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Abstract

During cancer progression, the extracellular matrix (ECM) undergoes dramatic changes, which 

promote cancer cell migration and invasion. In the remodeled tumor ECM, fibronectin (FN) level 

is upregulated to assist tumor growth, progression, and invasion. FN serves as a central organizer 

of ECM molecules and mediates the crosstalk between the tumor microenvironment and cancer 

cells. Its upregulation is correlated with angiogenesis, cancer progression, metastasis, and drug 

resistance. A number of FN-targeting ligands have been developed for cancer imaging and therapy. 

Thus far, FN-targeting imaging agents have been tested for nuclear imaging, MRI, and 

fluorescence imaging, for tumor detection and localization. FN-targeting therapeutics, including 

nuclear medicine, chemotherapy drugs, cytokines, and photothermal moieties, were also developed 

in cancer therapy. Because of the prevalence of FN overexpression in cancer, FN targeting imaging 

agents and therapeutics have the promise of broad applications in the diagnosis, treatment, and 

image-guided interventions of many types of cancers. This review will summarize current 

understanding on the role of FN in cancer, discuss the design and development of FN-targeting 

agents, and highlight the applications of these FN-targeting agents in cancer imaging and therapy.

Graphical Abstract

Introduction

Cancer is a genetic disease and stems from gene mutation within normal cells. Based on this 

notion, the strategies in designing cancer imaging agents and therapeutics generally have 

been focused on targeting the cancer related molecular signatures existing either 
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intracellularly or on cell surface. However, it has been increasingly recognized that tumor 

microenvironment is a key determinant for cancer survival and progression. The 

extracellular matrix (ECM) of cancer is highly remodeled with a dramatic change in 

biochemical and physical properties. This change is accompanied by tumor-permissive 

immunological surroundings and recruitment of a plethora of stromal cells, including 

cancer-associated fibroblasts (CAFs), endothelial cells, macrophages, etc.1 Cancer cells in 

the aggressive primary site are adept at exploiting the remodeled tumor microenvironment 

for outgrowth and invasion2. Among the tumor microenvironmental cues investigated, FN 

stands as one of the lead cancer-related extracellular biomolecules. As an abundant molecule 

in ECM, FN takes part in a variety of processes that promote cancer cell progression, by 

interacting with cells and other ECM molecules. Over the past two decades, the role of FN 

in cancer has been recognized and FN-targeting strategies have been devised as promising 

cancer imaging and therapy approaches 3, 4. In this article, we provide an overview of the 

interaction of FN with cancer cells and other ECM molecules, how this interaction correlates 

to cancer malignancy, and FN-targeting strategies in cancer imaging and therapy, 

highlighting their application in different types of cancers.

1. Upregulated fibronectin is a cancer marker

1.1 Fibronectin as an extracellular matrix molecule in tumor microenvironment

FN is an abundant, high-molecular-weight, adhesive glycoprotein that exists in the ECM or 

body fluids5. FN takes the form of dimers, joined by a pair of disulfide bonds in the 

carboxylic termini, the structure of which is illustrated in Figure 1. Each monomer of FN 

consists of three types of homologous repeats termed as type I, II and III domains. Although 

FN is encoded by a single gene, alternative splicing of pre-mRNA and posttranslational 

modifications result in the formation of cell- and tissue-specific FN isoforms. Splicing 

occurs at three sites, including the site located between III11 and III12 with the insertion of 

extradomain A (EDA), the site located between III7 and III8 with the insertion of 

extradomain B (EDB), and various portions of the IIICS domain between III14 and III15 

(Figure 1). Splicing events result in two main FN types, soluble and insoluble FNs. Soluble 

FN, also called plasma fibronectin (pFN), is produced by hepatocytes and distributes in 

plasma (~300 μg/mL) and other body fluids5. Extradomains are usually absent in soluble 

fibronectin. Insoluble FNs, on the other hand, are synthesized by a variety of cell types, 

including fibroblasts, muscle cells, endothelial cells, and cancer cells. It is the product of 

fibrillorgenesis, i.e. polymerization of FNs, which provides a multi-dimensional platform 

that interacts with other ECM molecules and cell surface receptors6.

Two FN isoforms generated by splicing in type III repeats are termed as extradomain-A 

fibronectin (EDA-FN) and extradomain-B fibronectin (EDB-FN). EDA- and EDB-FN are 

the most investigated FN isoforms for tumor-targeting strategies. EDA- and EDB-FN are 

expressed during embryogenesis, but their expressions are highly conservative in adult tissue 

except in wound healing and cancer, because of which they are called “oncofetal” 

fibronectins7. Single EDA- or EDB-FN null mice show fairly normal development but mice 

lacking both FN isoforms show vascular defects that results in embryonic lethality8–10.

Han and Lu Page 2

J Mater Chem B Mater Biol Med. Author manuscript; available in PMC 2018 January 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FN plays an important role as a coordinator between ECM and cancer cells in tumor, and its 

upregulation facilitates cancer cell survival, proliferation, and invasion11. FN is a well-

established hallmark of epithelial-to-mesenchymal transition (EMT). EMT transforms 

cancer cells with more stem-cell-like phenotype12, which frequently occur in the invasive 

front of aggressive tumors13 (Figure 2A). Cancer cells that undergo EMT upregulate FN 

along with other ECM molecules that constitute the remodeled ECM. Interestingly, secreted 

FN further stimulate EMT, for example, by sensitizing cancers to TGFβ induction, and 

trigger a variety of signaling pathways that in turn upregulate FN expression14, 15 (Figure 

2B). This feedback loop once again reflects a close alliance of FN and cancer cells. As 

previously mentioned, insoluble FNs are formed as a result of fibrillorgenesis, which is 

mediated by integrin clustering11 (Figure 2B). It is well known that the RGD sequence on 

fibronectin III10 is responsible for binding cell-surface integrins16. However, RGD motif 

alone showed a much lower affinity to its targets than larger protein fragments of FN or 

intact protein. The vicinity structure of RGD, e.g. PHSRN sequence in III9 domain, also 

contributes to the binding16, 17. Considering that insoluble FNs distinguish themselves from 

soluble FN by extradomains, it is natural to reason that these extradomains play 

indispensable role in fibrillorgenesis and the enhanced interaction between FN and cancer 

cells. It is suggested that the extradomain insertion in type III repeats results in a 

conformational change within FN that stabilizes head to tail dimerization of separate FN 

chains, which further links to FN matrix assembly18. Although the extradomain insertion 

does not alter integrin-binding sites, the change in conformation exposes a pair of these sites 

on the same face of the macromolecules, facilitating its interaction with multiple receptors 

on the cell surface17, 19. This also enhances clustering of integrins, coupled to 

fibrillorgenesis and a series of intracellular signaling events11, 19 (Figure 2B). Evidences 

indicate that the insertion of EDA domain may increase RGD exposure to integrins, 

resulting in enhanced interaction with cancer cells20, 21. Meanwhile, EDA domain itself also 

binds to α9β1 or α4β1 integrins22. In terms of EDB-FN, although the receptor of EDB 

domain on cancer cell remains elusive, it is known that adhesion of EDB domain to cancer 

cell induces tyrosine phosphorylation of focal adhesion proteins, followed by activation of 

FAK tyrosine phosphorylation pathways23.

FN also serves as a scaffold that provides binding sites for a variety of ECM molecules, thus 

making it a central organizer of ECM (Figure 2B). One of the ECM molecules directly 

coupled to FN is fibrin. Fibronectin, specifically plasma fibronectin (pFN), is covalently 

linked to fibrin24. Crosslinking of FN with fibrin is a key event in clot formation. In the 

setting of cancer, even though pFN is reported to have no clinical correlation with 

cancer25, 26, the presence of fibrin-fibronectin complexes (FibFN) is a characteristic of 

malignant cancers27. A study showed that pFN-deficiency was associated with decreased 

metastasis in the lung, indicating a pro-metastatic effect of blood clotting in vivo28. Further, 

thrombin antagonist hiridin would impair lung metastasis through inhibition of platelet 

activation and fibrin formation. It is suggested that this impact of FibFN complex on 

metastases is mediated through fibronectin-αvβ3 integrin interaction, which is absent with 

sole existence of pFN. However, FibFN had no effect on tumor cell growth and initial tumor 

cell arrest, suggesting its primary role in clotted plasma to assist in cell extravasation28.
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Other ECM molecules actively involved in ECM remodeling include collagen and matrix 

metalloproteinases (MMPs). Collagen is the most abundant protein in mammals, and is 

prominently overexpressed in cancer29, 30. Recent studies reported the inductive function of 

FN in collagen deposition and architecture regulation30–32. Accordingly, inhibition of FN 

matrix assembly would lead to abnormal collagen expression6. MMPs are essential for peri-

tumor tissue degradation and cancer cell migration. Studies indicated a role of EDA-FN in 

promoting expression of certain MMPs33, 34. In return, MMPs also regulates FN matrix 

assembly since FN is also a substrate of MMPs35. Even though formation of FN fibrils plays 

a central role in interacting with cells and other ECM molecules, cell migration is facilitated 

by a regulated degradation of those fibrils. It is suggested that MT1-MMP degrades FN 

fibrils and degraded FN is endocytosed with the aid of β1 integrin36 (Figure 2B). Thus, 

under FN regulation, these molecules work in concert to form a unique tumor 

microenvironment to promote tumor cell migration and invasion.

In addition to interacting with cancer cells, FN, especially EDB-FN, is thought to be 

involved in regulation of endothelial cells. EDB-FN has been recognized as a biomarker for 

angiogenesis, the sprouting of new blood vessel from preexisting ones 37. By providing 

oxygen and nutrition to the tumor mass, angiogenesis takes a pivotal part in sustained tumor 

growth in the primary site, and initiation of new metastasis in distant organs. It has been 

shown that EDB-FN excreted by cancer cells is able to induce endothelin-1 (ET-1) 

expression in endothelial cells, which promotes angiogenesis37 (Figure 2B). In turn, EDB-

FN upregulation in cancer and endothelial cells is stimulated by ET-138. This feedback loop 

augments angiogenesis and cancer progression37. Due to this reason, anti-angiogenic 

therapy based on silencing EDB-FN expression was developed, which can potentially be 

used to undermine tumor blood vessel formation39.

1.2 Fibronectin upregulation correlates to cancer malignancy

Clinical evidences indicate that FN, especially onfFN, is overexpressed in various cancer 

types, including breast cancer30, 40, prostate cancer41, 42, bladder cancer43, oral squamous 

cell carcinoma44, head and neck squamous cell carcinoma45, colorectal cancer7, and lung 

cancer46. Thus, FN may serve as an omnipresent biomarker regardless of the origins of 

cancer cells. More importantly, upregulated FN expression is correlated with poor prognosis 

of the patients. For instance, in studying oral squamous cell carcinoma, Lyons et al. reported 

that strong onfFN expression was seen in 63% and 81% of cases with cervical metastases 

and extracapsular lymph node spread, respectively44. In another study, Young et al. 
evaluated FN expression in invasive breast cancer tissue and a significant correlation was 

found between FN expression and pathologic tumor stage, pathologic lymph node stage, and 

histologic grade40. A worse survival was also found for the patients with FN expression 

higher than those with negative expression of FN. Additionally, in a recent study, EDA-FN 

in urine was demonstrated to be a significant discriminator of bladder cancer patient 

survival43. All these evidences point towards the value of FN as a biomarker that relates to 

cancer malignancy and patient survival.

Metastasis, the spread of cells from the primary site of a solid tumor to distant sites, remains 

the major cause of cancer mortality47. Cancer metastasis is a multi-stage process that 

Han and Lu Page 4

J Mater Chem B Mater Biol Med. Author manuscript; available in PMC 2018 January 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



includes tumor cells escaping from main tumor mass, invading into blood and lymph system, 

surviving in circulation, extravasation, and colonization into secondary organs. Metastasis 

has an early onset in aggressive cancer type, and may occur before the formation of large 

solid tumors48. Disseminated cells are also responsible for recurrence years after dissection 

of the primary solid tumor49. EMT has been thought to play an important role in cancer 

metastasis12. During EMT, epithelial cells undergo a transition from a cell-cell contact to a 

cell-ECM interaction50, 51, allowing mesenchymal cells to reach and squeeze through vessel 

wall and spread (Figure 2A). In metastatic sites, FN upregulation is one of the earliest events 

following cancer cell engraftment (Figure 2C). It has been proposed that disseminated 

cancer cells and metastatic niche in distant organs function in a “seed and soil” manner52. 

