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1.1 Formation and structure of fibrin and the role of fibrin in disease processes 

Fibrin is an insoluble protein that plays a key role in hemostasis and wound healing.1 Normally not 

present in the body, fibrin is formed by thrombin-induced polymerization of its precursor, fibrinogen.2 

Fibrinogen is a 340 kDa soluble glycoprotein that is abundantly present in plasma (1.5 – 4.5 g/L).3 

Fibrinogen comprises two sets of Aα, Bβ and γ-polypeptide chains, which display molecular masses of 

66.5, 52 and 46.5 kDa, respectively.4 The structure of fibrinogen is often portrayed as consisting of two 

outer D domains, which are each attached by a coil-coil segment to the central E domain (Fig. 1). 

Thrombin, activated by injury or contact with foreign surfaces, induces fibrin polymerization by 

cleavage of fibrinopeptides A (FpA) and B (FpB) from the fibrinogen Aα and Bβ-chains, respectively.2, 4-5 

Cleavage of the FpA is faster than for FpB and exposes a binding site in the E-domain (EA) which is 

complementary to a binding-pocket in the D-domain (DA). Binding of the exposed EA-site to the DA-

binding pocket of neighboring fibrinogen molecules leads to formation of two-stranded protofibrils, 

initializing fibrin polymerization (Fig. 1). FpB cleavage exposes an additional binding site in the E-domain 

(EB) which interacts with a complementary epitope in the D-domain (DB). In addition, cleavage of FpB is 

associated with the release of the αC-domain from the central fibrinogen region, making the αC-

domains available for intermolecular interactions and thereby contributing to lateral aggregation of the 

protofibrils into fibrin fibers (Fig. 1). Activated Factor XIII (FXIIIa) subsequently stabilizes the formed 

network of fibrin fibers by catalyzing transglutaminase reactions that covalently cross-link fibrin γ-

chains and α-chains.6-7 In addition, FXIIIa cross-links α2-antiplasmin into the fibrin network, thereby 

decreasing the vulnerability of the fibrin network against plasmin-induced fibrinolysis.  

 

Besides its physiological function in hemostasis and wound healing, fibrin deposition plays an important 

role in several disease processes. Fibrin is a key component of thrombi, which are the root of severe 

thrombotic disorders such as stroke, myocardial infarction, pulmonary embolism (PE) and deep venous 

thrombosis (DVT). Fibrin is present in all thrombi, fresh and aged, as well as arterial and venous. For 

example, fibrin was present in all the thrombi that were obtained in a study investigating patients with 

acute stroke.8 In addition to thrombosis, fibrin is of importance in atherosclerosis as deposition of fibrin 

frequently occurs in atherosclerotic plaques and correlates with plaque progression.9-10 Fibrin 

deposition in plaques is associated with plaque erosion, dysfunctional endothelium and presence of 

intraplaque vasa vasorum and hemorrhage.11-14 Cancer is another disease of interest with respect to 

fibrin deposition as fibrin is present in a variety of malignant tumor lesions.15 Intratumoral fibrin 

deposition induces formation of tumor stroma and protects cancer cells by impeding natural killer cell-

mediated elimination.16-17 In addition, deposition of fibrin provides a scaffold that aids tumor 

angiogenesis and intratumoral storage of growth factors.15, 17 For several tumor types, such as small cell 

lung carcinoma, renal cell carcinoma and malignant melanoma, fibrin formation has been linked to 

tumor progression and, for these tumor types, therapy with anticoagulants and fibrinolytic activators 

yielded favorable responses.18 Finally, deposition of fibrin has been shown to accelerate neurovascular 

damage and neuroinflammation in mouse models of Alzheimer’s disease, implicating fibrin as a 

potential critical factor in Alzheimer’s disease.19 
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Figure 1. Schematic representation of fibrinogen and its conversion into a fibrin fiber. First, thrombin 

cleaves FpA, yielding fibrin protofibrils. Subsequently, FpB is cleaved and this cleavage is associated with 

a conformational change of the αC-domain, leading to lateral aggregation of protofibrils into fibrin 

fibers. FpA= fibrinopeptide A; FpB = fibrinopeptide B; FXIIIa = activated factor 13; tPA = tissue-type 

plasminogen activator. Adapted from La Corte and coworkers with permission of Elsevier.20  
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1.2 Rationale for nuclear imaging of fibrin deposition 

The important role of fibrin deposition in these multiple severe disease processes motivates efforts to 

develop methodologies to noninvasively localize and quantify pathologic fibrin deposition. Molecular 

imaging strategies are ideally suited for this task. Molecular imaging can be described as a method to 

noninvasively visualize and quantify biological processes at the molecular level in vivo.21-22 In general, 

molecular imaging methodologies require the injection of probes / contrast agents, which are either 

activated by or targeted to a pathological process of interest. After injection of such a targeted / 

activatable probe into the subject, the probe will accumulate in the region of interest and yield a 

physical signal that can be detected by the imaging instrument of choice. For instance, nuclear imaging 

technologies use probes that are radioactive to detect the presence and localization of the probes, 

whereas magnetic resonance imaging (MRI) probes should alter the proton magnetization in order to 

provide contrast on (proton) MR images. To allow molecular imaging of pathological fibrin deposition, 

probes should bind in a specific fashion to an epitope on the fibrin molecule (Fig. 2). Fibrin is an 

attractive target for molecular imaging as it is virtually absent in normal tissues and generally expressed 

in high quantities in diseases. Estimated fibrin concentrations in chronic human thrombi are in excess of 

30 µM.23  

 

 
Figure 2. Schematic representation of a fibrin-specific tracer for nuclear imaging, containing 2 entities: 

one component (ligand) binding to fibrin and a nuclear label that can be detected by nuclear imaging 

scanners. Clinical application areas of such fibrin-specific nuclear imaging tracers include cardiovascular, 

oncological and neurological diseases. 

 

 

Potential advantages of fibrin-specific molecular imaging for thrombosis diagnosis include providing the 

ability of direct whole-body detection of thrombi with high sensitivity, yielding essentially a “one stop 

shop” methodology. Currently, detection of thrombi and emboli involves a myriad of different imaging 
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modalities, including coronary angiography, carotid and pelvic ultrasound, transesophageal 

echocardiography (TEE), ventilation-perfusion lung scanning (V/Q), MRI and CT, each characterized by 

their own set of strengths and weaknesses.24-29 Both coronary angiography and TEE are invasive 

methods, providing a strong drive to develop noninvasive alternatives such as molecular imaging. With 

respect to atherosclerosis, imaging of fibrin deposition has the potential to yield insights with respect to 

plaque biology.30 Such an approach might ultimately yield means to assess plaque vulnerability, i.e. the 

risk of plaque rupture, which is the main cause of myocardial infarction and stroke. In oncology, fibrin-

specific imaging may aid in characterization of tumor lesions, especially with respect to angiogenesis 

and metastatic potential, two biological hallmarks of cancer.31 Furthermore, molecular imaging probes 

that allow visualization of intratumoral fibrin deposition are ideally suited as companion diagnostics for 

fibrin-targeted cytotoxic immunotherapy, which is currently being investigated as solid tumor 

therapeutic.32 Finally, molecular imaging of fibrin deposition might aid in further elucidation of the 

pathological processes in Alzheimer’s disease and in the quest for potential treatments. 

 

The potential of fibrin-specific molecular imaging strategies to yield critical information regarding these 

cardiovascular, oncologic and neurologic disease processes has spurred the development of numerous 

fibrin-specific probes over the past half century. Nuclear imaging has been the major modality of choice 

for development of these probes. For this purpose, radiolabeled proteins of the coagulation system and 

radiolabeled fibrin-binding antibodies and peptides have been explored. Nuclear imaging entails the 

detection of gamma rays which are emitted upon the decay of radioactive isotopes and includes single 

photon emission computed tomography (SPECT) and positron emission tomography (PET). SPECT 

detects gamma rays which are a direct result of radioactive decay with 99mTc, 111In and 123I as commonly 

employed radionuclides. PET tracers emit positrons, which upon annihilation with electrons convert 

into two 511 keV gamma photons at an angle of essentially 180 degrees, and these photons are 

subsequently detected by the PET scanner. Frequently employed PET radionuclides are 11C, 18F, 64Cu, 

68Ga and 89Zr. SPECT and PET offer quantitative information with high sensitivity and yield hot-spot like 

images, which are relatively easy to comprehend and analyze. In addition, nuclear imaging requires 

injection of minute amounts of imaging tracers into patients, and as a consequence, regulatory 

agencies frequently require less demanding toxicity studies for clinical approval of nuclear imaging 

tracers compared to contrast agents developed for other imaging modalities. Therefore, translational 

efforts in the field of nuclear imaging to transfer novel imaging agents from bench to bedside are 

typically less challenging than for imaging agents developed for other imaging modalities. All in all, 

nuclear imaging is the prime modality for development of novel molecular imaging probes displaying 

high clinical translational potential.  

 

This chapter (Chapter 1) will review the current armature of nuclear molecular imaging strategies 

employed to noninvasively visualize fibrin deposition in disease. In addition, this chapter will provide 

the aim and outline of this thesis. 
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1.3 Strategies for nuclear imaging of fibrin deposition 

1.3.1 Radiolabeled fibrinogen 

Fibrinogen is the precursor of fibrin and is incorporated under the action of thrombin into the fibrin 

polymer matrix as it forms. Radiolabeling of fibrinogen was therefore one of the first strategies 

employed to enable noninvasive imaging of fibrin deposition in vivo. The concept of employing 

radiolabeled fibrinogen to detect fibrin deposition was pioneered by Hobbs and Davies in 1960, who 

injected 131I-fibrinogen into rabbits to detect the in situ formation of thrombi using an external 

scintillation counter. They were the first to suggest that such an approach might translate into a 

valuable clinical test for the detection of DVT.33 This hypothesis was verified by Nanson and colleagues 

in a clinical study employing 131I-fibrinogen to detect DVT located in the legs.34 Fibrinogen radiolabeled 

with 125I was subsequently introduced as a superior alternative for external scintillation counting of 

fibrin deposition,35 as 125I displays a longer half-life, softer gamma radiation and lower total body 

radiation. The 125I-fibrinogen uptake test (FUT) has successfully been employed for identification of high 

risk patient populations,36 and verification of clinically suspected DVT.37 In addition, the FUT has been 

instrumental in elucidating the pathological process of DVT,38 evaluating therapeutic regimens in 

patients with confirmed DVT,39-40 and in assessing efficacies of prophylactic therapies for patients at risk 

for developing DVT.41-42  

 

Charkes et al. reported the first fibrin imaging experiments in humans using an 131I-fibrinogen 

scintigraphy strategy in 1974.43 The advantage of fibrinogen scintigraphy with respect to the FUT is that 

it is not restricted to the extremities and thus is for instance able to detect DVT in the iliac veins, which 

are regarded as an important site of PE origin. Fibrinogen scintigraphy was subsequently optimized by 

DeNardo and coworkers by using 123I-fibrinogen.44-45 Unlike 131I, 123I decay does not include beta 

emissions, resulting in lower radiation exposure, and does not display photon emissions of multiple 

energies, yielding superior spatial resolution. Figure 3 shows typical examples of 123I-fibrinogen 

scintigraphic images which were obtained for thrombus diagnostic purposes, displaying the potential of 
123I-fibrinogen scintigraphy for visualization of fibrin deposition. Although 123I-fibrinogen scintigraphy 

was used in routine clinical practice for diagnosis of DVT by DeNardo et al.,46 the lack of general 

availability of 123I-fibrinogen likely explains the limited use of 123I-fibrinogen scintigraphy in the clinical 

setting.47 In addition to 123I-labeling of fibrinogen, labeling techniques were developed for other short-

lived radioisotopes displaying favorable emission characteristics, such as 67Ga, 77Br and 99mTc.48-50  

 

One of the main disadvantages of employing radiolabeled fibrinogen for imaging of fibrin deposition is 

the slow clearance of fibrinogen from the circulation. Its half life in blood is approximately 120 h.51 This 

results in high levels of background signal stemming from blood vessels, if fibrin imaging is attempted 

during the first few days post injection (PI) of radiolabeled fibrinogen. In an attempt to resolve this 

problem, Welch and coworkers prepared heavily iodinated fibrinogen (25 atoms of iodine per molecule), 

which shows similar clottability with respect to conventionally iodinated fibrinogen (<0.5 atoms of 

iodine per molecule), but is cleared substantially faster from the circulation and therefore shows higher 

thrombus to blood ratios at earlier time points after injection.52 This approach allowed visualization of 
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femoral vein thrombi in dogs as early as 4 h PI of highly iodinated 123I-fibrinogen.53 An alternative 

approach to decrease high blood background signal is to convert radiolabeled fibrinogen, prior to 

injection, into radiolabeled soluble fibrin, which displays a significantly shorter half life in blood (<10 

h).54 Iodine-131-soluble fibrin was shown to accumulate in coronary artery thrombi in the same extent 

as conventionally labeled 125I-fibrinogen, whereas the thrombus to blood ratios were more than 

doubled for soluble fibrin with respect to fibrinogen.55  

 

 
 

Figure 3. Scintigraphic imaging using 123I-fibrinogen. (A) Normal pattern of distribution in a patient 

without thrombosis at 24 hr post injection showing that there is a high level of tracer remaining in the 

circulation, as well as that there is a significant uptake of the tracer in the paranasal and vaginal area. 

(B) Thrombophlebitis of both iliac veins (white arrowheads) and right femoropopliteal vein (black 

arrowhead). (C) Thrombophlebitis of venous system of both lower extremities. Irregular pattern is 

observed in left femoral vein (black arrow) and in the left calf (open arrow). Reprinted from Denardo et 

al. with permission from Elsevier.46  
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 Important limitations of fibrinogen scintigraphy and the FUT for detection of thrombosis are: 1) 

fibrinogen is not taken up avidly by older thrombi,56 2) anticoagulants are known to interfere with the 

incorporation of fibrinogen into the fibrin matrix,57 and 3) radiolabeled fibrinogen is prepared from 

blood obtained from donors, and therefore poses a risk of blood borne pathogen transmission.58 These 

largely unresolved limitations in combination with the emergence of ultrasound imaging and the D-

dimer blood assay for diagnosis of DVT have ultimately led to the abandonment of the FUT and 

fibrinogen scintigraphy in clinical routine. 

 

Radiolabeled fibrinogen has also been investigated for noninvasive detection of pathological fibrin 

deposition in conditions other than DVT. Matsuura et al. showed that Ga67-dialdehyde starch-

deferoxamine-fibrinogen (67Ga-DAS-DFO-fibrinogen) scintigraphy enables detection of bronchogenic 

carcinoma and also microthrombi in the region of a hepatoma.59 Mettinger and coworkers investigated 

the potential of 123I-fibrinogen to detect atherosclerotic plaques located in the carotid artery, and found 

that there was a significant accumulation of activity in the plaque 4 h PI.60 This plaque signal 

subsequently disappeared within 20 h PI, suggesting that perhaps the high activity in the plaque after 4 

h might have not necessarily been related to fibrin deposition, but rather due to increased permeability 

of the intima, resulting in passive accumulation of serum proteins, including fibrinogen.  

 

1.3.2 Radiolabeled Fragment E1 

Fragment E1 is an enzymatic breakdown product of fibrin and is produced by plasmin digestion of cross-

linked fibrin polymers.61 The molecular weight of Fragment E1 is 60 kDa and Fragment E1 contains the 

N-terminal region of fibrin, including portions of all six chains of the fibrin molecule. Fragment E1 

encompasses the thrombin activated binding sites EB of the fibrin molecule that are involved in lateral 

aggregation of fibrin strands.62 These EB sites are complementary to DB binding sites located on the 

fibrin D-domain, which are activated by the alignment of the D-domains of fibrin monomers upon 

polymerization. Therefore, Fragment E1 does bind to fibrin dimers and cross-linked fibrin, but not to 

fibrinogen of fibrin monomers, and is thus likely suited as imaging agent for detection of fibrin 

deposition in disease. 

 

Knight and coworkers investigated radiolabeled fragment E1 as tracer for thrombosis imaging.63 

Fragment E1 was labeled with 131I and was stable in citrated human plasma for over 4 days.64 Iodine-

131-fragment E1 was evaluated in a venous thrombosis (VT) pig model with thrombi ranging from 1 h 

up to 5 days of age. Twenty-four h PI of 131I-fragment E1, the thrombus to blood ratio was 43 (range 10-

108) for 1-6 h old thrombi and 29 (range 8-107) for 1-5 days old thrombi.64 The biodistribution of 131I-

fragment E1 was investigated in healthy mice and showed rapid blood clearance and liver uptake within 

minutes PI. Subsequent biodistribution profiles at later time points PI (> 20 min PI) resembled that of 

free iodide, as radioactivity uptake was high in thyroid gland, stomach, kidneys and urine. Likely, the 

iodine label was released due to degradation of fragment E1 in the liver with subsequent redistribution 

of free 131I-. 
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Techniques were also developed for labeling of Fragment E1 with 111In and 99mTc.65-66 These labeling 

procedures were performed using the DD(E) complex instead of Fragment E1 in order to protect the EB 

sites from chemical modification. After labeling, the DD(E) complex was dissociated and radiolabeled 

Fragment E1 was obtained that had retained its functional activity. In contrast, 111In- and 99mTc-labeling 

of Fragment E1, without shielding the EB sites using the DD(E) complex, yielded significantly less 

functional active Fragment E1. Technetium-99m-Fragment E1 was evaluated in rabbit and dog VT 

models.66 The scintigraphic images allowed thrombus delineation within 20-60 min PI and 

biodistribution at 4 h PI showed thrombus to blood ratios of 8 and 16 for the rabbit and dog VT model, 

respectively. 

 

A clinical study investigating the diagnostic accuracy of 123I-labeled Fragment E1 enrolled 10 patients 

suspected of DVT.67 Contrast venography was employed as golden standard, yielding a positive DVT 

diagnosis for 5 patients. Upon injection of 123I-Fragment E1 (37 MBq, 75 µg), the radiotracer cleared 

rapidly from circulation, with a half-life of 20 min in patients diagnosed with DVT and a half-life of 90 

min in patients without DVT. The decrease in half-life was attributed to binding of Fragment E1 to 

circulating fibrin oligomers, which are present in patients with DVT and are cleared rapidly by the 

reticuloendothelial system. All 5 patients with confirmed DVT showed focal uptake of Fragment E1 in 

scintigraphic images obtained within 30 min PI, whereas the 5 patients without DVT did not show focal 

hotspots. Figure 4 shows an example of a positive DVT diagnosis on both contrast venography and 123I-

Fragment E1 scintigraphy images in a patient that had undergone a total hip replacement procedure. All 

patients with confirmed DVT received heparin and it was concluded that the heparin treatment did not 

affect thrombus binding of Fragment E1. Images acquired several h PI did not display focal uptake of 

Fragment E1 in thrombi anymore. This was likely due to plasmic digestion of Fragment E1 on the clot 

surface, resulting in Fragment E3, which does not bind to fibrin, and thus dissociates from the thrombus. 

A subsequent clinical study enrolling 20 patients with DVT showed a diagnostic sensitivity of 95% (19/20) 

for 123I-Fragment E1 scintigraphy.68  

 

Figure 4. Thrombus imaging in a patient 5 

days post total hip replacement. (A) 

Radiograph of the right hip using contrast 

venography, showing intraluminal filling 

defects (arrows), representing thrombosis. (B) 
123I-fragment E1 scintigraphy performed 

within 30 min post injection showing diffuse 

radiotracer uptake around the implanted hip 

prosthesis (curved arrow) and focal tracer 

localization corresponding to the thrombus 

(straight arrow). K indicates the level of the 

knees. Reprinted from Knight et al. with 

permission from the publisher.67 
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 Compared to radiolabeled fibrinogen, Fragment E1 has a faster blood clearance, thus allowing imaging 

at earlier time points PI, and is better suited for imaging of older thrombi and thrombi in patients 

undergoing heparin therapy. Radiolabeled Fragment E1 has the drawback of being vulnerable to plasmic 

degradation after binding to the thrombus, prohibiting imaging at later time points PI. In addition, 

similarly to radiolabeled fibrinogen, Fragment E1 is prepared from blood obtained from donors, and 

therefore poses a risk to transmit blood borne pathogens. 

 

1.3.3 Radiolabeled plasmin(ogen) 

Plasmin is a proteolytic enzyme that plays a key role in fibrinolysis and is formed by activation of 

plasminogen, its precursor. Plasmin(ogen) is able to bind to fibrin,69-71 and this was the rationale for an 

extensive series of preclinical and clinical studies investigating the potential of radiolabeled 

plasmin(ogen) as tracer for detection of DVT. Ouchi and coworkers injected 131I-plasmin in dogs with 

femoral vein thrombosis and used a portable gamma spectrometer to detect the blood clots.72 

Subsequently, 123I-plasminogen was employed to allow visualization of venous thrombosis in dogs using 

scintigraphic imaging.73  

 

Studies in human subjects were performed using 99mTc-labeled plasmin,74 which was distributed by 

NOVO Industri A/S (Denmark). Deacon and colleagues were the first to report successful detection of 

DVT in patients employing the 99mTc-plasmin test.75 In their study, 20 patients clinically suspected of 

DVT were injected with 20 MBq of 99mTc-plasmin, and the radioactivity at predefined positions of the 

leg was counted 15-30 min PI using a portable scintillation counter. The results were compared to 

contrast venography, which was considered the golden standard, yielding a sensitivity of 100% (5/5) 

and specificity of 80% (12/15) for 99mTc-plasmin-based DVT detection. Subsequent studies, enrolling 

larger number of patients suspected of DVT (n=63-394), showed similar sensitivity (91-100%), but lower 

specificity (33-55%) for the 99mTc-plasmin test as DVT diagnostic.76-80 Clinical studies investigating 99mTc-

plasmin scintigraphic imaging, as an alternative of the previously employed radioactivity counting 

method, yielded comparable sensitivity (93-100%) and specifity (50-83%) in patients with clinically 

suspected DVT.81-83 The above studies indicate that 99mTc-plasmin-based strategies offer high sensitivity, 

but suffer from a relatively low specificity. Figure 5 displays a typical example of 99mTc-plasmin 

scintigraphy in a patient with DVT. The 99mTc-plasmin test for detection of DVT has been utilized in 

numerous studies investigating prophylactic regimens for prevention of DVT.84-88 

 

Besides the high sensitivity, another advantage of the 99mTc-plasmin test for detection of DVT is the 

rapid blood clearance of plasmin, which permits diagnosis within 1 h PI. However, the low specificity of 

the 99mTc-plasmin test requires confirmation of DVT diagnosis by a more specific test, such as for 

instance venography. The rather low specificity should likely be attributed to blood stasis and plasmin 

accumulation in areas of inflammation.76 In addition, true positive 99mTc-plasmin tests were found to 

mainly reflect haemodynamic changes, which are secondary to DVT, rather than specific binding of 
99mTc-plasmin to the thrombus.82, 89-91 Thus, a plasmin-based approach does not seem well suited to 

allow specific imaging of fibrin deposition in disease.  
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Figure 5. 99mTc-plasmin scintigraphy of knee and calf region. Right 

leg (R) knee region signal (arrow) is higher than in corresponding 

region of the left leg (L), indicating DVT. Reprinted from Dahlborn 

and coworkers with kind permission from Springer Science and 

Business Media.81  

 

1.3.4 Radiolabeled tissue-type plasminogen activator (tPA) 

tPA is a serine protease that plays an important role in the thrombolytic cascade by converting 

plasminogen into plasmin.92 In the absence of fibrin, tPA has a rather low affinity for plasminogen and 

therefore does not potently convert plasminogen into plasmin. In the presence of fibrin, tPA binds 

specifically to fibrin, which in turn increases the affinity of tPA towards plasminogen, causing potent 

plasminogen activation and subsequently thrombolysis.93 Recombinant-tPA (rtPA) has been extensively 

investigated as thrombolytic agent and is currently employed in clinical practice for treatment of acute 

myocardial infarction and ischemic stroke.94-96  

 

In addition, rtPA has been evaluated as imaging tracer to allow visualization of fibrin deposition in 

thrombi. Hnatowich and colleagues labeled rtPA with 111In and showed that in normal mice 111In-rtPA 

mainly accumulated in liver and kidneys.97 Furthermore, 111In-rtPA displayed rapid blood clearance (t1/2 

= 5 min) in dogs and within 1 h PI it allowed scintigraphic detection of fibrin deposited onto a 

thrombogenic catheter placed in the descending aorta of a dog. In rodent (rat) and feline thrombosis 

models, scintigraphy with 99mTc-labeled rtPA successfully visualized thrombi within 30 min PI.98-101 

However, image quality was not optimal due to low absolute uptake of tracer and, as the tracer uptake 

was transient, positive delineation of thrombi was only possible within 10-20 min PI. Uehara and 

coworkers investigated 131I-tPA in an de-endothelialization thrombosis rabbit model and found lesion to 

blood ratios of less than 1.5.102 Therefore, the investigators concluded that radiolabeled tPA may not be 

appropriate as tracer for detection of thrombosis. 

 

The fibrinolytic activity of rtPA might be a limiting factor for scintigraphic detection of thrombosis using 

radiolabeled rtPA, as the clots that bind rtPA will become prone to rtPA induced lysis, effectively 

removing the imaging target and the bound radiolabeled tracer from the thrombus. The clot 

accumulation of 99mTc-rtPA was significantly prolonged after administration of an antifibrinolytic agent 

(aprotinin), suggesting that fibrinolysis indeed hampered accumulation of tracer in the thrombi.99 To 

circumvent this problem associated with the fibrinolytic activity of rtPA for scintigraphic detection of 
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thrombosis, several investigators studied the use of inactivated-rtPA, which binds to fibrin without 

causing fibrinolysis.103-106 Inactivated 111In-rtPA allowed clear visualization of jugular vein thrombosis in 

rabbits using scintigraphy at 1 h PI, notably also in a subgroup of rabbits that received anticoagulant 

therapy after thrombus induction.104 In addition, SPECT imaging using inactivated 123I-rtPA permitted 

detection of femoral and pulmonary thrombi in dogs.105-106 

 

In a clinical phase III trial, 79 patients suspected of DVT were injected with inactivated 99mTc-rtPA (640 

MBq) and scintigraphic images were obtained 4 h PI.107 Contrast venography was performed as the 

golden standard. The sensitivity of inactivated 99mTc-rtPA scintigraphy for detection of DVT was 93% 

and 86% and the specificity was 92% and 93% for proximal and calf vein thrombosis, respectively. 

Technetium-99m-labeled rtPA scintigraphy seemed unaffected by heparin therapy in the patients. In a 

subsequent study, the accuracy of inactivated 99mTc-rtPA scintigraphy was evaluated for DVT diagnosis 

in asymptomatic postoperative patients (n=53), using contrast venography as golden standard.108 

Scintigraphic scanning with inactivated 99mTc-rtPA displayed a sensitivity of 93% and specificity of 91%. 

In 2007, Brighton and coworkers assessed the aging of thrombi over 30 days in patients with acute DVT 

(n=74) using inactivated 99mTc-rtPA scintigraphy.109 72% of the thrombi persisting at day 7 and none of 

the thrombi persisting at day 30 showed 99mTc-rtPA uptake on the scintigrams. The authors of the study 

therefore concluded that inactivated 99mTc-rtPA scintigraphy allows differentiating new from old 

thrombi and has high sensitivity and specificity for detection of acute DVT in symptomatic and 

asymptomatic patients. A typical 99mTc-rtPA scintigraph of normal calves is shown in Figure 6A. Figure 

6B-D displays sequential 99mTc-rtPA scintigraphs of the calves of a patient with confirmed thrombosis at 

day 1, 7 and 30, illustrating the potential of 99mTc-rtPA scintigraphy to specifically visualize fresh 

thrombi. A drawback of employing radiolabeled rtPA for visualization of fibrin deposition is the high 

liver and spleen uptake, which likely prohibits the use radiolabeled rtPA for imaging of fibrin deposition 

in these organs and nearby structures. 

