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Abstract

Accurate detection and risk stratification are paramount to the clinical management of prostate 

cancer. Current diagnostic methods, including prostate specific antigen (PSA) screening, are 

unable to differentiate high-risk tumors from low-risk tumors, resulting in overdiagnosis and 

overtreatment. A peptide targeted contrast agent, ZD2-Gd(HP-DO3A), specific to an oncoprotein 

in tumor microenvironment, EDB-FN, was synthesized for non-invasive detection and 

characterization of aggressive prostate cancer. EDB-FN, one of the subtypes of oncofetal 

fibronectin, is involved in tumor epithelial-to-mesenchymal transition (EMT), which is implicated 

in drug resistance and metastasis. The EDB-FN mRNA level in the metastatic PC3 cells was at 

least three times higher than that in non-metastatic LNCaP cells. In tumors, EDB-FN protein was 

highly expressed in PC3 tumor xenografts, but not in LNCaP tumors, as revealed by western blot 

analysis. ZD2-Gd(HP-DO3A) produced over two times higher contrast-to-noise ratio in the PC3 

tumors than in the LNCaP tumors in contrast-enhanced MRI during 30 min after injection. ZD2-

Gd(HP-DO3A) possessed high chelate stability against transmetallation and minimal tissue 

accumulation. Our results demonstrate that molecular MRI of EDB-FN with ZD2-Gd(HP-DO3A) 

can potentially be used for non-invasive detection and risk stratification of human prostate cancer. 

Incorporation of this targeted contrast agent in the existing clinical contrast enhanced MRI 

procedures has the potential to improve diagnostic accuracy of prostate cancer.
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Introduction

Prostate cancer is the most common noncutaneous malignancy and a highly heterogeneous 

disease with significant variations in natural history. Although one in seven men will be 

diagnosed with prostate cancer in their lifetime, only about one in five of the diagnosed 

patients may actually die from the disease 1. While most patients with low-risk cancer have 

an indolent disease course even without treatment, patients who are diagnosed with high-risk 

cancer have a substantial risk of prostate cancer-related death 2. The five-year survival rate 

of the patients with localized disease is nearly 100%, while it drops dramatically to only 

28% for those with distant metastases. This makes prostate cancer the second most common 

cause of cancer death of men in the United States 3. Therefore, early accurate detection, 

localization, and risk-stratification of high-risk prostate cancer are critical for physicians to 

tailor efficacious interventions for early treatment at a treatable stage.

Because of the heterogeneity of prostate cancer, the cornerstone of its clinical management 

is to categorize prostate cancers into different risk groups based on the cancer grade and 

PSA level, followed by risk-stratified management, including active surveillance for low-risk 

cancers and treatment for intermediate- and high-risk diseases 4, 5. Unfortunately, the current 

diagnostic methods, including PSA screening and Gleason grading from the standard 12-

core prostate needle-biopsy, cannot accurately determine prostate cancer risk, resulting in 

high rates of overdiagnoses and false positives 6, 7. Out of the concern that the risk of 

overdiagnosis and overtreatment may outweigh the benefit of the PSA screening, the US 

Preventive Services Task Force recommended against PSA screening in 2012 8.
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MRI is a non-invasive imaging modality with no ionizing radiation and provides high 

resolution three-dimensional images of soft tissues. Multiparametric MRI has been tested in 

clinical trials and is proven useful in tumor localization 9, 10. However, the existing clinical 

MRI contrast agents are not tumor specific and unable to provide accurate detection and 

characterization of prostate cancer. The development of a safe and effective targeted MRI 

contrast agent specific to a biomarker that can reliably localize minute high-risk prostate 

tumors earlier and provide accurate risk stratification will have significant impact on the 

clinical management of the disease. MR molecular imaging with the targeted contrast agent 

can also be useful for non-invasive active surveillance of cancer progression, which is 

valuable in determining the critical timing of effective intervention.

Extradomain B fibronectin (EDB-FN) is an oncofetal isoform of fibronectin (FN), 

overexpressed in various human cancers, including prostate cancer, and absent in normal 

tissues. Moreover, its expression is inversely correlated with patient survival 11–13. It is one 

of the hallmarks of epithelial-to-mesenchymal transition (EMT) 14. EMT is a physiologic 

process that involves in the invasion, metastasis, and drug resistance of malignant human 

cancers, including prostate cancer 15–17. Clinical evidence demonstrates that EDB-FN is 

highly expressed in high-risk prostate cancer, low in benign lesions, including benign 

prostatic hyperplasia (BPH) 18–20. Therefore, EDB-FN is a promising target for early 

detection and differential localization of high-risk prostate tumor with molecular imaging 21. 

Recently, we have identified a small peptide ZD2 (Thr-Val-Arg-Thr-Ser-Ala-Asp) for 

specific targeting of EDB fragment using phage display 22. The peptide exhibited strong 

specific binding to high-grade human prostate tumor, low binding to low-grade tumor, and 

non-binding in non-cancerous tissue in correlation to EDB-FN expression levels. Although 

antibodies and targeted nanoparticles specific to EDB-FN have been developed for cancer 

imaging 23, 24, small peptide targeted MRI contrast agents are advantageous in rapid 

extravasation and target binding and low background noise due to the clearance of unbound 

agent from the circulation. Therefore, ZD2 peptide is a promising targeting agent for 

designing targeted MRI contrast agents or therapeutics specific to EDB-FN for cancer 

imaging and therapy.

In this study, we synthesized a targeted contrast agent ZD2-Gd(HP-DO3A) by conjugating 

linear ZD2 peptide to a macrocyclic clinical MRI contrast agent Gd(HP-DO3A) via click 

chemistry. MR molecular imaging of EDB-FN with the targeted MRI contrast agent was 

investigated for non-invasive detection and characterization of aggressive prostate cancer in 

animal models. Mice with subcutaneous PC3 prostate tumor xenografts of high metastatic 

potential and LNCaP prostate tumor xenografts of low metastatic potential were used to 

represent high-risk and low-risk prostate cancer models 25. The effectiveness of the MR 

molecular imaging with ZD2-Gd(HP-DO3A) was evaluated in the tumor models with 

contrast enhanced MRI and quantitative T1 mapping with a clinical agent ProHance® or 

Gd(HP-DO3A) as a control. Chelation stability, tumor targeting, and tissue clearance of the 

targeted contrast agent were also investigated in vitro and in animal models.
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Results

Contrast agent synthesis and characterization

The small molecular targeted MRI contrast agent ZD2-Gd(HP-DO3A) was synthesized by 

conjugating EDB-FN-targeting peptide ZD2 22 to a clinical macrocyclic agent ProHance® 

[Gd(HP-DO3A)] (Fig. 1A). The final product was characterized by MALDI-TOF mass 

spectrometry (Fig. 1B) and HPLC (Fig. 1C). ZD2-Gd(HP-DO3A) exhibited a binding 

affinity of 1.7 μM (Fig. 1D and 1E) to EDB fragment, which is sufficient for reversible 

binding, so as to produce detectable signal enhancement of the molecular target in contrast 

enhanced MRI, as well as to facilitate rapid clearance from the body after imaging and 

minimize potential side-effects. ZD2-Gd(HP-DO3A) demonstrated high chelate stability, 

comparable to its clinical analog ProHance, with no evident transmetallation during 24 hours 

of incubation with endogenous metal ions Cu2+, Ca2+, and Zn2+ in PBS (pH = 7.4) (Fig. 

2A). ZD2-Gd(HP-DO3A) had the same high stability as ProHance over both the linear 

agents MultiHance® and OmniScan® against transmetallation in blood plasma containing 

Cu2+, Ca2+, and Zn2+ ions (Fig. 2B). This superior chelate stability is critical to minimizing 

potential side effects of the targeted contrast agent for its clinical application.

EDB-FN upregulation is associated with the metastatic phenotype of prostate cancers

Unlike LNCaP cells, PC3 cells exhibited typical characteristics of post epithelial-to-

mesenchymal transition (EMT) phenotype, including loss of E-cadherin and upregulation of 

N-cadherin and vimentin (Fig. 3A) 14. This EMT signature is strongly associated with 

enhanced cancer cell migration, metastasis, and drug resistance 26. Importantly, EDB-FN 

expression was significantly upregulated in PC3 cells as compared to LNCaP cells (Fig. 3A 

and 3B), indicating that EDB-FN is a molecular marker of high-risk prostate cancer 20, 22, 27. 

It is interesting to note that the expression of epidermal growth factor receptor (EGFR) and 

prostate-specific membrane antigen (PSMA) did not correlate with the metastatic potential 

of the two cell lines. When cultured on top of a thick layer of matrigel, LNCaP and PC3 

cells displayed distinctive spheroid-forming abilities (Figure C). Only PC3 cells were able to 

penetrate into the matrix and form 3D spheroids, resembling tumors cultured in a native 

microenvironment, while the LNCaP cells formed cell clusters that distributed primarily on 

the matrigel surface. Cy5.5-labeled ZD2 peptide (ZD2-Cy5.5) was able to bind EDB-FN 

secreted by the PC3 spheroids, highlighted by the dispersed red fluorescence signal from the 

spheroids, whereas no peptide binding was detected on the LNCaP cell clusters (Figure D). 

This specific targeting of ZD2 to aggressive prostate cancer was also validated by examining 

the Cy5.5 signal in the tumor and organs dissected from mice bearing PC3 and LNCaP 

prostate tumor xenografts, at 3 hours after intravenous injection of ZD2-Cy5.5. As expected, 

only the PC3, but not the LNCaP tumors, showed an enhanced fluorescence signal from 

ZD2-Cy5.5, when compared to the respective normal mouse organs (Fig. 3E). 

Microscopically, ZD2 was found to colocalize with the EDB-FN fibril network in the PC3 

tumor sections, whereas EDB-FN and ZD2-Cy5.5 were undetectable in the LNCaP tumor 

sections (Fig. 3F). The difference in the expression and distribution of EDB-FN in these two 

tumors was also verified by immunohistochemical (IHC) staining (Fig. 3G), indicating that 

upregulated EDB-FN is a promising molecular target for differential diagnosis of aggressive 

prostate cancer and the ZD2 peptide is an effective targeting agent for this marker.
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Differential imaging of prostate cancer with MRI and ZD2-Gd(HP-DO3A)

The effectiveness of contrast enhanced MRI with ZD2-Gd(HP-DO3A) in differential 

imaging of prostate cancer was determined in mice bearing subcutaneous PC3 and LNCaP 

prostate tumor xenografts. The T1 relaxivity of ZD2-Gd(HP-DO3A) was 3.7 mM−1s−1 at 7T, 

as calculated from the measured T1 values of a multi-compartment phantom containing 

different concentrations of ZD2-Gd(HP-DO3A) (Fig. 4A). T1-weighted MR images of the 

tumor models were obtained before and at different time points after intravenous 

administration of 0.1 mmol/kg ZD2-Gd(HP-DO3A). Strong signal enhancement was 

observed in the PC3 tumors with ZD2-Gd(HP-DO3A) and remained prominent for at least 

30 min post-injection (Fig. 4B). In contrast, the LNCaP tumors showed a significantly lower 

signal enhancement with ZD2-Gd(HP-DO3A) (Fig. 4B). The non-targeted clinical control 

ProHance only resulted in modest contrast enhancement in both the PC3 and LNCaP tumors 

(Fig. 4B). As shown in Fig. 4C, the contrast-to-noise ratio (CNR) in the PC3 tumors showed 

an over two-fold increase at 10 min after ZD2-GD(HP-DO3A) injection and peaked at 30 

min (CNR = 23.7±1.68; n=5; SEM), which is an over five-fold increase due to the contrast 

agent accumulation in the tumors and clearance in the normal tissues. The CNR in LNCaP 

tumors only increased about 10~60% during the first 30 min after ZD2-Gd(HP-DO3A) 

injection (CNR = 6~9), and was more than two times lower than that in the PC3 ones (CNR 

= 12~25) (P < 0.01 for 10 min and 20 min post-injection; P < 0.001 for 30 min post-

injection). ProHance resulted in lower CNR in PC3 tumors (CNR = 7~11; P < 0.05 at all 

time points compared to the ZD2-Gd(HP-DO3A) group), which is not significantly different 

from that in LNCaP tumors (CNR= 7~10) (P > 0.05) (Fig. 4C). ZD2-Gd(HP-DO3A) did not 

produce significant contrast enhancement in other organs and normal tissues similar to the 

clinical control ProHance. In addition, co-injection of excess free ZD2 peptide (0.5 

mmol/kg) significantly reduced signal enhancement and CNR in the PC3 tumors with ZD2-

Gd(HP-DO3A) (0.1 mmol/kg), due to competitive binding of the free peptide to EDB-FN in 

the PC3 tumors (Fig. 4C). These results suggest that molecular MRI of EDB-FN with ZD2-

Gd(HP-DO3A) can effectively and specifically differentiate high-risk prostate tumors from 

low-risk ones.

Previous reports have shown signal enhancement of pentapeptide CREKA (Cys-Arg-Glu-

Lys-Ala) targeted imaging agents specific to fibrin-FN clots in cancer imaging 24, 28, 29. 

CREKA-Gd(HP-DO3A) was synthesized by conjugating CREKA to Gd(HP-DO3A) to 

assess its potential in differential MRI of the prostate tumors and to validate the 

effectiveness of ZD2-Gd(HP-DO3A). Although CREKA-Gd(HP-DO3A) generated 

significant contrast enhancement in the periphery of both the tumors, no significant 

difference was observed in signal enhancement between the PC3 and LNCaP tumors (Fig. 

5).

T1-mapping

Quantitative T1 maps of the tumors were acquired before and at 30 min after the injection of 

ZD2-Gd(HP-DO3A) and ProHance. ZD2-Gd(HP-DO3A) resulted in the T1 decrease from 

2.75±0.05 s to 1.81±0.07 s and from 3.21±0.12 s to 2.54±0.13 s for PC3 and LNCaP tumors, 

respectively (Fig. 6A). The maps of the changes in relaxation rate (ΔR1) before and after the 

contrast agent injection revealed the highest relaxation rate change in the PC3 tumors among 
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all cases, indicating the highest accumulation of the targeted contrast agent only in the PC 

tumors (Fig. 6A and 6B). Based on the relaxivity of the contrast agents measured after 

incubation with tumor homogenates (Fig. 1F and 1G), the average calculated concentration 

was 46.7±6.2 and 20.2±2.2 μM for ZD2-Gd(HP-DO3A), and 28.5±4.9 and 32.5±6.4 μM for 

ProHance in the PC3 and LNCaP tumors, respectively. At the end of the T1 map 

acquisitions, the mice were sacrificed and the Gd3+ concentration in their tumors was 

measured by inductively coupled plasma optical emission spectrometry (ICP-OES). The 

measured Gd3+ concentration was slightly lower than (but still comparable to) the values 

obtained by the T1 mapping, possibly because of the concentration changes occurring during 

the time lag between T1 mapping and animal sacrificing. Nevertheless, ZD2-Gd(HP-DO3A) 

had significantly higher concentration in the PC3 tumors than in the LNCaP tumors and that 

of ProHance in both the tumors (Fig. 6C), further validating the targeting specificity of ZD2-

Gd(HP-DO3A) to the metastatic PC3 tumors.

In vivo chelation stability and biodistribution of the targeted contrast agent

Safety is the primary concern for clinical application of gadolinium-based MRI contrast 

agents. The release of free Gd3+ ions from contrast agents and long-term tissue retention 

may cause toxic side-effects 30, 31. Similar to ProHance, ZD2-Gd(HP-DO3A) underwent a 

rapid clearance through renal filtration with over 95% of the injected dose excreted in urine 

within 24 hours post-injection (Fig. 7A). ZD2-Gd(HP-DO3A) exhibited the same chelate 

stability as ProHance, without any significant increase in the urine concentration of these 

ions after injection, when compared to pre-injection ion concentrations (P > 0.05). The 

linear contrast agent Omniscan® resulted in a significant increase in Zn2+ concentration (P < 

0.05). ZD2-Gd(HP-DO3A) exhibited the same low tissue retention as ProHance (Fig. 7B). 

The Gd3+ concentration was below the detection limit of ICP-OES in most of the organs, 

including the brain, heart, and skin. These results suggest that ZD2-Gd(HP-DO3A) has the 

same in vivo chelate stability and minimal tissue retention as well as the same safety profile 

compared to ProHance, one of the most stable MRI contrast agents.

Discussion

Molecular imaging of the protein markers associated with tumor aggressiveness has the 

potential to provide accurate and non-invasive detection and characterization of high-risk 

tumors. Oncofetal FN subtypes, including EDB-FN, are the well-documented markers for 

EMT, which involves in cancer invasion, metastasis, and drug resistance. Their expression 

levels are inversely correlated with the survival of cancer patients. These properties of 

oncofetal FN imply its potential for cancer differential diagnosis and characterization with 

imaging. EDB-FN is highly expressed by the aggressive and androgen insensitive PC3 

prostate cancer cells, not by slow-growing and androgen sensitive LNCaP cells. The 

expression of EGFR and PSMA, the protein markers commonly investigated for prostate 

cancer imaging, did not show obvious correlation with the aggressiveness of the cell lines. 

EDB-FN seems to be a relevant and promising protein target for characterizing the 

aggressiveness of prostate cancer.
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High-resolution MR molecular imaging has the ability to detect and characterize aggressive 

tumors in the entire prostate at an early stage. However, clinical application of MR 

molecular imaging is limited by its low sensitivity. We have shown that this limitation can be 

overcome by targeting the cancer-related protein markers abundant in the ECM of aggressive 

tumors 28. Previously, we showed that molecular MRI of fibrin-FN clots was able to detect 

tumors, including micrometastasis 28, 29, 32. However, the clots were mainly formed by 

plasma FN and fibrin in the angiogenic areas of the tumor and not a specific target for 

differentiating two tumor models as shown in Fig. 5. The dynamic contrast enhanced MRI 

revealed that a sufficient amount of ZD2-Gd(HP-DO3A) rapidly bound to abundant EDB-

FN in aggressive PC3 tumors to produce strong signal enhancement within first 10 minutes 

post-injection, which was not evident in slow growing LNCaP tumors and normal tissues 

(Fig. 4). The clearance of the unbound targeted agent from the non-specific tissues gradually 

increased the CNR only in the PC3 tumors in the first 30 minutes of contrast administration. 

Differential characterization of the tumor models was also confirmed by quantitative T1 

mapping and quantification of the contrast accumulation in the tumors. The use of an excess 

of free ZD2 peptide in competitive MRI blocked the binding of the targeted agent and 

reduced tumor enhancement in the PC3 tumors, which validated its specificity to the protein 

marker. These results demonstrated the effectiveness and specificity of MR molecular 

imaging with ZD2-Gd(HP-DO3A) in detection and characterization of high-risk prostate 

cancers of high expression of EDB-FN.

In this study, a Look-Locker sequence with spiral trajectory was adopted for fast T1 mapping 
33. This sequence shortened the acquisition time to about 3 min 44 s using both Look-Locker 

sequence and M0 determination. With M0 determination done once in pre-contrast 

acquisition, a temporal resolution of 2 min 40 s with a voxel size of 0.23 × 0.23 × 1 mm3 

was achieved for post-contrast acquisition. This method is inherently more tolerant to B1 

inhomogeneity and sensitive to contrast agent induced T1 change. The concentration of the 

targeted contrast agent in the different tumors determined by the T1 mapping was 

comparable to the Gd3+ concentrations quantified by ICP-OES, which was also consistent to 

the protein expression levels revealed by the immunohistochemical staining (Fig. 3). Rapid 

T1 mapping could be a valuable imaging tool to provide a non-invasive quantitative 

measurement of the protein marker with the targeted contrast agent for quantitative 

characterization of prostate cancers.

Safety is a critical parameter for clinical application of any gadolinium based MRI contrast 

agent 34. Stability and complete excretion of the agents are essential to minimize potential 

toxic side effects 34, 35. The reported toxic side effects are generally associated with slow 

excretion and poor chelation stability against transmetallation of some of the gadolinium 

based contrast agents, mainly DTPA based linear chelates. Macrocyclic MRI contrast agents 

generally have high chelate stability and good safety profile. We selected one of the most 

stable macrocyclic clinical contrast agents, Gd(HP-DO3A), in the design of the small 

peptide targeted contrast agents 36. The targeted contrast agent possessed the same in vitro 

and in vivo chelate stability as the clinical agent and the same minimal tissue accumulation, 

Fig. 2 and Fig. 7. The results indicate that the targeted agent ZD2-Gd(HP-DO3A) could have 

the same safety profile as the clinical contrast agent.
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Because the EDB fragment is completely conserved in all mammalian species 11, 27, MR 

molecular imaging of EDB-FN with ZD2-Gd(HP-DO3A) could be readily translated into 

clinical application in human patients and implemented in the existing clinical protocols of 

contrast enhanced MRI. Strong signal enhancement was observed in high-risk tumors in first 

10 minutes post-injection before strong signal enhancement was observed in the bladder due 

to clearance of the unbound agent. This may minimize potential interference of the bladder 

signal enhancement on diagnostic imaging of the prostate. Nevertheless, the bladder 

enhancement in MRI may not be as a significant issue as in other molecular imaging 

modalities such as PET and SPECT, due to its high spatial resolution. This molecular 

imaging technology could be applied to detect, localize, and characterize high-risk tumors in 

the entire prostate after the initial PSA screening. Accurate detection, localization, and 

stratification of high-risk tumors would facilitate the earliest possible clinical interventions 

for the tumors, while sparing patients with indolent tumors from radical procedures. This 

strategy could also be used for non-invasive active surveillance of the indolent tumors. 

Further comprehensive preclinical and clinical assessment of the safety and effectiveness of 

the targeted agent contrast and MR molecular imaging is needed to warrant the clinical 

application of the imaging technology.

Conclusion

The peptide targeted contrast agent ZD2-Gd(HP-DO3A) specific to EDB-FN resulted in 

strong signal enhancement in aggressive PC3 prostate cancer and low enhancement in 

LNCaP prostate cancer in mouse models. The targeted contrast agent exhibits the same high 

in vitro and in vivo chelation stability and minimal body accumulation as a clinical contrast 

agent, which bodes well a good safety profile for clinical translation. MR molecular imaging 

with the targeted contrast agent has the promise to improve the accuracy of the detection and 

risk-stratification of high-risk prostate cancer and to minimize overdiagnosis and 

overtreatment in clinical management of the disease. In addition, EDB-FN is also highly 

expressed in other types of aggressive cancers, potentially opening up avenues for the use of 

the imaging technology in detection and differential diagnosis as well as image-guided 

therapy of a broad spectrum of cancers.

Materials and Methods

Materials and Cell culture

All reagents for chemical synthesis were purchased from Sigma Aldrich unless stated 

otherwise. PC3 and LNCaP cells were purchased from American Type Culture Collection 

(ATCC, Manassas, VA, USA) and grown in RPMI medium (Thermo Fisher Scientific, 

Waltham, MA, USA) supplemented with 10% Fetal Bovine Serum (FBS), 100 U/mL 

penicillin and 0.1 mg/mL streptomycin at 37°C in 5% CO2. To construct GFP-expressing 

cell lines, cells were transfected with lentivirus as previously reported 32. Matrigel 3D 

culture was formed following the 3D “on-top” protocol 37. Briefly, a glass-bottom plate was 

coated with a thick layer of freshly thawed matrigel (Corning Bioscience, Corning, NY, 

USA), followed by solidifying the matrigel at 37°C for 15–30 min. Cells were then plated 

onto the coated plate with medium containing 5% matrigel. The culture was maintained for 
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at least 4–6 days and then ZD2-Cy5.5 (250 nM) was added to the culture medium. After 1 h, 

cells in the 3D matrigel were imaged with confocal laser fluorescence microscopy.

Animals

Male athymic nude mice were purchased from Case Comprehensive Cancer Center 

(Cleveland, OH, USA) and housed in the Animal Core Facility at Case Western Reserve 

University. All animal experiments were performed in accordance with the animal protocol 

approved by the CWRU Institutional Animal Care and Use Committee. Athymic nude male 

mice were subcutaneously injected with 100 μL cell suspension (4×107 cells/mL) in matrigel 

matrix to initiate tumors. Mice with tumors of 5–8 mm in diameter were used for imaging 

studies.

MRI contrast agent synthesis—The ZD2 peptide sequence, TVRTSAD, was 

synthesized in solid phase using Fmoc chemistry. A short spacer, Fmoc-9-amino-4,7-

dioxanonanoic acid (Fmoc-NH-(CH2CH2O)2-CH2CH2COOH), and 5-hexynoic acid, were 

also sequentially conjugated in solid phase followed by trifluoroacetic acid (TFA) treatment, 

which yielded ZD2-PEG-propargyl. Azido-Gd(HP-DO3A) was synthesized as reported 

previously38. Click chemistry reaction between ZD2-PEG-propargyl (1 Eq) and azido-

Gd(HP-DO3A) (1.1 Eq) was performed in a 2:1 mixture of t-butanol and water under 

nitrogen following addition of [Cu(MeCN)4]PF6 (0.02 Eq) and TBTA (Tris[(1-

benzyl-1H-1,2,3-triazol-4-yl)methyl]amine, 0.02 Eq). The final product, named ZD2-

Gd(HP-DO3A), was purified by high performance liquid chromatography (HPLC) on an 

Agilent 1100 HPLC system equipped with a semi-preparative C18 column (Agilent 

Technologies, Santa Clara, CA, USA). The gradient of HPLC was 100% water for 10 min 

and 0–20% acetonitrile in water for another 20 min and 50–100% acetonitrile in water for 5 

min. The Gd3+ content was measured by inductively coupled plasma optical emission 

spectroscopy (ICP-OES Optima 3100XL, Perkin-Elmer, Norwalk, CT, USA). ZD2-Gd(HP-

DO3A) was characterized by matrix-assisted laser desorption/ionization time-of-flight 

(MALDI-TOF) mass spectrometry on a Voyager DE-STR spectrometer (PerSeptive 

BioSystems) in linear mode with R 2,5-dihydroxybenzoic acid as a matrix (M+1: 1600.2 Da; 

1601.79 Da (calc.). HPLC was used to characterize the purity of the product using the same 

gradient for production. The fibrin-FN clot targeting contrast agent, CREKA-Gd(HP-

DO3A), was synthesized with a similar approach. It was characterized by MALDI-TOF 

mass spectrometry (M+1: 1457.87 Da; 1459.56 Da (calc.)). The binding affinity of the 

contrast agent to EDB protein was measured using surface plasma resonance (SPR) 

according to a previous protocol 22. Briefly, different concentrations of the contrast agent 

were injected to a CM5 series S chip surface (GE Healthcare Life Science, Ohio, USA) 

coated with immobilized EDB proteins. Sensorgrams generated from the binding between 

contrast agents and EDB were recorded with Biacore T100 (GE healthcare, Waukesha, WI), 

and analyzed using the Scatchard plot. Affinity was calculated by fitting data into a linear 

line, with the slope of the line representing −1/Kd.

Fluorescence probe synthesis—Synthesis of the fluorescent probe, ZD2-PEG-Cy5.5 

was achieved by conjugating ZD2-PEG on resin to Cy5.5 NHS ester (Lumiprobe, 

Hallandale Beach, FL, USA), followed by TFA treatment. The product was precipitated in 
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cold ether and freeze dried and characterized by MALDI-TOF mass spectrometry (M=1: 

1473.76 Da; 1472.78 Da (calc.)). Concentration of ZD2-PEG-Cy5.5 in PBS was quantified 

by measuring the absorbance at 450 nm.

Relaxivity measurement at 7T—To accurately capture T1 maps, a fast T1 mapping 

method was developed. This accelerated multi-slice T1-mapping method combines a 

saturation recovery look-locker sequence 33, 39 and spiral k-space sampling 40. The 

microcentrifuge tubes filled with 3.12 - 50 μM ZD2-Gd(HP-DO3A) were positioned in a 

mouse coil and scanned with a T1- weighted spin echo sequence and a spiral Look-Locker 

T1-mapping sequence. Axial images were acquired. CNR values from the T1-weighted 

sequence were calculated from signal from the samples subtracting surrounding water 

signal, and divided by noise. T1 values of the samples were reconstructed by fitting signal 

change during the acquisition time to the adapted T1-relaxation curve.

In vitro transmetallation—Aqueous solutions (0.1 mL, 2 mM-Gd) of ZD2-Gd(HP-

DO3A) and ProHance were mixed with 0.9 mL human serum and incubated at room 

temperature for 2 h. The plasma mixtures were transferred to CF-10 centrifugal filters 

(molecular weight cut-off 10 KDa) and centrifuged at 4,000 rpm and 25°C for 150 min. 

During centrifugation, the solution in the upper reservoir was agitated using a pipette every 

20 min for the plasma mixtures. The content of metal ions in both the upper reservoir and 

the filtrates was determined by ICP-OES after appropriate dilution. The degree of 

transmetallation of the contrast agents with Zn2+ or Cu2+ ions in the plasma was evaluated 

using the percentage of Zn2+ or Cu2+ ions filtered through the membrane, calculated as Zn2+

(Cu2+)% = (concentration of Zn2+ or Cu2+ in the filtrates)/(total Zn2+ or Cu2+ concentration 

before centrifugal filtration) × 100. Human serum was used a control.

Quantitative PCR analysis of cancer cells—Total RNA were isolated from cells 

using RNeasy Plus Kit (Qiagen, Valencia, CA, USA) and reverse-transcribed into cDNA 

using high-capacity cDNA Transcription Kit (Applied Biosystems, Foster City, CA, USA). 

Semiquantitative real-time PCR was performed using a SYBR Green Master Mix (Life 

Technologies, Carlsbad, CA, USA). Primers used in this study were as follows: EDB: 

forward: 5′-CCTGGAGTACAATGTCAGTG-3′; reverse: 5′-
GGTGGAGCCCAGGTGACA-3′. β-actin: forward, 5′-GTTGTCGACGACGAGCG-3′; 
reverse, 5′-AGCACAGAGCCTCGCCTTT-3′. PSMA: forward, 5′-
AACTGGACCCCAGGTCTGGA-3′; reverse, 5′-GAGGATTTTATAAACCACCCGAA-3′; 
EGFR: forward, 5′-GGAGAACTGCCAGAAACTGACC-3′; reverse, 5′-
GCCTGCAGCACACTGGTTG-3′; E-cadherin: forward, 5′-
TGCCCAGAAAATGAAAAAGG-3′; reverse, 5′-GTGTATGTGGCAATGCGTTC-3′; N-

cadherin: forward, 5′-ACAGTGGCCACCTACAAAGG-3′; reverse, 5′-
CCGAGATGGGGTTGATAATG-3′; vimentin: forward, 5′-
GAGAACTTTGCCGTTGAAGC-3′; reverse, 5′-GCTTCCTGTAGGTGGCAATC-3′; Real-

time PCR were carried out on the Mastercycler realplex2 (Eppendorf, Hamburg, Germany). 

The relative mRNA expression levels were calculated using 2−ΔΔCT method, and normalized 

to the corresponding β-actin levels.
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Western blotting—Tumors and normal murine tissues were homogenized in 200–500 μL 

T-PER buffer (Thermo Fisher Scientific, Rockford, IL, USA) mixed with protease inhibitor 

cocktail (Sigma-Aldrich, St. Louis, MO, USA) and the resulting lysates were centrifuged for 

10 min at 10,000 g at 4°C. The supernatants were collected and protein content was 

determined by BCA assay (Bio-rad). Protein extracts (20 μg) were subjected to sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), followed by blotting onto 

a polyvinylidene difluoride (PVDF) membrane. The blots were washed and incubated with 

1:1000 anti-EDB-FN BC-1 antibody (Abcam, Cambridge, MA, USA). Horseradish 

peroxidase (HRP)-conjugated anti-mouse IgG antibody was used as secondary antibody. 

Anti-β-actin antibody was used as loading control. The blots were developed using the 

ChemiDoc XRS System (Bio-rad).

Ex vivo fluorescence imaging—The targeted binding of ZD2-Cy5.5 to the prostate 

tumor was assessed ex vivo using Maestro FLEX In Vivo Imaging System (Caliper Life 

Sciences, Hopkinton, MA) using a red filter set (spectral range of 630–910 nm, 1000 ms 

exposure time). ZD2-Cy5.5 (10 nmol) was administered to study the in vivo distribution of 

ZD2-based probes. At 3 h post-injection, the mice were sacrificed to image the tumors and 

the organs.

Histological analysis—After fluorescence imaging of the organs, they were embedded in 

O.C.T and sectioned at 5 μm thickness, and mounted on to glass slides. The slides were 

fixed and permeabilized with cold acetone, followed by blocking with 1% BSA for 1 hour. 

DAPI or EDB-FN specific antibody, BC-1 (Abcam, Cambridge, MA), were applied 

subsequently for staining. Unbound antibodies were washed with TBS-T (0.1%). Alexa 

Fluor 594-conjugated goat anti-mouse IgG H&L (Abcam) was used as the secondary 

antibody. Prolong Gold anti-fade solution (Invitrogen, Grand Island, NY), was used to cover 

the slides. The stained tissue sections were imaged using confocal laser scanning 

microscopy.

Contrast enhanced MRI—All MRI experiments were performed on a horizontal 7T 

Bruker scanner (Bruker Biospin Co., Billerica, MA). Imaging experiments were performed 

when the tumor size reached 5–8 mm in diameter. ZD2-Gd(HP-DO3A) was administered 

intravenously at the dose of 0.1 mmol/kg after acquiring pre-contrast images. Post-contrast 

images were obtained at 10 min interval up to 30 min. The axial slices of mouse at the tumor 

location were acquired using T1-weighted spin echo sequence with the following 

parameters: field of view (FOV): 3 cm; slice thickness: 1.2 mm; interslice distance: 1.2 mm; 

TR: 500 ms, TE: 8.1 ms; flip angle: 90°; average: 2; matrix size: 128 × 128. Contrast-to-

noise ratio (CNR) at each time point was calculated by subtraction of the average signal 

intensity in the tumor and muscle, divided by the standard deviation of image noise. 

ProHance® (gadoteridol) was used as a control in the imaging experiments.

T1 mapping—The following imaging parameters were used for T1 mapping methods: flip 

angle 10°; echo time 2.09 ms; slice thickness 1 mm; number of average 1; field of view 3 × 

3 cm2; matrix size 128 × 128. For each slice, 50 images that covered 5 s of the saturation 

recovery curve were acquired within an interval of 100 ms. Proton density (M0) images were 
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acquired with repetition time (TR) of 2s. Cartesian MRSLL images were also acquired as a 

validation of spiral MRSLL method. Center 64 k-space lines were acquired in Cartesian 

method as described previously 33. Other acquisition parameters were the same as spiral 

MRSLL.

In vivo transmetallation—Balb/c mice (Charles River Laboratories, Wilmington, MA, 

USA) were randomly divided into groups of ZD2-Gd(HP-DO3A) and ProHance (n = 5) and 

placed in the metabolism cages, 48 hours prior to injection. After acclimatization, the mice 

were injected with either ZD2-Gd(HP-DO3A) or ProHance at a dose of 0.1 mmol-Gd/kg via 

tail vein. Urine samples were collected at 12 h pre-injection, and then 8, 24, 48, and 72 h 

post-injection from the metabolic box. The collected urine samples were centrifuged at 

4,000 rpm for 15 min. The concentration of Gd3+, Zn2+, Cu2+, and Ca2+ in the supernatant 

of the urine samples was determined by ICP-OES after appropriate dilutions.

Biodistribution—PC3 tumor-bearing athymic nude mice (sixteen mice) were randomly 

divided into 4 groups (four mice each group). Then two of the groups were injected with 

either ZD2-Gd(HP-DO3A) or ProHance at a dose of 0.1 mmol-Gd/kg via tail vein. The 

animals were sacrificed at 2 and 7 days after injection. The blood and tissue samples, 

including brain, femur, heart, lung, liver, muscle, spleen, and kidney, were collected and 

weighed. The tissue samples were then cut into small pieces and mixed with ultra-pure nitric 

acid (1.0 mL, 70%, EMD, Gibbstown, NJ). The tissue samples were liquefied within 2 

weeks and the solution was transferred to a centrifuge tube and centrifuged at 14,000 rpm 

for 15 min. The supernatant (0.2 mL) was diluted with 9.8 mL deionized water and further 

centrifuged at 14,000 rpm for 15 min. The Gd3+ concentration in the final supernatant was 

measured by ICP-OES. The average Gd3+ content in each organ or tissue was calculated 

from the measured Gd3+. In addition, 8 LNCaP tumor-bearing mice were also tested with 

similar injections of ZD2-Gd(HP-DO3A) and ProHance (n = 4). The Gd3+ content in 

different organ/tissues was calculated as the percentage of injected dose per gram of organ/

tissues (% Dose/g).
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Abbreviations

BCA assay bicinchoninic acid assay

CNR contrast-to-noise ratio

EDB-FN extradomain-B fibronectin

EGFR epidermal growth factor receptor

EMT epithelial-to-mesenchymal transition

HPLC high-performance liquid chromatography
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HRP horseradish peroxidase

IHC immunohistochemistry

MALDI-TOFmatrix-assisted laser desorption/ionization time-of-flight mass spectrometry

MRI magnetic resonance imaging

PSA prostate specific antigen

PSMA prostate-specific membrane antigen

PVDF polyvinylidene difluoride

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

SPR surface plasma resonance
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Figure 1. Synthesis and characterization of ZD2-Gd(HP-DO3A)
A, synthesis route of ZD2-Gd(HP-DO3A). Briefly, ZD2 peptide was synthesized (yielding 

compound 1) and conjugated with Fmoc-NH-(CH2CH2O)2-CH2CH2COOH (yielding 

compound 2) and 5-hexynoic acid (yielding compound 3) in solid phase. Compounds 3 and 

4 were reacted using click chemistry to produce ZD2-Gd(HP-DO3A). B, MALDI-TOF mass 

spectrum (detected molecular weight: 1600.2 Da; calculated molecular weight: 1601.79 Da) 

of ZD2-Gd(HP-DO3A). C, reversed-phase high performance liquid chromatography (RP-

HPLC) analysis of ZD2-Gd(HP-DO3A). D, sensorgram measured by surface plasma 

resonance (SPR) analysis of varying concentrations of ZD2-Gd(DO3A). E, Plot of response/

concentration versus response for the sensorgram shown in (c) yields the binding affinity of 

1.7 μM for ZD2-Gd(HP-DO3A) to EDB protein (organ trend line). Data that represents a 

weak binding site was also shown (blue trend line). F, Plot of 1/T1 measured by T1 mapping 

in phantom containing increasing concentration of ZD2-Gd(HP-DO3A) (abbreviated as 

ZD2) in PC3 tumor lysates. G, Plot of 1/T1 measured by T1 mapping in phantom containing 

increasing concentration of ProHance (abbreviated as Pro.) in PC3 tumor lysates. Fitting of 

the data yielded r1 relaxivities of 4.12 mM−1s−1 for ZD2-Gd(HP-DO3A) and 3.17 mM−1s−1 

for ProHance.

Han et al. Page 16

Bioconjug Chem. Author manuscript; available in PMC 2018 August 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. In vitro complexation stability and transmetallation analysis of ZD2-Gd(HP-DO3A)
A, relative Gd3+ content of ZD2-Gd(HP-DO3A) assayed during 200-min incubation of the 

agent in phosphate buffer saline (PBS) with and without Cu2+, Ca2+, or Zn2+ ions. No 

decrease in Gd3+ content was observed, demonstrating high chelate stability. B, In vitro 
transmetallation analysis of MultiHance, OmniScan, ProHance (abbreviated as Pro.), and 

ZD2-Gd(HP-DO3A) (abbreviated as ZD2) in mouse serum.
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Figure 3. Upregulated EDB-FN is a promising biomarker for high-risk prostate cancer
A, comparison of the relative mRNA expression of prostate cancer biomarkers, including 

EDB-FN (EDB), Vimentin, E-Cadherin (E-Cad), N-Cadherin (N-Cad), epidermal growth 

factor receptor (EGFR), and prostate-specific membrane antigen (PSMA) between PC3 and 

LNCaP cells (n = 3, unpaired two-tailed t-test, *: P<0.05, **: P<0.01, ***: P<0.001). All 

gene expression was normalized to β-actin mRNA levels. B, western blot analysis of EDB-

FN expression in PC3 and LNCaP tumors. Actin expression was used as a loading control. 

C, representative phase contrast images of LNCaP and PC3 cells grown in 3D matrigel. 

Scale bar: 40 μm. D, representative fluorescence images of 3D cultures of LNCaP and PC3 

cells incubated with 250 nM ZD2-Cy5.5, using confocal microscopy. Colors: green, GFP; 

red: ZD2-Cy5.5. Inset: enlarged image of the 3D spheres. E, ex vivo fluorescent Cy5.5 and 

bright field (BF) images of tumors and organs from PC3 and LNCaP mouse models, at 3 h 

post-injection of 10 nmol ZD2-Cy5.5. Numbers denote: 1, lung; 2, tumor; 3, spleen; 4, 

muscle; 5, brain; 6, heart; 7, kidney; 8, liver. F, confocal fluorescence microscopy images of 

PC3 and LNCaP tumor sections stained with ZD2-Cy5.5 and anti-EDB-FN antibody. 

Colors: blue, DAPI; red, ZD2-Cy5.5; yellow, EDB-FN. Overlay: addition of DAPI, ZD2-

Cy5.5, and EDB-FN channels. Scale bar: 20 μm. G, immunohistochemical (IHC) staining 

for EDB-FN and H&E staining on PC3 and LNCaP tumor sections. The brown color in IHC 

staining indicates EDB-FN distribution only in PC3 but not in the LNCaP sections. Scale 

bar: 20 μm.
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Figure 4. The EDB-FN targeting contrast agent, ZD2-Gd(HP-DO3A), is capable of 
differentiating between PC3 and LNCaP tumors in T1-weighted MRI
A, plot of 1/T1 value versus concentration of ZD2-Gd(HP-DO3A) for calculating r1 

relaxivity in PBS at 7T. Inset: T1 color-coded maps of phantoms containing ZD2-Gd(HP-

DO3A) solution at different concentrations. Numbers close to each phantom denote: 1, 50 

μM; 2, 25 μM; 3, 12.5 μM; 4, 6.25 μM; 5, 3.12 μM. B, Axial MRI images of PC3 and 

LNCaP tumor models at the indicated tumor positions acquired with a T1-weighted 

sequence. Images of mice at pre-contrast (abbreviated as pre) and at 10 min, 20 min, and 30 

min post-injection are shown. The names of the contrast agents are abbreviated as: ZD2, 

ZD2-Gd(HP-DO3A); Pro., ProHance. Competitive: injection of 0.1 mmol/kg ZD2-Gd(HP-

DO3A) mixed with 0.5 mmol/kg ZD2 peptide in mice with PC3 tumors. C, change in 

contrast-to-noise ratio of tumors in the experiments shown in B. Data represent the mean

±s.e.m. of 5 mice in all experimental groups except for the competitive group (n = 3) 

(unpaired two-tailed t-test: P<0.05 for comparison of ZD2-PC3 vs. all other groups at 10 

min, 20 min and 30 min). Legends: ZD2-PC3, PC3 tumor model injected with ZD2-Gd(HP-

DO3A); ZD2-LNCaP, LNCaP tumor model injected with ZD2-Gd(HP-DO3A); Pro.-PC3, 

PC3 tumor model injected with ProHance; Pro.-LNCaP, LNCaP tumor model injected with 

ProHance.

Han et al. Page 19

Bioconjug Chem. Author manuscript; available in PMC 2018 August 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Contrast enhanced MRI with CREKA-Gd(HP-DO3A) in the PC3 and LNCaP tumors
A, axial images of PC3 and LNCaP tumor locations. B, quantification of the change in CNR 

in the PC3 and LNCaP tumors up to 30 min after CREKA-Gd(HP-DO3A) injection. No 

significant difference was seen between the two groups.
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Figure 6. T1 maps and accumulation of ZD2-Gd(HP-DO3A) validate its specific binding in PC3 
tumors
A, T1 and ΔR1 maps showing the tumor T1 and ΔR1 values in PC3 or LNCaP tumor models 

injected with ZD2-Gd(HP-DO3A) (abbreviated as ZD2) or ProHance (abbreviated as Pro.) 

at pre-contrast (pre) or 30 min post-injection. Images are displayed as overlays of tumor 

color-coded maps and axial T1-weighted images. B, quantification of average ΔR1 after 

contrast injection in the groups shown in A (n = 4; *, P < 0.05, **, P < 0.01). C, comparison 

of contrast agent accumulation in the tumors, as measured by ICP-OES at 30 min after 

contrast agent injection (unpaired two-tailed t-test: n = 4; *, P < 0.05; NS: not significant).
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Figure 7. In vivo transmetallation and biodistribution of MRI contrast agents after intravenous 
administration
A, Gd3+ content in urine before and at 8 h and 24 h after ZD2-Gd(HP-DO3A), ProHance, 

MultiHance, or OmniScan injections. B, Gd biodistribution in mouse tissues at 1 week after 

injection of ZD2-Gd(HP-DO3A) (n = 4) or ProHance (n = 3). Gd3+ content is represented as 

the ratio of dose injected to the weight of the tissue. Inset: biodistribution data shown with a 

shorter-scale on the Y-axis. No significant difference was seen between the two groups.
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