This concept is introduced that disseminated tumor cells relies on a receptive 

microenvironment for outgrowth. Failure of cancer cells to engraft in a hospitable 

environment would result in tumor sluggish growth or dormancy (Figure 2C). FN 

overexpression is a common event in metastatic niche53, 54. Surprisingly, this upregulation is 

found to precede secondary tumor engraftment55. FN at metastatic niche can trace back to 

primary tumors, implying that primary tumor secretes FN as a way to prime certain tissues 

for tumor engraftment56 (Figure 2C). On the other hand, the lack of FN in metastatic niche 

would lead to decreased metastases formation (Figure 2C). For example, a recent study 

demonstrated that silencing EDA-FN reduced metastasis of colon cancer cells57. In 

companion with EMT, mesenchymal-to-epithelial transition (MET) is also crucial for 

metastasis formation. While EMT helps the cancer cells to invade into blood vessel, 

suppress immune response, and going through extravasation, MET helps in sustained growth 

of cancer cells in later stage58, 59. However, MET doesn’t disqualify FN as a biomarker of 

cancer metastasis since sustained growth of new solid tumor requires angiogenesis to satisfy 

its nutrition need. As discussed in previous sections, EDB-FN is a well-known marker for 

angiogenesis. Together, the upregulation of FN can serve as a marker for localizing cancer 

metastases.

Cancer drug resistance imposes a major challenge to cancer therapy. It is believed that the 

generation of cancer stem cells (CSCs), primarily through EMT, is essentially responsible 

for drug resistance60. This endows cancer cells to go through adaptive changes so that they 

can survive from anticancer therapeutics, including radiation and chemotherapy. Hence, as 

an EMT marker, FN content can serve as a predictive marker of cancer resistance. High FN 

expression, as linked to EMT, coincides with loss of epithelial targets such as EGFR and 

HER2, and emergence of mesenchymal markers60. Targeted chemotherapy against these 

epithelial targets would exert modest or no therapeutic effects in this case. It is also indicated 

that FN confers drug resistance through protecting cells from apoptosis by activating a 

number of intracellular signaling pathways61–63. The contribution of β1-intergrin mediated 

signaling pathway to drug resistance implies the importance of FN-integrin interaction in 

protecting cancer from chemotherapy64. Since FN isoforms, such as EDA- and EDB-FN 

enhance the FN-integrin interaction, the existence of FN isoforms may compromise the 

efficacy of chemotherapy and radiation therapy65. Indeed, it has been demonstrated that the 

use of certain chemotherapy drugs, for example Cetuximab, could induce fibronectin 

biosynthesis, which in turn attenuates its cytotoxicity66. In another study, cDNA microarray 

analysis indicated that the fibronectin-encoding gene, FN1, could be a predictive marker for 
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resistance to radiation therapy in head and neck squamous cancer67. Inspired by this, 

attempts have been done to counteract this resistance by suppressing EDA-FN expression or 

function68, 69, which enhances cancer radiosensitivity both in vivo and in vitro. Together, the 

correlation of FN with cancer resistance may provide a new avenue for predicting therapy 

response—a crucial step towards personalized therapy.

Understanding the role of FN in cancer is certainly helpful in the design of novel approaches 

for cancer diagnosis and therapy. Imaging of FN enables the non-invasive detection of 

cancer-related processes, such as angiogenesis, EMT, metastasis, and cancer resistance, 

permitting the accurate detection, diagnosis, risk-management of tumors, and non-invasive 

assessment of therapeutic responses. Therapies directed towards FN can be used for delivery 

of cytotoxic drugs, cytokines, radioisotopes, and etc. to malignant sites. A novel class of 

cancer therapeutics can also be developed to reverse FN’s tumor-promoting functions by 

downregulating FN expression, therefore disrupting a number of cancer-promoting 

processes, such as suffocating oxygen and nutrient supply to tumor through inhibiting 

angiogenesis, disrupting EMT, and degrading pre-metastatic niche to suppress metastasis. In 

the following section, we will summarize the advances in developing FN-targeting imaging 

probes and therapeutic agents and their application in cancer diagnosis and treatment.

2. Targeting Fibronectin for Cancer Imaging

2.1 Upregulated fibronectin as a marker for cancer molecular imaging

In cancer diagnosis, accurate detection, localization, delineation, and risk-stratification of 

tumors are critical for clinical cancer management and treatment. Cancer diagnostic imaging 

set force to provide a non-invasive method to fulfill these needs. Cancer diagnostic imaging 

has seen rapid advances with the evolution of imaging technologies in resolution, speed, and 

sensitivity70. Nevertheless, conventional anatomic imaging methods only rely on 

morphologic properties or changes for cancer diagnosis. Imaging of the molecular signatures 

of cancer has the ability to provide biochemical information for more accurate 

characterization and diagnosis. Substantial progresses have been made in developing 

contrast agents and probes for molecular imaging of cancer biomarkers and elucidating 

cellular or subcellular events non-invasively70.

Biopsy is currently the gold-standard method for cancer detection and risk-stratification. But 

biopsy only examines limited sample regions in possible disease sites. Taking prostate 

cancer for example, even though saturation biopsy is used routinely for prostate cancer 

evaluation, the overall sensitivity and specificity with prostate biopsy are still very low, 

approximately 32% and 51%, respectively71, 72. In addition, as an invasive approach, biopsy 

is associated with bleeding, pain, anxiety, possible infections, and other unintended side 

effects. Molecular imaging is a non-invasive approach that can probe biomarker expression 

related to the tumor malignancy throughout the entire regions of interest. Therefore, 

molecular imaging can provide more accurate detection and diagnosis of cancer based on 

complete characterization of the biomarker expression, facilitating decision-making in the 

intervention and management of the disease.
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FN has been tested as a biomarker for molecular imaging. Its abundant expression in the 

ECM of malignant cancer presents excellent accessibility of imaging probes to the 

molecular target for effective molecular imaging. Antibodies and peptides have been 

developed to target FN and its isoforms.

Table 1 summarizes some of the reported targeting ligands and their applications in cancer 

imaging and therapy. Majority of these ligands have been developed to target onfFN because 

of specific high expression of the biomarker in cancer.

Antibodies for onfFN isoforms were reported in early 1990s. EDB-FN targeting antibodies, 

such as BC-1, are generated by mice immunization with EDB-FN107, 108. Their epitopes are 

on another FNIII domain unmasked by EDB insertion109. Phage display against bacteria 

expressed EDB protein from human scFv antibody library resulted in another EDB-specific 

antibody, named L19110. Several forms of antibodies containing the variable region of 

L19(scFv) were later derived, including L19(scFv)2, L19SIP (SIP: small immunoprotein), 

AP39 (complete IgG1)111, and L19-His. L19SIP shows a better plasma stability, 

pharmacokinetics, and tumor accumulation (2–5 times increase over L19(scFv))111, and has 

been frequently used to construct imaging or therapeutic agents. AP39 and L19(scFv)2 have 

also been labeled with radionuclide for imaging or therapy purposes111. An antibody scFv 

named F8 against EDA-FN, identified using colony filtering screening, has also been tested 

for cancer targeting112.