 

 
Figure 6. 99mTc-rtPA scintigraphy of the calve region at 4 h post tracer injection. (A) Normal uptake in 

calves without thrombosis. (B-D) Sequential images obtained at (B) day 1, (C) day 7 and (D) day 30 in a 

patient with DVT in the calf. Ultrasound imaging was positive for calf thrombosis up to day 30, whereas 
99mTc-rtPA scintigraphy was only positive on day 1 and day 7, illustrating the potential of 99mTc-rtPA 

scintigraphy for specific visualization of fresh thrombi. This research was originally published in JNM.109 

© by the Society of Nuclear Medicine and Molecular Imaging, Inc. 
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1.3.5 Radiolabeled polyclonal antibodies against fibrinogen and fibrin 

In the 1960’s, Spar et al. initiated the exploration of 131I-labeled polyclonal antibodies against fibrinogen 

and fibrin for detection of fibrin deposition in tumors using scintigraphy. Anti-fibrin(ogen) polyclonal 

antibodies were extracted from serum of rabbits immunized by intravenous injection of the antigen. 

The anti-fibrinogen antibodies bind to circulating fibrinogen upon injection into the blood stream, and 

the resulting antibody-fibrinogen complex is subsequently incorporated into forming fibrin clots. In a 

Murphy-Sturm lymphosarcoma rat model, 131I-labeled antibody against rat fibrinogen was shown to 

localize significantly in the tumors,110 and the administration of a therapeutic dose (37-148 MBq) of 131I-

labeled antibodies resulted in rapid and permanent tumor regression.111 Studies in dogs with 

spontaneous tumors showed preferential 131I-labeled antibody localization in certain types of tumors,112 

most likely due to variations in fibrin content. This suggests that not all tumor types are suited to be 

diagnosed or treated with antibodies against fibrinogen. In subsequent clinical trials in human patients 

with various types of tumors, scintigraphy with anti-fibrinogen antibodies allowed detection of 54-75% 

of all tumors, including mammary carcinomas, malignant melanomas, bronchogenic carcinoma, 

osteogenic sarcomas, hypernephromas and primary brain tumors.113-115 Figure 7 displays a 131I-labeled 

anti-fibrinogen antibody photoscan of a patient with reoccurring brain cancer, showing increased 

accumulation of the anti-fibrinogen antibody in the tumor. Radioimmunotherapy with anti-fibrinogen 
131I-labeled antibodies resulted in a substantial remission of clinical symptoms in a subset of patients 

showing the highest tumor uptake.114-115 Besides oncology, 131I-labeled polyclonal antibodies against 

fibrinogen were successfully employed in dogs for detection of venous and intracardiac thrombosis,116-

117 and in humans for detection of PE, atrial and venous thrombi.117-119  

 

 

 

 

 

 

 

 

 

Figure 7. 131I-labeled anti-fibrinogen antibody 

photoscan of a patient with reoccurring brain cancer (6 

days post injection), showing increased accumulation 

of the anti-fibrin(ogen) antibody in the brain lesion. 

This research was originally published in JNM.114 © by 

the Society of Nuclear Medicine and Molecular Imaging, 

Inc. 
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The antibody-fibrinogen complex has a rather slow clearance from blood, and therefore at least a 24 h 

delay after injection of the radiolabeled antibodies is usually required to allow delineation of the target 

from the background activity. Injection of goat antiserum to rabbit globulin to remove circulating 131I-

labeled (rabbit) antibody against fibrinogen, successfully decreased background levels of 

radioactivity.120 This clearing strategy was subsequently employed in a preclinical study in order to 

achieve improved thrombus delineation in the obtained scintigrams.116  

 

Bosnjakovic and coworkers introduced a 131I-labeled polyclonal antibody which was reactive to fibrin, 

but not to fibrinogen,121 and showed that this antibody was capable of detecting DVT in a clinical 

study.122 This strategy has the advantage that the antibody binds directly to the fibrin-containing 

thrombus, instead of binding first to circulating fibrinogen, and thus might be a more suitable option for 

detection of older thrombi which do not avidly take up fibrinogen.  

 

1.3.6 Radiolabeled monoclonal antibodies (mAbs) against fibrin 

A major disadvantage of employing polyclonal antibodies is that the serum obtained from immunized 

animals contains antibodies that differ in affinity and quantity with respect to the various epitopes on 

the antigen, and that the specificities of the obtained antibodies may differ dramatically from animal to 

animal. The development of the hybridoma cell technology in 1975,123 which allows monoclonal 

antibody production, overcame the limitations of the polyclonal technique. A considerable number of 

monoclonal antibodies have been reported that recognize sites on fibrin which are not exposed on 

fibrinogen (Table 1). 

 

1.3.6.1 Anti-α and anti-β chain N-terminus mAbs 

Several antibodies have been developed that specifically recognize the N-terminus of the fibrin α or β 

chain. These sites are exposed by thrombin-induced cleavage of fibrinopeptides A and B from the 

fibrinogen molecule, resulting in the formation of fibrin. Scheefers-Borchel et al. developed a mAb, 

designated as Anti-Fbn 17, which specifically binds to the N-terminus of fibrin α chains and therefore 

might be used to image fibrin deposition in disease.124 However, fibrin polymerizes spontaneously 

through binding of the α chain N-terminus to a site on an adjacent fibrin molecule, rendering the α 

chain N-terminus epitope nonaccessible for antibody binding. Consequently, no in vivo diagnostic 

applications employing specific antibodies against the fibrin α chain N-terminus have been reported. 

 

Multiple antibodies have been raised against the fibrin β chain N-terminus, which remains accessible 

during the initial stages of fibrin polymerization. Monoclonal antibodies 59D8, 55D10, 64C5 and 

ZFB076.3 were obtained by immunizing mice with the heptapeptide Gly-His-Arg-Pro-Leu-Asp-Lys,125-126 

which is identical to the sequence of first seven amino acids of human fibrin β chain. T2G1s, a β chain 

N-terminus specific mAb with binding characteristics similar to 59D8, was developed by immunizing 

mice with the T(N)-DSK fragment,127 which is obtained by cleaving fibrinogen using cyanogen bromide 

and thrombin. 
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Table 1. Anti-fibrin monoclonal antibodies for nuclear imaging of fibrin deposition 
Antibody Epitope 

Recognized 
Dissociation 
Constant (Kd) 

Species specificity Preclinical Nuclear Imaging 
Studies 

Clinical Studies: 
Safety and 
Nuclear Imaging 

Anti-Fbn 
17 

N-terminus of 
fibrin α 
chain124 

NS Specific: human124 - - 

T2G1s N-terminus of 
fibrin β 
chain127  

Human fibrin, 
125I-T2G1s intact, 
F(ab’)2, Fab’ and 
111In-F(ab’)2: 30 
nM131 

Specific: human, 
dog, rabbit127-128, 

132 
 

131I- and 111In-T2G1s, F(ab’)2 and 
Fab’: VT in dogs128, 133-136 

99mTc-T2G1s Fab’: VT (dogs and 
rabbits), arterial thrombosis 
(AT) (dogs)129-130, 132  

99mTc-T2G1s 
Fab’: safety, VT 
and AT imaging 
(phase I-III)137-139  

59D8 N-terminus of 
fibrin β 
chain125 

NS Specific: human, 
dog 
Not specific: 
chicken, cow, pig, 
sheep125, 140 

111In-59D8 Fab’: VT (dogs and 
rabbits) and PE (rabbits)141  
90Y-59D8 Fab’: β-imaging and 
radioimmunotherapy of ovarian 
carcinoma in mice142-143 

111In-59D8 Fab’: 
safety, VT 
imaging144-150 

55D10 N-terminus of 
fibrin β 
chain125 

NS Specific: human125 - - 

64C5 N-terminus of 
fibrin β 
chain125 

NS Specific: human, 
dog125, 151 
Not specific: 
chicken152 

111In-64C5: PE in dogs151 - 

ZFB076.3 N-terminus of 
fibrin β 
chain126 

Human fibrin 
monomer, 111In-
ZFB076.3: 5 nM126  

Specific: human, 
dog126, 153 

111In-ZFB076.3: VT in dogs153-155 - 

102-10 
mAb 

Fibrin β chain 
amino acids 
201-216156 

NS Specific: human, 
mouse, rat156 

89Zr-102-11 mAb: mouse skin 
carcinoma156 

- 

DD-
3B6/22 

Fibrin D-
dimer157 

Human D-dimer, 
DD-3B6/22 intact 
and F(ab’)2: 0.3 and 
1.6 nM, 
respectively158 

Specific: human, 
baboon157, 159 
Not specific: dog, 
pig, rabbit, rat158, 

160 

131I-DD-3B6/22: VT (human 
fibrin) in rabbits,161 human D-
dimer beads in rats 
(subcutaneous) and in rabbits 
(venous)158, 160  
131I-DD-3B6/22 F(ab’)2: human 
D-dimer beads in rabbits 
(venous)158 
111In-DD-3B6/22: VT (human 
fibrin) in dogs155  
99mTc-DI3B6/22 Fab’: VT in 
baboons,159 human D-dimer 
beads in rabbits (venous)162  
99mTc-DI3B6/22-80B3 Fab’: 
PE and VT (human fibrin) in 
dogs163 

99mTc-DI3B6/22 
Fab’: safety, 
DVT and PE 
imaging,164 and 
2 tumor imaging 
case reports165 
 

99mTc-DI3B6/22-
80B3 Fab’: 
safety, 
dosimetry, DVT 
and PE imaging 
(phase I-II)166-170  

DD-
1C3/108 

Fibrin D-
dimer157 

NS Specific: human157 
Not specific: rat160 

131I-DD-1C3/108: subcutaneous 
human D-dimer beads in rats160 

- 

MA-15C5 Fibrin D-
dimer171 

Human D-dimer, 
125I-MA-15C5: 3 
nM171 
123I-MA-15C5 
F(ab’)2: 1 nM; Fab’: 
53 nM172 

Specific: human 
Not specific: 
rabbit171 

123I-MA-15C5 F(ab’)2 and Fab’: 
VT in rabbits (human plasma 
clot)172  

- 
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Antibody Epitope 
Recognized 

Dissociation 
Constant (Kd) 

Species specificity Preclinical Nuclear 
Imaging Studies 

Clinical Studies: 
Safety and Nuclear 
Imaging 

TRF1 
(F60/43/8) 

Fibrin D-
dimer173-174 

Human cross-linked 
fibrin, TRF1: 0.6 
nM174 

Specific: human, 
rabbit174 

131I-TRF1 F(ab’)2: VT 
and AT in rabbits174 

99mTc-TRF1 F(ab’)2: 
safety, VT and 
atherosclerosis175-

176 

GC4 Plasmin 
digested 
fibrin(ogen) D 
region10 

NS Specific: human, dog136 131I-GC4: VT in 
dogs136 

- 

Y22 Non cross-
linked fibrin D-
domain177-178 

NS Specific: human, dog, 
rabbits, rats, sheep 
Not specific: mouse, 
pig178 

99mTc-Y22: VT 
(rabbits, rats) and 
abdominal 
thrombosis 
(rabbits)178-179  

- 

MA-8D3 Non cross-
linked fibrin D-
domain171 

Human D-dimer, 
125I-MA-8D3: 6 
nM171 

Specific: human 
Not specific: rabbit171 

- - 

DG1 Non cross-
linked fibrin D-
domain180 

Human fibrin, DG1: 
1.2 nM180 

Specific: human 
Not specific: rat180 

- - 

TD-1 Cross-link 
region of fibrin 
DD/E181 

Human DD/E, TD-1: 
14 nM181 

Specific: human181 - - 

1H10 Fibrin E-
region182 

Human fibrin clot, 
1H10: 4 nM183 

Specific: human, 
baboon, dog, pig 
Not specific: rabbit, 
sheep184 

- - 

5F3 Fibrin E-
region182 

Human fibrin clot, 
5F3: 4 nM183 

Specific: human, 
baboon, dog, pig 
Not specific: rabbit, 
sheep184 

- - 

MH-1 Cross-linked 
fibrin185 

Cross-linked human 
fibrin, 125I-MH-1: 
0.67 nM185 

Specific: human, rabbit  
Not specific: horse, dog, 
mouse ,rat, baboon, 
goat 185 

99mTc-Dextran-MH-1 
Fab’: VT in 
rabbits186 
 

99mTc-MH-1 Fab’: 
case report 
cardiopulmonary 
thromboembolism 
187 

NIBn 123 X-oligomers 
(plasmin 
digested, large 
cross-linked 
fibrin 
fragments)188  

Human X-oligomer, 
NIBn 123: 1.3 and 
0.1 nM161 

Specific: human188 131I-NIBn 123: VT in 
rabbits (human 
fibrin)161  

- 

3E6 NS NS Specific: dog189 131I-3E6: AT in 
dogs189 

- 

SZ-58 NS Human cross-linked 
fibrin, SZ-58: 5 
nM190 

Specific: human, dog, 
guinea pig, rabbit, 
sheep190 

- - 

SZ-63 NS Human cross-linked 
fibrin, SZ-63: 4 
nM190 

Specific: human, dog, 
guinea pig, rabbit, 
sheep, pig190-191 

99mTc-SZ-63: AT and 
VT in dogs191 

- 

NS= not specified 
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Rosebrough and coworkers evaluated 131I-labeled T2G1s for scintigraphic imaging in a model of acute 

VT which was obtained by inserting a thrombogenic coil in the femoral vein of dogs 30 min before 

tracer injection.128 As intact antibodies have a long circulation half-life, a 24 h delay was necessary to 

visualize the thrombotic area. The imaging protocol was subsequently improved by using 99mTc-T2G1s 

Fab’ fragments, which allowed diagnosis of acute VT and arterial thrombosis (AT) in dogs with a much 

shorter delay time (2-4 h).129-130 Indium-111-labeled 59D8 Fab’ fragments showed comparable 

characteristics and diagnostic capabilities with respect to 99mTc-T2G1s Fab’ fragments in an acute VT 

canine model.130 Similar absolute thrombus uptake 4 h PI was found for 59D8 and T2G1s Fab’, whereas 

the blood clearance of 99mTc-T2G1s Fab’ was slightly faster, yielding a modest (1.6 fold) increase in 

thrombus to blood ratio at 4 h PI for T2G1s Fab’ with respect to 59D8 Fab´. Both antibody fragments 

showed similar biodistribution profiles at 4 h PI, which were indicative of renal clearance. Kidney uptake 

was high for both antibody fragments (0.48 ± 0.06 and 0.35 ± 0.09% ID/g for 99mTc-T2G1s Fab’ and 111In-

59D8 Fab’, respectively), whereas uptake in other organs such as blood, liver, spleen, lung and muscle 

was low (<0.06% ID/g). 

 

In addition to thrombosis imaging, 59D8 Fab’ has been employed for radioimmunotherapy.142-143 

Intratumoral injections of ca. 20 MBq of 90Y-59D8 Fab’ resulted in significantly increased survival time 

and decreased tumor growth with respect to free 90Y in a subcutaneous mouse model of human ovarian 

carcinoma. However, the clinical application of radioimmunoconjugates usually involves intravenous 

administration rather than intratumoral injection. Therefore, preclinical radioimmunotherapy studies 

employing systemic administration of 90Y-59D8 Fab’ should be carried out to more accurately gauge the 

clinical potential of such a fibrin-targeted radiation therapy strategy. 

 

1.3.6.2 Clinical studies: anti-β chain N-terminus mAbs 

A number of clinical studies were performed to investigate the safety and accuracy of thrombosis 

imaging using 99mTc-T2G1s Fab’ and 111In-59D8 Fab´.137-139, 144-150 No adverse reactions and no significant 

increase in human anti-mouse antibody (HAMA) were observed after injection of T2G1s and 59D8 Fab’. 

A multicenter phase III clinical trial of 99mTc-T2G1s Fab’ enrolled 153 patients suspected of acute DVT.138 

Patients were injected with ca. 0.7 GBq 99mTc-T2G1s Fab’ and imaged at 0, 1.5 and 4-6 h PI using 

scintigraphy (Fig. 8). Contrast venography was performed as the gold standard to confirm presence of 

DVT. Figure 8A displays typical 99mTc-T2G1s Fab’ leg scintigraphs of a healthy patient, showing relatively 

little uptake in both legs. Figure 8B shows 99mTc-T2G1s Fab’ leg scintigraphs obtained from a patient 

with DVT in the left calf, knee and thigh, displaying high signal in the thrombosed areas. The diagnostic 

sensitivity of 99mTc-T2G1s Fab’ scintigraphy for proximal DVT was 79% and specificity was 82%. Stratton 

et al. performed a clinical study which enrolled 18 patients with chronic AT (>2 months).139 Patients 

were injected with ca. 0.7 GBq 99mTc-T2G1s Fab’ and imaged at 0, 2 and 4-24 h PI. This study showed a 

relatively low sensitivity of 61%.  

 

The results of six clinical trials regarding the diagnostic performance of 111In-59D8 Fab’ in patients with 

VT are summarized in Table 2. A total of 186 patients, of which most were clinically suspected of DVT, 
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were enrolled in these studies. All patients were injected with approximately 0.5 mg (75 MBq) 111In-

59D8 Fab’ and anti-fibrin images were acquired at several time points up to 24 h PI. These images at 

different time points were subsequently jointly employed for diagnostic purposes. Contrast venography 

was performed as the golden standard for DVT diagnosis. Combining the six clinical studies, a diagnostic 

sensitivity of 88% and specificity of 85% was reported for 111In-59D8 Fab’. Imaging at time points 

beyond 2-4 h PI generally did not improve the diagnostic accuracy. Thus, in comparison to 99mTc-T2G1s 

Fab’, which displayed 79% sensitivity and 82% specificity, 111In-59D8 Fab´ provided higher diagnostic 

accuracy for detection of VT. 

 

 

 
Figure 8. 99mTc-T2G1s Fab’ scintigraphy of the legs immediately, 1.5 h and 4-6 h PI. (A) Low radiotracer 

uptake in legs without thrombosis. (B) Scintigraphic images of a case evaluated as positive for acute 

DVT in the left calf, knee and thigh region (white arrow).Reprinted from Manspeaker et al. with 

permission from Elsevier.138 

 

These clinical trials also showed that parameters such as thrombus age and heparin therapy might 

influence the diagnostic accuracy of fibrin β chain N-terminus directed mAbs. For instance, Lusiani et al. 

reported that the sensitivity of 111In-59D8 Fab’ increased from 78% to 100% by excluding patients who 

displayed symptoms for longer than 30 days.149 Similarly, Jung and coworkers showed that the 

sensitivity increased from 84% to 92% by excluding patients with symptoms for longer than 10 days.148 

A possible explanation for these results is that older thrombi display a more organized structure, which 

decreases the accessibility of the fibrin β chain N-termini as these N-termini associate to adjacent fibrin 

polymers via hydrogen bonding during thrombus organization.126 Thus, only newly formed areas on the 
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surface of thrombi will have highly accessible fibrin β chain N-termini and consequently, older, non-

propagating thrombi will likely display less binding spots for specific mAbs targeting fibrin β chain N-

termini. This hypothesis might explain the low sensitivity (61%) observed in an clinical study 

investigating 99mTc-T2G1s Fab’ for detection of chronic AT (>2 months).139  

 

 

Table 2. 111In-59D8 Fab’ clinical studies 

Investigators Patient population  

(number of patients / 

number of patients 

receiving heparin) 

Time delay: 

injection - 

imaging  

% Sensitivity  

(number of true 

positive tests / 

number of patients 

with thrombosis) 

% Specificity 

(number of true 

negative tests / 

number of patients 

without 

thrombosis) 

Aronen et 

al.145  

Clinically suspected 

DVT (14/NS) 

1-4 and 20-28 

h 

100 (7/7) 67 (6/9) 

Lusiani et al.149  Acute DVT (10/8), 

Chronic DVT (3/3), 

Superficial VT (5/4), No 

VT (7/5) 

0.5, 3, 6 and 24 

h 

78 (14/18) 92 (11/12) 

Jung et al.148  Clinically suspected 

DVT (52/23) 

2 h 84 (26/31) 81 (17/21) 

Alavi et al.144  Clinically suspected 

DVT (33/14) 

4-6 and 24 h 97 (28/29) 75 (3/4) 

De Faucal et 

al.146  

Clinically suspected 

DVT (44/27) 

3 and 18 h 85 (29/34) 100 (10/10) 

Vorne et al.150  Clinically suspected 

DVT (18/6) 

2, 4-6 and 20 h 92 (11/12) 100 (6/6) 

Overall - -  88 (115/131) 85 (53/62) 

NS= not specified 

 

 

Heparin therapy suppresses thrombus propagation, thus reducing the areas consisting of newly formed 

fibrin, and prevents the replacement of antigenic sites lost due to endogenous fibrinolysis. Thus, 

heparinization likely leads to decreased thrombus uptake of anti-fibrin β chain N-terminus mAbs.138 

Morris and coworkers showed that heparin therapy in dogs resulted in significantly decreased 

sensitivity of an 111In-labeled anti-fibrin β chain N-terminus mAb (ZFB076.3) for detection of acute VT.153 

Clinical studies using anti-fibrin β chain N-terminus mAbs displayed somewhat more ambiguous results 

with respect to heparin therapy. Alavi et al. showed that for thrombi located in the thigh region, the 

sensitivity of 111In-59D8 Fab’ was 100% in patients without heparin therapy, whereas the sensitivity was 

reduced to 54% in heparinized patients.144 In contrast, De Faucal146, Jung148 and Lusiani,149 did not 
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observe negative effects due to heparinization, although it was not excluded that sensitivity could have 

been higher without heparin therapy. It is likely that heparin treatment decreases anti-fibrin β chain N-

terminus mAb uptake in thrombi, but that the actual level of reduction in mAb uptake determines 

whether sensitivity will be significantly affected. 

 

1.3.6.3 Anti-D-dimer mAbs 

During the fibrin polymerization process, D-regions of 2 separate fibrin monomers bind covalently, 

resulting in formation of D-dimers. These newly formed D-dimers contain epitopes which are not 

present on fibrinogen and fibrin monomers. Unlike the N-termini of α and β fibrin chains, the D-dimer 

epitope is exposed on polymerized fibrin regardless of thrombus propagation. Thus, anti-D-dimer mAbs 

are expected to bind fresh and older thrombi, with and without heparin administration.192 

Consequently, mAbs directed against the D-dimer region might be more apt for diagnosis of VT and PE 

in comparison with anti-fibrin N-terminus α and β chains mAbs, especially since patients suspected of 

acute DVT are recommended to receive anticoagulants while awaiting for diagnostic tests.193  

 

Anti-D-dimer mAbs MA-15C5, MA-8D3 and TRF were developed by immunizing mice with purified D-

dimer fragments.171, 174 Iodine-123-MA-15C5 (Fab’)2 and Fab’ fragments showed dissociation constants 

of 1 and 53 nM, respectively, towards human D-dimer while (intact) TRF displayed a dissociation 

constant of 0.6 nM towards human cross-linked fibrin.172, 174 In rabbits, 123I-MA-15C5 (Fab’)2 fragments 

enabled detection of VT within 4 h PI with a sensitivity of 77% and specificity of 87%.172 Similarly, using 

scintigraphic imaging 131I-TRF (Fab’)2 fragments allowed visualization of rabbit AT and VT.174 In addition, 

thrombus uptake of 125I-MA-15C5 and MA-8D3 Fab’ fragments in rabbits was found to be independent 

of heparin treatment and clot age (up to 3 days).171 In a clinical trial in 16 patients with deep and 

superficial VT, Ciavolella and coworkers showed 100% sensitivity at 3 h post 99mTc-TRF (Fab’)2 injection, 

compared with a 86% sensitivity for echo Doppler.175 Technetium-99m-TRF (Fab’)2 was also injected in 8 

patients scheduled for a revascularization procedure of the main carotid artery because of the presence 

of an uncomplicated atherosclerotic lesion.176 Five out of eight patients showed increased tracer uptake 

in the plaque and it was speculated by the authors that this tracer might be useful for imaging insoluble 

fibrin depositions inside atherosclerotic plaques. Unfortunately, an increase in HAMA was observed in 

41% (10/24) of patients.175-176 This immunogenic response might be of major concern as it likely 

prohibits readministration of the mAb in patients, whereas thrombus imaging may need to be 

performed repeatedly to assess the course of therapy. 

 

1.3.6.4 DD-3B6/22 anti-D-dimer mAb 

Of particular interest is the development of anti-D-dimer mAb DD-3B6/22, which was obtained by 

immunizing mice with cross-linked fibrin lysate.157 Intact DD-3B6/22 and the corresponding F(ab’)2 

displayed dissociation constants of 0.3 and 1.6 nM, respectively, towards human D-Dimer.158 DD-

3B6/22 binds to human and baboon fibrin, but not to fibrin of dogs, pigs, rabbits and rats.158-159 Iodine-

131-labeled DD-3B6/22 intact mAb allowed imaging of human D-dimer coated sepharose beads and 

venous thrombi containing human fibrin in the jugular vein of rabbits.158, 161 However, a relatively long 
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delay of ca. 20 h was required between mAb injection and scintigraphic imaging due to slow blood 

clearance of 131I-DD-3B6/22 intact mAb. Iodine-131-labeled DD-3B6/22 F(ab’)2 fragments cleared faster 

from the circulation and therefore allowed detection of fibrin deposition in the rabbit jugular vein at an 

earlier time point (4 h PI).158 In subsequent studies, DD-3B6/22 Fab’ fragments were labeled with 99mTc. 

Technetium-99m-labeled DD-3B6/22 Fab’ was stable for at least 24 h in an in vitro human plasma assay, 

it cleared rapidly from circulation and allowed imaging of D-dimer coated beads in rabbit jugular veins 

within 30 min PI.162, 194 In addition, 99mTc-DD-3B6/22 Fab’ was employed in a baboon model of acute 

and chronic (up to 29 days) VT.159 Whole body scintigraphy of baboons showed that 99mTc-DD-3B6/22 

Fab’ is rapidly cleared via renal excretion with 40% of the injected dose present in the urine at 3 h PI, 

while little retention in other organs was observed. Technetium-99m-labeled DD-3B6/22 Fab’ allowed 

imaging of 2.5 and 8 day old venous thrombi in baboons within 3 h PI with a sensitivity of 100% (6/6), 

whereas scintigraphy of 29 day old venous thrombi showed a decreased sensitivity of 33% (1/3).  

 

To compare the effect of heparin treatment on anti-D-dimer and anti-β chain mAb thrombus uptake, 

Morris and coworkers injected 111In-DD-3B6/22 intact mAb and anti-β chain 111In-ZFB076.3 intact mAb 

into heparinized dogs with acute VT.155 Fibrin imaging was performed up to 24 h PI and the sensitivity of 
111In-DD-3B6/22 was 100%, whereas sensitivity of anti-β chain 111In-ZFB076.3 intact mAb was 60%. Thus, 

anti-D-dimer mAbs seem more suited for detection of VT in subjects undergoing heparin therapy than 

anti-β chain mAbs. This is likely due to heparin decreasing the number of accessible binding spots for 

anti-β chain mAbs, while not influencing the D-dimer epitope accessibility. 

 

Safety and diagnostic accuracy of 99mTc-DD-3B6/22 Fab’ were investigated in a clinical trial which 

enrolled 20 patients with confirmed acute DVT, as diagnosed using contrast venography or venous 

duplex scanning.164 Nineteen patients were receiving heparin treatment during the study and 2 patients 

were also diagnosed with PE by angiography. The patients were injected with 600 MBq (0.5 mg) dose of 

labeled antibody, planar images of the lower limbs were recorded at 0, 2, 6 and 24 h PI and chest planar 

images were recorded at 6 and 24 h PI. Sensitivity of 99mTc-DD-3B6/22 Fab’ scintigraphy for diagnosis of 

DVT was 100% (20/20) using images obtained at 6 h PI. In addition, 1 out of 2 PE was detected using 

chest scintigraphic images obtained at 6 h PI. A possible drawback of employing anti-D-dimer mAbs for 

diagnosis of thrombosis is that patients with thrombosis may display elevated plasma levels of D-dimer, 

possibly interfering with binding of the mAb to the D-dimer epitope present on the thrombus. Five 

patients had D-dimer plasma levels between 500 and 3000 ng/ml, whereas the normal upper limit is 

320 ng/mL.195 However, no qualitative differences in the images from these 5 patients were observed. 

