5G. Bright fluorescence was observed on the cell surface of HCC 

using anti-GPC3-AF488, Fig. 5H. Representative histology (H&E) of the tumor is shown, 

Fig. 5I.

In vivo whole body NIR fluorescence imaging of orthotopic human HCC xenograft tumors

Whole body NIR fluorescence images were collected in vivo to validate specific peptide 

uptake in the orthotopically-implanted HCC tumors. ALL*-IRDye800, FEA*-IRDye800, 

ALL* (block), and ICG were administered intravenously 1.5 hours prior to imaging. 

Representative fluorescence images are shown, Fig. 6A–D. Image intensities were 

quantified, and the mean T/B ratio was found to be significantly greater for ALL*-

IRDye800 than that for FEA*-IRDye800, ALL* (block), and ICG, Fig. 6E.

Feng et al. Page 5

J Med Chem. Author manuscript; available in PMC 2022 April 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Serum stability

The stability of ALL*-IRDye800 in mouse serum was evaluated using analytical RP-HPLC. 

The relative concentration was determined by the area under the peak, and a half-life of T1/2 

= 3.5 hours was measured, R2 = 0.99, Fig. 6F.

Peptide biodistribution

HCC tumor-bearing mice were injected with ALL*-IRDye800, FEA*-IRDye800, ALL* 

(block), and ICG. The animals were euthanized 1.5 hours later. Major organs, including 

liver, spleen, kidney, stomach, intestine, heart, lung, and brain, were resected, and NIR 

fluorescence images were collected, Fig. S5A–D. Strong signal was observed from tumor 

for ALL*-IRDye800 by comparison with FEA*-IRDye800, ALL* (block), and ICG. The 

fluorescence intensities were quantified, and the mean (±SD) intensity from tumor was 

significantly greater for ALL*-IRDye800 versus FEA*-IRDye800, ALL* (block), and ICG, 

Fig. S5E. Also, the mean signal for ALL*-IRDye800 is significantly higher for tumor versus 

adjacent liver. Strong signal was observed from the kidneys for the animals injected with 

peptides versus ICG to support renal clearance.

Animal necropsy

Normal healthy mice were sacrificed 48 hours after injection of ALL*-IRDye800. Vital 

organs were evaluated by histology. No signs of acute peptide toxicity were seen in brain, 

heart, lung, liver, spleen, kidney, stomach, intestine, cecum, colon, Fig. S6A. Whole blood 

and serum were collected for evaluation of hematology and chemistry, and no acute peptide 

toxicity was observed, Fig. S6B,C.

Ex vivo microscopy of human HCC specimens

Formalin-fixed, paraffin-embedded (FFPE) specimens of human liver were obtained from 

the archived tissue bank in the Department of Pathology at the University of Michigan. 

Immunofluorescence using ALL*-IRDye800 (red) and anti-GPC3-AF488 (green) showed 

negligible staining to a representative section of normal human liver, Fig. 7A. Peptide and 

antibody showed minimal staining to adenoma and moderate diffuse staining to cirrhosis, 

Fig. 7B,C. Intense staining is observed for HCC, Fig. 7D. Results were compared with 

histology interpreted by an expert liver pathologist (EYC). From the merged images, a 

Pearson’s correlation coefficient of ρ = 0.68, 0.82, 0.72, and 0.74, respectively, were 

calculated to evaluate co-localization of antibody and peptide binding. The fluorescence 

intensities were quantified, and the mean (±SD) values were significantly greater for HCC 

than for the other histological classifications, Fig. 7E. The ROC curve shows 81% sensitivity 

and 84% specificity for distinguishing HCC from all non-HCC with AUC = 0.90, Fig. 7F, 

and 79% sensitivity and 79% specificity for distinguishing HCC from cirrhosis with AUC = 

0.80, Fig. 7G.

Discussion and conclusion

Here, we used phage display methods against purified core GPC3 protein to identify a 12-

mer peptide specific for this target. GPC3 was found in gene expression profiles to be highly 

overexpressed in human HCC versus non-tumor,46,47 and increased protein expression was 
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supported by immunohistochemistry. After labeling the peptide with IRDye800, specific 

binding was validated by knockdown, competition, and co-localization studies. In vitro 

binding was characterized by parameters that support high binding affinity and rapid onset. 

Hep3B xenograft tumors were orthotopically-implanted in immunocompromised mice, and 

peak in vivo uptake by xenograft tumor was observed at 1.5 hours post-injection using 

photoacoustic imaging. Specific peptide uptake was supported by fluorescence images 

collected in vivo using a NIR laparoscope. The mean fluorescence intensity for ALL*-

IRDye800 was significantly greater than that for FEA*-IRDye800 (control), ALL* (block), 

and ICG (non-specific). These results were confirmed with in vivo whole body NIR 

fluorescence images. The peptide was found to be stable in serum with a half-life of T1/2 

= 3.5 hours. No evidence of toxicity was observed on animal necropsy. High sensitivity 

and specificity for distinguishing HCC from cirrhosis were found by staining human HCC 

sections.

Our rigorous selection and validation process has resulted in a peptide with over 4-fold 

greater binding affinity and 2-fold faster kinetics by comparison with previous GPC3 

peptides. Previously, a 12-mer was identified using phage display methods, and was labeled 

with Cy5.5.50 A kd = 735.2±53.6 nM to recombinant GPC3 protein was reported. In vivo 

fluorescence images showed peak uptake at 4 hours post-injection and significantly higher 

accumulation in HepG2 (GPC3+) xenograft tumors versus control. This peptide was also 

used to visualize GPC3 expression in human HCC specimens ex vivo. Another study used 

the same approach, and identified a different sequence with kd = 280.4±33.5 nM.51 Also, a 

14-mer was identified using mass spectrometry analysis, and labeled with FITC.52 Specific 

binding to GPC3 by this peptide and a 7-mer variant was demonstrated with HepG2 cells 

using fluorescence microscopy and competition experiments. Binding affinity and kinetics 

properties were not reported.

In this study, we used photoacoustic and fluorescence imaging methods to validate 

specific peptide uptake by HCC in vivo. This multi-modal imaging approach uses the 

physical properties of one modality to confirm the results of another, and provides a 

rigorous validation strategy whereby the IRDye800 label was used to generate both 

fluorescence and photoacoustic signal. This NIR fluorophore provides a complementary 

approach to visualize, monitor, and characterize properties for peptide delivery to tumor 

in vivo. Photoacoustic imaging combines light excitation with sound detection, and was 

used to evaluate the time course of peptide uptake following intravenous administration. 

Fluorescence provides images with a large field-of-view (FOV). This feature was used to 

localize the margins of HCC tumor within the liver and to assess the systemic biodistribution 

of the contrast agent. In addition, ultrasound and MRI were used to confirm orthotopic 

implantation of the HCC tumor.

Surgical resection is playing in increasing role in the management of HCC patients, in 

particular, for isolated lesions in those who cannot receive a liver transplant. Image-guided 

surgery is being used by hepatobiliary surgeons with greater frequency to more precisely 

resect HCC. Currently, ICG is an FDA-approved contrast agent that is being used with 

intravenous injection to identify liver tumors, hepatic segments, and extrahepatic bile ducts 

in real time during open and laparoscopic surgery.53–55 This non-specific NIR fluorophore 
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accumulates passively in HCC via the enhanced permeability and retention (EPR) effect.56 

Our results showed that ICG achieves peak uptake over 48 hours post-injection by 

comparison with 1.5 hours for the NIR-labeled peptide. Moreover, laparoscopic images 

showed indistinct tumor margins for ICG versus our NIR-labeled peptide. The intraoperative 

diagnosis of small tumors, especially those with indistinct margins, remains an important 

challenge for HCC resection. Thus, a specific targeting agent has potential to significantly 

improve diagnostic performance.

Clinical translation of this targeting ligand is needed to validate specific peptide uptake 

in human HCC tumor. While we demonstrated this property in a pre-clinical model, the 

HCC tumor was orthotopically-implanted in a normal rather than cirrhotic liver, which 

would likely present unique delivery challenges. Laparoscopy can be used to visualize 

fluorescence from early-stage tumors (<2 cm) to identify lesions missed by conventional 

white light illumination. In addition, tissues can be resected to validate GPC3 expression and 

selective peptide uptake. This NIR-labeled peptide will likely be safe in human subjects with 

intravenous administration. IRDye800 has been previously used to label a 14mer specific 

for the gastrin-releasing peptide receptor (GRPR), and was used safely for image-guided 

surgery of glioblastoma multiforme in n = 29 human subjects.57 A validated ligand specific 

for GPC3 can then be developed for broad clinical use to improve management of HCC 

patients, including image-guided surgery, distinguishing indeterminant liver nodules, and 

labeling drug carriers.

Methods

Cells, media, and chemicals

Human Hep3B HCC cells were purchased from the ATCC. All cell lines were cultured 

in Eagle’s Minimum Essential Medium (EMEM) with 10% fetal bovine serum (FBS), 1% 

sodium pyruvate, and 1% MEM non-essential amino acids solution at 37°C with 5% CO2. 

All media and reagents were purchased from Gibco.

Phosphine HCl (TCEP) was obtained from Sigma-Aldrich. IRDye800CW maleimide was 

procured from LI-COR Biosciences. Acetonitrile was ordered from Fisher Scientific. 

Peptides were synthesized by BIOMATIK with purity over 95% by HPLC. All chemicals 

were of analytical grade, and used without further purification.

Peptide specific for GPC3

Purified human recombinant GPC3 core protein (62 kDa, Sino Biological Inc) was 

immobilized in a 6-well plate. An M13 bacteriophage library (Ph.D.™−12, New England 

Biolabs Inc) with >109 unique sequences was used to perform 4 rounds of biopanning with 

decreasing quantity (100, 80, 60, and 40 μg) of GPC3 core protein at 4°C. After the 4th 

round, 50 plaques were randomly selected for DNA preparation and sequence analysis. 

Enriched phages were amplified, and purified.

Peptides (2 mg) were dissolved in 2 mL of coupling buffer (0.1 M sodium phosphate, 

0.5 mM TCEP, pH 7.4). IRDye800CW maleimide (1 mg) was added, and the reaction 

was performed under N2 for 2 hours at room temperature, hereafter RT. The resulting 
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peptides were then purified using reversed-phase high performance liquid chromatography 

(RP-HPLC) and characterized with mass spectrometry. Peptide purity was evaluated using 

an analytical C18-column.

The absorbance spectra of the IRDye800-labeled peptides were measured at a concentration 

of 10 μM using a UV-Vis spectrophotometer (NanoDrop 2000, Thermo Scientific). 

Fluorescence emission spectra were measured using a fiber-coupled spectrophotometer 

(USB2000+, Ocean Optics) with a laser excitation at λex = 785 nm provided by a solid 

state diode laser (#iBEAM-SMART-785-S, Toptica Photonics). The spectra were plotted 

using GraphPad Prism 8 software.

GPC3 knockdown in HCC cells

Knockdown of GPC3 was performed in Hep3B cells using 3 unique GPC3 siRNAs (#14657, 

#14750, and #14836, Thermo Fisher Scientific), and a negative control siRNA (MISSION® 

siRNA Universal Negative Control #1, Sigma-Aldrich). The cells were seeded in 6-well 

plates at ~70% confluence in EMEM supplemented with 10% FBS without antibiotics or 

other supplements. The cells were transfected with 5 nmol siRNA using lipofectamine 3000 

(Thermo Fisher Scientific). Knockdown efficiency was confirmed by Western blot. Cells 

were first washed in PBS and then lysed using RIPA solution (Thermo Fisher Scientific). 

Aliquots were placed on ice for 30 min, centrifuged at 14,000 rpm for 10 min at 4°C, and the 

supernatants were collected. Protein concentrations were determined using a BCA assay kit 

(23225, Thermo Scientific). Western blot was performed using a 1:1000 dilution of primary 

monoclonal rabbit anti-GPC3 antibody (#SP86, Abcam Inc). Loading was controlled with 

a 1:1000 dilution of mouse anti-GAPDH antibody (#D4C6R, Cell Signaling Technology). 

Western blot membrane was developed by chemiluminescent substrate (GE Healthcare), and 

detected with X-ray film (Denville Scientific).

Hep3B cells were grown on coverslips to ~100% confluence, washed with PBS, and fixed 

with cold methanol for 5 min. The cells were incubated with 5 µM of the IRDye800-labeled 

peptides for 5 min at RT. The cells were washed 3X in PBS, and mounted on glass 

slides with ProLong Gold reagent containing DAPI (Invitrogen). Fluorescence images were 

collected using a confocal microscope (Leica SP5 Inverted Confocal Microscope) at λem 

= 690–800 nm with λex = 670 nm excitation, and were quantified using NIH ImaFgeJ 

software. For antibody staining, the cells were washed 3X in PBS, fixed with cold methanol 

for 5 min and blocked in 2% BSA for 30 min at RT. The cells were incubated with 1:200 

dilution of anti-GPC3 antibody (SP86, Abcam Inc) with 2% BSA overnight at 4°C. The cells 

were washed 3X with PBS and processed for secondary staining. Goat anti-rabbit antibody 

labeled with 1:500 Alexa-Fluor 488 (AF488, Invitrogen) with 2% BSA was added to the 

cells and incubated for 1 hour at RT. Cells were further washed 3X with PBS and mounted 

on glass cover slips with ProLong Gold reagent containing DAPI. Fluorescence images were 

collected using a confocal microscope (Leica SP5 Inverted Confocal Microscope) at λem = 

510–650 nm with λex = 488 nm excitation, and were quantified using NIH ImageJ software.

Feng et al. Page 9

J Med Chem. Author manuscript; available in PMC 2022 April 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Competition for peptide binding

Hep3B cells were grown to ~100% confluence on cover slips. The cells were washed with 

PBS 3X and fixed with cold methanol for 5 min. Unlabeled peptides at concentrations of 

0, 50, 100, 150 and 200 μM were added to the cells and incubated for 30 min at RT. The 

cells were then washed with PBS 3X, and further incubated with 5 µM of IRDye800-labeled 

peptides for another 30 min at 4°C. The cells were washed again with PBS, and mounted 

with ProLong Gold reagent containing DAPI (Invitrogen).

Characterization of peptide binding

The apparent dissociation constant was measured by incubating ~106 Hep3B cells with 

different concentrations of IRDye800 labeled peptide ranging between 0–200 nM at 25°C 

for 1 hour, and washed with cold PBS. The mean fluorescence intensities were measured 

with flow cytometry (BD LSR Fortessa, BD Biosciences). The equilibrium dissociation 

constant kd = 1/ka was calculated by performing a least squares fit of the data to the 

non-linear equation I = (I0+Imaxka[X])/(I0+ka[X]).58 I0 and Imax are the initial and maximum 

fluorescence intensities, corresponding to no peptide and at saturation, respectively. [X] 

represents the concentration of bound peptides. Graphpad Prism ver 8 software was used to 

plot and fit the data.

The apparent association time constant k was measured by incubating ~106 Hep3B cells 

with 5 μM of IRDye800-labeled peptides at time intervals between 0–40 min at 25°C. The 

cells were centrifuged and washed with cold PBS. Flow cytometry was performed using 

Sony iCyt SY3200 at λem = 775/50 nm with λex = 685 nm excitation, and the median 

fluorescence intensity (y) was ratioed with that found without peptide at different time 

points (t) using Flowjo (ver 10.1r5) software. The rate constant k was calculated by fitting 

the data to a first order kinetics model, y(t) = Imax[1-exp(−kt)], where Imax = maximum 

value.59

Orthotopically-implanted human Hep3B HCC xenograft tumors

All experimental procedures were performed in accordance with relevant guidelines and 

regulations of the University of Michigan. All animal studies were conducted with approval 

by the University Committee on the Use and Care of Animals (UCUCA). Animals were 

housed per guidelines of the Unit for Laboratory Animal Medicine (ULAM). Anesthesia 

was induced and maintained via a nose cone with inhaled isoflurane mixed with oxygen at 

a concentration of 2–4% and flow rate of ∼0.5 L/min. Hep3B cells were grown to ∼90% 

confluence and diluted in growth factor reduced (GFR) Matrigel Matrix (Corning). Nude 

athymic mice (nu/nu, Jackson Laboratory) at 4–6 weeks of age with weights between 20–25 

grams were used. A small incision was made below the sternum to expose the liver, and a 

pellet of ∼1×106 Hep3B cells in 50 μL PBS and matrigel matrix mixture (1:1) was slowly 

injected into the upper region of the left lobe of the liver using a 27-gauge needle. The 

surgical incision was closed with sutures (#J385H, VICRYL, 5–0) and wound clips (9 mm 

EZ Clip, Braintree Scientific).
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In vivo photoacoustic imaging of HCC orthotopic tumors

The IRDye800-labeled peptides (150 μM in 200 μL of PBS) were injected in mice bearing 

orthotopically-implanted human Hep3B HCC xenograft tumors. Unlabeled peptide (1.5 mM 

in 100 μL of distilled water) was injected 30 min prior to the labeled peptide to compete 

for binding. ICG (2.46 mg/kg) was injected intravenously as control. Photoacoustic images 

were collected from 0–48 hours post injection (Nexus128, Endra Inc) using λex = 774 nm 

excitation. Mice were placed prone in a plastic tray with the tumor facing the water-filled 

dimple for acoustic coupling. The images were collected with 120 views at 20 pulses/view. 

Each image covered a volume of 25×25×25 mm3 with a voxel size of 280 μm3. Images were 

viewed and analyzed using OsiriX image processing software.

Ultrasound imaging of HCC orthotopic tumors

Tumor dimensions were measured using ultrasound (SonixTablet, Ultrasonix Medical 

Corporation). The mice were placed on a heated pad. Ultrasound gel (Aquasonic 100, Parker 

Laboratories) was applied to the external skin. A linear transducer (L40–8/12) was used. 

Each image had a 12 × 12 mm2 field-of-view (FOV) with an in-plane pixel resolution of 50 

× 50 μm2.

MRI imaging of HCC orthotopic tumors

T1-weighted MR images were collected from mice using a 7T horizontal bore small animal 

magnet (SGRAD 205/120/HD/S, Agilent Technologies). The feedback control system 

maintained the core mouse body temperature at 37°C by blowing hot air into the magnet. 

The parameters of MR images include orientation = axial, echo time (TE): 10 ms, repetition 

time (TR): 717 ms, average = 4, slices = 35, thickness = 0.5 mm, and display matrix 

(RO×PE) = 256×128.

Laparoscopic imaging of HCC orthotopic tumors

A standard surgical laparoscope (#49003 AA, HOPKINS® II Straight Forward Telescope 

0°, Karl Storz) was adapted to collect NIR fluorescence images. White light illumination 

(MCWHL5, Thorlabs) and laser excitation at λex = 785 nm were coupled into the 

laparoscope via a liquid light guide (LLG3–4Z, Thorlabs). White light images were 

collected by a color CCD camera (#GX-FW-28S5C-C, Point Grey Research) at 30 frames 

per second. Fluorescence images were collected by a NIR sensitive CCD camera (Orca R-2, 

Hamamatsu Photonic) at 10 frames per second using a laser power of 1.2 mW.

Whole body fluorescence imaging of HCC orthotopic tumors

A small (1–2 cm) incision was made in the abdomen below the sternum in mice with 

orthotopically implanted human Hep3B HCC xenograft tumors to expose the liver. The 

IRDye800-labeled peptides, unlabeled ALL* (block), and ICG were injected via tail vein, 

as described above. Whole body NIR fluorescence images were collected using the Pearl 

Trilogy (LI-COR Biosciences) with λex = 785 nm excitation and λem = 820 nm emission. 

Fluorescence intensities are quantified using Image Studio software. Regions of normal liver 

adjacent to the tumor was used as background.
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Immunohistochemistry (IHC) of HCC orthotopic tumors

Formalin-fixed, paraffin-embedded (FFPE) sections were deparaffinized and antigen 

unmasking was performed using a standard protocol.60 Sections were incubated with a 

1:200 dilution of mouse anti-human cytokeratin (#CAM5.2, BD Biosciences) and rabbit 

anti-GPC3 antibody (#SP86, Abcam) or at 4°C overnight. VECTASTAIN® Elite ABC-HRP 

Kit (#PK-6101 rabbit IgG or #PK-6102 mouse IgG) was then applied. Adjacent sections 

were processed for routine histology (H&E).

Serum stability

Mouse serum was incubated with the IRDye800-labeled peptide (15 µM) at time intervals 

ranging up to 24 hours at 37°C. Samples were precipitated by adding a double volume of 

acetonitrile and centrifuging for 10 min at 4°C. The supernatants were stored at −80°C. 

Serum stability was monitored by analytical RP-HPLC. The relative peptide concentration 

was determined by measuring the area-under-the-peak.

Peptide biodistribution

The IRDye800-labeled peptides, unlabeled ALL* (block), and ICG were injected via tail 

vein into normal healthy mice, as described above. The mice were euthanized at 1.5 

hours post-injection. The tumor and major organs, including spleen, kidney, stomach, liver, 

intestine, heart, lung and brain, were excised and imaged using the Pearl Trilogy (LI-COR 

Biosciences) with excitation at λex = 785 nm and emission at λem = 820 nm. Fluorescence 

intensities were quantified using Image Studio software.

Animal necropsy

Healthy mice were euthanized 48 hours after intravenous injection of the IRDye800-labeled 

peptide. Whole blood (∼600 µL) was collected immediately by cardiac puncture, and 

submitted for chemistry. Major organs, including liver, kidney, heart, lung, spleen, stomach, 

intestine and brain were resected and processed for routine histology (H&E). All slides were 

evaluated by an expert liver pathologist (EYC).

Ex vivo microscopy of human HCC specimens

All experiments performed using human tissues were approved by the Michigan Medicine 

IRB (HUM00122873). Formalin-fixed, paraffin-embedded (FFPE) specimens of human liver 

were obtained from the archived tissue bank of the Department of Pathology. The specimens 

were cut in 5 μm thick sections, and mounted onto glass slides (Superfrost Plus, Fischer 

Scientific). The tissues were deparaffinized, and antigen retrieval was performed.60 The 

sections were blocked with goat serum for 30 min at RT, and incubated with 1:200 dilution 

of anti-GPC3 antibody (#SP86, Abcam) overnight at 4°C and 1:500 AF488-labeled goat 

anti-rabbit secondary antibody (#A-11029, Life Technologies). The slides were stained 

with the IRDye800-labeled peptide at 5 μM concentration for 10 min at RT. The sections 

are washed 3X with PBST and mounted with Prolong Gold reagent containing DAPI 

(Invitrogen). The fluorescence images were collected using Zeiss Apotome (upright), 

excitation at λex = 685 nm for peptide and λex = 485 nm for antibody. Fluorescence 
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intensities were quantified using custom Matlab software (Mathworks). Regions of saturated 

intensities were avoided. All slides were evaluated by an expert liver pathologist (EYC).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FOV field-of-view

GPC3 glypican-3

HCC hepatocellular carcinoma

H&E hematoxylin & eosin

ICG indocyanine green

IHC immunohistochemistry

NIR near infrared

T/B target-to-background
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Fig. 1 –. Peptide specific for GPC3.
A) ALLANHEELFQT and B) FEAEHNLALQTL (scrambled control) are labeled with 

IRDye800 (red) via a GGGSC linker (blue) to prevent steric hindrance. 3D models show 

differences in biochemical structures. C) Peak absorbance and D) fluorescence emission 

wavelengths are found at λabs = 775 and λem = 816 nm, respectively.
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Fig. 2 –. Validation of specific peptide binding with knockdown.
A) ALL*-IRDye800 (red) and anti-GPC3-AF488 antibody (green) show strong binding in 

vitro to the surface (arrows) of human Hep3B HCC cells transfected with control siRNA 

(siCL). FEA*-IRDye800 shows minimal binding. B-D) Fluorescence intensities from the 

peptide and antibody are greatly reduced with knockdown of GPC3 expression in Hep3B 

cells transfected using 3 unique siRNAs. FEA*-IRDye800 shows minimal signal with 

all 3 siRNAs. E) A significant reduction in intensity is seen for ALL*-IRDye800 and 

anti-GPC3-AF488 for siCL versus siGPC3 transfected cells (siGPC31: 4.3 and 4.3-fold 

decrease, siGPC32: 6.1 and 4.0-fold decrease, and siGPC33: 8.7 and 2.5-fold decrease). 

FEA*-IRDye800 shows a non-significant difference with all 3 siRNAs. The intensity for 

ALL*-IRDye800 is significantly greater than that for FEA*-IRDye800 (4.7-fold increase). 

The siCL versus siRNA difference for ALL*-IRDye800 was significantly larger than the 

same difference for FEA*-IRDye800 (siGPC31: P<1.0 ×10−4, siGPC32: P<1.0 ×10−4, 

siGPC33: P<1.0 ×10−4). A one-way ANOVA was used to make the comparisons. Each result 

is an average of 6 independent measurements. F) Western blot shows GPC3 expression for 

all cells.
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Fig. 3 –. Peptide characteristics.
Unlabeled A) ALL* and B) FEA* (control) were incubated with Hep3B cells in vitro to 

compete with ALL*-IRDye800 for binding. C) For ALL*, the mean (±SD) fluorescence 

intensities decreased significantly in a dose-dependent manner at concentrations of 50 

µM and higher. FEA* showed no significant change at all concentrations. The P-values 

were determined using a two-way ANOVA with an interaction. Each result is an average 

of 6 independent measurements. D) Binding by ALL*-IRDye800 peptide and anti-GPC3 

antibody to the surface of Hep3B cells co-localize (arrow) with a Pearson’s correlation 

coefficient of ρ = 0.71 on the merged image. E) An apparent dissociation constant of kd 

= 39.5 nM, R2= 0.98, and F) apparent association time constant of k = 0.21 min−1 (4.8 

min), R2= 0.95, for binding of ALL*-IRDye800 to Hep3B cells were measured using flow 

cytometry. Results are representative of 3 independent experiments for each measurement.
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Fig. 4 –. In vivo photoacoustic imaging of HCC orthotopic tumors.
Representative photoacoustic images collected in vivo are shown from orthotopically-

implanted human Hep3B (GPC3+) HCC xenograft tumors in immunocompromised mice 

from 0–48 hours following systemic administration of A) ALL*-IRDye800, B) FEA*-

IRDye800 (control), C) ALL* (block), and D) ICG (control) with n = 8 animals per group. 

E) Quantified intensities shown peak uptake of ALL*-IRDye800 at 1.5 hours post-injection 

with clearance by ~24 hours. F) The mean (±SD) T/B ratio for ALL*-IRDye800 was 

significantly greater than that for FEA*-IRDye800, ALL* (block), and ICG with an increase 

of 1.7, 2.1, and 1.4-fold increase, respectively, respectively, at 1.5 hours post-injection. 

P-values were calculated using a one-way ANOVA model.
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Fig. 5 –. In vivo laparoscopic imaging of HCC orthotopic tumors.
Representative A) ultrasound (US) and B) T1-weighted MR images are shown of 

orthotopically-implanted HCC tumors (arrows). Representative C) white light (WL) and 

D) fluorescence (FL) images collected in vivo are shown at 1.5 hours post-injection of 

ALL*-IRDye800, FEA*-IRDye800, ALL* (block), and ICG with n = 8 animals per group. 

E) Quantified fluorescence intensities show the mean (±SD) T/B ratio for ALL*-IRDye800 

was significantly greater than that for FEA*-IRDye800, ALL* (block), and ICG with 

2.1, 2.1, and 1.9-fold increase, respectively. P-values were calculated using a one-way 

ANOVA model. F) Increased anti-cytokeratin reactivity shows presence of human HCC 

tumor (arrow) imbedded in mouse liver (arrowhead). G) Strong anti-GPC3 staining (arrow) 

confirms GPC3 expression in HCC. H) Bright fluorescence is seen on cell surface (arrow) 

in HCC. I) Corresponding histology (H&E) shows presence of human HCC tumor (arrow) 

implanted in mouse liver (arrowhead).
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Fig. 6 –. In vivo whole body fluorescence images of HCC orthotopic tumors.
Representative images collected at 1.5 hours post-injection of A) ALL*-IRDye800, B) 

FEA*-IRDye800, C) ALL* (block), and D) ICG are shown with n = 8 animals per group. 

E) The mean (±SD) T/B ratio for ALL*-IRDye800 was significantly greater than that for 

FEA*-IRDye800, ALL* (block), and ICG with a 1.8, 1.7 and 1.8-fold increase, respectively. 

Pairwise P-values were calculated from an ANOVA model fit with terms for 4 conditions. 

F) Stability of ALL*-IRDye800 in mouse serum shows a half-life of T1/2 = 3.5 hours, R2 = 

0.99.
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Fig. 7 –. Specific peptide binding to human HCC ex vivo.
On immunofluorescence, A) ALL*-IRDye800 (red) and anti-GPC3-AF488 (green) show 

minimal staining to normal human liver. A Pearson’s correlation coefficient of ρ = 0.68 

was measured from the merged image. DAPI image is shown. B) Mild staining is seen 

with peptide and antibody to adenoma with ρ = 0.82. C) Diffuse staining is observed for 

cirrhosis, with ρ = 0.72. D) Strong staining is visualized with HCC with ρ = 0.74. E) 

Quantified fluorescence intensities show a 5.3, 3.2, and 1.7-fold increase for HCC versus 

normal, adenoma, and cirrhosis. P-values are determined from data fit to one-way ANOVA 

model with terms for 4 conditions and n = 86 human specimens. F) ROC curve shows 81% 

sensitivity and 84% specificity for ALL*-IRDye800 to distinguish HCC from non-HCC 

with an area under curve of AUC = 0.90. G) ROC curve shows 79% sensitivity and 79% 

specificity to distinguishing HCC from cirrhosis with AUC = 0.80.
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