Small peptides have been identified to target onfFN and FibFN in cancer. Small peptides are 

advantageous in low immunogenicity, versatility in chemical modification, and cost-effective 

production as compared to antibodies. Small peptides also possess rapid extravasation and 

high tissue penetrating ability in tumor targeting113. This enables them to target not only 

vascular FN, but also FN matrix surrounding cancer cells. An EDB binding scaffold-like 

peptide, APTEDB, is devised with phage display technology114. APTEDB consists of a 

stabilizing scaffold and two target-binding regions. Taking advantage of the three-

dimensional structure for optimal binding, APTEDB exhibited a high binding affinity (65 

nM) to EDB protein. A small cyclic nonapeptide ZD2 of the sequence of CTVRTSADC was 

recently identified using peptide phage display to target EDB. This peptide demonstrated 

excellent specific targeting to tumor in vivo101. Another class of FN-targeting ligands is the 

peptides that target fibronectin-fibrin complexes. Cyclic peptides, CGLIIQKNEC (CLT1) 

and CNAGESSKNC (CLT2), and pentapeptide CREKA identified from phage display 

exhibit specific binding to FibFN in tumor stroma115.

These targeting agents have been used in the preparation of imaging agents targeting FN and 

its isoforms for cancer imaging. The effectiveness of the agents has been demonstrated in 

various tumor models. Some of the agents have been tested in human patients. Recent 

advances in molecular imaging of FN and onfFN are highlighted in the following section.

2.2 Nuclear imaging

Nuclear imaging is a highly sensitive molecular imaging modality and provides detection, 

localization, and quantification of biomarkers in cancer imaging. Radioisotopes labeled with 

targeting ligands are commonly used as probes in nuclear imaging. Images of biomarker 
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localization are acquired by recording the γ-rays emitted from the radionuclides of the 

imaging probes on gamma cameras. Depending on dimensions of acquired image, nuclear 

imaging can be classified into gamma-ray scintigraphy, which produces two-dimensional 

images, and single-photon emission computed tomography (SPECT) and positron emission 

tomography (PET), which produce three-dimensional images.

The probes for nuclear imaging are often developed by chemical coupling of γ-ray emitting 

radionuclides with a short half-life to targeting ligands. The pharmacokinetics of the 

targeting agents and radionuclide half-lives should be considered in the design of the 

imaging probes for optimal detecting sensitivity. Antibodies with a larger size possess a 

relatively long pharmacokinetic half-life. A longer time is needed for the clearance of the 

antibodies from the circulation and background tissues for effective image contrast. In this 

case, radioisotopes with long half-lives, such as 99mTc, 123I, 76Br, 124I with t1/2 = 6, 13, 16.2 

h, and 4.18 d, respectively, are often coupled with antibodies. Small peptides normally 

exhibit relatively fast target binding and accumulation, and fast clearance from the 

circulation and background tissue. Therefore, the pharmacokinetic half-life of peptides, 

rather than the radionuclide half-life, is a major factor in the design of peptide radioisotope 

probes.

The potential of molecular imaging of EDB-FN with a radioactive probe in cancer imaging 

was first demonstrated with BC-1 antibody88. BC-1 antibody was labeled with 99mTc for 

gamma scintigraphy and SPECT88. The preliminary study of the probe 99mTc-BC-1 in 5 

brain cancer patients showed specific tumor uptake and very low nonspecific uptake in the 

bone marrow, liver and spleen. The probe provided a more accurate tumor detection than 

nonspecific indicator, 99mTc-DTPA, and its tumor uptake strongly correlated with specific 

oncofetal fibronectin expression.

Significant progress has been made on molecular imaging of EDB-FN using L19 antibody 

and its derivatives. In a clinical study, L19(scFv)2 antibody labeled with 123I, 123I-

L19(scFv)2, was tested in detecting multiple cancers, including brain, lung and colorectal 

cancer with immunoscintigraphy73. Sixteen out of 20 patients injected with 123I-L19(scFv)2 

showed positive cancer detection, while the 4 patients with negative scans had tumors that 

did not express EDB-FN. In another study, the L19(scFv) variant, AP39, was labeled 

with 99mTc for imaging F9 teratocarcinoma. 99mTc-AP39 showed favorable 

pharmacokinetic and tumor-targeting properties with low radioactivity in the blood. The 

probe also demonstrated rapid renal excretion and high in vivo stability84. L19SIP was also 

labeled with 76Br for a small animal PET imaging86. Although this probe demonstrated fast 

and specific tumor targeting, a major concern arose due to the slow renal clearance of this 

probe. Persistent radioactivity in blood and stomach suggests partial 76Br-L19SIP 

debromination in vivo, which led to lower target to non-target ratios. Later, 124I-L19SIP was 

synthesized and tested for PET tumor imaging in a FaDu head and neck cancer model, in 

which a clear delineation of tumors as small as 50 mm3 was achieved79. Due to similar 

pharmacokinetics of 124I-L19SIP and 131I-L19SIP, PET with 124I-L19SIP was used to 

predict proper dose of 131I-L19SIP for immunotherapy in patients with brain metastasis to 

achieve the optimal delivery of radiation to the tumor while minimizing burden to the dose-

limiting organs (bone red marrow and normal brain)80. More recently, 131I-L19SIP was 
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tested in a prostate cancer patient with 2D-scintigraphy, as highlighted in Figure 3. A 

selective update of 131I-L19SIP was seen in metastatic prostate tumors, indicating EDB-FN 

as a promising target in prostate cancer82.

There has been no report on using FN-targeting peptides for PET or SPECT detection of 

cancer. Small peptides are advantages over antibodies due to their rapid tumor accumulation 

and fast clearance in circulation and background. In this regard, high tumor-to-background 

ratio at earlier time points after injection can be achieved in nuclear imaging using 

radiolabeled peptides. Thus far, several small peptides have been conjugated to paramagnetic 

chelates to develop targeted MRI contrast agents90–92 (see later). In fact, the peptide ligand 

conjugates can be readily radiolabeled with radioisotopes, such 

as 55Co, 64Cu, 67Cu, 47Sc, 68Ga, 99mTc, and etc., for PET or SPECT imaging. In addition, 

these peptides can also be labeled with 18F for PET116, 117.

2.3 Magnetic resonance imaging

Magnetic resonance imaging (MRI) offers higher spatial resolution images of soft tissues 

and presents no ionizing radiation to patients. The challenge with MRI is its inherently low 

sensitivity in molecular imaging. However, effective MR molecular imaging of cancer can 

still be achieved by targeting highly upregulated FN in tumor ECM, which will allow 

specific binding of sufficient targeted contrast agents to generate detectable MR signal. 

Despite the success of nuclear imaging using EDB-FN targeting antibodies, antibodies with 

large size may not be suitable for targeted MRI contrast agents, especially for gadolinium-

based contrast agents, because they cannot be rapidly excreted after the diagnostic imaging, 

exposing patients to potential toxic effects. In contrast, small molecular targeted contrast 

agents developed with small peptides are desired due to their rapid extravasation and 

accumulation in tumor tissues, and fast clearance of unbound agent from the circulation.

Small peptide targeted MRI contrast agents have been constructed by conjugating Gd 

chelates to FibFN-targeting peptides for cancer imaging95, 118, 119. CLT1-(Gd-DTPA) 

exhibited significant tumor contrast enhancement for at least 60 min post injection in HT-29 

human colon carcinoma xenografts (Figure 4A)93. This agent was also effective for imaging 

of MDA-MB-231 breast carcinoma in a mouse model120, resulting in significant tumor 

contrast enhancement at a dose of 0.05 mmol/kg for at least 60 min after injection. In 

another study, the macrocyclic Gd chelate, Gd-DOTA, was also conjugated to CLT1 peptide. 

Macrocyclic chelate Gd-DOTA and its derivatives have higher kinetic stability than Gd-

DTPA against transmetallation and more complete excretion from the body. Multiple peptide 

molecules and chelates were conjugated onto a generation 2 dendrimeric nanoglobule to 

give CLT1-G2-(Gd-DOTA) and to improve the efficiency of targeting and contrast 

enhancement in MR molecular imaging. The nanoglobular agent contains 3 CLT1 peptides 

and 20 Gd-DOTA chelates on average, and has high T1 and T2 relaxivities of 11.6 and 15.7 

mM−1s−1 per Gd at 1.5T, respectively (Figure 4B)95. It produced significant tumor contrast 

enhancement up to 50 min post-injection in a mouse orthotopic PC3 prostate tumor model. 

A smaller targeted contrast agent with one CLT1 peptide and 4 Gd-DOTA chelates CLT1-

dL-(Gd-DOTA)4 was synthesized by conjugating the Gd-DOTA monoamide chelates to the 

CLT1 peptide via generation 1 lysine dendrimer to reduce the size of the targeted contrast 
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agent and to facilitate rapid excretion after imaging (Figure 4C)121–123. Similarly, CLT1-dL-

(Gd-DOTA)4 demonstrated a high T1 relaxivity (10.1 mM−1s−1 per Gd) and significant 

tumor contrast enhancement in orthotopic PC3 human prostate cancer model at a low dose 

of 0.03 mmol Gd/kg. CLT1-dL-(Gd-DOTA)4 showed rapid renal clearance of the unbound 

agent and very low Gd accumulation in normal organs at 48 h after injection. Using the same 

approach, CREKA-dL-Gd(DOTA)4 was constructed and tested for prostate cancer 

imaging93. CREKA peptide and its targeted contrast agents exhibited better water solubility 

than CLT1 peptide and targeted contrast agents. A tripod macrocyclic Gd(III) chelate 

CREKA-Tris-Gd(DOTA)3 was also synthesized and tested for breast cancer imaging (Figure 

4D)119. Specific targeting of this agent to FibFN in tumor microenvironment resulted in 

greater contrast enhancement than commercialized contrast agent ProHance®. A rapid 

clearance of the contrast agents via renal filtration was seen, resulting in a low tissue 

retention.

Since FN is highly expressed in the metastatic niches, contrast enhanced MRI has a potential 

to image micrometastases and very small tumors in high spatial resolution by targeting the 

highly expressed FN with a targeted contrast agent. Zhou et al. recently demonstrated that 

CREKA-Tris(Gd-DOTA)3 was able to detect micrometastases of breast cancer in animal 

models96. As shown in this study, metastatic tumors had much higher FN expression than 

the primary tumor, enabling sufficient binding of the contrast agent in micrometastases for 

sensitive detection. By co-registering detected micrometastases in MRI with high-resolution 

fluorescence cryoimaging of the fluorescently labeled tumors, MRI with CREKA-Tris(Gd-

DOTA)3 was shown to detect micrometastases with size <0.5 mm in diameter at a sensitivity 

of 83%, extending the cancer detection limit of the current clinical imaging modalities. The 

targeted contrast agent has shown the potential to facilitate early detection of high-risk breast 

cancer and micrometastases so that early treatment is possible.

Besides Gd-based contrast agents, FN-targeting peptides, including CREKA and APTEDB, 

have also been used to modify super paramagnetic iron oxide nanoparticles (SPIO) for T2*-

weighted MR molecular imaging98, 99, 103. It has been shown that CREKA-SPIO could 

induce additional plasma clotting in tumor, producing binding sites for more nanoparticles. 

This clotting-based amplification greatly enhanced tumor imaging98, 99, 103. Preparation of 

the APTEDB labeled SPION nanoparticles is depicted in Figure 6. APTEDB-TCL-SPIO 

nanoparticles showed significant accumulation in breast tumor initiating cells, NDY-1, with 

specific overexpression of EDB-FN. In contrast, APTEDB-TCL-SPIO, could not bind to non-

breast tumor initiating cells, such MCF-7 cells, which had low EDB-FN expression103.

2.4 Other imaging modalities

FN-targeting antibodies and peptides can be readily modified with fluorescent dyes for 

optical imaging. Even though limited studies have been done with a specific focus on FN-

targeting optical imaging probe for in vivo cancer imaging101, 125, FN-targeting fluorescent 

probes have been developed in most studies for validating tumor targeting efficiency of the 

ligands. The probes also have been tested for in vivo diagnosis of other diseases, including 

rheumatoid arthritis, atherosclerosis, etc.126–128. The limitation of optical imaging is the 

penetration of light in tissues. However, there is an increasing need for optical imaging 
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probes in delineation of tumor margin during surgery. FN-targeting optical imaging probes 

could be used in image-guided dissection of tumors, meanwhile minimizing harm to healthy 

tissue.

3. Targeting fibronectin in cancer therapy

3.1 FN targeting radiotherapy

Cancer therapy can be achieved by replacing the γ-emitters in FN targeting imaging probes 

with therapeutic radioisotopes. This strategy embraces the benefit of selective targeting and 

decreased systemic toxicity. The first reported FN targeting radiation therapy was 125I 

labeled BC-1 antibody (named as 125I-BC-1), which accumulated favorably in human tumor 

implants89. Later studies directed towards using L19SIP antibody due to its specific 

targeting to EDB domain. Administration of 131I-L19SIP resulted in selective uptake in 

SW1222 and LS174T colorectal tumors, which led to tumor growth retardation and 

prolonged survival of mice85. 131I-L19SIP was also tested in treating FaDu and HNX-OE 

head and neck squamous cell carcinoma (HNSCC) model129. A combination of 131I-L19SIP 

and anti-EGFR mAb cetuximab achieved a significant therapeutic effect in imaging and 

treating Hodgkin and non-Hodgkin lymphoma patients130. 131I-L19SIP radioimmunotherapy 

induced a sustained partial response in 2 relapsed Hodgekin lymphoma patients. Despite 

these promising results, the hematologic toxicity caused by the high and long-lasting 

radioactivity of radiolabeled antibodies in the blood is still a limiting factor. The continuous 

non-specific radiation is particularly harmful to highly radiosensitive red marrow. In an 

attempt to further minimize the systemic toxicity and enhance the therapeutic effect, the pre-

targeting strategy has been integrated in EDB-FN-targeted radiotherapy of glioblastoma131. 

This study used a bispecific antibody, AP39xm679, prepared by coupling anti-EDB antibody 

AP39 and histamine-succinyl-glycine (HSG) antibody m679. In this strategy, AP39xm679 

was first administered and the 111In-labeled HSG-DOTA complex then was injected when 

the bispecific antibody reaches maximum in tumor and sufficient clearance in normal tissue 

(around 25 or 41 hours after bispecific antibody injection). With a strong affinity to 

pretargeted bispecific antibody in tumor, small radiolabeled compound would quickly 

extravasate, diffuse, and bind to previously administered target in the tumor, meanwhile 

unbound molecules underwent rapid clearance. Compared with 125I-L19SIP, the tumor 

uptake of the pretargeted 111In-carrying peptide was significant higher over 7 days, and 

could lead to at least 3 folds increase in therapeutic efficacy131.

3.2 Targeted delivery of anti-tumor agents

FN-targeting ligands have been used to deliver chemotherapeutics to FN expressing tumors. 

Targeted delivery of these cytotoxic drugs to tumor could make the best use of the drug’s 

anti-tumor effect, while minimizing harm to normal cells. APTEDB was conjugated to 

doxorubicin (DOX)-containing liposomes for targeted drug delivery (Figure 7). As reported, 

APTEDB targeted liposomes specifically accumulates in glioma, resulting in 55% decrease in 

tumor size as compared to 20% decrease with free doxorubicin104. APTEDB was also tested 

in guiding PEG-PLA nanoparticles loaded with paclitaxel (PTX) for treating glioma94. The 

EDB targeting nanoparticles loaded with PTX resulted in enhanced tumor regression and a 

prolonged survival as compared to the free drug. Direct conjugation of APTEDB to docetaxel 
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(DTX) also yielded an improved delivery efficiency of docetaxel in glioma, with enhanced 

therapeutic effects105. In another study, ZD2 was conjugated to DOX, yielding an 

amphiphilic compound that self-assembles into nanoparticles102. These nanoparticles 

targeted efficiently to solid PC3 tumors, and disassembled in the high thiol environment in 

tumor to release DOX. As a result, an enhanced tumor-inhibiting effect was achieved. CLT1 

was used to modify PEG-PLA nanoparticles to delivery PTX to glioma132. By targeting 

overexpressed FibFN in tumor, the CLT1 modified PTX-loaded nanoparticles exhibited 

favorable nanoparticle penetration into the core of glioma spheroid and therefore induced 

more inhibitive effects on glioma growth. Similarly, CREKA was recently used to modify 

polyamidoamine (PAMAM) dendrimer100. The modified dendrimer was able to penetrate 

glioblastoma (GBM) tissue and enhance the retention effect, which could be potentially used 

to deliver chemotherapy drugs.

FN-targeting ligands have also been used for targeted delivery of cytokines, including 

interleukin-2 (IL-2), interleukin-12 (IL-12), and TNFα. Cytokines are able to activate a wide 

range of immunological cells, including cytotoxic T cells and natural killer cells. However, 

therapeutic efficacy of cytokines is limited by its short blood half-life and severe toxicity 

related to vascular leak syndrome at high doses. The genetic fusion of scFv L19 and IL-2 

resulted in L19-IL-2, which enabled specific delivery of IL-2 to F9 murine teratocarcinoma 

so that an efficacious concentration can be achieved in tumor without causing severe 

systemic toxicity74. Concomitant with inhibited tumor growth, tumors treated with L19-IL2 

had high accumulation of CD8+ cytotoxic T lymphocytes, CD4+ cells, CD11b+ cells 

(macrophages and natural killer cells), symphonizing with the function of IL274. Besides, 

L19-IL-2 has been tested in preclinical studies to treat other types of cancers, including 

lymphoma75 and pancreatic cancer76, in which L19-IL2 consistently showed enhanced 

therapeutic potency. L19-IL2 is branded as DARLEUKIN® for clinical use, and is mainly 

used to treat melanoma, head and neck cancer, and lymphoma in combination with L19-

TNF, dacarbazine or rituximab. Recent phase II clinical evaluation of L19-IL2 in treating 

melanoma patients showed a promising result in terms of reducing metastasis and extending 

patient survival77, 78. The combined treatment of L19-IL2 and dacarbazine was reasonably 

tolerated, and all side effects encountered in the study were manageable and reversible. 

Similarly, an EDA-FN targeting antibody, F8, was used to deliver IL-2 to a variety of 

cancers, including renal cell carcinoma90, melanoma91, colon cancer, lymphoma, and 

teratocarcinoma92. L19 was also used to modify IL-12, yielding L19-IL-12, to treat mouse 

lung metastases and aggressive murine tumors81. Enhanced anti-tumor effect was seen with 

the increased tumor infiltration with lymphocytes, macrophages, and natural killer cells. 

Humanized BC-1 antibody, huBC1, was also developed to modify IL-12 for tumor 

therapy104. One cycle of treatment with huBC1-IL12 resulted in tumor suppression in 

PC3mm2 (human prostate cancer), A431 (human melanoma), and HT29 (human colon 

cancer) subcutaneous tumor models, and PC3mm2 lung metastasis model104. A phase I 

clinical study was conducted using huBC1-IL12, and demonstrated that huBC1-IL12 was 

well tolerated at the dose of 15 μg/kg weekly. Stable disease was seen in 46% of the 

patients133, 134.

Tumor necrosis factor (TNF) is another cancer-related cytokine modified with FN-targeting 

strategies. An antibody-cytokine fusion of L19 and TNF, L19-TNF, was constructed for 
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cancer therapy. Initial effort with L19-TNF therapy in murine models induced a retardation 

of tumor growth, but no curative effect was observed135. However, the combination of L19-

IL2 and L19-TNF therapy showed a synergetic effect to eradicate F9 teratocarcinomas 

grafted in immunocompetent mice136. Also, tumor development was delayed when the cured 

mice were again challenged with tumor cells, indicating an induction of anti-tumor 

vaccination effect of the combination therapy. Treatment with L19-TNF in combination with 

melphalan induced tumor regression and long lasting tumor rejection in 83% of BALB/c 

mice with WEHI-164 fibrosarcoma and 33% of animals with C51 colon carcinoma83. 

Similar results were seen for treatment of sarcomas and melanoma137, 138. Encouraged by 

these preclinical trials, a phase I/II first-in-human trial was conducted with L19-TNF 

monotherapy. Dose escalation clinical trials showed little toxic effects in patients with solid 

metastatic cancers in the dose range of 1.3–14 μg/kg 139. In another study, L19-TNF was 

tested in treating melanoma patients140. With only 6.25% of the dose approved for TNF, 

L19-TNF induced objective responses in 89% of patients, including a complete response in 

5/10 patients. The response was durable at 12 months in four patients. Recently, results on a 

phase II study that evaluated effects of L19-IL2/L19-TNF combination therapy on stage II or 

stage IV M1a melanoma patients were reported141. In this study, intralesional administration 

of L19-IL2 and L19-TNF resulted in complete responses in 32 melanoma lesions in 20 

efficacy-evaluated patients, with only mild side effects limited to injection site reactions. 

This intralesional administration of L19-IL2 and L19-TNF is a simple and effective method 

for local control of inoperable melanoma lesions. Currently, this approach has been 

approved by German and Italian authorities for the phase III clinical trial.

Considering the role of onfFN in cancer, attempts have been made to silence the expression 

of onfFN in vivo for cancer therapy. One approach toward suppressing onfFN expression is 

RNA interference (RNAi)37, 39, 142. RNAi therapy requires safe and efficient delivery of 

siRNA to tumor sites with high onfFN expression. Advances in developing siRNA delivery 

systems made this a possibility143, 144. Studies have been done using APTEDB as targeting 

moiety, with EDB siRNA encapsulated in liposome for treatment of a high-risk breast cancer 

model derived from breast cancer stem cells (BCSC), as illustrated in Figure 7. This design 

enabled simultaneous EDB-FN targeting and siRNA therapy for BCSC tumors with high 

EDB-FN expression106.

3.3 Cancer vaccination against FN

The field of cancer vaccine research has expanded rapidly in recent years, and a major focus 

has been on the self-antigen vaccination approach, which entails eliciting immune response 

to control and treat cancer145. As important cancer markers in tumor ECM, EDA and EDB 

domains have been used as targets for cancer vaccination. A vaccine was developed against 

EDB-FN, which elicited production of anti-EDB antibodies and resulted in a 70% tumor 

volume reduction in T241 fibrosarcoma tumor model146. Vaccination against EDA showed 

that it could attenuate the progression of metastatic breast cancer147. This observation was 

accompanied by reduction of primary tumor growth in MMTV-PyMT transgenic model, 

with enhanced recruitment of immune cells and disruption of tumor blood vessel. Compared 

with monoclonal antibodies, which require repeated and long-term administration, the low 

cost and long-lasting effect of vaccination makes this approach favorable. Recently, Ahn et 
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al. reported the use of EDB-carrying gold nanoparticles (AuNPs) as vaccines for 

immunotherapy of breast cancer148. This AuNP-based antigen delivery system induced 

humoral and cellular immunity against EDB-FN. The characteristics of AuNPs, including 

chemical inertness, controllable size, and enhanced uptake by dendritic cells (DCs), make it 

a promising platform for cancer immunotherapy. The use of cancer vaccine against EDA and 

EDB has yet to be tested for clinical use. Possible side effect for vaccination using EDA and 

EDB as antigen must be considered, because EDA and EDB expression is also prevalent in 

wound healing and the female menstrual cycle, which may be affected by endogenous 

antibodies directed towards the EDA and EDB domains.

3.4 FN targeting photodynamic and photothermal therapy

Photodynamic and photothermal therapy are alternative tumor-ablative and function-sparing 

oncologic intervention approaches. Activation of a tumor-localizing photothermal agent or 

photosensitizer (PS) by local illumination of tumor with light of a specific wavelength the 

photothermal agents or PS can induce cytotoxicity149. In photodynamic therapy, the excited 

PS transfers its energy to molecular oxygen, thus generating cytotoxic reactive oxygen 

species (ROS) that can oxidize key cellular macromolecules leading to tumor cell death. 

Unlike drug delivery systems that carry toxic anti-cancer cargos, this system is entirely non-

toxic until activated in tumors. Efficient delivery of PS to cancer is critical for optimal tumor 

photodynamic and photothermal therapy. L19 antibody was conjugated to a photosensitizer 

bis(triethanolamine)Sn(IV) clorin e6 to give a targeted PS SnChe6-(SIP)L1987. After 

intravenous injection of this EDB-FN targeting PS and NIR activation, an arrest of tumor 

growth was observed in mice, along with complete tumor blood vessel occlusion or damage. 

Therefore, by targeting EDB-FN, this photodynamic therapy can serve as a novel approach 

for cancer therapy.

CRKEA peptide was conjugated to multi-wall nanotubes (MWNTs) via PEG for 

photothermal therapy of A549 human lung cancer model97. MWNTs are near-infrared 

radiation (NIR) absorbing materials with the ability of photothermal tumor ablation. 

Mediated by CREKA peptide that targets FibFN, the nanoparticles were able to elevate 

temperature specifically in the tumor region under NIR illumination. With four times of 

illumination, the CMWNTs-PEG almost totally eradiated the tumor xenografts. This novel 

method for cancer therapy could be expanded using other FN-targeting ligands. Further 

evaluation of biocompatibility of the nanotubes is necessary to advance the therapy into 

clinics.

4. Conclusions

FN and its isoforms play a significant role in cancer biology and are promising targets of 

cancer imaging and therapy. Antibodies and small peptides have been developed to target 

upregulated FN and its isoforms in malignant cancer to deliver imaging agents and 

therapeutics for cancer detection and therapy. Imaging probes and contrast agents have been 

developed based on these ligands showing the promise for cancer molecular imaging in 

preclinical and clinical studies. FN-targeting antibodies and peptides have been tested for 

delivery of radioisotopes, chemotherapeutics, and cytokines for cancer therapy. Some of FN-
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targeting imaging agents and therapeutics have progressed into various stages of clinical 

development. The imaging agents and therapeutics targeting overexpressed FN in cancer 

have the potential to improve the accuracy for early detection and diagnosis of malignant 

tumor and to enhance the efficacy of cancer therapies.
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Figure 1. 
Fibronectin structure and its binding sites to cell and other ECM molecules. Extradomains in 

insoluble FNs (EDA, EDB and IIICS) are denoted by white blocks between other type III 

domains.
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Figure 2. 
Upregulation of FN is crucial for cancer survival, invasion, and metastasis. A. FN is 

upregulated in the invasive front of primary tumor, which mainly comprises of cancer cells 

of mesenchymal phenotype. Epithelial-to-mesenchymal transition (EMT) is responsible for 

generating cells of increased stemness. These stem-like cells, which are enriched in the 

invasive front, are prone to disseminate to secondary organs. Abundantly expressed FN and 

other ECM molecules in the invasive front form a unique tumor microenvironment that 

promotes the migration and extravasation of cancer cells. B. FN serves as a central organizer 

of ECM molecules and mediates the crosstalk between tumor microenvironment and cancer 

cells. In malignant cancer cells, FN assembles into FN matrix mediated by the clustering of 

integrins. FN matrix provides docking sites for collagen and fibrin, and assists the formation 

and organization of the extracellular matrix. Clustering of integrin, facilitated by FN matrix, 

also activates intracellular signaling complexes that activate a cascade of oncogenes. This 

also promotes the expression and secretion of more FNs, MMPs, and other tumor-promoting 

factors, such as TGFβ. MMPs modulate the regulated degradation of FN, collagen, and 

fibrin matrix, and the degraded products are endocytosed with the aid of integrins. C. A 

receptive microenvironmental feature of upregulated FN in the secondary organ is essential 

for the metastases formation. Extravasated cancer cells in the secondary organ are faced with 

two fates: (1) dormancy and death if they are arrested in tissues lack of a favorable 

microenvironment, or (2) proliferation and metastases if they are engrafted in pro-metastatic 

niche enriched with FN, collagen, fibrin, etc. Subsequently, the cells may go through 

mesenchymal-to-epithelial transition (MET) for outgrowth. FN originated from primary 

tumor may be used to prime tissue where pro-metastatic niche is formed.
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Figure 3. 
Tumor uptake of 131I-L19SIP in a patient with metastatic prostate cancer. A. CT scans 

confirmed the presence of G3 prostate cancer in the sacrum, the lower spine, and his right 

lobe of liver as indicated with arrows. B. A diagnostic dose of 131I-L19SIP was administered 

intravenously and whole-body planar images (anterior, left; posterior, right) were taken at 

post injection. Uptake of 131I-L19SIP is indicated in orange color, which is present in the 

oscadrum, lower spine, liver and mediastinum 19 and 52 h post injection (p.i). Nonspecific 

uptake to the oropharygea mucosal linings is indicated with red arrow. Images of anterior 

posterior (AP) position and posterior anterior (PA) position were shown. Adapted and 

reprinted with permission based on ref. 80.
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Figure 4. 
MRI contrast agents based on FN-targeting peptides. A. Chemical structures of CLT1-Gd-

DTPA. The compound was synthesized in solid phase by directly conjugating Gd-DTPA to 

the N-terminal of the cyclic CLT1 peptide, with the sequence of CGLIQKNEC. B. Structure 

of CLT1-G2-(Gd-DOTA). The structure encircled by the dark blue sphere denotes 

Generation 2 (G2) nanoglobule polylysine dendrimer, which was modified with Gd-DOTA. 

CLT1 peptide was conjugated to the nanoglobule through click chemistry. C. Chemical 

structure CLT1-dL-(Gd-DOTA)4, which contains four Gd-DOTA monoamide chelates and 

CLT1 targeting peptide. D. Chemical structure of CREKA-Tris(Gd-DOTA)3. The compound 

was synthesized by conjugating CREKA and azide bearing Gd-DOTA to the maleimide-

functioned trialkyne scaffold through thiol-maleimide and azid-alkyne click chemistry, 

respectively. The aforementioned structures were adapted with permision based on 

ref. 93, 95, 122 and 119, respectively.
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Figure 5. 
MRI detection of breast cancer micrometastases using FibFN targeting contrast agent, 

CREKA-Tris(Gd-DOTA)3. A. Breast cancer metastasis is companied by upregulated FN 

expression in metastases. By targeting overexpressed FN, which forms complexes with 

fibrin, CREKA-Tris(Gd-DOTA) accumulates at a high concentration in sites of metastases, 

resulting significant tumor enhancement in MRI, which is validated by high-resolution 

fluorescence imaging of CREKA-Cy5 also accumulated in metastases. B. MRI images of 

breast cancer micrometastases contrast enhanced with CREKA-Tris(Gd-DOTA)3 show the 

coronal slices before and after CREKA-Tris(Gd-DOTA)3 injection, the subtraction images of 

the pre-injection from the post-injection images, and the enlarged subtraction MRI images of 

metastatic sites. Corresponding GFP cryo-fluorescence images of the micrometastases and 

CREKA-Cy5.0 images validate the MRI detection of micrometastases (tumors are indicated 

by arrow; all scale bars, 1mm). Adapted and reprinted with permission based on ref. 96.
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Figure 6. 
EDB-FN specific peptide, APTEDB, modified superparamagnetic iron oxide nanoparticles as 

targeted MRI contrast agents. A. Functionalizing APTEDB for labeling nanoparticles. B. A 

schematic depiction of APTEDB-SPION nanoparticle for T2*-weighted MRI. Adapted and 

reprinted with permission based on ref. 103, 124.
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Figure 7. 
Structural illustration of APTEDB –modified liposomes for delivery of doxorubicin and anti-

EDB siRNA. Adapted and reprinted with permission based on ref. 117 and 138.
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