These results were in concordance with previous preclinical studies. Baboons with acute VT displayed 

high D-dimer plasma levels of > 1500 ng/mL without adversely affecting scintigraphy, whereas a study 

in rabbits showed that plasma levels of D-dimer > 8000 ng/mL were required to inhibit thrombus 

binding.159  

 

In addition to DVT, two of the patients enrolled in the trial had also malignant fibrous histiocytoma and 

squamous cell carcinoma, respectively, and both tumors were well visualized using 99mTc-DD-3B6/22 
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Fab’ scintigraphy.165 Figure 9 shows the 99mTc-DD-3B6/22 Fab’ scintigraphic images obtained from the 

patient with malignant fibrous histiocytoma, displaying increased tracer uptake in the tumor lesion. 

One patient enrolled in the study displayed a mildly elevated HAMA response. 

 

  

Figure 9. 99mTc-DD-3B6/22 

scintigraphs of the proximal 

thighs obtained (A) immediately 

and (B) 6 h PI, displaying 

increased tracer uptake in a 

fibrous histiocytoma (arrows). 

Reprinted from Angelides and 

coworkers with permission from 

the publisher.165  

 

 

A significant obstacle in the development of anti-fibrin mAbs for noninvasive detection of fibrin 

deposition in patients has been the murine origin of the investigated mAbs, putting patients at risk for 

anti-mouse immune reactions, especially during repeated administration. A key advance for the field 

was the deimmunization of DD-3B6/22, with the deimmunized antibody fragment being designated as 

DD-3B6/22-80B3 (80B3).192 The deimmunization procedure encompasses modification of potential T 

cell-stimulating epitopes by amino acid substitutions and subsequent insertion into a vector containing 

the constant regions of a human IgG1 subclass antibody. SPECT imaging of acute PE and VT in dogs 4 h 

PI of deimmunized 99mTc-80B3 Fab’ showed a 100% sensitivity for PE and DVT displaying thrombi of 

mass 0.4 g or greater.163 It was noted by the authors that SPECT imaging significantly increased the 

potential for detection of PE with respect to planar scintigraphy, which did not allow detection of PE. 

This was attributed to the inability of planar imaging to image small hotspots in regions such as the 

thorax, which contain a large blood pool fraction with accompanying high background signal. 

 

Technetium-99m-labeled 80B3 Fab’ (0.5-4 mg, 750 MBq) was injected in 32 healthy volunteers to 

evaluate the safety, pharmacokinetics and dosimetry.168 No adverse effects related to mAb injection or 

human anti-human antibodies (HAHA) were detected. Technetium-99m-labeled 80B3 Fab’ displayed a 

rapid plasma clearance (t1/2,α = 1 h), via the renal pathway, and did not show high uptake in organs, 

except for kidney. The effective dose was calculated to be 9 mSv per 750 MBq. Thus, 99mTc-80B3 Fab’ 

showed a favorable pharmacokinetic profile for a tracer that targets an intravascular epitope.  

 

Subsequent phase I and II clinical trials were performed to evaluate the diagnostic performance of 
99mTc-80B3 Fab’ for detection of DVT and PE.166-167, 169-170 Fifty-two patients suspected of acute PE were 

enrolled in a phase II clinical study to investigate the sensitivity and specificity of 99mTc-80B3 SPECT.170 

Patients underwent contrast enhanced thoracic CT, considered the golden standard, and thoracic SPECT 
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2.5 h PI of 99mTc-80B3 (0.5 mg, ca. 800 MBq). Figure 10 displays a typical example of an obtained 

thoracic SPECT image in a patient with acute PE, illustrating that 99mTc-80B3 yields clear embolus 

delineation. Compared to CT findings, 99mTc-80B3 SPECT showed 76% (16/21) sensitivity and a 90% 

(19/21) specificity. Four out of five false negative SPECT studies involved suspected PE in the 

(sub)segmental pulmonary arteries. However, as thoracic CT scanning is relatively prone to yield false-

positive results in (sub)segmental pulmonary arteries, it seems probable that a part of the false-

negative SPECT scans actually might have been true-negative.170 Thus, the actual sensitivity of 99mTc-

80B3 SPECT might be higher than the observed 76%. 

 

A phase II study investigating the diagnostic accuracy of 99mTc-80B3 planar scintigraphy for DVT 

detection enrolled 94 patients with suspected DVT.166 Contrast venography was performed and was 

considered the gold standard. For proximal DVT, combined analysis of 0.25 and 3 h PI images showed 

84% (16/19) sensitivity and 98% (29/30) specificity. The accuracy for distal DVT was lower, and the 

authors speculated this might be due to lower thrombus burden in this subset of patients or due to the 

imaging protocol. Early images, considered to be blood pool images, were not completed until 45 min PI. 

At this point, a significant fraction of the tracer has either bound to its target or has been cleared via 

the kidneys. Thus, accuracy of analysis that compares early images to late specific tracer uptake images 

might have been diminished by classifying the signal in the early images as purely blood pool. Future 

studies should refine the image acquisition and analysis protocol to prevent this particular issue. 

Technetium-99m-labeled 80B3 Fab’ (Thromboview®) is currently in the pipeline of AGEN Biomedical Ltd. 

as a diagnostic agent for detection of DVT and PE, however phase III clinical trials still have to be 

performed.  

 

 

 

 

 

 

 

Figure 10. 99mTc-80B3 SPECT 

imaging of the thorax region 

in a patient with acute PE 

(2.5 h PI), showing focal 

uptake at the site of the 

embolus (arrows). Reprinted 

with permission of the 

American Thoracic Society.170 

Copyright © 2014 American 

Thoracic Society. 
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1.3.7 Radiolabeled fibrin-binding peptides 

Radiolabeled peptides have been investigated extensively as imaging tracers in the field of nuclear 

imaging.196-198 Peptides display low immunogenicity and can be produced rather easily and 

inexpensively. In addition, because of their small size, most peptides are rapidly cleared from circulation 

and are able to swiftly penetrate tissues, thus allowing imaging procedures that yield more rapid results 

and higher target to background ratios with respect to, for instance, antibody-based nuclear imaging 

strategies. Several radiolabeled fibrin-binding peptides have been developed to visualize fibrin 

deposition in disease using nuclear imaging methods and these strategies will be discussed in the 

following sections. 

 

1.3.7.1 Fibrin-binding domain (FBD) of fibronectin 

Fibronectin is a 440 kDa protein that binds to several extracellular matrix components such as integrins, 

collagen and fibrin. The fibronectin FBD is situated at the N-terminus and is cross-linked to fibrin via the 

position 3 glutamine in a transglutaminase reaction under the action of activated factor 13 (FXIIIa). The 

entire FBD (31 kDa) consists of 259 amino acids which are paired in 10 disulfide bridges, yielding the so 

called five-finger regions. Using recombinant techniques, three FBD polypeptides have been produced: 

the entire five-finger FBD and the smaller three-finger (18 kDa) and two-finger region (12 kDa) FBDs.199 

Pharmacokinetic studies in rats using 125I-FBD showed rapid clearance from circulation, with 31 kDa FBD 

showing a t1/2,α of 30 min and 12 kDa FBD displaying even more swift elimination (t1/2,α = 21 min). The 

12 kDa and 31 kDa FBD peptides showed similar clot uptake in a vena cava thrombosis rat model and 

this uptake was not influenced by the presence of heparin. As 12 kDa FBD showed more rapid clearance 

with respect to 31 kDa FBD, it was concluded that 12 kDa FBD was the most promising candidate for 

detection of fibrin deposition. In a jugular vein thrombosis rabbit model, 111In-FBD (12 kDa) showed 

thrombus to blood ratios of ca. 50 at 24 h PI, thus confirming the potential of FBD-based fibrin 

visualization. 

 

Indium-111-labeled FBD (12 kDa) was investigated in a clinical trial enrolling 32 healthy control subjects 

and 30 patients with DVT, as confirmed by duplex ultrasound, contrast venography and/or impedance 

plethysmography.200 Images were obtained at 18-24 h post 111In-FBD administration and the sensitivity 

was found to be 73% (22/30), whereas the specificity was 94% (30/32). The somewhat low sensitivity 

was likely due to the fact that some patients in the study had clots that were likely more than one week 

old, whereas FBD binds mainly to fresh thrombi. Subsequent clinical studies employed 99mTc-labeled 12 

kDa FBD. A phase I trial (10 healthy subjects) showed rapid blood clearance with 20% of the activity 

remaining in circulation after 30 min and less than 2% after 24 h.197 Urinary excretion was 40% at 24 h. 

Nonspecific tracer accumulation was highest in kidney and no anti-FBD or anti-fibronectin antibodies 

were detected. In a phase II clinical trial, 41 patients with acute DVT (5 ± 4 days old) were injected with 
99mTc-FBD (0.5-1 GBq, 20-40 nmol peptide) and imaged by planar scintigraphy at 0.5, 2 and 4-6 h PI.197 

The results were compared to ultrasound imaging and a D-dimer assay and 99mTc-FBD showed a 

sensitivity of 80-93%. Figure 11 displays typical examples of 99mTc-FBD scintigraphs obtained in patients 

with proven acute DVT of the right lower leg, illustrating the potential of 99mTc-FBD to visualize DVT. 
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Figure 11. 99mTc-FBD scintigraphs of 2 patients (A,B) obtained 2 h post injection, showing acute DVT of 

the right lower leg (arrows). Upper row = anterior view; bottom row = posterior view. Reprinted from 

Taillefer et al. with permission from Elsevier.197  

 

 

1.3.7.2 α2-antiplasmin-based peptides 

The glycoprotein α2-antiplasmin (α2-AP) is the main physiological inactivator of plasmin and is cross-

linked to the α chain of fibrin under the action of FXIIIa.7 Cross-linked α2-AP retains its full inhibitory 

activity and makes fibrin markedly resistant to plasmin-induced fibrinolysis.6 Tung and coworkers 

pioneered the field of α2-AP-based imaging probes by employing the amino acid sequence 

N13QEQVSPLTLLK24, extracted from the N-terminus of α2-AP, as the functional template to develop a 

peptidic imaging probe that binds to fibrin under the action of FXIIIa.201 Optical and MRI α2-AP-based 

probes were developed by conjugating the amino acid sequence to a dye (Alexa Fluor 680) or 

paramagnetic label (Gd-DOTA), respectively.  

 

GE Healthcare Bio-Sciences (United Kingdom) subsequently reported on the development of NC100668, 

a 99mTc-labeled peptide containing the identical functional amino acid template (NQEQVSPLTLLK), as 

tracer for FXIIIa-mediated fibrin SPECT imaging in venous thromboembolism.202-203 In an in vitro plasma 

clot binding study, 99mTc-NC100668 displayed significantly more thrombus uptake with respect to a 

negative control peptide and dansyl cadaverine, which is a known substrate of FXIIIa.204 In addition, 
99mTc-NC100668 was shown to be specific for plasma clots of rat, rabbit, dog and human origin. In vivo 

biodistribution studies in rats bearing 1 h old inferior vena cava thrombi showed rapid blood clearance, 

renal excretion and thrombus to blood and thrombus to muscle ratios of 9 and 31, respectively, at 1 h 

PI.204 Additional studies in rats bearing vena cava thrombi showed that thrombus age (tested up to 4 h) 
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and heparin and thrombin inhibitor-based anticoagulation therapy did not influence 99mTc-NC100668 

thrombus uptake, whereas tPA-based anticoagulation therapy decreased 99mTc-NC100668 uptake in 

clots by a factor of 3.205 Studies in rats showed rapid radiotracer metabolism, with the major radio-

metabolite being the 99mTc-chelate complex attached to glycine,202, 206 which is unable to bind to fibrin. 

A phase I single ascending dose study in healthy volunteers showed rapid tracer clearance from 

circulation (t1/2,α = 12 min), and the major metabolite in urine was identical to the major metabolite in 

rats.207 Although the biodistribution results were promising, neither preclinical nor clinical imaging 

studies employing 99mTc-NC100668 have been reported. Hence, additional studies are required to 

properly gauge the potential of 99mTc-NC100668 to visualize pathological fibrin deposition. 

 

Nahrendorf and colleagues developed 111In- and 18F-labeled versions of the NQEQVSPLTLLK-based 

probe to investigate the role of FXIIIa in myocardial healing in mice using SPECT and PET imaging, 

respectively.208-210 FXIIIa was found to be critically important in murine myocardial healing, as FXIII-

deficient mice all died within 5 days after myocardial infarction due to left ventricular rupture. In light 

of this review, which focuses on specific imaging of fibrin deposition, it is important to note that the 

authors of this study employed the 111In- and 18F-labeled α2-AP based probes to visualize cross-linking 

of extracellular matrix proteins, such as collagen, rather than fibrin deposition. Indeed, FXIIIa is also 

known to crosslink matrix proteins.6 It is therefore important to recognize that both the α2-AP-based 

and the FBD-based tracers might not entirely be specific for fibrin imaging, but rather for FXIIIa-activity 

in a range of biological processes.  

 

1.3.7.3 Fibrin-binding peptide TP850 

During the clotting cascade, thrombin cleaves off fibrinopeptide A and B from the N-termini of the α 

and β fibrinogen chains, thereby exposing new amino acid sequences at the α and β chain N-termini. 

These newly exposed α chain N-termini bind subsequently to pre-existing binding pockets on the γ 

chain C-termini, inducing fibrin polymerization.4 Thakur and coworkers developed the 99mTc-labeled 

fibrin-binding peptide TP850 (GPRPP-Aba-GG-[D]Ala-G),211 which contains a 99mTc-chelating moiety (GG-

[D]Ala-G) and a fibrin-binding sequence (GPRPP), which resembles the fibrinogen α chain N-terminus 

after thrombin cleavage (GPRV) and thus is able to bind to the γ-chain C-terminus of fibrinogen and 

fibrin. 

 

In vitro fibrin-binding studies showed that TP850 binds to two sites per fibrin molecule and that it is 

able to bind to dog, rabbit and human derived fibrin.211-212 Pharmacokinetic and biodistribution studies 

in healthy rabbits showed fast blood clearance (t1/2,α = 4 min [20%]; t1/2,β = 13 min [80%]) and renal 

excretion, suggesting minimal binding of the tracer towards circulating fibrinogen. In rabbits having 

either acute jugular vein DVT or 24 h old PE, 99mTc-TP850 scintigraphy allowed delineation of all thrombi 

at 1.5-2 h PI, even though clot uptake (0.01-0.09% ID/g) and thrombus to blood ratios (1-12) were 

modest.211 In subsequent studies in swine with acute and aged (up to 5 days) DVT and PE, 99mTc-TP850 

scintigraphy visualized thrombi within 2 h PI (Fig. 12). However, thrombi that had fragmented into 

smaller pieces during the aging process were not detectable in vivo, and this was attributed to the small 
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size of the clots with respect to the resolution of the γ-camera. A wide range of thrombus to blood 

ratios was observed (0.4 – 155; 4 h PI).212  

 

 

  

 

 

 

Figure 12. Sequential 99mTc-TP850 

scintigraphs of a swine with 1 day old 

pulmonary emboli. Images were 

obtained at (A) 45 min, (B) 1 h, (C) 3 h 

and (D) 4 h PI of 99mTc-TP850. Arrows 

indicate hotspots corresponding to the 

emboli. The other hotspots are the site of 

injection (ear) and the site of esophageal 

injury (due to ventilation tubing). These 

images illustrate that 99mTc-TP850-based 

delineation of emboli increased over time. 

This research was originally published in 

JNM.212 © by the Society of Nuclear 

Medicine and Molecular Imaging, Inc. 

 

 

1.3.7.4 EP-2104R-based radiolabeled fibrin-binding peptides 

EP-2104R (Fig. 13A) is a fibrin-specific, gadolinium-based peptidic MRI contrast agent developed by Epix 

Pharmaceuticals. The peptide contains a fibrin-binding, cyclic amino acid backbone (Y-dGlu-C-Hyp-3ClY-

GLCYIQ), which was identified using phage display against human fibrin and further optimized for fibrin-

binding purposes.213 The fibrin-binding peptide sequence is conjugated on both the N-terminus and the 

C-terminus with 2 Gd-DOTA moieties to provide MRI contrast. EP-2104R displays binding to fibrin with a 

dissociation constant (Kd) of ca. 1 µM and has been extensively investigated for MRI visualization of 

fibrin deposition in preclinical models of thrombosis, atherosclerosis and cancer.214-219 Furthermore, EP-

2104R has been successfully employed in a phase II clinical study for MRI detection of arterial and 

venous thrombosis.220-221 Figure 13B-C shows an example of EP-2104R-based molecular MR imaging of 

fibrin deposition in a patient with left ventricular thrombosis, displaying significant MR signal increase 

in the thrombus post-contrast injection. 

 

More recently, Caravan and coworkers introduced the EP-2104R fibrin-binding peptide platform into 

the field of nuclear imaging. Their initial efforts encompassed construction of a bimodal fibrin-binding 

peptide for PET/MR imaging by partial removal of Gd from the DOTA-moieties of the EP-2104R peptide. 
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The “empty” DOTA-chelators (ca. 5% of all DOTA-moieties) were subsequently employed to radiolabel 

the peptide with 64Cu, yielding a Gd and 64Cu-labeled fibrin-binding peptide for PET/MR imaging of 

fibrin deposition.222 In an elegant preclinical study, the 64Cu and Gd-labeled EP-2104R peptide was 

shown to enable truly simultaneous MRI and PET visualization of a preformed carotid artery thrombus 

in rats within 1.5 h PI. Thrombus to contralateral carotid artery signal ratio was 1.9 ± 0.5 for PET 

imaging at 30-90 min PI and 1.7 ± 0.4 for MR images acquired at 10 min PI. Biodistribution (2 h PI) 

showed accumulation of Gd and 64Cu in the thrombus and kidney, and low uptake in other organs, with 

exception of the liver, which showed significant accumulation of 64Cu (1.1 ± 0.3% ID/g), but not of Gd 

(0.0 ± 0.0% ID/g). These data suggest that 64Cu is released from the DOTA-chelator,223 and subsequently 

is bound by liver proteins such as superoxide dismutase.224  

 

 

  

 

Figure 13. (A) Structural formula of the 

fibrin-binding peptidic MRI contrast 

agent EP-2104R.Reprinted from 

Overoye-Chan and coworkers with 

permission from the American Chemical 

Society.213 Copyright 2008 American 

Chemical Society. (B-C) Molecular MR 

imaging of fibrin deposition in a patient 

with left ventricular thrombus, displaying 

significant signal increase in the 

thrombus (arrows) post-contrast 

injection (2-6 h PI). LV = left ventricle; 

RV= right ventricle. Reprinted from 

Spuentrup et al. with kind permission 

from Springer Science and Business 

Media.221  

 

 

Subsequent studies focused on the synthesis and preclinical evaluation of monomodal, 64Cu-labeled EP-

2104R-like peptides for PET imaging of fibrin deposition. Ciesienski and coworkers developed three 

simplified versions of the EP-2104R peptide, designated as FBP1, FBP2 and FBP3.225 These three 

peptides contain a fibrin-binding amino acid sequence similar (FBP1) or closely related to EP-2104R 

(FBP2-3) and a DOTA-moiety attached to both the N- and C-terminus of the peptide. The FBPs were 

radiolabeled with 64Cu and subsequently injected in rats with acute carotid artery thrombosis. PET 

imaging of FBP1 and FBP2 showed marked PET signal in the thrombus area, illustrating the potential of 

FBP1 and FBP2 for PET imaging of fibrin deposition in disease. Biodistribution results at 2 h PI displayed 
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a moderate thrombus to blood ratio of 3 for both FBP1 and FBP2 and a low thrombus to blood ratio of 1 

for FPB3. The latter finding was attributed to faster metabolism of FBP3. In addition, FBP1-3 showed 

high uptake in kidney and liver.  

 

The relatively high level of activity in blood and liver due to release of 64Cu from the DOTA-chelator 

increases radiation burden, lowers the thrombus to blood ratio and likely precludes visualization of 

fibrin deposition in a significant part of the abdomen using this radionuclide. In a quest to prevent 64Cu 

transmetallation and its corresponding negative effect on the EP-2104R-based peptide biodistribution 

profile, the N- and C-terminus of the FBP2 fibrin-binding sequence were conjugated to pycup, a novel 

pyridine-containing, more stable chelator for 64Cu-complexation, yielding a fibrin-binding peptide 

designated FBP12.226 Copper-64-labeled FBP12 was then evaluated in an acute carotid thrombosis rat 

model. PET imaging (1 h PI) of 64Cu-FBP12 allowed thrombus visualization and, in addition, uptake in 

lungs was visible. Biodistribution at 2 h PI showed a clot to blood ratio of 4 and a clot to contralateral 

artery ratio of 2. However, absolute uptake in lung (0.6 ± 0.3% ID/g), spleen (0.5 ± 0.1% ID/g), liver (2.5 

± 0.1% ID/g) and kidney (2.8 ± 0.1% ID/g) was higher than thrombus uptake (0.4 ± 0.1% ID/g). This 

increased uptake in lung and spleen was not observed in previous studies, and might be indicative of 

partial peptide aggregation at the time of injection. Metabolic studies showed that the 64Cu-FBP12 was 

rapidly degraded in vivo, but that 64Cu likely was still associated with the pycup-chelator. Therefore, 

unlike in previous studies, also the high 64Cu-FBP12 liver uptake might be attributable to a fraction of 

aggregated peptides.  

 

In order to further optimize the EP-2104R fibrin-binding peptide platform for PET imaging purposes, 

Caravan and coworkers focused on three other copper-avid chelators (CB-TE2A, NODAGA and NOTA) 

for 64Cu-labeling of the FBP2 fibrin-binding sequence, yielding FBP7, FBP8 and FBP9, respectively.227-228 

Figure 14A shows the structural formulas of FBP8 and FBP9. Peptides FBP7-9 displayed dissociation 

constants of ca. 1 µM towards fibrin and showed high stability in serum in vitro. FBP7-9 allowed PET 

imaging of fibrin deposition in an acute carotid artery thrombosis rat model. Figure 14B-D shows typical 

examples of PET images acquired in rats using FBP8 and FBP9, clearly illustrating the potential of FBP8-9 

for visualization of thrombosis. Biodistribution studies at 2 h PI showed absolute thrombus uptake of 

0.5-0.8% ID/g and clot to blood ratios higher than 7 for peptides FBP7-9. In comparison to FBP12, 

peptides FBP7-9 showed significantly less uptake in lung (0.1-0.2% ID/g), liver (0.3-0.7% ID/g) and 

spleen (0.1-0.2% ID/g), whereas kidney uptake was similar. In addition, peptides FBP7-9 were 

metabolically stable in vivo, with ≥ 75% of the circulating dose existing as intact probe in plasma (tested 

up to 5 h PI). For these reasons, peptides FBP7-9 are more suitable options for clinical translation. In 

addition to studies in a carotid thrombosis rat model, FBP7 has also successfully been employed for 

thrombus detection and thrombolytic therapy monitoring using PET imaging in an embolic stroke rat 

model.227  

 

The NODAGA- and NOTA-conjugated FBP2 fibrin-binding sequences have also been labeled with Al18F, 

yielding radiolabeled peptides designated as FBP10 and FBP11, respectively (Fig. 14A).228 Since the 
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peptides are rapidly cleared from circulation, labeling with the short-lived isotope 18F is a feasible 

option for diagnostic purposes. Furthermore, the Al18F strategy does allow the use of a “kit-like” 

formulation. In vivo PET imaging using FBP10 and FBP11 in rats with acute carotid artery thrombosis 

clearly visualized the thrombi (Fig. 14E-F). Biodistribution at 2 h PI showed an absolute thrombus 

uptake (0.4-0.6% ID/g) which was similar to that of the 64Cu-labeled peptides FBP7-9. FBP10 exhibited 

low in vivo stability (<30% intact probe at 4 h PI) and high radioactivity uptake in bone (1.5% ID/g, 

Figure 14E), which indicates defluorination of the probe. In contrast, FBP11 showed high stability (>70% 

intact at 4 h PI) and displayed bone uptake which was 10-fold lower than for FBP10. This difference is 

likely due to higher stability of the Al18F-NOTA complex (FBD11) compared to the Al18F-NODAGA 

complex (FBD10). FBP11 is a promising candidate for clinical translation, as 18F-chemistry is used 

routinely in clinical radiopharmacies and as FBP11 showed favorable imaging characteristics and 

biodistribution profiles, which were similar with respect to the 64Cu-labeled peptides FBP7-9. 

 

 

 
Figure 14. (A) Structural formulas of fibrin-specific PET probes FBP8-11. (B) Typical PET/CT image 

obtained 30-90 min post injection of FBP8 in a rat with induced acute carotid artery thrombosis (sagittal 

view, head-neck area). Bold arrow indicates thrombus uptake of FBP8, thin arrow indicates carotid 

artery as visualized by CT angiography and * indicates FBP8 uptake in the surgical wound. (C-F) Coronal 

PET images (head-neck area) obtained 30-90 min post injection of FBP8-11 in rats with induced carotid 

artery thrombosis. Bold arrows indicate thrombus, arrowheads indicate bone uptake of FBP10. This 

research was originally published in JNM.228 © by the Society of Nuclear Medicine and Molecular 

Imaging, Inc. 
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1.4 Summary 

To summarize, the field of fibrin nuclear imaging has evolved from employing radiolabeled proteins of 

the coagulation system and radiolabeled anti-fibrin antibodies to using radiolabeled fibrin-binding 

peptides. Fibrin-binding peptides display low immunogenicity, low costs of production, rapid blood 

clearance and high tissue penetration with respect to radiolabeled coagulation cascade proteins and 

antibodies against fibrin. Hence, radiolabeled fibrin-binding peptides have the highest potential to 

deliver value in routine clinical care of cardiovascular, oncological and neurological diseases. 

 

1.5 Aim and outline thesis 

The aim of this thesis was to develop novel small molecule and nanoparticulate probes for imaging of 

fibrin and to validate these novel probes in a preclinical setting. In the first part of this thesis, the 

development and preclinical assessment of 111In-FibPep and 111In-EPep, two fibrin-binding peptidic 

SPECT tracers, is presented. Chapter 2 describes the synthesis and characterization of 111In-FibPep and 

presents the preclinical evaluation of 111In-FibPep in a carotid artery thrombosis mouse model. Chapter 

3 reports on the synthesis and characterization of 111In-EPep. In addition, Chapter 3 describes a head-

to-head comparison of 111In-FibPep and 111In-EPep in vivo in a carotid artery thrombosis rat model. In 

Chapter 4, 111In-EPep was evaluated for in vivo SPECT imaging of intratumoral fibrin deposition in tumor 

bearing mice.  

 

The second part of the thesis comprises the development of novel fibrin-binding iron oxide nanoparticle 

micelles (ION-Micelles) for molecular magnetic particle imaging (MPI) and MRI of fibrin deposition. MPI 

is a relatively new imaging modality that could provide a radiation-free alternative for hot-spot based 

molecular imaging. Chapter 5 reports on the synthesis and characterization of the ION-Micelles. In 

addition, Chapter 5 describes the functionalization of the ION-Micelle nanoplatform with FibPep. The 

potential of these fibrin-binding FibPep-ION-Micelles for molecular MPI and MRI of fibrin deposition in 

thrombosis was subsequently evaluated in vitro. In Chapter 6, the potential of the FibPep-ION-Micelle 

nanoplatform for molecular MPI/MRI of fibrin deposition was evaluated in vivo in a carotid artery 

thrombosis mouse model.  

 

The third part of this thesis entails a novel nanoparticulate platform for bimodal PET/MR imaging. 

PET/MRI is a powerful combination for molecular imaging purposes as it allows quantification and full 

body screening of probe uptake with PET and detailed characterization of this uptake at high resolution 

using MRI. Chapter 7 describes the development of a 89Zr- and Fe-labeled polymeric micelle 

nanoplatform (89Zr/Fe-DFO-Micelles) for bimodal PET and T1-weighted MR imaging. The 89Zr/Fe-DFO-

Micelles were characterized in vitro and evaluated in vivo using bimodal PET/MR imaging in tumor 

bearing mice. In addition, Chapter 7 describes the functionalization of the 89Zr/Fe-DFO-Micelle 

nanoplatform with FibPep, yielding fibrin-binding FibPep-89Zr/Fe-DFO-Micelles. The potential of the 

FibPep-89Zr/Fe-DFO-Micelles for bimodal PET/MR imaging of fibrin deposition was subsequently 

evaluated in vitro. Finally, a summarizing discussion of this thesis is presented in Chapter 8.  
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Abstract 

 

Noninvasive detection of fibrin in vivo using diagnostic imaging modalities may improve clinical decision 

making on possible therapeutic options in atherosclerosis, cancer and thrombus-related pathologies 

such as pulmonary embolism and deep venous thrombosis. The aim of this study was to assess the 

potential of a novel 111In-labeled fibrin-binding peptide (FibPep) to visualize thrombi in mice 

noninvasively using single-photon emission computed tomography (SPECT). FibPep and a negative 

control peptide (NCFibPep) were synthesized and their fibrin-binding properties were assessed in vitro. 

FibPep showed enhanced binding compared to NCFibPep to both fibrin and blood clots. FibPep bound 

to fibrin with a dissociation constant (Kd) of 0.8 μM, whereas NCFibPep displayed at least a 100-fold 

lower affinity towards fibrin. A FeCl3-injury carotid artery thrombosis mouse model was used to 

evaluate the peptides in vivo. FibPep and NCFibPep displayed rapid blood clearance and were 

eliminated via the renal pathway. In vivo SPECT imaging using FibPep allowed clear visualization of 

thrombi. Ex vivo biodistribution showed significantly increased uptake of FibPep in the thrombus-

containing carotid in comparison to the non-injured carotid (5.7 ± 0.7 and 0.6 ± 0.4% injected dose per 

gram (% ID/g), respectively; p < 0.01; n=4), whereas non-specific NCFibPep did not (0.4 ± 0.2 and 0.3 ± 

0.0% ID/g, respectively; n=4). In conclusion, FibPep displayed high affinity towards fibrin in vitro, rapid 

blood clearance in vivo and allowed sensitive detection of thrombi using SPECT imaging. Therefore, this 

particular imaging approach may provide a new tool to diagnose and monitor diseases such as 

atherosclerosis and cancer. 

 

 

 

 

 

 

 

 

This chapter is based on: 

Starmans, L. W.; van Duijnhoven, S. M.; Rossin, R.; Aime, S.; Daemen, M. J.; Nicolay, K.; Grull, H.  SPECT 

imaging of fibrin using fibrin-binding peptides. Contrast Media Mol Imaging 2013, 8, (3), 229-37. 



Chapter 2 

 

50 
 

2.1 Introduction 

Thrombosis is the underlying pathology in a number of cardiovascular diseases, such as heart attack, 

deep venous thrombosis, pulmonary embolism and ischemic stroke.1 These cardiovascular diseases 

represent a major cause of mortality in society and therefore development of thrombus-specific 

detection, characterization and treatment methodologies are of paramount importance in clinical 

practice. Currently, detection of (intravascular) thrombi is mostly pursued using indirect imaging 

modalities such as computed tomography angiography, ultrasound and ventilation/perfusion 

scintigraphy.2, 3 Molecular imaging with nuclear techniques presents an alternative way to visualize 

thrombi in a more specific fashion, at a higher sensitivity and with lower limitations with respect to 

thrombus-location in the body.  

 

A suitable target for molecular imaging of thrombi is fibrin, which is the major constituent of a 

thrombus and has the advantage that it is virtually absent in non-pathological situations, thus providing 

a beneficial target-to-background ratio. In addition to molecular imaging of intravascular thrombi, 

fibrin-targeted probes may allow assessment of atherosclerotic plaque vulnerability, as microthrombi 

on the surface of plaques are direct indicators of microfissures in the fibrous cap,4 and as fibrin is 

present in plaques displaying intraplaque hemorrhage, a process associated with plaque 

destabilization.5 Molecular imaging of cancer is another field in which fibrin-targeted probes might be 

of value, as fibrin deposition is associated with a variety of malignant tumors, including breast, lung, 

brain and prostate.6 Fibrin has a pivotal role in tumor stroma formation and deposition of fibrin has 

been shown to facilitate tumor angiogenesis and metastasis.6-8 The presence of fibrin in tumor stroma 

can also be exploited to facilitate cancer treatment, as fibrin-targeted monoclonal antibodies were 

recently shown to be successful vehicles for directing cytotoxic immunoconjugates to solid tumors.9 

Hence, fibrin-targeted probes seem promising for diagnostic and therapeutic applications in a variety of 

thrombus-related cardiovascular pathologies and cancer.  

 

Strategies employing 99mTc-labeled fibrin-targeted antibody fragments and linear peptides have been 

investigated to image deep venous thrombosis and pulmonary embolism in preclinical and clinical 

studies in the past 15 years.10-13 Recently, the cyclic fibrin-binding peptide EP-2104R, containing the 

fibrin-binding motif Y-dGlu-C-Hyp-3CLY-GLCYIQ and 4 Gd-DOTA moieties, was successfully used for 

magnetic resonance imaging (MRI) of fibrin in both preclinical and clinical studies.14-18 For detection of 

minute fibrin deposits, however, highly sensitive nuclear imaging using radiolabeled cyclic fibrin-binding 

peptides might be a more suitable option. In addition, targeted MRI-probes labeled with Gd will likely 

have to overcome safety issues concerning nephrogenic systemic fibrosis,19 and therefore their nuclear 

counterparts might be more readily translatable in the clinic. Here we describe a proof-of-concept 

study in which an 111In-labeled DOTA-conjugated fibrin-binding peptide (FibPep; Fig. 1A), containing the 

cyclic fibrin-binding motif RWQPCPAESWT-Cha-CWDP,20 was developed to visualize fibrin noninvasively 

using single-photon emission computed tomography (SPECT). In vitro fibrin and blood clot binding of 

FibPep was assessed in comparison to a scrambled, linear control probe (NCFibPep; Fig. 1B). Then, we 

evaluated the potential of FibPep for SPECT imaging of fibrin in a preclinical study using a well-
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established FeCl3-induced carotid injury thrombosis model in mice.21-24 Blood kinetic and biodistribution 

profiles of FibPep and NCFibPep were also obtained and, finally, in vivo SPECT/CT imaging was 

performed. 

  

 
Figure 1. Structural formulas and corresponding mass spectra of (A) FibPep and (B) NCFibPep. 

 

2.2 Results and Discussion 

2.2.1 Synthesis and in vitro validation of the peptide probes 

The synthesized peptides were analyzed using LC-MS and the found masses were in agreement with the 

expected ones (Fig. 1). Radiolabeling with 111In resulted in ≥ 95% yield and radiochemical purity for both 

peptides (Fig. S1). In vitro binding studies showed significantly higher binding to fibrin for FibPep with 

respect to NCFibPep and free 111In (85.8 ± 3.8, 1.2 ± 2.5 and 2.1 ± 4.2% dose, respectively; p < 0.01; Fig. 

2A). In addition, FibPep exhibited significantly higher binding to blood clots than NCFibPep and free 
111In (32.2 ± 7.1, 5.1 ± 1.7 and 1.0 ± 0.7% dose, respectively; p < 0.01; Fig. 2B). To investigate the fibrin-

binding properties of the probes in more detail, the affinity towards fibrin was analyzed in a microtiter-

plate equilibrium binding assay.25, 26 FibPep bound with good affinity to fibrin (Kd= 0.8 ± 0.1 μM, Fig. 2C) 

and the number of binding sites per fibrin molecule was 2.8 ± 0.1. In comparison, NCFibPep bound at 

least 100-fold weaker to fibrin (Fig. 2C). 

 

2.2.2 Blood kinetic and biodistribution profiles 

Figure 3A shows the blood kinetics of 111In-labeled FibPep and NCFibPep in mice. Both peptides 

exhibited biphasic elimination from circulation. FibPep showed an α half-life of 1 min (58%) and a β 

half-life of 16 min, resulting in less than 1% ID/g in blood 90 min post injection (PI). After 4 h, only 0.1% 

ID/g was still present in the blood pool, corresponding to less than 0.3% of total injected dose. 

NCFibPep showed similar elimination kinetics (α half-life = 2 min (55%); β half-life = 20 min). The 

calculated volumes of distribution (VD) were 0.20 ± 0.05 and 0.17 ± 0.01 L/kg for FibPep and NCFibPep, 
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respectively, suggesting rapid distribution of the peptides throughout the extra-vascular space without 

cell membrane crossing.27 The biodistribution profiles of the probes 4 h PI showed low uptake in the 

majority of the considered organs (< 1.4% ID/g; Fig. 3B) and higher uptake in kidneys (7.1 ± 0.9 and 12.9 

± 4.2% ID/g for FibPep and NCFibPep, respectively; p = 0.07).  

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Binding of 111In-labeled FibPep 

(empty bars), NCFibPep (solid bars) and 
111InCl3 (dashed bars) to (A) fibrin and (B) 

blood clots. Data are the mean % dose ± SD 

(n=4). (C) FibPep and NCFibPep fibrin 

affinity curves, dashed lines plotted as 

described in the text. 

 

 

 

 
Figure 3. (A) blood kinetic and (B) biodistribution profiles of FibPep and NCFibPep 4 h post injection. 

Data are the mean % ID/g ± SD (n=4). Plotted dashed lines are the corresponding bi-exponential 

elimination fits. 
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2.2.3 In vivo SPECT studies 

In vivo SPECT was performed starting 90 minutes PI with a total scan time of approximately 1.6 h. 

Subsequently, the mice were euthanized and overnight post-mortem SPECT scans were performed. In 

mice injected with 111In-labeled FibPep, a high SPECT signal was observed in the thrombus-containing 

carotid for both in vivo and post-mortem SPECT scans, whereas this was not the case in the mice that 

received NCFibPep (Fig. 4). The surgical wound bed was visible in both groups of mice, most likely due 

to FibPep binding to clotted blood at the wound site and to non-specific deposition of both tracers in 

the surgical wound bed, possibly due to edema formation and deposition of fluid on the skin around 

the surgical wound.24 Besides these focal uptakes, only kidney and bladder were visible in the post-

mortem full body scans (Fig. 5) suggesting renal elimination of both radiolabeled peptides. 

Quantification of the signal in VOIs drawn over the injured carotids showed a significantly higher uptake 

of FibPep with respect to NCFibPep (p < 0.02), suggesting specific binding to fibrin (Fig. 6). FibPep 

uptake in the blood clot was 9-to-14 times higher than that in muscle while the carotid-to-muscle ratio 

was lower (2-to-4) in mice injected with NCFibPep (Fig. S2A). Similar differences of the uptake ratios 

between the two tracers were observed using the contralateral area as normalization region (Fig. S2B).  

 

 
Figure 4. SPECT/CT imaging using FibPep and NCFibPep. SPECT/CT images (transversal slices, 90 min 

post injection) of live mice injected with (A) FibPep and (B) NCFibPep. Post-mortem maximum intensity 

projection of the neck area of mice injected with (C) FibPep and (D) NCFibPep. Bold arrow = thrombus; 

thin arrow = surgical wound area. 
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Figure 5. Post-mortem whole body SPECT/CT images (maximum intensity projections) of mice injected 

with 111In-labeled FibPep (A, B) and NCFibPep (C) showing high uptake in kidney and high activity in the 

urine. In (B) the bladder was emptied before the post-mortem SPECT scan to highlight the uptake in 

kidney. All images are on the same color scale. Arrows: urine contamination on the skin. 
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These in vivo findings were confirmed by ex vivo γ-counting of the harvested tissues (Fig. 7). FibPep 

accumulated significantly more in the injured carotid than in the non-injured one and in muscle (5.7 ± 

0.7, 0.6 ± 0.4 and 0.2 ± 0.2% ID/g, respectively; p < 0.01). NCFibPep uptake was significantly lower than 

that of FibPep in the injured carotid and no major differences were observed among the carotids and 

muscle in mice treated with the control peptide (0.4 ± 0.2% ID/g in injured carotid, 0.3 ± 0.0 in control 

carotid and 0.1 ± 0.1% ID/g in muscle; p < 0.01 with respect to FibPep injured carotid uptake). 

Hematoxylin and eosin stained histological sections confirmed the presence of thrombus in the injured 

carotid (Fig. 8). 

 

 

 

 

 

 

 

 

 

Figure 6. Analysis of in vivo SPECT scans. Mean 

count per voxel in injured carotid and muscle area 

plotted against the time post injection of FibPep and 

NCFibPep. Data are the mean counts/voxel ± SD 

(n=4). * p < 0.02; # p < 0.01 for FibPep treated 

carotid vs. NCFibPep treated carotid and muscle 

(both probes). 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Post-SPECT ex vivo quantification of 

FibPep (empty bars) and NCFipPep (solid bars) 

uptake in the injured carotid, non-injured 

carotid and muscle ca. 3.5 h post injection. Data 

are the mean % ID/g ± SD (n=4). 
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Figure 8. Hematoxylin and eosin stained transversal histological sections of the (A) injured carotid artery 

and (B) the non-injured, contralateral carotid artery showing wall-adherent thrombosis for the injured 

carotid and not for the non-injured carotid. 

 

 

2.2.4 General discussion 

The present study demonstrates the feasibility of highly sensitive noninvasive SPECT imaging of fibrin 

with the fibrin-binding peptide FibPep. Previous studies investigating EP-2104R, a paramagnetic labeled 

fibrin-binding peptide, have shown that this compound holds potential to visualize fibrin deposition 

using MRI in preclinical models of pulmonary embolism, atherosclerosis, coronary and carotid artery 

thrombosis, as well as in patients.14-18, 28 In a phase II clinical trial, EP-2014R allowed the detection of 

thrombi which were not readily visible in pre-contrast MRI screening and enhanced signal intensity of 

thrombi that were already detected on pre-contrast scans. However, 71% of the thrombi located in the 

venous system remained undetected. This relatively high number of false negatives can probably be 

attributed to lack of sensitivity of molecular MRI. In a subsequent preclinical study, part of the Gd in the 

DOTA-chelator of EP-2104R was replaced with the positron-emitter 64Cu for multi-modal PET/MR 

imaging and the obtained hybrid tracer was evaluated in rats injected with preformed thrombi.29 In this 

model, T1-weighed molecular MRI was able to distinguish the occluded carotid artery 10 min after 

contrast agent injection, while the focal uptake of 64Cu was clearly visible in PET images acquired 30-90 

min PI. Such an approach might allow for more sensitive detection of fibrin deposition and also could 

eliminate the need for a baseline MR examination, which would eradicate issues with respect to co-

registration of pre- and post-contrast images, complex workflow and patient compliance. 

 

With these promising preclinical and clinical results in mind, we set out to evaluate the cyclic fibrin-

binding amino acid sequence RWQPCPAESWT-Cha-CWDP, previously identified via phage-display using 
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fibrinogen-binder depleted libraries and subsequently optimized for fibrin-binding,20, 30 for highly 

sensitive fibrin detection using nuclear imaging. For this purpose, the fibrin-binding sequence was 

linked to a DOTA chelator, yielding FibPep (Fig. 1), which could be readily labeled with 111In. FibPep 

exhibited a good affinity towards fibrin (Kd = 0.8 µM) in an in vitro microtiter-plate equilibrium binding 

assay as opposed to the scrambled, linear peptide NCFibPep (Kd > 100 µM) which was used as negative 

control. The affinity of FibPep was slightly improved with respect to that of EP-2104R (Kd = 1.8 µM),25 

however the low micromolar affinity was not expected to be a major problem in vivo due to the high 

abundance of fibrin on clots.  

 

The pharmacokinetics, biodistribution and in vivo fibrin targeting capabilities of the candidate tracer 

were evaluated in a mouse carotid injury model. Notably, FibPep cleared rapidly from the circulation, 

which is key to detect intra-vascular targets, as high blood levels of radioactivity might obscure 

thrombus-specific signal. Therefore, in this proof-of-concept study a 90 min delay after tracer injection 

was chosen for SPECT imaging to ensure sufficiently low FibPep blood levels. FibPep exhibited also a 

favorable biodistribution with low uptake (<1.3% ID/g) in most considered non-target tissues. Only 

kidney retained a significant amount of radioactivity 4 h PI (7.1 ± 0.9% ID/g), probably due to the 

negative charge of FibPep. However, this value is lower than that of other radiopeptides used in the 

clinic, such as 111In-DOTATOC,31 and therefore it is not expected to raise dosimetry concerns. The rapid 

blood clearance and low retention in most organs in conjunction with the finding that FibPep is able to 

extravasate supports the hypothesis that FibPep will likely be able to visualize its fibrin-target in most 

parts of the body within a useful time-frame.  

 

Subsequently, in vivo SPECT imaging using the fibrin specific and non-specific peptides was performed 

to gauge the potential of FibPep for in vivo detection of fibrin deposition. FibPep allowed clear 

visualization of the small (~ 1 mm3) thrombi generated in mice while the injured carotids of the mice 

injected with NCFibPep could not be distinguished from the surrounding tissues. Quantitative analysis 

of SPECT data was performed by drawing volumes of interest on the SPECT images, as the carotids were 

not visible on the CT scans. In the live mice the clot-to-muscle and clot-to-background (contra-lateral 

area) ratio did not change significantly during the assessed time-frame (90-162 min PI, Fig. S2) 

suggesting that less than 90 min elapse between injection and imaging might be feasible with short-

lived radionuclides. However, the mean counts per voxel in the injured carotid area exhibited a 

declining trend during the assessed time frame for FibPep (Fig. 6), with an approximately 2 h half-life at 

the clot site. This half-life is ca.7-times longer than that of FibPep in circulation, suggesting specific 

FibPep retention in the clot.  

 

Selecting small volumes of interest based on SPECT images is an inherently biased process. Therefore, in 

future studies we are planning to administer a long-circulating CT contrast agent to the mice in addition 

to FibPep,32 which should allow clear visualization of the arteries by CT and better quantification of the 

SPECT data in the co-registered images. Also, the dosage and specific activity of the tracer were not 

optimized in this proof-of-concept study and, therefore, it is plausible that the pharmacokinetics, 
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targeting-efficiency and time between injection and detection can be further improved by optimizing 

these parameters. A limitation of the employed scrambled negative control peptide NCFibPep is the 

fact that the peptide has a linear structure, whereas FibPep is cyclic. Even though FibPep and NCFibPep 

are very similar in chemical nature, and have similar blood kinetic and biodistribution profiles, the 

current study set-up does not allow to investigate whether part of the binding property of the peptide 

is actually due to the cyclic nature of the peptide, and not because of the specific amino acid sequence. 

Interestingly, Uppal and co-workers showed recently that for the EP-2104R peptide, linearization of the 

peptide obliterates any specificity towards fibrin.33 It is not unlikely that a linearized, non-scrambled 

version of FibPep also has virtually no affinity towards fibrin.  

 

The presented results show promise for FibPep as a SPECT-agent for thrombus-detection and provide a 

solid foundation for further exploration of the potential of FibPep in animal models of e.g. 

atherosclerosis and cancer. Employing SPECT as imaging modality for detection of fibrin deposition is 

especially of interest for future applications concerning the evaluation of atherosclerotic plaque 

vulnerability and cancer, as multi-isotope SPECT imaging allows simultaneous assessment of multiple 

biomarkers,34, 35 which is vital for obtaining reliable and robust read-outs of complex pathological 

systems such as tumors and atherosclerotic lesions. Furthermore, the use of DOTA allows a rapid 

translation of this SPECT tracer into a PET tracer, e.g. by using 68Ga- or Al18F-labeling approaches.36, 37 

FibPep does not contain Gd3+ ions and therefore avoids the risk of inducing nephrogenic systemic 

fibrosis, which is linked to extended retention of Gd in the body in combination with less stable Gd-

chelates.19, 38 Thanks to the high sensitivity of nuclear imaging, radiotracers can be administered at very 

low doses, reducing the risk of toxicity or pharmacological effects. Thus nuclear probes like FibPep may 

have to overcome lower hurdles for clinical translation and commercialization compared to MRI probes.  

 

2.3 Conclusions 

The present proof-of-concept study demonstrates the ability of 111In-labeled FibPep to noninvasively 

image minute thrombi in vivo using SPECT. If further successfully validated and translated, this 

particular imaging approach may provide a new tool to diagnose and monitor atherosclerosis, cancer 

and thrombus-related pathologies such as pulmonary embolism and deep venous thrombosis. 

 

2.4 Experimental 

2.4.1 Synthesis of the peptide probes 

9-fluorenylmethyloxycarbonyl–protected L-amino acids and Rink amide resin were purchased from 

either Novabiochem(Merck) or Bachem. The fibrin-binding peptide Ac-RWQPCPAESWT-Cha-

CWDPGGGK-NH2 and a scrambled negative control Ac-WPTAD-Cha-RAWPSQEWPAGGGK-NH2 with C-A 

substitutions were synthesized on 4-methylbenzhydrylamine hydrochloride salt rink amide resin by the 

use of standard 9-fluorenylmethyloxycarbonyl solid-phase peptide synthesis. The fibrin-binding peptide 

contains the fibrin-binding motif RWQPCPAESWT-Cha-CWDP, which was previously identified via 

phage-display using fibrinogen-binder depleted libraries and subsequently optimized for fibrin-

binding.20, 30 The peptides were cleaved from the resin with a trifluoroacetic acid : triisopropylsilane : 
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H2O : ethanedithiol (90.5:5:2.5:2 v/v) mixture for 3 h and purified by preparative reversed-phase high-

pressure liquid chromatography (RP-HPLC) using an Agilent 1200 apparatus equipped with a C18 Zorbax 

column (150 x 21.2 mm; 5.0 μm particle size). The peptide Ac-RWQPCPAESWT-Cha-CWDPGGGK-NH2 

was cyclisized via the formation of a disulfide bond between the cysteine residues in 

dimethylsulfoxide:H2O (9:1 v/v) for 5 days with the pH set to 8 using N-methyl-D-glucamine (Sigma 

Aldrich),20 and subsequently purified using preparative RP-HPLC. Next, the peptides were functionalized 

at the lysine ε-amino group with 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) by 

mixing the peptides and a 7-fold excess of DOTA-NHS ester (Macrocyclics) in dimethylformamide 

containing 3.6% (v/v) triethylamine at room temperature overnight. Finally, the peptides were purified 

using preparative RP-HPLC, yielding the DOTA-functionalized fibrin-binding peptide (FibPep) and 

negative control (NCFibPep) (Fig. 1). The peptide structures were analyzed by liquid chromatography–

mass spectrometry (LC-MS) on an Agilent 1200 apparatus, equipped with a C8 Eclipse plus column (100 

x 2.1 mm; 3.5 μm particle size) and an electrospray mass spectrometer (time-of-flight LC-MS model 

6210; Agilent Technologies). 

 

2.4.2 Radiolabeling 
111InCl3 (PerkinElmer) was mixed with FibPep or NCFibPep in ammonium acetate buffer (0.2-0.25M, pH 

6, 35-200 μL) and shaken (350 rpm) for 60 min at 75 °C. For in vivo experiments the mixture was 

subsequently diluted with saline and challenged with an equivalent dose of diethylene triamine 

pentaacetic acid (DTPA; Sigma-Aldrich).  

 

The 111In-labeling yield was determined using radio thin-layer chromatography (TLC) and the 

radiochemical purity was determined by radio-HPLC. TLC was performed on instant TLC silica gel strips 

(Varian Inc.) eluted with 200 mM ethylenediaminetetetraacetic acid (EDTA) in saline. The strips were 

imaged on a phosphor imager (FLA-7000; Fujifilm) and the labeling yields were quantified with AIDA 

Image Analyzer software. Analytical radio-HPLC was performed on an Agilent 1100 system equipped 

with a C18 Eclipse XBD column (150 x 4.6 mm; 5 μm particle size) and a Gabi radioactive detector 

(Raytest). The radiolabeled peptides did not undergo any purification procedures prior to use. 

 

2.4.3 In vitro fibrin and blood clot binding assays 

2.4.3.1 Fibrin binding: fibrin coated tubes were prepared by adding 4 μL of 100 U/mL human thrombin 

(Sigma Aldrich) in ultrapure water (Millipore) to 200 μL of 2.9 mg/mL human fibrinogen (Sigma Aldrich) 

in HEPES buffered saline (HBS, pH 7.4) and incubated overnight at 37 °C. Prior to further use, the tubes 

were rinsed with HBS. 111In-labeled FibPep, NCFibpep or 111InCl3 (0.75 ± 0.10 MBq, 2 nmol peptide, n=4 

per probe) were diluted with HBS to a total volume of 150 μL, added to the tubes and incubated for 2 h 

at 37 °C. Subsequently, the solution was removed and the fibrin clot was washed 3x with HBS. The 

fibrin-bound radioactivity was measured using a dose calibrator (VDC-405; Veenstra Instruments) and 

expressed as % dose.  
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2.4.3.2 Blood clot binding: blood clots were prepared by incubating a mixture of 5 μL human tissue 

factor (Dade Behring), 6 μL of 1 M CaCl2 in ultrapure water and 400 μL of citrated human blood plasma 

(Sanquin) for 30 min at 37 °C. Subsequently, the blood clots were washed 3x with HBS. Next, 111In-

labeled FibPep, NCFibPep or 111InCl3 (0.76 ± 0.17 MBq, 2 nmol peptide, n=4 per probe) were diluted 

with HBS to a total volume of 450 μL, added to the blood clots and incubated for 30 min at 37 °C. After 

incubation, the solution was removed and the blood clots were washed 3x with HBS. The clot-bound 

radioactivity was measured and expressed as % dose. 

 

2.4.3.3 Fibrin binding affinity assay: human fibrinogen (Sigma-Aldrich) was dissolved in HBS pH 7.4 (2.5 

mg/mL fibrinogen) and CaCl2 was added to a final concentration of 7 mM. The fibrinogen solution (50 

μL) was dispensed into a 96-well polystyrene microplate (Nunc). 50 μL of human thrombin (2 U/mL; 

Sigma-Aldrich) was added to the wells to induce the clotting of fibrinogen and then the plates were 

dried at 37 °C overnight, yielding a thin fibrin-layer. Subsequently, the plates were sealed and stored at 

-20 °C until further use. The assayed solutions ranged from 0.1 to 80 μM and from 0.1 to 200 μM 

peptide for FibPep and NCFibPep, respectively. 100 μL of 111In-labeled FibPep or NCFibPep (5-45 kBq / 

nmol peptide) in HBS pH 7.4 was added to the wells and the microplate was shaken at 500 rpm and 

room temperature for 2 h. After incubation, the solution was removed and the radioactivity was 

measured in a γ–counter (Wizard 1480; PerkinElmer) along with standards to determine the 

concentration of free peptide. The fibrin-bound peptide concentration was calculated by subtraction 

([peptidebound] = [peptidetotal] – [peptidefree]). Data were fit using Origin software to a model of N 

equivalent binding sites with the dissociation constant Kd (μM) given by 
               

             
 

                

                
, 

according to Overoye-Chan and co-workers.25 Total fibrin concentration was estimated to be 3.7 μM by 

calculating the concentration of polymerized fibrinogen monomer using a molecular weight of 340 kD 

for fibrinogen. 

 

2.4.4 In vivo experiment 

All animal procedures were approved by the ethical review committee of Maastricht University (The 

Netherlands) and were performed according to the principles of laboratory animal care and the Dutch 

national law “Wet op Dierproeven” (Stb 1985, 336).39 For in vivo thrombus formation a well-established 

FeCl3 induced carotid artery thrombosis model in mice was used.21-24 C57BL/6 mice (23 ± 3 g body 

weight; Charles River Laboratories) were housed under standard conditions and acclimatized for at 

least 1 wk. Food and water were freely available. 30 min prior to surgery, the mice were 

subcutaneously injected with buprenorphine hydrochloride (0.1 mg/kg; Schering-Plough). The mice 

were anesthetized with isoflurane and a segment of the right carotid artery was exposed through an 

incision of the skin and blunt dissection of the fascia over the vessel. Wall-adherent thrombus 

formation in the right carotid artery was induced by applying a small piece of cleaning cloth soaked in 

10% FeCl3 on the carotid. After 5 min, the cloth was removed, the carotid was washed with saline and 

the skin was closed with a suture. 
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2.4.5 Blood kinetics and biodistribution 

The mice were allowed to recover from anesthesia after the surgery. 1 h post-thrombus formation, 
111In-labeled FibPep or NCFibPep (15 nmol, 100 μL, 1.13 ± 0.09 MBq, n=4 per probe) was injected into 

the tail vein of the mice. At selected time points post injection (PI; 2, 5, 10, 30, 60 and 120 min), blood 

The mice were euthanized 4 h PI using pentobarbital (Alfasan). A blood sample and tissues of interest 

were collected, weighed and subsequently 1 mL water was added. The radioactivity in the blood 

samples and organs was measured in a γ–counter along with standards to determine the % injected 

dose per gram (% ID/g). The probe concentration at time t=0 (C0) was calculated by fitting the blood 

kinetic curves to a bi-exponential decay function using Origin software. The volume of distribution (VD) 

was calculated as VD [L/Kg] = injected dose / (weight animal × C0).  

 

2.4.6 SPECT studies 

For SPECT studies, a cannula filled with ~100 μL saline containing 50 U heparin / mL was connected to 

the tail vein after the surgical procedure to allow injection of the peptides subsequent to acquisition of 

the CT-scans, without being required to reposition the animals. The mice were positioned into the 

SPECT scanner and were kept continuously under anesthesia using isoflurane at 37 °C. Scans were 

performed using a dedicated high resolution small animal SPECT/CT system (NanoSPECT/CT, Bioscan) 

equipped with 4 detector heads and converging 9-pinhole collimators (pinhole diameter: 1 mm). First, a 

CT scan of the head-neck region was acquired for detailed anatomical information. Images were 

acquired over 12 min with 360 projections (exposure time per projection: 2000 ms; peak tube voltage: 

45 kV; tube current: 177 mA; field of view: 35 mm). 1 h post-thrombus formation, 111In-labeled FibPep 

or NCFibPep (15 nmol, 100 μL, 37.5 ± 1.6 MBq, n=4 per probe) was injected together with the saline 

already present in the cannula. Next, SPECT imaging was performed on the same area, starting at 90 

min PI (120 sec/projection; 24 projections/scan; 4 scans total). The total scan time was approximately 

1.6 h. Photopeaks for 111In were set to 171 keV (15% FW) and 245 keV (20% FW) for all scans. After the 

last scan, the mice were euthanized using pentobarbital and post-mortem whole-body CT (settings as 

above, field of view: 120-130 mm) and SPECT (1 scan; 36 projections, 900 sec per projection) were 

performed overnight. Finally, the carotids and other tissues of interest were harvested and weighed. 

Subsequently, 1 mL water was added and the radioactivity was measured in a γ–counter along with 

standards to determine the % ID/g.  

 

SPECT and CT images were reconstructed using the InVivoScope software (Bioscan) to an isotropic voxel 

size of 300 µm (SPECT) and 200 µm (CT). The SPECT data were quantitatively evaluated by drawing a 

volume of interest (VOI) around the hot spot in the injured carotid area. To measure the background 

signal, VOI’s of similar size were placed in the muscle (front limb) and contra-laterally of the injured 

carotid using the trachea as reference point. The mean size of the VOIs was 1.0 ± 0.1 mm3. 
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2.4.7 Histology 

The injured as well as the contralateral arteries were fixed in 4% formaldehyde and subsequently 

embedded in paraffin. The arteries were cut in transversal sections of 5μm and the sections were 

stained with hematoxylin and eosin. 

 

2.4.8 Statistical analysis 

All data represent the mean value ± SD. For differences between multiple groups, data sets were tested 

using 1-way ANOVA followed by a post-hoc Tukey HSD test for multiple comparisons. For differences 

between 2 groups, data sets were compared using either a paired or an unpaired 2-tailed t-test (not 

assuming equal variances). For all statistical analysis, differences with p < 0.05 were considered 

significant.  
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2.7 Supplementary Information 

 

  

 

 

 

 

 

 

 

 

Figure S1. Typical HPLC chromatograms of (A) 
111In-FibPep and (B) 111In-NCFibPep labeling 

mixtures. The upper panels show the UV 

profiles (254 nm) and the lower panels show 

the radioactivity profiles. Typical 

radiochemical purities of 111In-labeled FibPep 

and NCFibPep were ≥ 95%. 

 

 

 

 
 

Figure S2. Quantitative SPECT data 90, 114, 138 and 162 min post injection of 111In-labeled FibPep and 

NCFibPep. The data are expressed as the ratio between the injured carotid and (A) muscle or (B) the 

contra-lateral area (mean ± SD, n=4). 



Chapter 2 

 

66 
 

 



Chapter 3 

 

Evaluation of 111In-labeled EPep and FibPep as tracers for 

fibrin SPECT imaging  
 

 

 

Abstract 

 

Fibrin targeting is an attractive strategy for nuclear imaging of thrombosis, atherosclerosis and cancer. 

Recently, FibPep, an 111In-labeled fibrin-binding peptide, was established as a tracer for fibrin SPECT 

imaging and was reported to allow sensitive detection of minute thrombi in mice using SPECT. In this 

study, we developed EPep, a novel 111In-labeled fibrin-binding peptide containing the fibrin-binding 

domain of the clinically verified EP-2104R peptide, and sought to compare the potential of EPep and 

FibPep as tracers for fibrin SPECT imaging. In vitro, both EPep and FibPep showed high stability in 

serum, but were less stable in liver and kidney homogenate assays. Both peptide probes displayed 

comparable affinities toward human and mouse derived fibrin (Kd ≈ 1 µM), and similarly to FibPep, EPep 

showed fast blood clearance, low nontarget uptake and high thrombus uptake (6.8 ± 1.2% ID/g) in a 

mouse carotid artery thrombosis model. Furthermore, EPep showed a similar affinity toward rat 

derived fibrin (Kd ≈ 1 µM), displayed high thrombus uptake in a rat carotid artery thrombosis model 

(0.74 ± 0.39% ID/g), and allowed sensitive detection of thrombosis in rats using SPECT. In contrast, 

FibPep displayed a significantly lower affinity toward rat derived fibrin (Kd ≈ 14 µM), low uptake in rat 

thrombi (0.06 ± 0.02% ID/g) and did not allow clear visualization of carotid artery thrombosis in rats 

using SPECT. These results were confirmed ex vivo by autoradiography, which showed a 7-fold higher 

ratio of activity in the thrombus over the contralateral carotid artery for EPep in comparison to FibPep. 

These findings suggest that the FibPep binding fibrin epitope is not fully homologous between humans 

and rats, and that preclinical rat models of disease should not be employed to gauge the clinical 

potential of FibPep. In conclusion, both peptides showed approximately similar metabolic stability and 

affinity toward human and mouse derived fibrin, and displayed high thrombus uptake in a mouse 

carotid artery thrombosis model. Therefore, both EPep and FibPep are promising fibrin targeted tracers 

for translation into clinical settings to serve as novel tools for molecular imaging of fibrin. 

 

 

This chapter is based on: 

Starmans, L. W.; van Duijnhoven, S. M.; Rossin, R.; Berben, M.; Aime, S.; Daemen, M. J.; Nicolay, K.; 

Grull, H.  Evaluation of 111In-labeled EPep and FibPep as tracers for fibrin SPECT imaging. Mol Pharm 

2013, 10, (11), 4309-21. 
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3.1 Introduction 

Fibrin is a key protein in hemostasis and is formed by thrombin-induced fibrinopeptide removal in the 

central region of fibrinogen and subsequent fibrinogen polymerization.1, 2 Fibrin is a major component 

of thrombi, which are the underlying cause in a range of diseases, such as heart attack, stroke, deep 

venous thrombosis and pulmonary embolism, affecting millions of patients worldwide.3, 4 Visualization 

of fibrin using nuclear imaging techniques might allow detection of thrombosis with higher sensitivity 

and with fewer limitations with respect to thrombus location in the body in comparison to currently 

employed imaging techniques in thrombosis diagnostics, such as ultrasound, computed tomography 

(CT) angiography, and ventilation/perfusion scintigraphy.5, 6 Employing fibrin as target for nuclear 

imaging of thrombosis offers the advantage of high sensitivity and specificity, as it is present in high 

concentrations in arterial, venous, acute and aged thrombi and is virtually absent in nonpathological 

situations. In addition to sensitive detection of thrombosis, nuclear tracers targeting fibrin may allow 

assessment of atherosclerosis as increased fibrin deposition in atherosclerotic plaques correlates with 

progression of atherosclerotic disease.7, 8 Furthermore, fibrin deposition is associated with plaque 

erosion and with the necrotic core and dysfunctional endothelium of atherosclerotic plaques.8-10 

Oncology is another field of interest for fibrin imaging, as fibrin deposition is associated with a variety of 

malignant tumors.11 Fibrin plays a pivotal role in tumor stroma formation, and deposition of fibrin has 

been associated with tumor angiogenesis and metastasis.11-13 Hence, nuclear imaging of fibrin may 

improve diagnosis and clinical decision-making on therapeutic options in cancer, atherosclerosis and 

thrombus-related pathologies such as for instance deep venous thrombosis and pulmonary embolism. 

 

Different strategies have been pursued to investigate the potential of fibrin molecular imaging, 

including fibrin-binding peptide- or antibody-conjugated nanoparticles for ultrasound imaging, 

magnetic resonance imaging (MRI), CT, and fluorescence imaging,14-19 as well as radiolabeled fibrin-

targeted antibodies, antibody fragments, and small peptides for single photon emission computed 

tomography (SPECT) of fibrin.20-25 An advantage of employing peptide-based strategies is that the small 

size of peptides might increase penetration in tumor stroma, atherosclerotic plaques and thrombi. In 

addition, peptides often display more advantageous pharmacokinetics and lower cost of production 

with respect to nanoparticles and antibodies. Of particular interest is the work performed with the 

fibrin-binding EP-2104R peptide, which contains four gadolinium(III) 1,4,7,10-tetraazacyclododecane-

1,4,7,10-tetraacetic acid (DOTA) moieties and shows binding to fibrin with a dissociation constant (Kd) 

of approximately 1 µM.26 EP-2104R was successfully employed in multiple preclinical MRI studies for 

visualization of thrombosis, atherosclerosis and fibrin deposition in cancer.27-32 In clinical phase 2 

studies, EP-2104R allowed enhanced detection of thrombi located in the heart and in the arterial and 

venous system.33, 34  

 

Recently, we established the 111In-labeled fibrin-binding peptide FibPep for nuclear imaging of fibrin 

and successfully demonstrated sensitive detection of minute thrombi in mice using SPECT.35 FibPep 

showed affinity toward human derived fibrin (Kd ≈ 1 µM) similar to that of EP-2104R and displayed rapid 

blood clearance, low uptake in nontarget organs and high uptake in thrombi in a carotid artery 
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thrombosis mouse model. In addition, FibPep-conjugated iron oxide nanoparticle-micelles displayed 

high potency for detection of thrombi using MRI and magnetic particle imaging (MPI).36 In this study, 

we developed a novel 111In-labeled fibrin-binding peptide, EPep, based on the clinically proven EP-

2104R fibrin-binding motif Y-dGlu-C-Hyp-3ClY-GLCYIQ (Fig. 1A). Similarly to FibPep (Fig. 1B), EPep 

consists of a cyclic fibrin-binding domain which is linked via a glycine linker to a DOTA chelator. Here, 

we sought to compare the potential of EPep and FibPep for fibrin SPECT imaging. NCFibPep (Fig. 1C),35 

which is a scrambled and linearized version of FibPep, was employed as negative control. We 

investigated the metabolic stability and fibrin-binding capabilities of the peptides in vitro and employed 

a carotid thrombosis model in mice and rats to assess blood kinetics, biodistribution and thrombus 

uptake of the probes in vivo. Finally, ex vivo autoradiography and histology were performed to 

corroborate the in vivo findings. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  

Structural formulas 

and corresponding 

mass spectra of (A,D) 

EPep, (B,E) FibPep and 

(C,F) NCFibPep. 
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3.2 Materials and methods 

3.2.1 Materials  

Amino acids and Rink amide resin were purchased from Novabiochem, Bachem and Anaspec. DOTA-

NHS ester was obtained from Macrocyclics and 111InCl3 was purchased from PerkinElmer. All chemicals 

were used without additional purification. Human, mouse and rat serum were obtained from 

Innovative Research and human plasma and blood were purchased from Sanquin. Thrombin and 

human, mouse and rat-derived fibrinogen were purchased from Sigma-Aldrich. 

 

3.2.2 Peptide probe synthesis 

EPep ([DOTA]GGGGY-dGlu-C-Hyp-3ClY-GLCYIQG-NH2) comprises the fibrin-binding amino acid sequence 

of the EP-2104R peptide (Y-dGlu-C-Hyp-3ClY-GLCYIQ)26 linked to a DOTA-chelator via a glycine linker. 

The amino acid sequence GGGG-Y-dGlu-C-Hyp-3ClY-GLCYIQG-NH2 was synthesized on 4-

methylbenzydrylamine hydrochloride salt Rink amide resin using standard 9-

fluorenylmethyloxycarbonyl (Fmoc) solid phase peptide synthesis. The peptide was cleaved from the 

resin with a trifluoroacetic acid (TFA) : triisopropylsilane : H2O : ethanedithiol (90.5:5:2.5:2 v/v) mixture 

for 3 h and subsequently purified by preparative reversed-phase high-pressure liquid chromatography 

(RP-HPLC) using an Agilent 1200 apparatus and a C18 Zorbax column (150 × 21.2 mm; 5.0 μm particle 

size). Next, a disulfide bond between the cysteine residues was formed by dissolving the purified amino 

acid sequence GGGG-Y-dGlu-C-Hyp-3ClY-GLCYIQG-NH2 in water : dimethylsulfoxide : acetonitrile 

(75:15:10 v/v) in a concentration of approximately 2.5 mg peptide per mL and stirring the obtained 

solution at room temperature (RT) for 5 days. Subsequently, the cyclic peptide was purified using 

preparative RP-HPLC. DOTA-functionalization on the N-terminal amine was achieved by mixing the 

cyclic amino acid sequence GGGG-Y-dGlu-C-Hyp-3ClY-GLCYIQG-NH2 and a 7-fold excess of DOTA-NHS 

ester in dimethylformamide containing 3% (v/v) triethylamine (peptide concentration ≈ 35 mg/mL) at 

RT overnight. Finally, the peptides were purified using preparative RP-HPLC, yielding the DOTA-

functionalized EPep (Fig. 1A). FibPep (Ac-RWQPCPAESWT-Cha-CWDPGGGK[DOTA]-NH2; Fig. 1B) and 

negative control NCFibPep (Ac-WPTAD-Cha-RAWPSQEWPAGGGK[DOTA]-NH2; Fig. 1C) were synthesized 

according to a previously published protocol.35 FibPep and NCFibPep were dissolved in ultrapure water 

for further analysis and experiments, and EPep was dissolved in ultrapure water containing 20 mM 

NaOH. The obtained peptide solutions were examined using a LC-MS Agilent 1200 apparatus, equipped 

with a C8 Eclipse plus column (100 × 2.1 mm, 3.5 μm particle size) and an electrospray mass 

spectrometer (time-of-flight LC-MS model 6210; Agilent Technologies). 

 

3.2.3 Radiolabeling 

Solutions of (NC)FibPep in ammonium acetate buffer (0.2 M, pH 6) or EPep in ammonium acetate buffer 

(0.25 M, pH 7.5) were mixed with 111InCl3 and shaken (350 rpm) at 80 °C for 60 min. For in vivo 

experiments and in vitro stability assays, the (NC)FibPep labeling mix was diluted in saline, and the EPep 

labeling mix was diluted in saline containing 10 mM NaOH. The obtained solutions were challenged 

with a 1- to 2-fold equivalent dose of diethylenetriaminepentaacetic acid. The radiochemical purity was 

determined by radio-HPLC and the labeling yield was determined using radio thin layer chromatography 
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(TLC). Analytical radio-HPLC was performed on an Agilent 1100 system equipped with a C18 Eclipse XBD 

column (150 × 4.6 mm; 5 μm particle size) and a Gabi radioactive detector (Raytest) using a flow of 1 

mL/min and H2O + 0.1% TFA as mobile phase A and acetonitrile + 0.1% TFA as mobile phase B with a 

gradient of 2.5 min 5% B, 10 min to 55% B and 3.5 min at 95% B. TLC was performed on instant TLC 

silica gel strips (Varian Inc.) eluted with saline containing 200 mM ethylenediaminetetraacetic acid. The 

strips were imaged on a phosphor imager (FLA-7000; Fujifilm), and the labeling yields were quantified 

using AIDA Image Analyzer software. The radiolabeled peptides did not undergo any purification prior 

to use. 

 

3.2.4 In vitro stability 

3.2.4.1 Serum assays: 50 μL of EPep, FibPep or NCFibpep solution (1.7 ± 0.1 MBq, 3.75 nmol peptide, 

n=3 per probe) was incubated with 200 μL mouse (non-Swiss albino from C57BL/6 background), rat 

(Wistar) or human serum at 37 °C for 90 min. Immediately after incubation, 250 μL ice-cold acetonitrile 

was added and the samples were centrifuged (16.1k rcf) for 6 min. Subsequently, the supernatant was 

separated from the protein pellet and the radioactivity of the pellet and supernatant was measured 

using a dose calibrator (VDC-405; Veenstra Instruments). The supernatants were diluted by a factor of 2 

using ultrapure water and subsequently analyzed by radio-HPLC, using a flow of 1 mL/min with a 

gradient of 2.5 min 5% B, 5 min to 37% B, 6 min to 43% B and 3.5 min at 95% B. The results were 

expressed as % intact parent compound. 

 

3.2.4.2 Tissue homogenate assays: rat (Sprague Dawley) and mouse (C57BL/6) liver and kidneys were 

excised and immediately stored at -80 °C until further use. Prior to the experiments, seven weight 

equivalents of HEPES buffered saline (HBS, pH 7.4) was added to the liver/kidneys and the tissues were 

homogenized using a Qiagen TissueLyser (25 Hz, 15-25 min, 6 °C). Subsequently, 50 μL of EPep, FibPep 

or NCFibpep solution (1.8 ± 0.1 MBq, 3.75 nmol peptide, n=3 per probe) was incubated with 200 μL liver 

and kidney homogenates at 37 °C for 10 min. Acetonitrile precipitation and subsequent supernatant 

radio-HPLC analysis was performed as described above. 

 

3.2.5 In vitro fibrin and blood clot binding 

3.2.5.1 Blood clot binding: Blood clots were prepared using citrated human plasma according to a 

previously published protocol.35 50 μL of the EPep, FibPep or NCFibPep solution (0.76 ± 0.14 MBq, 2 

nmol peptide, n=4 per probe) and 400 μL HBS were added to the blood clots and incubated at 37 °C for 

30 min. After incubation, the solution was removed and the blood clots were washed 3 times with HBS. 

The clot-bound radioactivity was measured using a dose calibrator and expressed as % dose.  

 

3.2.5.2 Fibrin-binding: human derived fibrin coated tubes were prepared according to a previously 

published protocol.35 50 μL of EPep, FibPep or NCFibpep solution (0.83 ± 0.10 MBq, 2 nmol peptide, n=4 

per probe) and 100 μL HBS or heparinized human blood were added to the tubes and incubated at 37 

°C for 2 h. Subsequently, the solution was removed and the fibrin clot was washed 3 times with HBS. 

The fibrin bound radioactivity was measured using a dose calibrator and expressed as % dose. 
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3.2.5.3 Fibrin-binding affinity assay: human, rat and mouse derived fibrinogen was dissolved in HBS (2.5 

mg fibrinogen/mL) and CaCl2 was added to a final concentration of 7 mM. The fibrinogen solution (50 

μL) was dispensed into a 96-well polystyrene microplate (Nunc). 50 μL of human thrombin (2 U/mL) was 

added to the wells to induce the clotting of fibrinogen and then the plates were dried at 37 °C 

overnight, yielding a thin fibrin layer. Subsequently, the plates were sealed and stored at -20 °C until 

further use. 

 

The assayed solutions ranged from 0.1 to 40 μM peptide (23-33 kBq/nmol peptide), 0.1 to 60 μM 

peptide (16-55 kBq/nmol peptide) and 0.1 to 400 μM peptide (3-38 kBq/nmol peptide) for EPep, FibPep 

and NCFibPep, respectively. 100 μL of 111In-labeled peptides in HBS was added to the wells and the 

microplate was shaken at 500 rpm and RT for 2 h. Total fibrin concentration was estimated to be 3.7 

μM by calculating the concentration of polymerized fibrinogen monomer using a molecular weight of 

340 kDa for fibrinogen. After incubation, the solution was removed and the radioactivity was measured 

in a γ–counter (Wizard 1480; PerkinElmer) along with standards to determine the concentration of free 

peptide. The fibrin-bound peptide concentration was calculated and the data were fit as described 

previously.35 

 

3.2.6 Animal model 

For in vivo thrombus formation a well established FeCl3 induced carotid artery thrombosis model was 

used.35, 37-40 Sprague-Dawley rats (176 ± 19 g body weight; Charles River Laboratories) and C57BL/6 

mice (25 ± 1 g body weight; Charles River Laboratories) were housed under standard conditions and 

acclimatized for at least one week. Food and water were freely available. The animals were 

subcutaneously injected with buprenorphine hydrochloride (Schering-Plough; 0.1 and 0.05 mg/kg for 

mice and rats, respectively) 30 min prior to surgery. The animals were anesthetized using isoflurane and 

a segment of the right carotid artery was exposed through incision of the skin and blunt dissection of 

the fascia over the vessel. Wall-adherent thrombus formation in the right carotid artery was induced by 

applying a small piece of cleaning cloth soaked in 10% FeCl3 on the carotid. After 5 min, the cloth was 

removed, the carotid was washed with saline and the skin was closed with a suture. All animal 

procedures were approved by the ethical review committee of Maastricht University (The Netherlands) 

and were performed according to the Dutch national law and the guidelines set by the institutional 

animal care committee, accredited by the national department of health. 

 

3.2.7 Blood kinetics and biodistribution 

The animals were allowed to recover from anesthesia after surgery. In the carotid thrombosis mouse 

model, EPep (15 nmol, 100 μL, 1.2 ± 0.0 MBq, blood kinetics: n=3, biodistribution: n=4) was injected via 

the tail vein 1 h post thrombus induction. In the carotid thrombosis rat model, EPep, FibPep or 

NCFibPep (15 nmol, 200 μL, 2.7 ± 0.2 MBq, blood kinetics: n=3, biodistribution: n=5) was injected via 

the tail vein 30 min post thrombus induction. Additionally, a group of rats was intravenously injected 

with a 5-fold increased dose of FibPep (75 nmol, 200 μL, 3.7 ± 1.1 MBq, biodistribution: n=3). 
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At selected time points post injection (2, 5, 10, 30, 60 and 120 min), blood samples were withdrawn 

from the vena saphena, weighed, and diluted with water to a volume of 1 mL. The animals were 

euthanized 4 h post injection by intraperitoneal injection of pentobarbital (Alfasan). Urine was analyzed 

using a radio-HPLC protocol as described in the radiolabeling section. Tissues of interest, including a 

blood sample, were harvested, weighed, and subsequently 1 mL water was added. The radioactivity in 

the collected blood samples and organs was measured in a γ–counter along with standards to 

determine the % injected dose per gram (% ID/g).  

 

3.2.7 SPECT imaging and ex vivo autoradiography 

The rats were allowed to recover from anesthesia after surgery. EPep, FibPep or NCFibPep (15 nmol, 

200 μL, 38 ± 2 MBq, n=4 per group) were injected via the tail vein 30 min post thrombus formation. 

Approximately 2 h post injection, the rats were anesthetized using isoflurane and were positioned in a 

dedicated high-resolution small-animal SPECT/CT scanner (NanoSPECT/CT, Bioscan) equipped with four 

detector heads and converging nine-pinhole collimators (pinhole diameter 2.5 mm). Subsequently, a CT 

scan of the rat head-neck area was performed to provide anatomical information. Images were 

acquired over 12 min with 360 projections (exposure time per projection: 2 s, peak tube voltage: 45 kV; 

tube current: 177 mA; field of view: 37 mm). 2.5 h post injection, a SPECT scan of the head-neck area 

was acquired (300 s per projection; 24 projections per scan; 1 h total scan time). 111Indium photopeaks 

were set to 171 keV (20% FW) and 245 keV (15% FW). After acquiring the in vivo SPECT scan, the rats 

were euthanized using pentobarbital (intravenous injection). Subsequently, post mortem whole body 

CT (settings as above, field of view: 166-202 mm, 60-80 min total scan time) and SPECT (100 s per 

projection, 24 projection per scan, 70-80 min total scan time) were performed to visualize the 

biodistribution of the tracers over the entire body. SPECT and CT images were reconstructed using 

InVivoScope (Bioscan) to an isotropic voxel size of 600 µm (SPECT) and 200 µm (CT). The in vivo SPECT 

data were quantitatively evaluated by drawing a volume of interest around the hot spot in the injured 

carotid area. To measure background signal, volumes of interest were placed contralaterally of the 

injured carotid using the trachea as a reference point. The mean size of the volumes of interest was 6 ± 

2 mm3. The recorded counts in the volumes of interest were converted to Becquerel using a 

quantification factor that was calculated using a known amount of 111In. The results were then 

expressed as percent injected dose per volume (% ID/cm3) for both the injured carotid and the 

noninjured, contralateral carotid area. 

 

Subsequent to the post-mortem SPECT/CT scans, the carotid arteries were excised and a 

photostimulable phosphor plate was placed on top of the excised arteries for approximately 24 h. The 

exposed plates were scanned using a phosphor imager. The acquired images were quantitatively 

analyzed by drawing regions of interest in the thrombus containing area and in the contralateral carotid 

using AIDA image analyzer software.  
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3.2.8 Histology 

The carotid arteries were fixed in 4% formaldehyde and subsequently embedded in paraffin. 

Transversal sections of 5 µm were stained with hematoxylin and eosin. 

 

3.2.9 Statistical analysis 

Data represent the mean value ± standard deviation (SD), unless noted otherwise. For differences 

between more than two groups, a 1-way ANOVA with a post-hoc Tukey honestly significant difference 

test was used. For differences between two paired groups, data sets were compared using a paired, 

two-tailed t-test. For analysis of the rat biodistribution, a Kruskal-Wallis test was performed. For all 

statistical analysis, values of p < 0.05 were considered significant.  

 

3.3 Results 

3.3.1 Synthesis and radiolabeling peptide probes 

The fibrin-binding probes EPep and FibPep, as well as the negative control peptide NCFibPep were 

synthesized using standard Fmoc solid phase peptide synthesis. LC-MS analysis of the synthesized 

peptides (Fig. 1D-F) showed exact masses (2069.0, 2738.4 and 2676.5 Da for EPep, FibPep and 

NCFibPep, respectively) that matched well with the expected exact masses (2068.8, 2738.2 and 2676.3 

Da for EPep, FibPep and NCFibPep, respectively). Radiolabeling with 111In resulted in ≥ 95% yield and 

radiochemical purity for FibPep and NCFibPep, whereas radiolabeling of EPep resulted in ≥ 93% yield 

and radiochemical purity.  

 

3.3.2 In vitro stability assays 

In vitro stability of EPep, FibPep and NCFibPep was assayed in serum and in kidney and liver 

homogenates. After incubation in serum or tissue homogenate, proteins were precipitated and the 

supernatant was analyzed using radio-HPLC. The radioactivity recovery (parent compounds and 

metabolites) in the supernatant was 93 ± 2, 91 ± 2 and 92 ± 3% for EPep, FibPep and NCFibPep, 

respectively. Figure 2 shows the chromatograms after 90 min of incubation in mouse, rat and human 

serum. EPep and FibPep were stable in serum (89-100 and 95-100% intact parent compound, 

respectively), whereas NCFibPep displayed lower stability (15-55% intact parent compound). 

Chromatograms obtained after 10 min of incubation in mouse and rat tissue homogenates (Fig. 3) show 

that EPep and FibPep were moderately stable in liver homogenates (63-74 and 57-89% intact parent 

compound, respectively) and were rapidly degraded in kidney homogenates (17-46 and 6-14% intact 

parent compound, respectively). NCFibPep was not stable in liver and kidney homogenate (≤18 and 1% 

intact parent compound, respectively). 
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Figure 2. Serum stability assay. 

Typical chromatograms of (A) 

EPep, (B) FibPep and (C) NCFibPep 

prior to incubation and after 90 

min of incubation in mouse, rat or 

human serum. (D) Percentage 

intact peptide probes after 90 min 

of serum incubation as derived 

from the chromatograms. Data 

expressed as mean percentage 

intact parent compound ± SD 

(n=3).  

 

 

 

 

 

 

 

 

Figure 3. Tissue homogenate 

stability assay. Typical 

chromatograms of (A) EPep, (B) 

FibPep and (C) NCFibPep prior to 

incubation and after 10 min of 

incubation in mouse and rat 

kidney/liver tissue homogenates. 

(D) Percentage intact peptide 

probes after 10 min of tissue 

homogenate incubation as derived 

from the chromatograms. Data 

expressed as mean percentage 

intact parent compound ± SD (n=3). 
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3.3.3 In vitro fibrin and blood clot binding  

In vitro binding studies showed no significant difference between EPep and FibPep with respect to 

binding to blood clots derived from citrated human plasma (29.8 ± 3.1 and 35.3 ± 3.8% dose, 

respectively, Fig. 4A), whereas NCFibPep showed significantly lower clot association (4.2 ± 1.8% dose, p 

< 0.001). Figure 4B shows in vitro binding of the peptide probes toward human derived fibrin in either 

HBS or human blood. In HBS, EPep showed significantly lower fibrin-binding in comparison to FibPep 

(75.5 ± 2.0 and 88.5 ± 1.3% dose, respectively, p < 0.001), whereas both EPep and FibPep showed 

significantly higher fibrin-binding in comparison to NCFibPep (1.2 ± 2.4% dose, p < 0.001). Incubation of 

the samples in blood instead of HBS led to similar results (77.5 ± 5.1, 89.9 ± 1.3 and 2.2 ± 0.9% dose for 

EPep, FibPep and NCFibPep, respectively, p>0.05 in comparison to samples incubated in HBS). 

 

 

 
Figure 4. Binding of EPep, FibPep and NCFibPep to (A) human plasma derived blood clots in HBS and (B) 

human derived fibrin in either HBS or human blood. Data is expressed as mean percentage dose ± SD 

(n=4). *p < 0.01; NS = not significant. 

 

 

The probe affinities toward human, mouse and rat derived fibrin were analyzed in a microtiter-plate 

equilibrium binding assay.26, 35 The determined dissociation constants and number of binding sites per 

fibrin molecule are shown in Table 1. EPep bound to human, mouse and rat derived fibrin with a 

dissociation constant (Kd) of approximately 1 µM and displayed ca. 2 binding sites per fibrin molecule 

(Fig. 5A). FibPep bound in a similar fashion to human and mouse derived fibrin (Fig. 5B), whereas 

binding toward rat derived fibrin was much weaker (Kd = 14 µM). NCFibPep bound approximately 100-

fold more weakly to human, mouse and rat derived fibrin in comparison to EPep and seemingly 

displayed a higher number of binding sites (Fig. 5C). This is likely due to a small fraction of nonspecific 

retention in the microtiter plates which becomes relevant in the fitting procedure for samples 

incubated with high concentrations of tracer, as was the case for NCFibPep. 
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Table 1. Dissociation constant (Kd) values and number of binding sites per fibrin molecule (# binding 

sites) ± standard error for EPep, FibPep and NCFibPep as obtained from the fits of the binding curves 

(Fig. 5) which were fitted as described in a previously published protocol.35 

 Human derived fibrin Mouse derived fibrin Rat derived fibrin 

Tracer Kd (µM)   # binding 

sites 

Kd (µM) # binding sites Kd (µM) # binding 

sites 

EPep 0.9 ± 0.1 2.0 ± 0.0 1.4 ± 0.1 2.2 ± 0.1 1.2 ± 0.1 2.2 ± 0.0 

FibPep 0.6 ± 0.0 2.8 ± 0.0 0.8 ± 0.1 2.3 ± 0.0 14 ± 2 2.0 ± 0.1 

NCFibPep 98 ± 21 4.8 ± 0.5 146 ± 61 7.5 ± 1.9 77 ± 20 5.6 ± 0.7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. (A) EPep, (B) FibPep and (C) 

NCFibPep fibrin-binding curves for 

human, mouse and rat derived fibrin. 

Dashed lines plotted as described in a 

previously published protocol.35 
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3.3.4 Blood kinetic, biodistribution and histology 

The blood kinetic and biodistribution profiles of EPep, FibPep and NCFibPep were investigated in a 

carotid artery thrombosis rat model. In addition, EPep was also evaluated in a carotid artery thrombosis 

mouse model for comparison with previously published data on FibPep in the same model.35 Figure 6 

summarizes the obtained blood kinetic and biodistribution profiles of EPep in mice. EPep displayed a 

biphasic elimination from circulation (Fig. 6A), with an α half-life of 1.0 ± 0.3 min (46%) and a β half-life 

of 15.3 ± 0.7 min. The biodistribution in mice 4 h post injection showed significant higher uptake of 

EPep in the injured carotid in comparison to the noninjured, contralateral carotid artery (6.8 ± 1.2 and 

0.2 ± 0.1% ID/g, respectively, p < 0.01, Fig. 6B). In addition, EPep displayed low retention in nontarget 

organs (<0.4% ID/g), with exception of the kidneys (8.8 ± 1.8% ID/g).  

Figure 6. (A) Blood kinetic (n=3) and (B) biodistribution profiles (4 h post injection; n=4) of EPep in mice. 

Data are the mean percentage injected dose per gram ± SD. Plotted dashed line is the corresponding bi-

exponential elimination fit. *p < 0.01. 

 

Figure 7A shows the blood kinetic profiles of EPep, FibPep and NCFibPep in rats. All peptide probes 

were eliminated from the circulation in a biphasic fashion. EPep displayed an α half-life of 1.4 ± 0.5 

(56%) min and a β half-life of 25.0 ± 3.2 min. FibPep and NCFibPep had similar elimination kinetics, 

showing an a α half-life of 2.0 ± 1.0 (54%) and 1.1 ± 0.4 (60%) min and a β half-life of 23.3 ± 3.0 min and 

21.9 ± 0.6 min, respectively. Figure 7B shows the biodistribution profiles of EPep, FibPep and NCFibPep 

in rats 4 h post injection. A group that received a 5-fold increased dose of FibPep was also included. 

EPep showed significantly higher uptake in the thrombus containing, injured carotid with respect to 

FibPep and NCFibPep (0.74 ± 0.39, 0.06 ± 0.02 and 0.04 ± 0.01% ID/g, respectively, p < 0.01). A 5-fold 

increase in dose for FibPep did not significantly improve the uptake in the injured carotid (0.09 ± 0.03% 

ID/g). The retention in nontarget tissues was similar for all probes, with low uptake in most of the 

assessed organs and higher levels of activity in the kidneys. The only exception was an increased liver 

uptake of FibPep with respect to EPep and NCFibPep. Urine was collected from the rats 4 h post 

injection and analyzed using radio-HPLC (Fig. 8A-B). All probes were metabolized, with EPep still 
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showing a minor percentage of intact parent compound (12 ± 4%), whereas virtually no intact probe 

(<1%) was measured in the urine of rats that received FibPep and NCFibPep.  

 

 
Figure 7. (A) Blood kinetic (n=3) and (B) biodistribution profiles (4 h post injection) in rats injected with 

EPep, FibPep and NCFibPep (n=5) and FibPep injected with a 5-fold increased dose (n=3). Plotted dashed 

lines are the corresponding bi-exponential elimination fits and data is expressed as the mean 

percentage injected dose per gram ± SD. *p < 0.01 vs FibPep and NCFibPep injured carotid.  

 

 
Figure 8. (A) Typical chromatograms of EPep, FibPep and NCFibPep prior to injection and in urine which 

was collected 4 h post injection. (B) Stability of the peptide probes in urine 4 h post injection as derived 

from the chromatograms. Data expressed as mean percentage intact parent compound ± SD (n=3). *p < 

0.01.   
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3.3.5 SPECT imaging and ex vivo autoradiography  

In vivo SPECT imaging of the head-neck area of live rats with carotid artery thrombosis was performed 

starting 2.5 h post tracer injection with a total scan time of 1 h. Subsequently, the rats were euthanized 

and a post-mortem full body SPECT/CT scan was performed. Next, the injured and contralateral carotids 

were excised and evaluated by autoradiography.  

 

In vivo SPECT imaging showed high signal at the thrombus site for EPep, whereas FibPep and NCFibPep 

did not allow clear visualization of the thrombus-containing carotid (Fig. 9). Quantitative analysis of the 

in vivo SPECT images showed significantly higher signal in the injured carotid area for EPep (0.25 ± 

0.04% ID/cm3) with respect to FibPep and NCFibPep (0.06 ± 0.02 and 0.04 ± 0.01% ID/cm3, respectively, 

p < 0.01, Fig. 10), and to the contralateral areas (0.01 ± 0.01; 0.01 ± 0.00 ad 0.01 ± 0.01% ID/cm3, 

respectively, p < 0.01). Post-mortem full body SPECT/CT scans showed mainly bladder (radioactive 

urine) and kidney uptake for all probes (Fig. 11). Figure 12 displays photo- and autoradiographs of the 

excised carotids. The injured carotids show noticeable increased tracer accumulation at the thrombus 

site for rats injected with EPep and, to a lesser extent, for rats injected with FibPep, whereas uptake in 

the noninjured carotids was low and homogeneous for all tracers. The thrombus-to-contralateral 

carotid signal ratio from autoradiography measurements for rats injected with EPep (31.7 ± 16.0) was 

significantly higher than that for rats injected with FibPep and NCFibPep (4.7 ± 1.1 and 1.7 ± 0.1, 

respectively, p < 0.01, Fig. 12G). Histological sections stained with hematoxylin and eosin confirmed the 

presence of thrombus in the injured rat carotid artery (Fig. 12H-I). 

 

 
Figure 9. In vivo SPECT/CT imaging of the head/neck area using (A,D) EPep, (B,E) FibPep and (C,F) 

NCFibPep in a carotid thrombosis rat model (3 h post injection; sagittal and transverse slices). Arrows: 

increased uptake of tracer in the induced thrombus. All images are displayed using the same color scale.  
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Figure 10. Quantitative analysis of the in vivo 

SPECT scans (3 h post injection). Percentage 

injected dose per cm3 of EPep, FibPep and 

NCFibPep in volumes of interest of the injured 

carotid and contralateral area. Data is expressed 

as mean percentage injected dose per cm3 ± SD 

(n=4). *p < 0.01. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Post-mortem whole body 

SPECT/CT imaging of rats injected 

with (A) EPep, (B) FibPep and (C) 

NCFibPep showing uptake in kidneys 

and high activity in the urine (3.5 h 

post injection; maximum intensity 

projections). All images are 

displayed using the same color 

scale.  
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Figure 12. Representative photo- and autoradiographs of excised injured and contralateral, noninjured 

carotid arteries post SPECT imaging of rats injected with (A,B) EPep, (C,D) FibPep and (E,F) NCFibPep. 

Arrows: site of thrombus induced by FeCl3-injury. (G) Quantitative analysis of the autoradiographs using 

regions of interest drawn in the thrombus and the contralateral artery. Data is expressed as signal ratio 

of injured over noninjured carotid ± SD (n=4). *p < 0.01. (H,I) Hematoxylin and eosin stained transversal 

histological section of the (H) injured carotid and (I) noninjured, contralateral carotid artery showing 

thrombosis in the injured carotid and not in the contralateral carotid. 

 

 

3.4 Discussion 

Fibrin is a promising and frequently employed target for molecular imaging,15, 19-21, 23, 24, 28, 29 as it is 

involved in thrombosis, atherosclerosis and tumor metastasis and angiogenesis.7, 8, 11-13 In previous 

work, we established 111In-labeled FibPep as a tracer for fibrin SPECT imaging and successfully showed 

detection of carotid thrombosis in mice using FibPep.35 In this study, we developed EPep, a novel 111In-

labeled fibrin-binding peptide containing the fibrin-binding domain of the clinically verified EP-2104R 

peptide, and sought to compare the potential of EPep and FibPep as tracers for fibrin SPECT imaging. As 

a negative control, NCFibPep, a scrambled and linearized version of FibPep, was employed in the study. 
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In vitro stability assays in serum showed high stability for both EPep and FibPep while NCFibPep 

displayed noticeable lower stability. Cyclization of peptides is known to decrease proteolytic 

degradation,41 and thus the relative low stability of NCFibPep might be due to the linear nature of the 

peptide. Small molecules such as peptides are often able to distribute throughout the extravascular 

space and therefore may encounter proteolytic enzymes in kidney and liver, which are not taken into 

consideration when using serum stability assays to predict in vivo metabolism.41, 42 Therefore, to 

account for the influence of these organs on the systemic metabolism, additional in vitro stability assays 

were performed in kidney and liver homogenates. EPep and FibPep were moderately stable in liver 

homogenates but were rapidly degraded in kidney homogenates after 10 min. NCFibPep showed 

virtually complete degradation in both liver and kidney homogenates. It should, however, be noted that 

many of the proteolytic enzymes active in the homogenates are located in the cytosole under 

physiological conditions. Thus, in vivo the tracers will likely be digested in lower rates than in the tissue 

homogenate assays.41 In fact, the time window prior to degradation seems nevertheless sufficient to 

allow effective targeting of fibrin in vivo, as FibPep showed high clot association in a carotid thrombosis 

mouse model.35 

 

FibPep and EPep displayed roughly similar binding to blood clots derived from human plasma and fibrin 

clots derived from human fibrinogen in vitro, with FibPep showing approximately 15-20% more binding 

than EPep. A similar experiment performed using human whole blood as incubation medium instead of 

HBS did not show any significant differences in EPep and FibPep binding to human derived fibrin clots in 

comparison to the experiments performed using HBS. This proves that both peptides have a high 

degree of specificity for fibrin over plasma proteins such as serum albumin and fibrinogen and confirms 

that, similar to serum, both peptides are not significantly metabolized in human whole blood in vitro. 

EPep showed similar affinity (Kd ≈ 1 µM) and number of binding sites (ca. 2 binding sites per fibrin 

molecule) for human, mouse and rat derived fibrin in a microtiter-plate equilibrium binding assay. 

These values correspond well to the values reported for EP-2104R (Kd ≈1.5 µM and approximately 2 

binding sites per fibrin molecule),26 indicating that EPep binds in a fashion similar to EP-2104R toward 

fibrin of different origin. FibPep showed affinity for human and mouse derived fibrin (Kd ≈ 0.7 µM) and 

number of binding sites (≈2.5) comparable to those of EPep, which is in accordance with the similar clot 

uptake values found in vitro for EPep and FibPep in the human derived blood and fibrin clot binding 

tests. Interestingly, however, the affinity of FibPep toward rat derived fibrin was considerably lower (Kd 

= 14 µM). Fibrin(ogen) is known to be only partially homologous in different species,43, 44 and for 

multiple monoclonal antibodies against human fibrin(ogen) it has been shown that they are unable to 

cross-react with fibrin(ogen) derived from other species.45-48 In a similar fashion, we hypothesize that 

the FibPep binding fibrin epitope is not entirely homologous between humans and rats. Our results also 

suggest that FibPep and EPep bind to different epitopes on the fibrin molecule, as, contrary to FibPep, 

EPep does not show a significant difference in binding between human and rat derived fibrin. Since the 

fibrin-binding amino acid sequences of both EPep and FibPep were derived by phage display against 

human fibrin using fibrinogen binder depleted libraries,49-51 the exact binding epitopes of EPep and 

FibPep are likely surfaces exposed by fibrin polymerization induced domain movements or new surfaces 



Chapter 3 

 

 

84 

formed by interdomain contact present in fibrin but absent in fibrinogen.51 This study did not attempt 

to elucidate the exact EPep and FibPep binding epitopes, and thus similarly to the fibrin-binding peptide 

families recently published by Kolodziej and coworkers,51 which includes the amino acid sequence on 

which the EP-2104R peptide was based, the exact binding sites on the fibrin molecule remain 

unidentified for both EPep and FibPep. 

 

The pharmacokinetics, biodistribution and in vivo fibrin targeting capabilities of EPep were evaluated in 

a FeCl3-induced carotid injury mouse model in order to allow comparison to recently published data for 

FibPep in the same mouse model.35 EPep cleared rapidly from the circulation, resembling closely the 

FibPep blood kinetic profile in mice.35 In addition, the uptake in the injured carotid 4 h post injection 

was similar for EPep (6.8 ± 1.2% ID/g) and FibPep (5.7 ± 0.7% ID/g)35 and comparable behaviors were 

observed in nontarget organs. These findings, combined with the in vitro stability and binding assays, 

suggest that both EPep and FibPep are equally suitable for fibrin SPECT imaging in preclinical mouse 

models of disease.  

 

To investigate potential consequences of the reduced affinity of FibPep toward rat derived fibrin, the 

two 111In-labeled fibrin-binding peptides were evaluated also in a rat carotid injury model. In rats, both 

peptides showed fast clearance from the circulation. EPep showed high uptake in the injured carotid, 

whereas FibPep showed only marginally increased uptake when compared to the negative control 

NCFibPep. This is in contrast with the high thrombus uptake found for FibPep in a mouse carotid 

thrombosis model.35 As the amount of injected peptide (15 nmol per animal) was identical for rats and 

mice, the dose of peptides in rats (mol/kg) was approximately 8-fold smaller than in mice. However, 

injection of a 5-fold higher FibPep amount (75 nmol per animal) did not significantly increase uptake in 

the injured carotid in rats. Therefore, the different dose used in mice and rats did not contribute to the 

reduced FibPep thrombus uptake in rats. Overall, our findings suggest that the reduced affinity of 

FibPep toward rat derived fibrin significantly decreases in vivo thrombus association of FibPep in rats.  

 

The uptake of EPep and FibPep in most nontarget organs in rats was similar to that found in mice. Only 

exception was the liver uptake, which showed approximately a 10-fold higher FibPep uptake to most 

other nontarget rat organs, whereas uptake in mouse liver was not increased.35 This suggests that 

FibPep might be metabolized in different fashions or rates in vivo in mice and rats. Interestingly, this 

might correspond well to the findings of the in vitro mouse and rat kidney/liver homogenate stability 

assays, where, only in rat liver homogenates, FibPep was more stable than EPep. Radio-HPLC analysis of 

rat urine collected 4 h post injection showed that for EPep only a minor fraction was still intact, 

whereas FibPep was virtually completely metabolized. These results correspond well to the in vitro rat 

kidney homogenate assay.  

 

In vivo SPECT imaging 3 h post injection showed a clear uptake of radioactivity in the carotid thrombus 

of the rats injected with EPep, whereas in the carotid thrombus of the rats injected with FibPep no 

uptake was visible. Ex vivo autoradiography displayed a 32-fold increase in signal in the thrombus over 
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the contralateral carotid for EPep, whereas FibPep only showed a 5-fold increase. These results indicate 

that EPep is a promising tracer for fibrin SPECT imaging in preclinical rat models of disease, and that 

although FibPep still showed an increased uptake in the rat thrombus over the contralateral vessel, the 

amount of additional uptake is insufficient for FibPep to allow thrombus detection using fibrin SPECT 

imaging in rat carotid thrombosis model. The results of this study demonstrate that when animal 

models are being employed to gauge the clinical potential of novel imaging tracers, it is critically 

important to verify the binding characteristics of the tracer not only against its human derived target 

but also against the target obtained from the animal species to be employed in the preclinical studies. 

Overall, based on the data presented in this study, both peptides seem equally promising for molecular 

imaging of fibrin using SPECT in clinical settings, as both peptides show similar affinities toward human 

fibrin, similar stability in human serum and roughly comparable stability in rat and mouse tissue 

homogenates. A potential area of improvement for both EPep and FibPep is reducing the rate of 

metabolism of the peptides in vivo, since both probes are metabolized rapidly in kidney and liver 

homogenate assays and, in addition, are also mainly found back in urine as metabolized species. 

Judicious modification of the peptides by for instance replacing potentially labile amino acids with their 

D-amino acid counterparts, or attaching at both the C- and N-termini a DOTA-chelator may decrease 

metabolism of the peptides.41, 52 Naturally, any change in peptide structure may affect fibrin affinity 

and/or blood kinetic and biodistribution profiles, and therefore modified versions of EPep and FibPep 

should be carefully re-evaluated with respect to these properties.  

 

Multiple other approaches for nuclear imaging of fibrin deposition have been reported in the past 

decades.20-25 In a very promising, recent and also similar effort, Caravan and coworkers successfully 

employed the EP-2104R peptide and subsequently simplified versions of the same peptide for PET 

imaging of thrombi using 64Cu–DOTA labeling.53, 54 The affinity of these peptides toward human fibrin is 

roughly similar to that of EPep and FibPep and experiments in rats showed that these tracers are also 

found back in urine for a significant part as metabolized species. The main advantage of employing PET 

over SPECT imaging is the higher spatial resolution in clinical settings. However, the 64Cu-DOTA isotope-

chelator complex is known to release 64Cu,55 which subsequently accumulates in the liver by binding to 

superoxide dismutase.56 This leads to increased radiation exposure and also to high PET signal in the 

liver area,53, 54 which hampers the ability to image fibrin in a major part in the abdomen and possibly 

also in the heart and coronaries. Our approach is not hampered by high liver uptake and furthermore 

SPECT allows multi-isotope imaging,57-59 enabling the simultaneous assessment of multiple biomarkers, 

which could be vital for obtaining reliable and robust read-outs of complex pathologies such as cancer 

and atherosclerosis. In addition, the availability of SPECT-CT systems allows combining fibrin SPECT 

imaging with anatomical CT or with contrast enhanced CT-based strategies, such as for instance CT 

angiography using iodinated contrast agents,60 and acute thrombus imaging, employing (nontargeted) 

gold nanoparticles that become trapped in newly formed blood clots.61  

 

In conclusion, we assessed the potential of two 111In-labeled fibrin-binding peptides, EPep and FibPep, 

for SPECT imaging of fibrin. Affinities toward human and mouse derived fibrin were similar for EPep and 
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FibPep, and EPep displayed similar thrombus uptake in comparison to FibPep in mice. Thus, both 

peptides are equally promising for translation into clinical settings and may provide a new tool to 

diagnose and monitor diseases such as atherosclerosis, cancer, deep venous thrombosis and pulmonary 

embolism.  
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Chapter 4 

 

Noninvasive visualization of tumoral fibrin deposition using 

a peptidic fibrin-binding SPECT tracer  
 

 

Abstract 

 

Fibrin deposition plays an important role in the formation of mature tumor stroma and provides a 

facilitating scaffold for tumor angiogenesis and intratumoral growth factor storage. The aim of this 

study was to investigate the potential of the 111In-labeled fibrin-binding peptide EPep for SPECT imaging 

of intratumoral fibrin deposition. EPep and negative control NCEPep were synthesized, radiolabeled 

with 111In and characterized in vitro. In vivo SPECT images and ex vivo biodistribution profiles were 

obtained in a fibrin-rich BT-20 breast cancer mouse model. In addition, BT-20 tumor sections were 

subjected to autoradiography and histology. Furthermore, ex vivo biodistribution profiles were 

obtained in a fibrin-poor MDA-MD-231 breast cancer mouse model. EPep and NCEPep were both highly 

stable in vitro in human and mouse serum (≥ 97% stability after 3 h). In vitro, 111In-labeled EPep 

displayed significantly more binding than NCEPep towards human derived fibrin (66.6 ± 1.4 and 3.2 ± 

1.3% dose per clot, respectively) and mouse derived fibrin (74.2 ± 2.4 and 7.8 ± 3.0% dose per clot, 

respectively). SPECT/CT images displayed marked SPECT signal in tumor area for BT-20 tumor bearing 

mice injected with EPep, but not for mice injected with NCEPep. Ex vivo biodistribution profiles of BT-20 

tumor bearing mice 3 h post tracer injection showed significantly higher tumor uptake for EPep with 

respect to NCEPep (0.39 ± 0.14 and 0.11 ± 0.03% ID/g, respectively), whereas uptake in other organs 

was similar for EPep and NCEPep. Ex vivo autoradiography of BT-20 tumor sections displayed high signal 

for EPep and this signal co-localized with intratumoral fibrin deposits. Histological evaluation of MDA-

MB-231 tumor sections displayed dense cell mass, no significant tumor stroma and only minute fibrin 

deposits. Ex vivo biodistribution profiles in MDA-MB-231 tumor bearing mice 3 h post injection showed 

EPep tumor uptake (0.14 ± 0.04% ID/g) which was significantly lower with respect to EPep BT-20 tumor 

uptake, indicating fibrin-specificity of EPep tumoral uptake. In conclusion, this work demonstrates the 

potential of EPep SPECT imaging for specific visualization of tumoral fibrin deposition.  

 

 

 

This chapter is based on: 

Starmans, L. W.; van Mourik, T.; Rossin, R.; Verel, I.; Nicolay, K.; Grull, H.  Noninvasive visualization of 

tumoral fibrin deposition using a peptidic fibrin-binding single photon emission computed tomography 

tracer. Under review. 
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4.1 Introduction 

The global demography shows a steady increase in aging population, which presents perhaps one of the 

most pressing challenges for humanity in the 21st century. The prevalence of age related diseases will 

continue to rise, with cancer predicted to be an increasingly key cause of morbidity and mortality in the 

next few decades.1 Consequently, major efforts are being devoted to the development of new medical 

imaging methodologies in oncology care. Molecular imaging methodologies which visualize biological 

hallmarks of cancer,2 such as angiogenesis and metastatic potency, hold promise to emerge at center 

stage for initial diagnosis, staging and characterization of cancer and for predicting and monitoring 

treatment response.3  

 

Fibrin represents a suitable target that allows molecular imaging strategies to assess several critical 

biological hallmarks of cancer. Fibrin deposition plays an important role in the formation of mature 

tumor stroma and provides a facilitating scaffold for tumor angiogenesis and intratumoral growth 

factor storage.4, 5 In addition, fibrin deposits are known to protect cancer cells from natural killer cell-

mediated elimination.6 Recently, we have developed strategies for molecular imaging of fibrin 

deposition using fibrin-binding peptides as targeting moieties.7-9 One such promising strategy was to 

radiolabel the small fibrin-binding peptide EPep (DOTA-GGGGY-dGlu-C-Hyp-3ClY-GLCYIQG-NH2) with 
111In to yield a fibrin single photon emission computed tomography (SPECT) tracer. 111In-EPep displays a 

900 nM dissociation constant (Kd) towards human fibrin and was shown to be highly effective in 

detecting fibrin deposition in a rat carotid artery thrombosis model using SPECT imaging.9 An advantage 

of employing peptide-based tracers for nuclear imaging in oncology is their low molecular weight, 

which allows rapid extravasation and potent tissue penetration.10 Therefore, fibrin-binding peptide-

based tracers should be able to effectively infiltrate tumor stroma and bind to fibrin. 

 

In this study, we investigated the potential of 111In-labeled EPep to visualize fibrin deposition in a fibrin-

rich BT-20 breast cancer mouse model using SPECT imaging. NCEPep, which is a scrambled version of 

EPep, was employed as negative control. To corroborate the in vivo SPECT findings, ex vivo 

biodistribution profiles were obtained and histology and high resolution autoradiography were 

performed on BT-20 tumor sections. In addition, biodistribution profiles were obtained in a MDA-MD-

231 breast cancer mouse model, which displayed little tumor stroma and only minor fibrin deposits 

with respect to the more fibrin-rich BT-20 tumor model.  

 

4.2 Materials and Methods 

4.2.1 Peptide probe synthesis 

EPep ([DOTA]GGGGY-dGlu-C-Hyp-3ClY-GLCYIQG-NH2, Fig. 1A) was synthesized according to a previously 

published protocol.9 The scrambled peptide NCEPep ([DOTA]GGGG-3CLY-LCI-dGlu-QYCG-Hyp-Y-G-NH2) 

was synthesized in similar fashion to EPep and employed as negative control. The obtained peptides 

were analyzed with a LC-MS Agilent 1200 apparatus which was equipped with a C8 Eclipse plus column 

(100 × 2.1 mm, 3.5 µm particle size) and an electrospray mass spectrometer (time-of-flight, LC-MS 

model 6210, Agilent Technologies, Santa Clara, CA, USA). 
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Figure 1. Structural formulas (A) and corresponding mass spectra (B) of EPep and NCEPep. 

 

4.2.2 Radiolabeling 

The peptides were radiolabeled with 111InCl3 (Perkin Elmer, Boston, MA, USA and Mallinckrodt 

Pharmaceuticals, Zaltbommel, the Netherlands) in ammonium acetate buffer (0.25 M, pH 7.5) at 80 °C 

for 45 min. Subsequently, the labeling mixtures were diluted in saline containing 10-25 mM NaOH and 

challenged with an equivalent dose of diethylenetriaminepentaacetic acid (DTPA). Radiochemical purity 

was determined by radio-HPLC according to a previously published protocol.9 The radiolabeled peptides 

showed > 95% radiochemical purity and were used without further purification. 

 

4.2.3 In vitro serum stability 

200 µL of 111In-EPep/NCEPep solution (4 MBq, 15 nmol peptide, n=3 per group) was incubated with 800 

µL of mouse serum (non-Swiss albino from C57BL/6; Innovative Research Inc., Novi, MI, USA) or human 

serum (Innovative Research Inc.) for up to 24 h. At 1, 3, 8 and 24 h time points, 200 µL was taken from 

each solution and was added to 200 µL of ice-cold acetonitrile. Subsequently, samples were centrifuged 

at 16.1k rcf for 6 min and the supernatant was separated from the pellet. Next, the supernatant and 

pellet radioactivity was measured using a dose calibrator (VDC-405, Veenstra Instruments, Joure, The 

Netherlands) and the radioactivity recovery (parent compound + metabolites) in the supernatant was 

calculated. The radioactivity recovery in the supernatant was 92 ± 2 and 90 ± 1% for EPep and NCEPep, 
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respectively. An equivalent amount of ultrapure water was then added to the supernatant and this 

mixture was analyzed by radio-HPLC.9 The results were expressed as percentage intact parent 

compound. 

 

4.2.4 In vitro fibrin-binding assay 

Fibrin was prepared by adding 4 µL of 100 U/mL human thrombin (Sigma-Aldrich, Saint Louis, MO, USA) 

in ultrapure water to 200 µL of 2.9 mg/mL human or mouse fibrinogen (Sigma-Aldrich) in HEPES 

buffered saline (HBS, pH 7.4) and incubated at 37 °C overnight. Subsequently, the samples were sealed 

and stored at -80 °C until further use. Prior to use, the fibrin clots were thawed and rinsed once with 

HBS. Next, 111In-labeled EPep or NCEPep (50 µL, 0.96 ± 0.03 MBq, 2 nmol peptide, n=5 per group) and 

100 µL of HEPES Buffered Saline (HBS, pH 7.4) were mixed with the fibrin clots at 37 °C for two h. 

Subsequently, the clots were washed three times with HBS and the fibrin bound radioactivity was 

measured using a dose calibrator and expressed as percentage dose.  

 

4.2.5 Cell culture 

BT-20 and MDA-MB-231 cells were obtained from the America Type Culture Collection (ATCC, 

Manassas, VA, USA). BT-20 cells were cultured under standard conditions in Minimal Essential Medium 

Eagle (MEM; Sigma-Aldrich) supplemented with L-glutamine (2 mM, ThermoFisher Scientific (TFS), 

Waltham, MA, USA), penicillin (100 U/mL, TFS), streptomycin (100 µg/mL, TFS) and 10% heat 

inactivated fetal bovine serum (TFS). MDA-MB-231 cells were cultured in Dulbecco’s Modified Eagle 

Medium (TFS) supplemented with Glutamax (2 mM, TFS), penicillin (100 U/mL), streptomycin (100 

µg/mL) and 10% heat inactivated fetal bovine serum. 

 

4.2.6 Animal model 

All animal procedures were approved by the Maastricht University ethical review committee and were 

performed according to the Dutch national law and the institutional animal care committee guidelines. 

Five-to-nine week old female BALB/c nude mice (Charles River, Burlington, MA, USA) were housed 

under standard conditions and acclimatized for at least one week. Food and water were freely 

available. Tumors were grown on the hind leg of the mice by a subcutaneous/intramuscular injection of 

BT-20 cells (11 × 106 cells in 100 µL L-glutamine supplemented MEM, n=12) or MDA-MB-231 cells (5 × 

106 cells in 100 µL sterile phosphate buffered saline (PBS), pH 7.4, n=9). Tumor size was monitored 

twice a week, and animals were typically used for experiments when the tumor size was at least 5 mm3 

(3-7 weeks).  

 

4.2.7 In vivo SPECT/CT imaging  

Six BT-20 tumor bearing mice were imaged by SPECT/CT. Mice were injected with 111In-labeled EPep (15 

nmol, 130 µL, 22 ± 4 MBq, n=3) or NCEPep (15 nmol, 130 µL, 19 ± 1 MBq, n=3). Approximately 1.5 h 

post injection, the mice were anesthetized using isoflurane and were positioned in a dedicated small-

animal SPECT/CT scanner (NanoSPECT/CT, TriFoil Imaging, Chatsworth, CA, USA) equipped with four 

detector heads and converging nine-pinhole collimators (diameter 1.3 mm). First, a CT scan of the lower 
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mouse body was performed. CT scan parameters were: 12 min scan time, 360 projections, 2 seconds 

per projection, 45 kV peak tube voltage, 177 mA tube current and 37 mm field of view. From 2 to 3 h 

post injection a SPECT scan of the lower mouse body was acquired. SPECT scan parameters were: 300 

seconds per projection, 60 min scan time, 24 projections, 171 keV (20% window) and 245 keV (15% 

window) 111In-photopeaks. 

 

SPECT and CT images were reconstructed using InVivoScope software (TriFoil Imaging) to an isotropic 

voxel size of 300 µm (SPECT) and 100 µm (CT). Images show CT data in gray scale and SPECT signal in 

color (purple to yellow) scale. SPECT data were evaluated by placing a volume of interest in the tumor 

SPECT hot spot area. As background signal, volumes of interest were drawn in the muscle of the non-

tumor bearing limb. The recorded counts in the volumes of interest were converted to Bq using a 

quantification factor obtained by scanning a known amount of 111In using identical scan parameters. 

Results were expressed as percentage injected dose per volume (% ID/cm3) for both the tumor and the 

contralateral muscle area. Subsequent to the in vivo SPECT scans, mice were euthanized by cervical 

dislocation and the tumor and other tissues were harvested and weighed. Radioactivity was measured 

in a γ-counter (Wizard 1480, PerkinElmer, Waltham, MA, USA) along with standards to determine the 

percentage injected dose per gram (% ID/g). Tumors were subsequently embedded in Shandon 

cryomatrix (TFS), snap frozen in methylbutane (ca. -40 °C) and stored at -80 °C. Prior to use, the tumor 

was cut in 10 µm slices. 

 

4.2.8 Biodistribution  

Six BT-20 tumor bearing mice were injected with 111In-labeled EPep or NCEPep (15 nmol, 100 µL, 2-21 

MBq, n=3 per group) and nine MDA-MB-231 tumor bearing mice were injected with EPep or NCEPep 

(15 nmol, 100 µL, 2-27 MBq, n=4-5 per group). Mice were euthanized by cervical dislocation at 3 h post 

injection and the tumor and other tissues were harvested and weighed. Radioactivity was measured in 

a γ-counter along with standards to determine the percentage injected dose per gram. Tumors were 

subsequently fixed in 4% formaldehyde, embedded in paraffin and cut in 5 µm sections. The 

biodistribution data of mice in the SPECT group were combined with the “biodistribution-only” data 

obtained from BT-20 bearing mice, yielding biodistribution profiles with 6 animals for both EPep and 

NCEPep. 

 

4.2.9 Histology and ex vivo autoradiography 

Paraffin and cryo sections were stained with hematoxylin and eosin (H&E). Prior to H&E-staining, cryo 

sections were fixed in 4% formaldehyde for 10 min. In addition, paraffin sections were stained 

according to the Carstairs method, which displays fibrin in bright red, platelets in gray blue to navy, 

collagen in bright blue, muscle in red and red blood cells in clear yellow.11 Anti-fibrin(ogen) fluorescence 

immunohistochemistry was performed on cryo sections according to a modified protocol from Zhang 

and coworkers.12 Sections were fixed in ice-cold acetone for 5 min, air-dried and subsequently washed 

three times with PBS. Next, nonspecific binding was minimized by pre-incubation with 20% goat serum 
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in PBS containing 1% bovine serum albumin (BSA) at room temperature (RT) for 15 min. Primary 

incubation was performed at RT for 90 min using rabbit polyclonal anti-fibrin(ogen) antibody (Ab34269, 

Abcam, Cambridge, UK; diluted 1:100 in PBS with 1% BSA) and slides were subsequently washed three 

times with PBS. Secondary incubation was performed at RT for 60 min using anti-rabbit IgG conjugated 

to Alexa Fluor 488 (ab150077, Abcam, diluted 1:100 in PBS with 1% BSA and 5% goat serum). Slides 

were subsequently washed three times with PBS. Finally, sections were stained with DAPI (TFS, diluted 

1:100.000 in PBS) at RT for 10 min, washed three times with PBS and mounted using Fluoromount 

(Sigma-Aldrich). Fluorescence images were acquired with a fluorescence microscope (DM6000 B, Leica, 

Wetzlar, Germany) using the Leica L5 and the R/G/B filter cubes. Negative control experiments, 

performed by incubation of rabbit serum instead of primary antibody, did not show focal anti-

fibrin(ogen) fluorescence signal.  

 

Autoradiographs of tumor cryo sections were obtained using a dFINE BetaImager (Biospace Lab, Paris, 

France). Ca. 2-3 days post-euthanasia, the samples were covered with scintillating foil and were 

scanned for 5 h per sample. The images were analyzed using M3Vision software (Biospace Lab). The 

radioactivity distribution maps (blue to red scale) were co-registered with photographs of the tumor 

sections (gray scale).  

 

4.2.10 Statistical Analysis 

Data represent the mean value ± standard deviation (SD). For differences between 2 groups, data sets 

were compared using unpaired 2-sided t-test (not assuming equal variances). Values with p < 0.05 were 

considered significant.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. (A) Serum stability assay. Percentage intact peptide probes after incubation in human and 

mouse serum for 1, 3, 8 and 24 h. Data is expressed as mean percentage intact parent compound ± SD 

(n=3). (B) Binding of EPep and NCEPep to human and mouse derived fibrin. Data is expressed as mean 

percentage dose ± SD (n=5). 
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Figure 3. In vivo SPECT/CT images of BT-20 tumor-bearing mice after injection of (A) EPep and (B) 

NCEPep (2-3 h post injection, transverse and coronal slices, n=3 per group). Large arrowhead indicates 

intratumoral fibrin deposition, small arrowhead designates intestinal uptake, bold arrow indicates 

kidney and thin arrow indicates urine in bladder. All images are displayed in identical color scale. 

 

4.3 Results 

4.3.1 Synthesis and radiolabeling  

The fibrin-binding peptide EPep and negative control NCEPep (Fig. 1A) were synthesized using Fmoc 

solid phase peptide synthesis. LC-MS analysis of the purified peptides (Fig. 1B) displayed exact 

molecular masses (2068.8 Da for both EPep and NCEPep) which matched exactly the expected values. 

Radiolabeling of EPep and NCEPep with 111In resulted in > 95% radiochemical purity.  

 



Chapter 4 

 

98 
 

4.3.2 In vitro serum stability and fibrin binding 

In vitro stability of EPep and NCEPep was assayed in human and mouse serum. 111In-labeled EPep and 

NCEPep were incubated in serum for up to 24 h and, subsequently, proteins were precipitated by 

acetonitrile and the supernatant was analyzed using radio-HPLC. EPep and NCEPep were both highly 

stable in human and mouse serum (Fig. 2A), with ≥ 97% stability after 3 h of incubation and ≥ 80% 

stability after 24 h of serum incubation. In vitro fibrin-binding studies (Fig. 2B) showed significantly 

higher binding for 111In-EPep with respect to the negative control NCEPep towards human derived fibrin 

(66.6 ± 1.4 and 3.2 ± 1.3% dose, respectively, p < 0.001) and mouse derived fibrin (74.2 ± 2.4 and 7.8± 

3.0% dose, respectively, p < 0.001). 

 

 

 

 

 

 

 

 

 

Figure 4. Quantitative analysis of the in vivo SPECT 

scans (2-3 h post injection) for EPep and NCEPep 

using volumes of interest drawn in tumor (BT-20) 

and contralateral muscle areas. Data is expressed as 

mean percentage injected dose/cm3 ± SD (n=3).  

 

 

4.3.3 In vivo SPECT/CT imaging of intratumoral fibrin deposition in BT-20 xenografts 

In vivo SPECT/CT imaging of the lower body of BT-20 tumor bearing mice was performed 2 h post tracer 

injection with a total scan time of 1 h. In the obtained images, the tumors of the mice injected with 
111In-EPep was clearly visible, contrary to the mice injected with negative control NCEPep (Fig. 3). 

Quantitative analysis of the SPECT data (Fig. 4) confirmed significantly higher tumor uptake for 111In-

EPep with respect to 111In-NCEPep (0.70 ± 0.12 and 0.26 ± 0.12% ID/cm3, respectively, p < 0.001). Also, 

the EPep tumor uptake was significantly higher than both EPep and NCPep contralateral muscle signal 

(0.03 ± 0.02 and 0.04 ± 0.04, respectively, p < 0.001). Beside tumor, the SPECT scans showed intestinal 

and kidney uptake and excretion into urine for both EPep and NCEPep. 

 

The ex vivo biodistribution profiles in BT-20 tumor bearing mice 3 h post tracer injection showed 

significant higher tumor uptake for 111In-EPep with respect to the negative control peptide (0.39 ± 0.14 

and 0.11 ± 0.03% ID/g, respectively, p < 0.01, Fig. 5), whereas uptake in other organs was similar for 

EPep and NCEPep. Uptake in most non-target organs was low (≤ 0.09% ID/g), with exception of 

intestine (0.16 ± 0.11 and 0.22 ± 0.25% ID/g for EPep and NCEPep, respectively) and kidney uptake (3.51 



Noninvasive visualization of tumoral fibrin deposition using a peptidic fibrin-binding SPECT tracer 

 
 

99 
 

± 0.25 and 3.58 ± 0.66% ID/g for EPep and NCEPep, respectively). In BT-20 tumor bearing mice injected 

with 111In-EPep, the tumor to organ ratios at 3 h post injection were high: ≥ 19 for blood, heart, muscle, 

brain and bone, and ≥ 4 for all other organs except kidney (Table 1). In mice injected with 111In-NCPep, 

the tumor to organ ratios were ca. 3-6 fold lower than in mice which received EPep. 

 

 

 

 

 

  

 

 

 

 

 

Figure 5. Biodistribution profiles for EPep and NCEPep 

at 3 h post injection (n=6 per group) in mice bearing 

BT-20 tumors. Data are the mean percentage injected 

dose per gram ± SD. *p < 0.01 vs NCEPep tumor. 

 

 

 

Table 1. Tumor to organ ratios of EPep and NCEpep in BT-20 tumor bearing mice at 3 h post injection 

(n=6 per group). 

Organ EPep 

Tumor : organ ratio  

NCEPep 

Tumor : organ ratio 

Blood 33.4 ± 8.8 7.5 ± 4.8 

Heart 27.6 ± 10.8 5.7 ± 2.0 

Muscle 42.2 ± 15.3 8.9 ± 3.1 

Brain 127.1 ± 44.9 34.5 ± 11.2 

Thigh bone 19.0 ± 6.7 4.5 ± 2.1 

Lung 9.9 ± 4.3 3.3 ± 1.0 

Liver 5.7 ± 2.4 1.3 ± 0.3 

Spleen 8.0 ± 2.7 1.4 ± 0.5 

Uterus 6.4 ± 1.3 1.3 ± 0.6 

Ovaries 12.3 ± 6.0 1.8 ± 0.8 

Stomach 6.4 ± 2.5 3.2 ± 2.0 

Intestine 4.3 ± 4.6 0.8 ± 0.4 

Kidney 0.11 ± 0.04 0.03 ± 0.01 
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Figure 6. (A) Autoradiographic, (B) hematoxylin and eosin stained and (C) anti-fibrin(ogen) 

immunofluorescence images of BT-20 tumor sections of mice injected with EPep (upper row) and 

NCEPep (bottom row). Autoradiographic images are displayed in identical color scales. Location of the 

higher magnification anti-fibrin(ogen) immunofluorescence images is indicated by the black square in 

the hematoxylin and eosin stained images. Immunofluorescence images show anti-fibrin(ogen) staining 

in green and DAPI in blue, and are displayed in identical color scales. 

 

 

 

 
Figure 7. (A) Hematoxylin and eosin stained and (B) Carstairs stained MDA tumor sections. Arrowhead 

indicates (minor) site of intratumoral fibrin deposition. (C) Biodistribution profiles for EPep and NCEPep 

at 3 h post injection (n=4-5 per group) in mice bearing MDA tumors. Data are the mean percentage 

injected dose per gram ± SD. *p < 0.05 vs NCEPep tumor. 
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Ex vivo autoradiography of BT-20 tumor sections showed high uptake of 111In-EPep (Fig. 6A) and the 

signal co-localized well with intratumoral fibrin deposits (Fig. 6B-C). BT-20 tumor slices from mice 

injected with negative control NCEPep did not show high tumor signal in autoradiography (Fig. 6A), 

while the presence of intratumoral fibrin deposits was confirmed by immunohistochemistry (Fig. 6B-C). 

 

4.3.4 Biodistribution in MDA-MB-231 xenografts 

Histological evaluation of MDA-MB-231 tumor sections showed dense cell mass, no significant tumor 

stroma and only minute fibrin deposits (Fig. 7A-B). The ex vivo biodistribution profiles in MDA-MB-231 

tumor bearing mice 3 h post tracer injection (Fig. 7C) showed 111In-EPep tumor uptake (0.14 ± 0.04% 

ID/g) which was significantly lower than in BT-20 tumors (p < 0.01). 111In-EPep uptake in MDA-MB-231 

tumors was, however, significantly higher with respect to the negative control peptide (0.06 ± 0.01% 

ID/g, p < 0.05). Beside tumor, all other organs showed similar uptake of EPep and NCEPep with respect 

to the BT-20 tumor bearing mice. Table 2 shows the tumor to organ ratios in MDA-MB-231 bearing 

mice injected with 111In-labeled EPep and NCEPep at 3 h post injection. These ratios are ca. 2.8 and 1.8 

fold lower than those in the BT-20 model, respectively. 

 

 

Table 2. Tumor to organ ratios of EPep and NCEPep in MDA-MB-231 tumor bearing mice at 3 h post 

injection (n=4-5 per group). 

Organ EPep 

Tumor : organ ratio  

NCEPep 

Tumor : organ ratio 

Heart 10. 7 ± 0.6 3.0 ± 0.4 

Muscle 11.5 ± 6.7 5.9 ± 1.1 

Brain 51.9 ± 6.9 17.1 ± 1.5 

Thigh bone 7.1 ± 0.6 2.4 ± 0.2 

Lung 4.0 ± 1.0 1.9 ± 0.3 

Liver 2.5 ± 0.3 0.7 ± 0.1 

Spleen 2.9 ± 0.3  0.6 ± 0.1 

Uterus 1.9 ± 0.8 0.7 ± 0.1 

Ovaries 3.3 ± 0.5 1.0 ± 0.3 

Stomach 3.8 ± 3. 6 1.8 ± 0.3 

Intestine 1.2 ± 1.0 0.5 ± 0.2 

Kidney 0.05 ± 0.01 0.02 ± 0.00 
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4.4 Discussion 

The aim of this study was to gauge the potential of the 111In-labeled fibrin-binding peptide EPep for 

SPECT imaging of intratumoral fibrin deposition. EPep consists of the fibrin-binding motif Y-dGlu-C-Hyp-

3ClY-GLCYIQ,13 displays a dissociation constant towards human fibrin of 900 nM, is highly stable in 

serum in vitro and showed rapid blood clearance and low retention in non-target organs in preclinical 

studies in mice and rats.9 Furthermore, we previously demonstrated the potential of EPep for highly 

sensitive, noninvasive visualization of fibrin deposition in a carotid thrombosis rat model using SPECT 

imaging.9 As fibrin deposition plays an important role in tumor angiogenesis and stroma formation,4, 5 

we hypothesized that EPep might be of value in the characterization of tumor lesions with respect to 

angiogenesis and metastatic potential. To assess the suitability of EPep-based SPECT detection of 

intratumoral fibrin deposition, we performed in vivo SPECT/CT imaging experiments in BT-20 tumor 

bearing mice at 2 to 3 h post 111In-EPep injection. In these mice the images showed marked signal in the 

tumor area, and ex vivo biodistribution at 3 h post injection showed favorable tumor to organ ratios of 

≥ 19 for organs such as blood, heart, muscle, brain and bone.  

 

Tumor lesions are known to exhibit increased nonspecific retention of molecules, and consequently, 

this challenges the assessment of novel tracers for specific visualization of expressed epitopes in 

tumors.14 In order to adequately test the specificity of EPep-based visualization of fibrin deposition in 

tumors, we developed a scrambled version of EPep, NCEPep, which showed similar stability in serum in 

vitro and displayed similar uptake in non-target organs in vivo with respect to EPep, therefore 

displaying ideal properties as a negative control tracer. The scrambled peptide was unable to bind 

significantly to fibrin in vitro and displayed significantly lower uptake in the tumor lesions in vivo with 

respect to EPep, suggesting that EPep deposition in tumor lesions is fibrin-specific. Ex vivo 

autoradiography and anti-fibrin(ogen) immunohistochemistry of BT-20 tumor sections showed 111In-

EPep accumulation in fibrin-rich tumor areas, further corroborating specificity. Finally, EPep uptake in 

MDA-MB-231 tumor bearing mice was investigated. MDA-MD-231 tumors showed little tumor stroma 

and only minor fibrin deposits. In concordance, 111In-EPep accumulation was significantly lower with 

respect to the BT-20 tumor model, which exhibited higher levels of fibrin deposition. Taken together, 

these data prove fibrin-specific uptake of EPep within the tumor lesions. Blocking studies to further 

demonstrate specificity were not attempted, as fibrin is, in comparison to for instance cell membrane 

receptor-based epitopes, an abundant target and therefore not particularly suitable for blocking 

purposes. 

 

Nuclear imaging of fibrin deposition in tumor lesions has been a topic of interest for over half a century. 

In the 1960’s, Spar and colleagues initiated the exploration of 131I-labeled polyclonal antibodies reactive 

towards fibrin(ogen) for detection of fibrin deposition in tumors using scintigraphic methods.15-19 More 

recently, fibrin specific monoclonal antibodies have been employed for visualization of tumoral fibrin 

deposition. Hisada and coworkers developed an 89Zr-labeled monoclonal antibody specific for the fibrin 

Bβ chain and showed that this antibody allowed visualization of tumoral fibrin deposition in a 

spontaneous skin cancer mouse model at 5 days post injection using positron emission tomography 
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(PET).20 Furthermore, Angelides and colleagues showed that 99mTc-DD-3B6/22, a monoclonal antibody 

Fab’ fragment specific for the D-dimer region of fibrin, allowed visualization of two malignant tumors at 

6-24 h post injection using scintigraphic methods in a phase II clinical study in patients with pulmonary 

embolism and deep venous thrombosis.21  

 

Owing to their smaller size, peptide-based tracers such as EPep are rapidly cleared from the blood and 

are able to swiftly penetrate tumor tissue, thus allowing imaging procedures which yield more rapid 

results and higher target to background ratios with respect to anti-fibrin antibody-based nuclear 

imaging strategies. In addition, peptide-based tracers display low immunogenicity and can be produced 

rather inexpensively. Taken together, peptide-based fibrin-binding tracers such as 111In-labeled EPep 

hold promise for clinical translation of molecular imaging of tumoral fibrin deposition. To the best of 

our knowledge, this study is the first to report on nuclear imaging of tumoral fibrin deposition using a 

radiolabeled peptide-based tracer. 

 

4.5 Conclusions 

In conclusion, EPep produced high contrast SPECT images of BT-20 tumors in mice within 2-3 h post 

injection and the areas of high 111In uptake correlated well with areas of high fibrin deposition. 

Therefore, this work paves the way for the use of EPep SPECT for fibrin imaging in oncology care. 
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Iron oxide nanoparticle-micelles (ION-Micelles) for sensitive 

(molecular) MPI and MRI  
 

 

 

Abstract 

 

Iron oxide nanoparticles (IONs) are a promising nanoplatform for contrast-enhanced MRI. Recently, 

magnetic particle imaging (MPI) was introduced as a new imaging modality, which is able to directly 

visualize magnetic particles and could serve as a more sensitive and quantitative alternative to MRI. 

However, MPI requires magnetic particles with specific magnetic properties for optimal use. Current 

commercially available iron oxide formulations perform suboptimal in MPI, which is triggering research 

into optimized synthesis strategies. Most synthesis procedures aim at size control of iron oxide 

nanoparticles rather than control over the magnetic properties. In this study, we report on the 

synthesis, characterization and application of a novel ION platform for sensitive MPI and MRI. IONs 

were synthesized using a thermal-decomposition method and subsequently phase-transferred by 

encapsulation into lipidic micelles (ION-Micelles). Next, the material and magnetic properties of the 

ION-Micelles were analyzed. Most notably, vibrating sample magnetometry measurements showed 

that the effective magnetic core size of the IONs is 16 nm. In addition, magnetic particle spectrometry 

(MPS) measurements were performed. MPS is essentially zero-dimensional MPI and therefore allows to 

probe the potential of iron oxide formulations for MPI. ION-Micelles induced up to 200 times higher 

signal in MPS measurements than commercially available iron oxide formulations (Endorem, Resovist 

and Sinerem) and thus likely allow for significantly more sensitive MPI. In addition, the potential of the 

ION-Micelle platform for molecular MPI and MRI was showcased by MPS and MRI measurements of 

fibrin-binding peptide functionalized ION-Micelles (FibPep-ION-Micelles) bound to blood clots. The 

presented data underlines the potential of the ION-Micelle nanoplatform for sensitive (molecular) MPI 

and warrants further investigation of the FibPep-ION-Micelle platform for in vivo, noninvasive imaging 

of fibrin in preclinical disease models of thrombus-related pathologies and atherosclerosis.  

 

 

 

This chapter is based on:  

Starmans, L. W.; Burdinski, D.; Haex, N. P.; Moonen, R. P.; Strijkers, G. J.; Nicolay, K.; Grull, H.  Iron oxide 

nanoparticle-micelles (ION-micelles) for sensitive (molecular) magnetic particle imaging and magnetic 

resonance imaging. PLoS One 2013, 8, (2), e57335.  
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5.1 Introduction 

Cancer is one of the leading causes of death in the western world with a still increasing prevalence due 

to the aging society. As survival rates strongly increase with earlier diagnosis, much effort is devoted to 

improve the sensitivity and specificity of imaging methods such as PET, SPECT, CT, and MRI to detect 

smaller lesions. MRI offers superb contrast for soft tissue at high resolution and is often the modality of 

choice to characterize malignant tissue. However, MRI suffers from low sensitivity, which triggered the 

development of disease specific contrast agents. Especially iron oxide nanoparticles (IONs) have been 

investigated extensively as contrast agents for magnetic resonance imaging (MRI) during the past few 

decades.1-5 Commonly referred to as negative contrast agents, IONs predominantly generate signal 

voids in MR images due to their high transversal relaxivity. They generally display good biocompatibility 

profiles, lack non-endogenous elements (unlike Gd3+-based MR contrast agents), contain a high payload 

per nanoparticle and can be functionalized with binding molecules, such as antibodies and peptides, 

which are typically linked covalently to their surface. Therefore, IONs are a promising and frequently 

employed nanoplatform for molecular and cellular MR imaging.6-13 A drawback of ION-based contrast-

enhanced MRI is that it is often necessary to acquire both pre- and post-contrast enhanced images, 

which could lead to problems with respect to image co-registration and patient compliance. In addition, 

negative contrast ION-MRI is relatively prone to yield ambiguous information as signal voids, which may 

also be caused by imaging artifacts, might disguise morphology in the area of interest.  

 

Recently, magnetic particle imaging (MPI) was introduced as a new imaging modality that is able to 

directly visualize magnetic particles rather than their effect on proton relaxation that is the basis of MRI 

detection.14 In MPI, IONs are magnetized by a radiofrequency magnetic field and their time-varying, 

non-linear magnetization induces a time-dependent voltage in a receiver coil. The non-linearity of the 

magnetization response induces higher harmonics, the intensity of which directly corresponds to the 

respective ION concentration. This technique allows for radiation-free, hotspot-like imaging and should 

provide a more sensitive and quantitative alternative for molecular and cellular MRI.15 A promising 

preclinical in vivo proof of concept MPI study using Resovist has already been reported.16 Besides 

considerable efforts to improve MPI scanner design and image processing, optimization of IONs for MPI 

is critical for applications of MPI beyond proof-of-principal preclinical studies. Although it was 

immediately recognized by the inventers of MPI that the properties of the IONs are crucial for MPI,14 

relatively limited effort has been devoted to the synthesis of iron oxide nanoparticles for MPI 

purposes.17-19 Commercially available contrast agents that are currently being employed for MPI studies 

are not optimized for MPI and thus prevent current MPI studies from reaching optimal resolution and 

sensitivity. For example, only 3% of the particles in Resovist, a commercially available contrast agent 

used in most MPI studies, have an appropriate particle diameter to be able to contribute significantly to 

the MPI signal.14 Resovist contains iron oxide nanoparticles with an average nanocrystal size of 4-6 

nm,20, 21 whereas larger-sized iron oxide nanocrystal cores that display steeper magnetization curves 

would be more beneficial for MPI purposes. Simulation studies suggested that using monodisperse iron 

oxide nanocrystal cores with a size of 30 nm could increase the obtained MPS signal by a factor of about 

30.14  
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Several different procedures were published in the recent years that allow a size controlled synthesis of 

particles in the size range between 5-25 nm, often based on a thermal decomposition of an iron-based 

precursor.22-24 Usually, particles are obtained with a magnetically active crystalline core surrounded by 

an amorphous layer of iron oxides (Fig. 1). An analysis of the magnetic properties reveals that most 

particles show a smaller size of the magnetic active core with a high polydispersity compared to the 

geometrical size obtained e.g. with TEM.25 Consequently, these particles will likely show a poor 

performance in MPI. Hence, synthesis procedures should be optimized to yield iron oxide nanoparticles 

with a well defined crystal core-size large enough to allow for more sensitive MPI. Naturally, these 

particles will also show improved magnetic properties in MR imaging.  

 

In this study, we developed a novel iron oxide nanoparticle-micelle platform (ION-Micelle), containing 

iron oxide nanocrystals cores of 25 nm, for (molecular) MPI and MRI purposes. The synthesized ION-

Micelles were characterized using (cryo) transmission electron microscopy (cryo-TEM), dynamic light 

scattering (DLS) and vibrating sample magnetometry (VSM). The effective magnetic core size of the 

ION-Micelles was derived from the VSM measurements. In addition, their potency for MPI and MRI was 

assessed using magnetic particle spectrometry (MPS)26 and proton relaxometry, respectively. 

Furthermore, as a showcase for the suitability of the presented ION-Micelle platform for molecular MPI 

and MRI, the ION-Micelles were functionalized with a fibrin-binding peptide (FibPep) and in vitro blood 

clot binding was assessed using MPS and MRI. 

 

 

 

 

 

 

Figure 1. Schematic overview and TEM-micrograph 

of an ION displaying a magnetic core and a non-

magnetic layer. 

 

 

5.2 Materials and Methods 

5.2.1 Materials 

All materials were purchased from Sigma-Aldrich unless otherwise specified. 1,2-distearoyl-sn-glycero-

3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000] (PEG2000–DSPE) was obtained from 

Lipoid and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(polyethyleneglycol)-2000] 

(Mal–PEG2000–DSPE) was obtained from Avanti Polar Lipids. 9-fluorenylmethyloxycarbonyl–protected 

amino acids and Rink amide resin were purchased from either Novabiochem(Merck) or Bachem and 

succinimidyl acetylthioacetate (SATA) was obtained from Invitrogen. Human tissue factor was 

purchased from Dade Behring and citrated human blood plasma was obtained from Sanquin. Resovist 

was purchased from Bayer Schering Pharma and Endorem and Sinerem were obtained from Guerbet. 
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5.2.2 Iron oxide nanoparticle (ION) synthesis  

IONs were obtained through a method based on thermal decomposition of FeO(OH) in the presence of 

oleic acid, which was developed by Yu and coworkers22 and subsequently optimized for our purposes.27 

In short, FeO(OH) (0.10 g, 1.13 mmol) was grounded using mortar and pestle and subsequently mixed 

with oleic acid (3.80 g, 13.5 mmol) and eicosane (0.60 g, 2.12 mmol). The mixture was heated to 360 °C 

under vigorously magnetic stirring at a constant ramping rate of 3.3 °C/min and then kept at this 

temperature for 2 h. During the reaction, the color of the mixture changed from red/brownish to black. 

After the reaction, the sample was cooled down and 10 mL of hexane was added to the mixture. The 

sample was precipitated using 20 mL of acetone and centrifuged at 4671 g during 30 minutes at RT. The 

iron oxide particles were redispersed using 10 mL of hexane and 20 µL oleic acid. The precipitation-

redispersion procedure was repeated twice. 

 

5.2.3 Iron oxide nanoparticle–micelle (ION-Micelle) synthesis 

IONs were phase-transferred by encapsulation of IONs into lipidic micelles according to a similar 

procedure used to phase-transfer quantum dots.28, 29 In a typical phase-transfer procedure, PEG2000-

DSPE (0.20 g, 71.3 µmol) was dissolved in 4 mL chloroform and 1 mL IONs in hexane (6 mg Fe) was 

added. A ~40-fold excess of lipids required to entirely cover the surface of all IONs with a lipid 

monolayer was used. This suspension was injected into stirred, deionized water at 80 °C with an 

injection-speed of 6 mL/hr. Upon evaporation of the organic solvents, the IONs were encapsulated in 

the core of phospholipidic micelles, creating iron oxide nanoparticles-micelles (ION-Micelles). Next, 

phospholipid micelles without nanocrystals were removed by ultracentrifugation (42875 g; RT; 15 min) 

using an OptimaTM L-90K ultracentrifuge equipped with a type 70.1 TI rotor (Beckman Coulter). After 

ultracentrifugation, the supernatant containing the empty lipidic micelles was carefully aspirated and 

discarded. The pellet, containing the ION-Micelles, was redispersed in HBS (10 mM HEPES, 137 mM 

NaCl, pH 7.4) by gently shaking. This ultracentrifugation procedure was repeated one more time. 

 

5.2.4 Nanoparticle characterization 

IONs were characterized by transmission electron microscopy (TEM) and electron diffraction using a FEI 

Tecnai 20, type Sphera TEM instrument operating at 200 kV. Cryogenic-TEM (cryo-TEM) of ION-Micelles 

was performed using a Gatan cryoholder at approximately -170 °C. Sample vitrification was carried out 

using an automated vitrification robot (FEI Vitrobot Mark III). The hydrodynamic size of the ION-

Micelles in HBS was determined with dynamic light scattering (DLS) on a Zetasizer Nano-S (Malvern) 

using intensity- and number-weighted particle size distributions. In addition, the hydrodynamic particle 

size of three commercially available iron oxide compounds (Endorem, Resovist and Sinerem) was 

analyzed using DLS. 

 

Magnetization curves were obtained from ION-Micelles in HBS using a vibrating sample magnetometer 

(ADE Technologies). The magnetic field was varied in the range between -20 and 20 kOe. Tubes solely 

filled with HBS were used to correct for the diamagnetic contribution of the solvent. Effective magnetic 

core sizes of the ION-Micelles were determined as described by Luigjes and coworkers.25 In short, the 
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magnetic dipole moment distribution of the ION-micelles was calculated by fitting the magnetization 

curves assuming a log-normal distribution of the magnetic dipole moments. Subsequently, a volume-

weighted effective magnetic core size distribution was derived from the calculated magnetic dipole 

moments, assuming spherical particles and a theoretical bulk magnetization of magnetite (~90 Am2/kg). 

The volume-weighted effective magnetic core size distribution was converted to a number-weighted 

size distribution to allow for a more reasonable comparison between the obtained (volume-weighted) 

effective magnetic core size distribution and the (number-weighted) nanoparticle size distribution 

derived from TEM measurements. 

 

Magnetic particle spectrometry was performed with a dedicated magnetic spectrometer (Philips),17, 26 

which is essentially a zero-dimensional version of an MPI scanner. Signal was obtained over 30 s upon 

application of an oscillating magnetic field with an amplitude of 10 mT at 25 kHz. As a reference, MPS 

measurements were also performed using Endorem, Resovist and Sinerem. Longitudinal and transverse 

proton relaxivities (mM-1s-1) of the ION-Micelles were determined using a Minispec MQ60 

Spectrometer (1.41 T; 37°C; Bruker). Iron concentrations were determined using inductively coupled 

plasma atomic emission spectrometry (ICP-AES). 

 

5.2.5 Peptide synthesis 

Peptide Ac-RWQPCPAESWT-Cha-CWDPGGGK-NH2, containing the fibrin-binding motif RWQPCPAESWT-

Cha-CWDP (previously identified via phage-display using fibrinogen-binder depleted libraries and 

subsequently optimized for fibrin-binding),30, 31 and a scrambled negative control Ac-WPTAD-Cha-

RAWPSQEWPAGGGK-NH2 with C-A substitutions were synthesized on 4-methylbenzhydrylamine 

hydrochloride salt (MBHA) rink amide resin by the use of standard 9-fluorenylmethyloxycarbonyl solid-

phase peptide synthesis.32 The peptides were cleaved from resin by trifluoroacetic acid : 

triisopropylsilane : H2O : ethanedithiol (90.5:5:2.5:2 v/v%) for 3 h and purified by preparative reversed-

phase high-pressure liquid chromatography (RP-HPLC) using an Agilent 1200 apparatus, equipped with 

a C18 Zorbax column (length x internal diameter = 150 x 21.2 mm; particle size, 5.0 μm). Peptide Ac-

RWQPCPAESWT-Cha-CWDPGGGK-NH2 was cyclisized (formation of a disulfide bond between both 

cysteine residues) by dimethylsulfoxide:H2O (9:1 v/v%) for 5 days with the pH set to 8 using n-methyl-d-

glucamine,31 and subsequently purified using preparative RP-HPLC. Next, the peptides were 

functionalized at the lysine ε-amino group with a SATA group by mixing the peptides and a 10 fold 

excess of SATA in dimethylformamide containing 3.6 v/v% triethylamine at room-temperature 

overnight. Subsequently, the peptides were purified using preparative RP-HPLC, yielding the SATA-

functionalized fibrin-binding peptide (FibPep) and negative control (NCFibPep) (Fig. S1). Peptide 

structures were analyzed by liquid chromatography–mass spectrometry (LC-MS) on an Agilent 1200 

apparatus, equipped with a C8 Eclipse plus column (100 x 2.1 mm; particle size, 3.5 μm) and an 

electrospray mass spectrometer (Agilent Technologies model 6210, time-of-flight LC-MS). 
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5.2.6 Fibrin-binding peptide functionalized ION-Micelle (FibPep-ION-Micelle) and negative control fibrin-

binding peptide functionalized ION-Micelle (NCFibPep-ION-Micelle) synthesis 

To create fibrin-binding FibPep-ION-Micelles, the phase-transfer procedure was slightly modified. In a 

typical phase-transfer procedure, PEG2000-DSPE (0.525 g, 187.1 µmol) and MAL-PEG2000-DSPE (0.061 

g, 20.7 µmol) were dissolved in chloroform (4 mL) and IONs in hexane (2 mL; 12 mg Fe) were added. 

ION-Micelles were formed and subsequently separated from empty micelles using the previously 

described injection and ultracentrifugation procedure. After ultracentrifugation, the ION-Micelle pellets 

were redispersed in HBS (pH 6.7) and the ultracentrifugation procedure was repeated one more time. 

In parallel to the phase-transfer procedure, the SATA-groups of the fibrin-binding peptides were 

deacetylated at RT for 1 hr using a hydroxylamine containing buffer (Fig. S1). Subsequently, fibrin-

binding peptide functionalized ION-Micelles (FibPep-ION-Micelles) were created by coupling the 

deacetylated fibrin-binding peptides (200 nmol peptide) to the distal end of the MAL-PEG2000-DSPE 

lipids overnight at 4 °C, using half of the obtained ION-Micelle suspension. Negative control fibrin-

binding peptide functionalized micelles (NCFibPep-ION-Micelles) were obtained by conjugating 

NCFibPep to the remaining half of the ION-Micelle suspension in a similar fashion. Next, the 

FibPep/NCFibPep-ION-Micelles were prepared for in vitro application by removing any 

precipitation/large aggregates using centrifugation (500 g; 5 min) and subsequently changing the buffer 

to HBS (pH 7.4) using centrifugation-filtration (Vivaspin 50k MWCO, 6 mL; Sartorius Stedim Biotech).  

 

5.2.7 Blood clot assay 

Blood clots were prepared by incubating a mixture of 1.3 μL human tissue factor, 1.5 μL of 1 M CaCl2 in 

ultrapure water and 100 μL of citrated human blood plasma for 30 minutes at 37 °C. Subsequently, the 

blood clots were washed 3x with HBS. Next, 15 μl of FibPep-ION-Micelles or NCFibPep-ION-Micelles (8 

μg Fe per sample; n=4 per group) and 30 μl HBS were added to the blood clots and incubated for 1 h at 

RT. Subsequently, the solution was removed and the blood clot was washed 3x with HBS. The clots 

were then photographed and subjected to MPS and MRI measurements. MR imaging was performed on 

a 9.4 T preclinical scanner (Bruker BioSpin) using a 35 mm birdcage transceiver volume coil. Sagittal T1-

weighted images were acquired using a FLASH sequence with the following settings: TE 3.2 ms, TR 90 

ms, 40° flip angle, 6 averages, FOV 25 x 20 mm2, matrix 500 x 400, pixel dimensions 0.05 x 0.05 mm2 

and a slice thickness of 0.5 mm. Transversal slices were obtained using a TE of 3.6 ms, FOV of 50 x 20 

mm2 and a matrix of 1000 x 400. Signal to noise ratio of the blood clots in the transversal scans were 

calculated by drawing a region of interest (ROI) around each vial and subsequently dividing the mean 

MR signal in the ROI by 0.8 x mean MR noise level. Iron content of the clots was determined using ICP-

AES.  

 

5.2.8 Statistical analysis 

For differences between 2 groups, data sets were compared using unpaired 2-sided t-test (not 

assuming equal variances). Values of p < 0.05 were considered significant.  
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5.3 Results and Discussion 

Iron oxide nanoparticles (IONs) were synthesized by heating a mixture of FeO(OH), oleic acid and 

eicosane to 360 °C for 2 h (Fig. 2A-B) as described by Burdinski and coworkers.27 IONs were 

subsequently purified by precipitation and re-dispersion of the nanoparticles, using acetone and hexane 

respectively. Figure 3A shows a TEM image of the obtained IONs. The nanoparticles were relatively 

monodisperse, with an average size of 24.9 ± 1.9 nm (calculated from 400 nanoparticles; Fig. 3B). 

Occasionally, a minor fraction of much smaller IONs was observed as well (arrows; inset Fig. 3A). The 

diameter of the synthesized IONs was approximately a factor 5 larger compared with Endorem, Resovist 

and Sinerem (Table 1), which were used as benchmark iron oxide formulations in this study. Figure 3C 

displays a selected area electron diffraction (SAED) pattern acquired from the synthesized IONs. The 

measured lattice spacings based on the rings in the diffraction patterns match well with the known 

lattice spacings of magnetite (Table 2).  

 

 

 

Table 1. Physical characteristics and relaxivities. Relaxometric measurements were performed at 1.41 T 

and 37 °C.  

Compound Diameter iron oxide core 

(nm) 

Hydrodynamic diameter* 

(nm) 

r1 (mM-1 s-

1) 

r2 (mM-1 s-

1) 

r2/r1 

ION-

Micelle 

25 61 6.7 253 37.7 

Endorem 4-6 33 116 8.5 80 9.4 

Resovist 4-6 20, 21 62 9.9 119 12.0 

Sinerem 4-6 33 32 9.5 67 7.1 

r1: longitudinal relaxivity; r2: transversal relaxivity; *Z-average 

 

 

 

Table 2. Calculated atomic lattice spacing d (Å) corresponding to diffraction pattern in Fig. 3C 

compared to standard atomic spacing for bulk magnetite (Fe3O4) along with their respective hkl 

indices from the PDF database. 

d 4.87 2.95 2.51 2.07 1.70 1.60 1.47 1.31 1.27 1.20 

Fe3O4 4.86 2.97 2.53 2.10 1.71 1.62 1.48 1.33 1.28 1.21 

Ring  1 2 3 4 5 6 7 8 9 10 

hkl index 111 220 311 400 422 511 440 620 533 444 
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Figure 2. Schematic overview of the (A-B) iron oxide nanoparticles and (C-D) ION-Micelle synthesis. 

 

 

 

 
Figure 3. Transmission electron microscopy analysis of the IONs. (A) Typical TEM micrograph of the 

IONs; inset shows occasional presence of a subset of particles with a smaller diameter (arrows). (B) Size 

distribution profile of the IONs obtained from TEM analysis of 400 nanoparticles. (C) Selected area 

electron diffraction (SAED) pattern acquired from IONs. 
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Water-soluble ION-Micelles were formed by infusing a hexane/chloroform mixture containing IONs and 

1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000] (PEG2000–

DSPE) lipids into ultrapure water at 80 °C (Fig. 2C-D). ION-Micelles were separated from micelles not 

containing an iron oxide core using ultracentrifugation and subsequently the ION-Micelles were 

redispersed in HEPES-buffered saline (HBS) at pH 7.4. The dispersion state of the ION-Micelles in HBS 

was studied using cryogenic-TEM (cryo-TEM) and dynamic light scattering (DLS). Figure 4A-B shows 

typical high-resolution cryo-TEM images of ION-Micelles. The ION-Micelles were mostly dispersed in 

HBS as single particles or as small aggregates of nanoparticles. Occasionally, also larger, worm-like 

aggregates were observed (Fig. 4C). Other lipidic structures, such as liposomes and (empty) micelles, 

were not observed. Figure 4D shows the ION-Micelle hydrodynamic size-distribution obtained from an 

intensity-weighted analysis of the time correlation function measured with DLS. One dominant peak 

was observed at 47 nm for the ION micelles. The minor peak at larger sizes was indicative of a small 

fraction of aggregated nanoparticles, which matches well with the cryo-TEM findings (Fig. 4A-C). This 

peak disappeared in the number-weighted analysis (Fig. 4E), implying that the relative contribution of 

the larger sized aggregates to the overall size-distribution was negligible. The hydrodynamic diameter 

of the ION-Micelles obtained using number-weighted analysis was 38 nm, which corresponds well with 

the nanoparticles core size-measurements (25 nm, Fig. 3B). The apparent increase of the hydrodynamic 

size as determined by DLS compared to the nanoparticles core size measured by TEM is caused by the 

(hydrated) PEG2000-DSPE coating of the particles and the fact that a fraction of the particles contains 

multiple iron oxide cores. The hydrodynamic diameter of the ION-Micelles was similar to Resovist, 

approximately a factor two larger than Sinerem and a factor two smaller than Endorem (Table 1). The 

magnetic properties of the ION-Micelles were analyzed using a vibrating sample magnetometer (VSM). 

The ION-Micelles behaved superparamagnetically at room-temperature (RT), as the magnetization 

curve had no hysteresis (Fig. 5A). The saturation magnetization of the ION-Micelles was found to be 82 

Am2/kg Fe3O4, which is relatively close to the saturation magnetization of bulk magnetite (~90 Am2/kg 

Fe3O4 at RT).  

 

It has been recognized that the usual assumption that uniform size and shape guarantee well-defined 

magnetic properties is often in stark contrast with reality. For instance, Luigjes and coworkers showed 

that two formulations of iron oxide nanoparticles, both with a 20 nm size on TEM, displayed 

significantly different effective magnetic core sizes (16 and 6 nm), which were calculated from the 

magnetization curves.25 As the magnetic properties of the nanoparticles are likely the sole critical factor 

for MPI-purposes, we calculated the effective magnetic core size distribution of our ION-Micelles as 

described by Luigjes et al.25 Figure 5B shows the obtained number-weighted magnetic core size 

distribution, which displayed a maximum at 16 nm. The fact that the effective magnetic core size of the 

ION-Micelles is already larger than the average size of an entire iron oxide core in Resovist (4-6 nm), 

suggests that the ION-Micelles will allow for significantly more sensitive MPI.  
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Figure 4. Cryo-TEM and DLS analysis of the ION-Micelles in HEPES buffered saline (HBS). (A,B) Typical 

Cryo-TEM micrographs of the ION-Micelles showing that the ION-Micelles are mostly dispersed as single 

particles or as small aggregates of particles in HBS. (C) Occasionally, larger ION-Micelle aggregates were 

observed. (D) Typical intensity-weighted and (E) number-weighted size-distribution profiles of the ION-

Micelles obtained by dynamic light scattering measurements.  

 

Magnetic particle spectrometry (MPS) measurements were performed to further evaluate the potential 

of the ION-Micelle nanoplatform for MPI. MPS is essentially zero-dimensional MPI and therefore allows 

to probe the suitability of iron oxide nanoparticles for MPI purposes.26 In addition to the ION-Micelles, 

also three commercially available iron oxide formulations (Endorem, Resovist and Sinerem) were 

measured as a benchmark. MPS measurements were performed using a dedicated magnetic particle 

spectrometer and each sample was acquired over thirty seconds upon application of an oscillating 

magnetic field with an amplitude of 10 mT at 25 kHz and RT. ION-Micelles generated increased MPS 

signals in comparison to the commercially available iron oxide nanoparticles over the entire frequency 
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range (Fig. 5C). For the lower frequencies (<0.5 MHz), the ION-Micelles generated 4-6 times more signal 

per gram iron than Resovist, which was the best performing benchmark formulation with respect to 

inducing an MPS signal. At higher frequencies (>1 MHz), the improvement in ION-Micelle MPS signal 

compared to that of the other preparations was even more profound: the ION-Micelles generated an 

MPS signal per gram iron that was more than a factor 200 higher than that of the commercially 

available iron oxides. Similar results were obtained for samples that were diluted in whole blood (Fig. 

S2). These findings support the hypothesis that the ION-Micelle nanoplatform will allow significantly 

more sensitive MPI than Resovist, Endorem and Sinerem. In addition to MPI, iron oxides are frequently 

employed for CA-MRI purposes. To evaluate the potential of the ION-Micelle nanoplatform for CA-MRI, 

proton relaxometry measurements were performed. The ION-Micelles displayed a longitudinal 

relaxivity r1 of 6.7 mM-1 s-1 and a transversal relaxivity r2 of 253 mM-1 s-1 (Table 1). Both the transversal 

relaxivity and the ratio of transversal/longitudinal relaxivity of the ION-Micelles were much higher than 

the corresponding values found for all tested commercially available iron oxide compounds. Thus, the 

ION-Micelles allow for more sensitive MR imaging than the three benchmark formulations. 

 

 
Figure 5. Analysis of ION-Micelles magnetic properties. (A) Magnetization curve of the ION-Micelles at 

room temperature. Inset: zoomed-in view around zero field. (B) Number-weighted particle size 

distribution of the ION-Micelles calculated from the magnetization curve. dmax is the diameter 

corresponding to the maximum of the peak. (C) MPS experimental data of the ION-Micelles, Endorem, 

Resovist and Sinerem plotted as magnetic moment (normalized for iron content) versus frequency. 
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Figure 6. In vitro blood clot binding test using FibPep-ION-Micelles and negative control NCFibPep-ION-

Micelles. (A) Schematic overview of fibrin-binding peptides (FibPep) conjugation to the ION-Micelles. (B) 

Photograph and (C) sagittal MR image of blood clots incubated with either FibPep-ION-Micelles (left) or 

NCFibPep-ION-Micelles (right). (D) MR signal to noise ratio of the (NC)FibPep-ION-Micelles incubated 

clots. (E) Third harmonic (76 kHz) MPS signal amplitude and estimated iron content of blood clots 

incubated with (NC)FibPep-ION-Micelles. Estimated iron content was calculated using the third 

harmonic MPS signal and a previously defined conversion factor for this particular batch IONs of 6.87 

mAm2/g Fe. (F) Iron content of blood clots incubated with (NC)FibPep-ION-Micelles. Data represents 

mean ± standard deviation (n=4). 
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A proof of concept, in vitro blood clot-targeting experiment was performed using fibrin-targeted ION-

Micelles to evaluate the suitability of the ION-Micelle nanoplatform for molecular MPI and MRI. Fibrin 

is a major component of blood clots and plays an important role in thrombi-related pathologies such as 

deep venous thrombosis, pulmonary embolism and atherosclerosis. Because of the high potency of the 

ION-Micelle nanoplatform to generate contrast in MPI and MRI, a fibrin-targeted ION-Micelle 

nanoplatform was envisioned to be suitable for noninvasive detection of thrombi using MPI and/or MRI. 

To this aim, ION-Micelles were modified with fibrin-binding peptides (FibPeps), which were directly 

linked to the lipid coating of the nanoparticles. FibPep is a peptide constituted of a fibrin-binding motif 

(RWQPCPAESWT-Cha-CWDP),30, 31 which is coupled to an n-succinimidyl-s-acetylthioacetate (SATA) 

group via a glycine linker (Fig. S1A-B). To facilitate conjugation of FibPep to the nanoplatform, the 

coating of the ION-Micelles was adapted by exchanging 10% of the PEG2000-DSPE lipids with 

maleimide-functionalized PEG2000-DSPE lipids during the phase-transfer process. Prior to conjugation 

of the fibrin-binding peptides to the ION-Micelles, the SATA group of the peptides was deacetylated to 

provide a functional thiol group (Fig. S1C). Subsequently, the deacetylated fibrin-binding peptides were 

conjugated to the ION-Micelles using standard maleimide-thiol chemistry, forming a covalent thioether 

linkage between the lipidic coating of the nanoparticles and the fibrin-binding peptides (FibPep-ION-

Micelles, Fig. 6A). As a negative control, a scrambled peptide with C-A substitutions (NCFibPep, Fig. S1D-

F) was synthesized and coupled to the thiol-modified ION-Micelles, to obtain non-targeting NCFibPep-

ION-Micelles. 

 

Blood clots were prepared by incubating a mixture of human tissue factor, calcium chloride and citrated 

human blood plasma for 30 minutes at 37 °C. