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A B S T R A C T   

Background: Hepatocellular carcinoma (HCC) is rising steadily in incidence, and more effective methods are 
needed for early cancer detection and image-guided surgery. 
Methods: We used a structural model to optimize the peptide sequence. Specific binding was validated in vitro 
with knockdown, competition, and co-localization assays. Multi-modal imaging was performed to validate 
specific binding in vivo in orthotopically-implanted human xenograft tumors. 
Results: Binding properties of WKGWSYLWTQQA were characterized by an apparent dissociation constant of kd 
= 43 nM, and an apparent association time constant of k = 0.26 min− 1. The target-to-background ratio was 
significantly higher for the target versus control for both modalities. Ex-vivo evaluation using human HCC 
specimens supported the ability of the peptide to distinguish HCC from other liver pathologies. 
Conclusions: We have identified a peptide specific for CD44 with properties that are promising for clinical 
translation to image HCC in vivo.   

1. Introduction 

Hepatocellular carcinoma (HCC) accounts for over 840,000 deaths 
globally, and is emerging rapidly as a major contributor to the world-
wide healthcare burden [1–4]. Because few patients are diagnosed early, 
the 5-year survival rate is < 7%, and the median survival length is < 1 
year [5]. In the U.S., the incidence of HCC is rising steadily, and is 
currently growing faster than that of any other cancer [6]. Conventional 
methods for liver imaging excel at providing anatomical features of 
masses. Ultrasound is recommended for patients with cirrhosis, but in 
general cannot distinguish between malignant and benign lesions [7]. 
Contrast-enhanced CT and MRI detect HCC based on increased vascu-
larity, but cannot clarify pathology for liver nodules < 1–2 cm in 
diameter [8]. Malignant hepatocytes uniquely overexpress targets that 

can be developed for improved HCC diagnosis and therapy [9]. Thus, 
early detection of HCC remains a major healthcare challenge globally, 
and novel diagnostic options are urgently needed [10,11]. 

CD44 (cluster of differentiation 44) is an emerging tissue biomarker 
for HCC [12–14]. The standard isoform is denoted as CD44s, which 
regulates TGF-β signaling [15], and spliced variants are denoted as 
CD44v. Positive staining for CD44s was found on the hepatocyte mem-
brane in up to 84% of early-stage HCC specimens using immunohisto-
chemistry [16–18]. A smaller percentage was positively identified for 
CD44 variants [19–21]. CD44 is a transmembrane glycoprotein that 
binds to hyaluronic acid, a component of the extra-cellular matrix and a 
mediator of fibrogenesis that leads to cirrhosis [22]. CD44 serves an 
adhesion molecule, enables communication by cell-cell signal trans-
duction, and regulates a number of biological processes within liver cells 
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[23]. CD44 has various functions in cell division, migration, adhesion, 
and signaling, and enables cells to interact either through the intracel-
lular matrix or through cellular junctions. CD44 has recently been 
demonstrated to be a universal marker for cancer stem cells/tumor 
initiating cells (CSCs/TICs) [24–28]. 

Peptides that bind specifically to cell surface targets can be devel-
oped with high affinity and fast kinetics [29–31]. Peptides can diffuse 
and extravasate through leaky vessels to achieve high concentrations 
and deep penetration in solid tumors. Tumor uptake in vivo can occur 
within a few hours [32]. This time scale is compatible with clinical use 
for early detection and image-guided surgery. Peptides clear quickly 
from the circulation to avoid toxicity to viable liver, and minimize 
biodistribution to non-target tissues. Peptide-based ligands have prop-
erties that are well matched for in vivo delivery to tumors that arise from 
cirrhotic livers. Their small size and low molecular weight facilitate 
challenging navigation obstacles, including irregular microvasculature, 
heterogeneous uptake, and transport barriers [33–35]. Also, peptides 
have low potential for immunogenicity [36,37]. Here, we aim to identify 
and validate a peptide specific for CD44, and demonstrate feasibility for 
future clinical translation. 

2. Results 

2.1. Peptide specific for CD44 

Alignment between candidate peptide sequences and the CD44 
target was evaluated using CABS-dock software [38,39]. The crystal 
structure (1UUH) for the extracellular hyaluronan binding domain of 
CD44s was obtained from the Protein Data Bank (PDB) [40]. A library of 
candidate peptide sequences was generated and assessed individually 
using a contact map, Fig. S1. Pairs of peptide/target residues < 4.5 Å in 
proximity were identified, Table S1. Amino acids that paired more than 
5 times with the target were chosen, Fig. S2 (red box). The docking 
energy for candidate peptides binding to 1UUH was determined using 
Hex 8.0.0 protein-ligand docking software [41]. The sequence 
WKGWSYLWTQQA, hereafter WKG*, was found to bind CD44 with a 

total energy Et = − 534, Fig. S3A. This sequence was scrambled as 
WYKAQQWWTLGS, hereafter WYK*, for use as control and resulted in Et 
= − 494, Fig. S3B. 

2.2. Peptide synthesis 

The C-terminus of this peptide was covalently linked with IRDye800, 
a near-infrared (NIR) fluorophore, via a GGGSC linker, hereafter WKG* 
-IRDye800, Fig. 1A. The linker separates the peptide from the fluo-
rophore and prevents steric hindrance. The scrambled sequence was also 
labeled with IRDye800, hereafter WYK* -IRDye800, Fig. 1B. 3D models 
are shown to highlight differences between the biochemical structures, 
Fig. 1C,D. The peptides were synthesized with > 95% purity by HPLC, 
and an experimental mass-to-charge ratio (m/z) of 1913.87 was 
measured using mass spectrometry, which agrees with expected value of 
1913.88, Fig. S4A,B. 

2.3. Spectral measurements 

Peak absorbance and emission occur in the near-infrared (NIR) 
spectrum where hemoglobin absorption, tissue scattering, and tissue 
autofluorescence are minimal, Fig. S5A,B. 

2.4. siRNA knockdown 

CD44 expression was knocked down in human SK-Hep1 HCC cells 
using siRNA to validate specific binding of WKG* -IRDye800 to CD44. 
WKG* -IRDye800 and anti-CD44-AF488 antibody showed strong bind-
ing to the surface (arrows) of SK-Hep1 cells transfected with siCL 
(control) using confocal microscopy, while WYK* -IRDye800 displayed 
minimal binding, Fig. 2A. Fluorescence intensities from SK-Hep1 cells 
with knockdown of CD44 showed minimal intensity with either peptide, 
Fig. 2B-D. Quantified results showed this decrease to be significant, 
Fig. 2E. Western blot confirms effective knockdown of CD44 in SK-Hep1 
cells, Fig. 2F. Binding by WKG* -IRDye800 and anti-CD44-AF488 to the 
surface (arrows) of Sk-Hep1 cells co-localizes with a correlation of 

Fig. 1. Optimized peptide sequence specific for CD44. (A) WKGWSYLWTQQA (blue) is labeled with IRDye800 (red) via a GGGSC linker (black). (B) The sequence is 
scrambled as WYKAQQWWTLGS for use as control. (C,D) 3D models show differences in biochemical structures. 
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ρ = 0.81 measured on the merged image, Fig. S6. 

2.5. Confocal fluorescence microscopy 

Significantly greater fluorescence intensity was observed for binding 
of WKG* -IRDye800 and anti-CD44-AF488 to SK-Hep1 cells (CD44 +) 
compared with Hep 3B cells (CD44-) cells, Fig. S7. 

2.6. Peptide characterization 

Specific binding of WKG* -IRDye800 to CD44 was further supported 
by addition of unlabeled WKG* to compete for binding. Fluorescence 
intensities from SK-Hep1 cells decreased significantly with increasing 
concentrations of unlabeled WKG* , Fig. 3A, but not with WYK* , 
Fig. 3B. Quantified results show the decrease to be concentration 
dependent, Fig. 3C. These results suggest that the peptide rather than 
either the linker or fluorophore mediates the binding interactions. An 
apparent dissociation constant of kd = 43 nM was measured for binding 
by WKG* -IRDye800 to SK-Hep1 cells using flow cytometry, Fig. 3D. An 
apparent association time constant of k = 0.26 min− 1 (6.8 min) was 
measured to support rapid binding onset, Fig. 3E. The flow cytometry 
results at individual time points are shown, Fig. S8. 

2.7. Effect of peptide on cell signaling 

Western blots were performed to evaluate markers for activation of 
downstream cell signaling, Fig. S9. Incubation of low molecular weight 
hyaluronan (HA) as a positive control with SK-Hep1 cells showed strong 
phosphorylation activity for downstream AKT and ERK1/2, including 
pAKT and pERK1/2, respectively. By comparison, addition of WKG* - 
IRDye800 at various concentrations resulted in no change in phos-
phorylation of downstream substrates. 

2.8. Cytotoxicity 

An MTT assay was performed to evaluate the cytotoxicity of CD44 
peptides. Peptides were incubated with SK-Hep1 cells in increasing 
concentrations up to 200 μg/mL for 24 h. The WKG* -IRDye800 and 
WYK* -IRDye800 showed no effect on cell viability until the highest 
concentrations were reached, Fig. S10. 

2.9. Serum stability 

To evaluate the serum stability of WKG* -IRDye800, the peptide was 
incubated with mouse serum up to 24 h, and then measured by 
analytical RP-HPLC, Fig. S11A. The relative concentration was deter-
mined by the area-under-the-peak, and a half-life of T1/2 = 5.1 h was 
measured, R2 = 0.99, Fig. S11B. 

2.10. In vivo photoacoustic imaging of orthotopic human HCC xenograft 
tumors 

Photoacoustic images were collected in vivo from the human SK- 
Hep1 HCC xenograft tumors implanted orthotopically in mouse liver 
to evaluate the time course for peptide uptake, Fig. 4A. Minimal in-
tensity was observed from the tumors prior to peptide injection (0 hr). 
Following intravenous administration of WKG* -IRDye800, the intensity 
peaked at 1.75 h post-injection, and returned to baseline by ~24 h. 
Unlabeled WKG* (7 mM, 200 μL) was injected 20 min prior to WKG* - 
IRDye800 to compete for binding to CD44. Decreased signal was 
observed from the tumors over time. WYK* -IRDye800 was adminis-
tered systemically for control, and showed reduced intensity. Indoc-
yanine green (ICG) was also administered (2.46 mg/kg) for comparison. 
Peak uptake of ICG was not observed within 24 h post-injection. T1- 
weighted MR images were collected from tumor-bearing mice to confirm 

Fig. 2. Validation of specific peptide binding with siRNA knockdown. (A) Anti-CD44-AF488 (green) and WKG* -IRDye800 (red) show strong binding to the surface 
(arrows) of human SK-Hep1 HCC cells transfected with control siRNA (siCL). Co-localization of binding can be appreciated on the merged image. The scrambled 
control WYK* -IRDye800 shows minimal binding. (B-D) The fluorescence intensities measured for anti-CD44-AF488 and WKG* -IRDye800 are greatly reduced with 
knockdown of CD44 using 3 different siRNAs. WYK* -IRDye800 shows little binding to knockdown cells. (E) Quantification of fluorescence intensities show a 
significant difference in intensities for anti-CD44-AF488 (siCL 4.1, 3.3, and 3.1-fold change in intensity relative to siCD441, siCD442, siCD443) and WKG* IRDye800 
(4.0, 3.1, 3.1-fold change). WYK* IRDye800 shows no significant differences. (F) Western blot shows CD44 expression for control (siCL) and knockdown 
(siCD44) cells. 
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the presence of orthotopically implanted HCC tumor (arrow), Fig. 4B. A 
3D reconstruction shows the tumor dimensions, Fig. 4C. Quantified in-
tensities confirm peak uptake of WYK* -IRDye800 in tumor at 1.75 h 
post-injection, and returned to baseline by ~24 h Fig. 4D. The mean T/B 
ratio for WKG* was found to be significantly greater than that for block, 
WYK* , and ICG at peak uptake, Fig. 4E. 

2.10.1. In vivo whole body imaging of orthotopic human HCC xenograft 
tumors 

Whole body fluorescence images collected from orthotopic SK-Hep1 
xenograft tumors showed minimal intensity prior to peptide injection 
(0 hr), Fig. 5A. Following intravenous administration of WKG* - 
IRDye800, the intensity peaked at 1.75 h post-injection, and returned to 
baseline by ~24 h. Unlabeled WKG* (7 mM, 200 μL) was injected 
20 min prior to WKG* -IRDye800 to compete for binding to CD44 
(block), and decreased fluorescence intensities were observed from the 
tumors at each time point. WYK* -IRDye800 was administered system-
ically for control, and showed reduced intensity. ICG was also admin-
istered as a comparison, and showed strong background up to 24 h. 
Quantified intensities confirmed peak uptake of WYK* -IRDye800 in 
tumor at 1.75 h post-injection, and returned to baseline by ~24 h 
Fig. 5B. The mean T/B ratio for WKG* was found to be significantly 
greater than that for block, WYK* , and ICG at peak uptake, Fig. 5C. 

2.11. Laparoscopic imaging of orthotopic human HCC xenograft tumors 

WKG* -IRDye800, unlabeled WKG* (block), WYK* -IRDye800, and 
ICG were administered systemically 1.75 h prior to imaging. A con-
ventional surgical laparoscope was attached to a custom imaging mod-
ule to collect white light (WL) and NIR fluorescence (FL) images. 
Representative white light images collected laparoscopically are shown,  
Fig. 6A-D. Fluorescence image collected at 1.75 h post-injection of 
WKG* -IRDye800 showed qualitatively greater intensity than that for 
WYK* -IRDye800 (control), WKG* (block), and ICG, respectively. Ul-
trasound (US) and T1-weighted MR images confirm the orthotopic 
location of the implanted HCC tumors (arrow), Fig. 6E,F. Image in-
tensities were quantified, and the mean T/B ratio for WKG* was 
significantly greater than that for block, WYK* , and ICG, Fig. 6G. After 
completion of imaging, the mice were euthanized, and the livers were 
resected. A human specific anti-cytokeratin was stained on tumor sec-
tions by IHC to further confirm the implanted human derived HCC tu-
mors, Fig. 6H. Overexpression of CD44 was confirmed by IHC and IF, 
Fig. 6I,J. Representative histology (H&E) of the tumor is shown, Fig. 6K. 

2.12. Peptide biodistribution 

Tumor-bearing mice were sacrificed at 1.75 h post-injection of 
WKG* -IRDye800, WYK* -IRDye800, WKG* , and ICG. White light and 
NIR fluorescence images were collected from major organs, Fig. S12. 

Fig. 3. Characterization of peptide binding parameters. (A) Binding by WKG* -IRDye800 (red) to SK-Hep1 human HCC cells decreases significantly with competition 
from unlabeled WKG* but not with addition of (B) WYK* (control). (C) Quantified fluorescence intensities show a concentration-dependent reduction, with 
significantly lower intensity when unlabeled WKG* is added relative to an equal concentration of WYK* (1.02, 0.61, 0.36, 0.12, and 0.10-fold change, respectively). 
(D) An apparent dissociation constant of kd = 43 nM, R2 

= 0.99, is measured for binding of WKG* -IRDye800 to SK-Hep1 cells. (E) An apparent association time 
constant k = 0.26 min− 1 (6.8 min), R2 = 0.95, is measured. Results are representative of 3 independent experiments. 
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Uptake of WKG* -IRDye800 in the tumor was found to be significantly 
higher versus that of other groups. For WYK* and WKG* , low uptake 
was observed in all other organs except the kidneys where the peptide is 
cleared. ICG showed strong signal from stomach and intestine due to the 
different route of body clearance. 

2.13. Animal necropsy 

After systemic administration of WKG* -IRDye800 for 48 h, normal 
healthy mice were sacrificed, vital organs and blood were collected. 
Acute peptide toxicity on vital organs were evaluated by histology. No 
signs of toxicity were seen in heart, liver, spleen, lung, kidney, stomach, 
intestine and brain, Fig. S13A. Whole blood and serum were collected 
for evaluation of hematology and chemistry, and no acute peptide 
toxicity was observed, Fig. S13B. 

2.14. Peptide validation in human HCC specimens ex vivo 

A tissue microarray (TMA) of n = 89 specimens was prepared to 
evaluate specific binding of the CD44 peptide to human HCC. Immu-
nofluorescence staining on HCC, cirrhosis, adenoma, and normal were 
performed with WKG* -IRDye800 (red) and anti-CD44-AF488 (green). 

Both peptide and antibody showed intense staining for HCC, Fig. 7A. 
Minimal staining to adenoma and moderate diffuse staining to cirrhosis 
were observed, Fig. 7B,C. A representative section of normal human 
liver showed negligible staining, Fig. 7D. Results were compared with 
histology interpreted by an expert liver pathologist (EKC). The fluores-
cence intensities were quantified, and the mean (±SD) values were 
significantly greater for HCC than for the other histological classifica-
tions, Fig. 7E. The ROC curve shows 87% sensitivity and 69% specificity 
for distinguishing HCC from cirrhosis with AUC = 0.79, Fig. 7F, and 
87% sensitivity and 79% specificity for distinguishing HCC from benign 
(cirrhosis, adenoma, and normal) with AUC = 0.87, Fig. 7G. 

3. Methods 

3.1. Ethics approvals 

All experimental procedures were performed in compliance with 
relevant regulations of the University of Michigan. Mice were housed 
per guidelines of the Unit for Laboratory Animal Medicine (ULAM), and 
in vivo imaging was performed with approval by the University of 
Michigan Committee on the Use and Care of Animals (UCUCA). All 
patient reports and human tissues were deidentified prior to the study. 

Fig. 4. In vivo photoacoustic imaging. (A) Images of orthotopic human HCC xenograft tumors (SK-Hep1) were collected with excitation at λex = 774 nm before (0 h) 
and at 0.5, 1, 1.5, 1.75, 2, 4, and 24 h after intravenous injection of WKG* -IRDye800. After transient changes, the intensity peaks at 1.75 h. Photoacoustic images are 
shown for unlabeled WKG* was injected 20 min prior to WKG* -IRDye800 to compete for binding (block), WYK* -IRDye800, and ICG. (B) MR images confirm 
orthotopic location of the HCC tumors (arrows). (C) Representative 3D photoacoustic image reconstruction of the tumors are shown at 1.75 h post-injection with a 
width 5.4 mm, length 9.4 mm (top view) and depth 4.4 mm (side view). (D) The quantified T/B ratio confirms peak uptake of WKG* -IRDye800 by tumor at 1.75 h. 
Block and WYK* -IRDye800 displayed reduced signal over 24 h. The intensity from ICG was low early and increased gradually over 24 h. (E) At 1.75 h post-injection, 
the quantified T/B ratio for WKG* -IRDye800 was significantly greater than those of block, WYK* -IRDye800, and ICG (mean±SD: 7.12 ± 0.77, 1.74 ± 0.13, 1.47 
± 0.13, and 1.39 ± 0.13, respectively, n = 5 mice were evaluated for each group). The adjacent non-tumor tissue region with equal area to the tumor region was used 
for background. 
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3.2. Cells lines, culture media, and chemicals 

Human SK-Hep1 and Hep3B hepatocellular carcinoma (HCC) cells 
were obtained from the American Type Culture Collection (ATCC), and 
cultured in Eagle’s minimum essential medium (EMEM), supplemented 
with 10% fetal bovine serum (FBS, heat inactivated), 1% sodium pyru-
vate, and 1% EMEM non-essential amino acids solution. The cells were 
cultured at 37 ◦C under a humidified atmosphere with 5% CO2. All 
media and reagents were obtained from Gibco. 

Fmoc-amino acids, Boc amino acids, o-benzotriazole-N,N,N′,N′-tet-
ramethyluronium hexafluorophosphate (HBTU), and 1-hydroxybenzo-
triazole (HOBt) were obtained from Aapptec and AnaSpect. Rink 
amide MBHA resin was procured from Novabiochem. Acetonitrile, 

dichloromethane (DCM), N,N-Dimethylformamide were purchased from 
Thermo Scientific. IRDye800CW maleimide was obtained from LI-COR 
Biosciences. All chemicals were of analytical grade, and used without 
further purification. 

3.3. Peptide specific for CD44 

A library of candidate peptide sequences was formed by analyzing a 
contact map for binding activity to the extracellular hyaluronan binding 
domain of CD44s (1UUH). CABS-dock [34,35] was used to explore 
possible peptide binding sites and to evaluate alignment. This software 
enables full flexibility of the peptide structure and large-scale flexibility 
of protein fragments during an empiric search for binding sites. Pairs of 

Fig. 5. In vivo whole body fluorescence imaging. (A) Whole body fluorescence images were collected with excitation at λex = 800 nm before (0 h) and at 0.5, 1, 1.5, 
1.75, 2, 4, and 24 h after intravenous injection of WKG* -IRDye800. Unlabeled WKG* , injected 20 min prior to WKG* -IRDye800 to compete for binding (block), and 
WYK* -IRDye800 showed reduced values over 24 h. The result for ICG (control) was low initially, but increased over time. Peak signals at 1.75 h from the site of the 
tumors (circle) support the photoacoustic results. Minimal signal was seen from the kidneys until 4 h because of their posterior location with mice placed in the 
supine position. (B) The quantified T/B ratio confirms a peak uptake of WKG* -IRDye800 by tumor at 1.75 h. The adjacent non-tumor tissue region with equal area to 
the tumor region was used for background. (C) The quantified T/B ratio for WKG* -IRDye800 was significantly greater than those of block, WYK* -IRDye800, and ICG 
(mean±SD: 6.42 ± 0.69, 1.09 ± 0.21, 1.85 ± 0.30, and 0.46 ± 0.03, respectively, n = 5 mice were evaluated for each group). The adjacent non-tumor liver tissue 
region with equal area to the tumor region was used for background. 
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peptide/target residues with inter molecular distance < 4.5 Å were 
generated to optimize binding affinity and specificity [34]. Amino acids 
that paired more than 5 times were recognized as having high correla-
tion and affinity, and was preserved in the sequence. The general pep-
tide sequence WX1×2WX3×4X5×6TX7×8A was used where X1 
represents either H or K to form hydrophilic interactions with CD44 at 
the N-terminus. X2 represents either P or G which often form "turns" of 
peptides. On sites X3-X6, amino acids with different properties were 
chosen to increase sequence diversity. X3 represents S or N; X4 repre-
sents Y, A, I or F; X5 represents L, A, I or F; X6 represents W, A, I or F. 
X7-X8 at the C-terminus represents negative charged Q or D which have 
an electrostatic repulsion to the negative extraneous coat of cells to 
reduce peptide entry into the cells. In the library, from X1-X8, the 
sequence was randomly distributed, resulting in a complexity of 
2 × 2 × 2 × 4 × 4 × 4 × 2 × 2 = 2048. We used Hex 8.0.0 
protein-ligand docking software to evaluate binding of each candidate 
peptide to the CD44 hyaluronan binding domain [41]. This program 
comprehensively evaluates all possible combinations for the predicted 
binding motifs of each candidate sequence, and calculates the docking 
energy for binding between the peptide and target. Hex 8.0.0 was also 
used to identify a scrambled sequence for use as control. 

3.4. Peptide synthesis 

The target and control peptides were synthesized using standard 
Fmoc-mediated solid-phase chemical synthesis on rink amide MBHA 
resin using a PS3 automatic synthesizer (Protein Technologies Inc). 
Fmoc (Fluorenylmethyloxycarbonyl) and Boc (Butyloxycarbonyl) pro-
tected L-amino acids were used with standard HBTU/HOBt activation. 
After assembly, the resin was washed with dimethylformamide (DMF) 
and dichloromethane (DCM), cleaved with a trifluoroacetic acid cocktail 
(TFA: thioanisole: phenol：EDT: H2O, 87.5:5:2.5:2.5:2.5, v/v/v/v/v). 
The resulting peptide was precipitated in − 20 ◦C diethyl ether. The 
crude peptides were then purified using reversed-phase high perfor-
mance liquid chromatography (RP-HPLC). The purified peptide was 
lyophilized to produce a white powder, and was characterized with 
MALDI-TOF mass spectrometry. 

3.5. Spectral measurements 

The absorbance spectrum of peptides was measured using a UV-Vis 
spectrophotometer (NanoDrop 2000c, Thermo Scientific). The pep-
tides were excited at λex = 785 nm with a single-mode diode laser 
(#iBEAM-SMART-785-S, Toptica Photonics), and FL emission was 

Fig. 6. In vivo laparoscopic fluorescence imaging. Representative white light (WL) and fluorescence (FL) images collected in vivo are shown at 1.75 h post-injection 
of (A) WKG* -IRDye800, (B) WYK* -IRDye800 (control), (C), WKG* (block), and (D) ICG. Representative (E) ultrasound (US) and (F) T1-weighted MR images confirm 
orthotopic location of human HCC xenograft tumors (arrows). (G) The mean T/B ratio for WKG* -IRDye800 was significantly greater than that for WKG* (block), 
WYK* -IRDye800, and ICG (mean±SD: 2.32 ± 0.44, 1.13 ± 0.15, 1.21 ± 0.17, and 0.87 ± 0.2, respectively), n = 8 mice were evaluated in each group. Background 
was defined as the adjacent non-tumor region with equal area of the tumor region. Immunohistochemistry (IHC) using (H) human-specific anti-cytokeratin and (I) 
anti-CD44 shows presence of HCC xenograft tumor (arrow) adjacent to mouse liver (arrowhead) to confirm orthotopic location. (J) Immunofluorescence (IF) of 
adjacent section supports this result. (K) Histology (H&E) from adjacent section is shown. 
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collected using a UV-Visible-NIR spectrometer (USB2000 +, Ocean 
Insight). The spectra were plotted using Prism 5.0 software (GraphPad 
Inc). 

3.6. siRNA knockdown 

CD44 expression in SK-Hep1 cells was knocked down using 3 

different siRNAs, including (1) L-009999–00–0005, Dharmacon; (2) 
s2681, Thermo Fisher; and (3) 106160, Thermo Fisher. MISSION® 
siRNA Universal Negative Control (SIC001, Sigma) was used for control. 
Cells were transfected with Lipofectamine 2000 (11668027, Invitrogen) 
per manufacturer instructions, and then incubated with 4 μM of peptide 
for 3 min. A 1:3000 dilution of rabbit anti-CD44 antibody (EPR18668, 
Abcam) was used for positive control. CD44 expression was determined 

Fig. 7. Specific peptide binding to human HCC ex vivo. (A) WKG* -IRDye800 (red) and anti-CD44-AF488 (green) show strong binding to the cell surface (arrows) of 
HCC using immunofluorescence. (B) Diffuse signal is observed for cirrhosis. (C) Mild staining is seen with peptide and antibody to hepatic adenoma. (D) Minimal 
intensity is seen for normal human liver. (E) Quantified fluorescence intensities show that the intensities associated with HCC is significantly greater than those for 
adenoma, cirrhosis, and normal human liver (mean ± SD: 1.47 ± 0.50, 0.93 ± 0.35, 0.67 ± 0.34, and 0.56 ± 0.21, n = 86 human specimens were evaluated). (F) 
ROC curve shows 87% sensitivity and 69% specificity for WKG* -IRDye800 to distinguish HCC from cirrhosis with an AUC = 0.79. (G) ROC curve shows 87% 
sensitivity and 79% specificity to distinguish HCC from benign (cirrhosis, adenoma, and normal) with AUC = 0.87. 
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by Western blot within 72 h. 

3.7. Confocal fluorescence microscopy 

~103 SK-Hep1 and Hep 3B cells were grown on cover glass in 24-well 
plate to ~70% confluence. The cells were washed with PBS 1X and 
incubated with 4 μM of either target or control peptide for 3 min. The 
cells were then washed 3X in PBS, fixed with 4% paraformaldehyde 
(PFA) for 8 min, washed 3X with PBS then incubated with 2% BSA, 1% 
goat serum in PBS for 30 min. The cells were incubated with a 1:3000 
dilution of primary recombinant rabbit anti-CD44 antibody 
(#ab189524, Abcam) for 30 min on ice and then incubated with a 1:500 
dilution of AF488-labeled secondary goat ant-rabbit immunoglobulin G 
antibody (#A-11029, Life Technologies) for 12 h at 4 ◦C, and then 
mounted on glass slides with ProLong Gold reagent containing DAPI 
(Invitrogen). Confocal fluorescence images were collected on Leica SP8 
confocal microscope using a 63X oil-immersion objective. Fluorescence 
intensities were quantified using custom MATLAB (Mathworks) 
software. 

3.8. Peptide characterization 

Specific peptide binding to CD44 was further validated using 
competitive inhibition by adding unlabeled peptide. ~103 SK-Hep1 cells 
were grown to ~70% confluence on cover glass in triplicate. Unlabeled 
peptides at concentrations of 0, 10, 20, 40, 80, and 100 μM were incu-
bated with the cells for 30 min at 4 ◦C. The cells were washed with PBS 
and incubated with 5 μM of the target peptides for another 30 min at 
4 ◦C. The cells were washed and fixed with 4% PFA for 8 min. The cells 
were washed with PBS and mounted with ProLong Gold reagent con-
taining DAPI (Invitrogen). 

The apparent dissociation constant kd for peptide binding to cells was 
measured to assess the binding affinity [42]. IRDye800-labeled target 
peptides were serially diluted in PBS at concentrations of 0, 10, 20, 40, 
80, 100, and 200 nM. ~105 SK-Hep1 cells were incubated with the 
peptides at 4 ◦C for 1 h, washed with cold PBS, and the mean fluores-
cence intensities were measured using flow cytometry. 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]). I0 and Imax are the initial and maximum fluorescence in-
tensities, corresponding to no peptide and at saturation, respectively, 
and [X] represents the concentration of the bound peptide. Prism 5.0 
software (GraphPad Inc) was used to calculate kd. 

The apparent association time constant k was measured by incu-
bating ~106 SK-Hep1 cells with 5 μM IRDye800-labeled peptides for 
time intervals ranging between 0 and 20 min at 4 ◦C. The cells were 
centrifuged and washed with cold PBS. The cells were fixed with 4% PFA 
for 30 min at 4 ◦C before analyzing with flow cytometry. The rate con-
stant k was calculated by fitting the data to a first-order kinetics model y 
(t) = Imax[1 − exp(− kt)], where Imax is the maximum value using Prism 
5.0 software (GraphPad). 

3.9. Effect of peptide on cell signaling 

SK-Hep1 cells were incubated with either hyaluronan (HA) or pep-
tide to evaluate activation of downstream signaling after binding to 
CD44. 100 μg/mL of low molecular weight HA (GLR001, R&D Systems) 
was added for 15 min. Peptides are added at concentrations of 4 and 
300 μM for 15 min. Anti-CD44 antibody (#ab189524, Abcam), anti- 
AKT (#4691, Cell Signaling), anti-phospho-AKT (#9271, Cell 
Signaling), anti-ERK1/2 (#ab17942, Abcam,), anti-phospho-ERK1/2 
(#ab50011, Abcam), and anti-β-Actin (#4967, Cell Signaling Technol-
ogy) were used per manufacturer’s instructions. 

3.10. Cytotoxicity 

The target and control peptides were serially diluted over a range of 
concentrations and incubated with SK-Hep1 cells seeded in 96-well 
plates for 24 h. The media was then removed, and MTT solution 
(100 μL, 0.5 mg/mL) was added. After 4 h for incubation, the MTT so-
lution was removed, and 150 μL of DMSO was added to each well to 
solubilize formazan crystals produced by living cells. Absorbance at λabs 
= 570 (test) and 630 nm (reference) was measured using a plate reader 
(VersaMax™ Tunable Microplate Reader). The half-maximum inhibi-
tory concentration (IC50) was measured. 

3.11. Serum stability 

Serum stability was evaluated by dispersing 30 μM of peptide in 
mouse serum and incubating at 37 ◦C for 0, 0.5, 1, 2, 4, 8 and 24 h. 
Serum stability was monitored by HPLC. The relative peptide concen-
trations were determined by measuring the area under the peak (Breeze 
2, Waters). 

3.12. Orthotopic HCC mouse model 

Human HCC xenograft tumors were implanted orthotopically in fe-
male nude athymic mice. First, ~5 × 106 SK-Hep1 cells were injected 
subcutaneously into the hind limb flank. Tumors were then monitored 
twice a week and allowed to grow to 1–2 cm in diameter for 10–30 days. 
A small horizontal incision was made below the sternum to expose the 
liver. The liver was incised with a sharp scalpel horizontally in parallel 
with the surface of the exposed liver. A piece of the subcutaneous tumor 
with dimensions of ~1 × 1 × 1 mm3 was implanted into the incision, 
and then the site was sealed with absorbable hemostatic material (sur-
gical, Johnson & Johnson). The liver was returned to its original position 
after confirming hemostasis. 

3.12.1. In vivo photoacoustic imaging of orthotopic human HCC xenograft 
tumors 

IRDye800-labeled target and control peptides (300 μM in 200 μL 
PBS) were intravenously injected in mice bearing orthotopical SK-Hep1 
tumors. An unlabeled peptide (1.5 mM, 100 μL) was injected 30 min 
prior to the labeled peptide to compete for binding. ICG (2.46 mg/kg) 
was injected intravenously as a control. Three-dimensional (3D) images 
were acquired from 0 to 48 h post injection and reconstructed using PAI 
tomography system (Nexus 128, Endra) using λex = 774 nm excitation. 
The photoacoustic signal intensity was measured from the two- 
dimensional (2D) maximum intensity projection (MIP) images, and 
the pre-injection images were used for background. 

3.12.2. In vivo whole body imaging of orthotopic human HCC xenograft 
tumors 

SK-Hep1 tumor bearing mice were injected intravenously with the 
IRDye800-labeled target and control peptides (300 μM in 200 μL PBS). 
Unlabeled peptide and ICG were administrated as above. The spatial 
extent and margins of tumors were identified using a NIR whole body 
fluorescence imaging system (Pearl®, LI-COR Biosciences) up to 24 h 
post injection. The images were acquired using λex = 800 nm with 
85 µm resolution and 16.8 × 12 cm2 field of view (FOV). Image Studio 
software (Li-Cor Biosciences) was used for analysis. Regions of interest 
(ROI) with area equal to that of the tumor and adjacent in location was 
measured for background. 

3.13. Laparoscopic imaging of orthotopic human HCC xenograft tumors 

A self-build imaging module was attached to standard surgical 
laparoscope (#49003 AA, HOPKINS II Straight Forward Telescope 0◦, 
Karl Storz, El Segundo, CA, USA) to collect WL and NIR FL images. WL 
illumination (MCWHL5, Thorlabs, Newton, NJ, USA) and FL excitation 
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source (λex = 785 nm, #iBEAM-SMART-785-S, Toptica Photonics) were 
coupled into the laparoscope. WL and NIR FL images are collected, 
simultaneously, by a color CCD camera (#GX-FW-28S5C-C, Point Gray 
Research, Richmond, BC V6W 1K7, Canada) and a NIR CCD camera 
(Orca R-2, Hamamatsu Photonics, Hamamatsu City, Shizuoka Pref., 
Japan) with a laser power of 1.2 mW, respectively. 

3.14. Peptide biodistribution 

The animals were euthanized at peak uptake after intravenous in-
jection of the target and control peptides as above. Unlabeled peptide 
and ICG were administrated as above. Major organs, including heart, 
spleen, lung, liver, brain, stomach, kidney, intestine, were resected and 
exposed for white light and fluorescence imaging to measure peptide 
biodistribution. 

3.15. Animal necropsy 

Mice were euthanized 48 h post-injection with WKG* -IRDye800 
(300 μM in 200 μL PBS). Whole blood was collected for chemistry. Liver, 
kidney, heart, lung, spleen, stomach, intestine, and brain were harvested 
and submitted for routine histology (H&E). All slides were evaluated by 
a liver pathologist. 

3.16. Peptide validation in human HCC specimens ex vivo 

A tissue microarray (TMA) of human HCC was generated to inves-
tigate specific binding by the CD44 peptide to human HCC. Formalin- 
fixed, paraffin-embedded (FFPE) sections of human liver were ob-
tained from the archived tissue bank in the Department of Pathology. 
The specimens were washed 3X in xylene for 3 min, 100% ethanol for 
3 min, 95% ethanol for 3 min, 70% ethanol for 3 min, rinsed in H2O for 
2 min. Antigen unmasking was performed by boiling the slides in 10 mM 
sodium citrate buffer with 0.05% Tween at pH 6.0 for 15 min. The slides 
were cooled to RT, and were washed in H2O 3X for 5 min. Blocking was 
performed with DAKO protein blocking agent (X0909, DAKO) for 1 h at 
RT. The peptides at 1 μM concentration were incubated for 10 min at 
RT. The sections were washed 3X in PBST for 3 min, and incubated with 
400 μL at 1:500 dilution of recombinant anti-CD44 (#ab189524, 
Abcam) overnight at 4 ◦C. The sections were then washed 3X in PBST for 
5 min. A 1:500 dilution of AF488-labeled secondary antibody (goat anti 
rabbit Alexa Fluor® 488) was added to each section and incubated for 
1 h at RT. The secondary antibody solution was removed and washed 3X 
with PBST for 5 min. The sections were then mounted with ProLong 
Gold reagent containing DAPI (Invitrogen). The fluorescence images of 
each specimen were collected using confocal microscopy (SP8, Leica), 
and the mean fluorescence intensity from each image was measured 
from 3 boxes with dimensions of 20 × 20 µm2 using custom MATLAB 
software. Regions of saturated image intensities were avoided. 

3.17. Statistical analysis 

Two-sided Welch’s two-sample t-tests were performed to assess the 
specific binding of WKG* to HCC cells, which allow unequal variance in 
the two groups being compared. All tests were performed at the 
Bonferroni-corrected significance level α = 0.05/m, where m is the total 
number of statistical tests performed, to account for the multiple com-
parisons made between WKG* and various controls. For example, if 3 
controls are present, each individual test would be performed at 
α = 0.05/3 = 0.017, and if 3 controls were examined in 9 tissues, each 
target peptide versus control test would be performed at α = 0.05/ 
27 = 0.0019. 

4. Discussion 

We used a structural model for the extracellular hyaluronan binding 

domain of CD44s (1UUH) to optimize the sequence of a 12-mer peptide 
for specific binding to CD44. The peptide was labeled with IRDye800, 
and specific binding was validated in vitro with knockdown, competi-
tion, and co-localization assays. Binding properties were characterized 
by an apparent dissociation constant of kd = 43 nM and apparent as-
sociation time constant of k = 0.26 min− 1 (6.8 min). Human HCC cells 
were implanted orthotopically in mouse liver, and peak uptake in vivo 
by xenograft tumors was observed at 1.75 h post-injection using pho-
toacoustic imaging. Specific peptide uptake by tumor was supported by 
fluorescence images collected in vivo using whole body and laparo-
scopic methods. Specific peptide binding to CD44 in vivo was further 
confirmed by blocking the targeted contrast agent with competition 
from unlabeled peptide. Ex-vivo staining results using human HCC 
specimens support the ability of this peptide to distinguish HCC from 
other liver pathologies. No evidence of toxicity was observed on animal 
necropsy. 

Previous peptides specific for CD44 have been reported. A peptide 
was selected using biopanning with a M13 phage display library for 
detection of breast cancer [43]. A binding affinity of 115.8 and 
256.5 nM was measured for FITC-labeled and biotinylated peptides, 
respectively. No in vivo imaging was performed. A peptide specific for 
CD44 was developed for early detection of gastric cancer [44]. Docking 
to CD44 was evaluated using a structural model, and a binding affinity of 
kd = 135.1 nM was reported. Fluorescence imaging was performed in 
subcutaneous gastric tumors, and a peak T/B ratio in tumor was detected 
3 h post-injection. The biodistribution showed accumulation in both 
tumor and liver. Also, a peptide specific for CD44v6 was identified, and 
a binding affinity of kd = 611.2 nM was reported [45]. By comparison, 
our peptide showed much improved binding affinity, and demonstrated 
primarily renal clearance. This mechanism results in reduced back-
ground that can limit imaging performance. 

Recently a multi-modal theranostic platform combing photoacoustic, 
fluorescence, and MR imaging has been evaluated in HCC [46]. We used 
multi-modal imaging methods to rigorously validate specific peptide 
binding to CD44 in vivo. First, ultrasound and MRI were used to confirm 
the orthotopic location of HCC tumors. Photoacoustic and fluorescence 
imaging methods provide different physical mechanisms by which 
signal is generated from the NIR-labeled peptide to confirm specific 
ligand binding to the CD44 target. The photoacoustic images combine 
light with sound to visualize the depth of peptide accumulation in 
tumor. The whole body fluorescence images demonstrated the spatial 
distribution of peptide uptake by tumor in comparison with other body 
organs. Both modalities showed peak tumor uptake at 1.75 h 
post-injection, and clearance by ~24 h. Fluorescence laparoscopy was 
performed intraoperatively, and demonstrated sharp tumor margins 
within liver parenchyma. The peptide was found to be stable in serum 
for over 5 h, a time frame compatible with diagnostic imaging. 

Image-guided surgery is being used with greater frequency to more 
precisely resect HCC tumors. Early liver micrometastasis can be detected 
and resected by photoacoustic image-guided surgery [47]. The intra-
operative diagnosis of small tumors, especially those with indistinct 
margins, remains an important challenge for HCC resection. A specific 
targeting agent has potential to improved tumor visualization during 
resection to achieve a better balance between complete tumor resection 
and maintenance of liver function. The remaining volume of “normal” 
liver parenchyma needed to optimize post-operative function can then 
be maximized. Experienced surgeons can achieve very good patient 
outcomes with 5-year survival rates over 70% for solitary early-stage 
HCC [48–50]. ICG is FDA-approved, and is the only contrast agent 
currently being used to identify liver tumors, hepatic segments, and 
extrahepatic bile ducts in real time during open and laparoscopic sur-
gery [51–53]. ICG is also being used for contrast-enhanced photo-
acoustic imaging to evaluate liver fibrosis in mice [54]. This non-specific 
NIR fluorophore accumulates passively in HCC via the enhanced 
permeability and retention (EPR) effect [55]. Our results showed that 
ICG achieves peak uptake over 24 h post-injection, a time frame that is 
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quite long for practical clinical use. Moreover, the tumor margins using 
ICG appeared indistinct by comparison with that using the NIR-labeled 
peptide. 

Targeted imaging strategies are needed to improve management of 
patients with HCC by providing a new approach to detect, characterize, 
and treat tumors. Current modalities, such as ultrasound (US), computed 
tomography (CT), magnetic resonance imaging (MRI), and positron 
emission tomography (PET) have limited ability to determine the benign 
versus malignant nature of small nodules < 2 cm in size [8]. While some 
progress has been made with serological markers, few advances have 
been made with tissue biomarkers. Most HCC tumors arise from a 
background of cirrhosis. Early cancer detection can be achieved by 
developing a sensitive method to recognize imaging biomarkers that can 
distinguish between HCC and non-HCC. Our ex vivo data from peptide 
staining of human HCC with cirrhosis showed high sensitivity and 
specificity, however further clinical investigation is needed. HCC has 
high molecular heterogeneity [56], thus biomarkers may need to be 
combined in a panel for effective use. We have identified and validated a 
peptide that binds specifically to CD44. This peptide has many proper-
ties that are promising for future clinical translation in management of 
patients with HCC, including early cancer detection and image-guided 
surgery. 
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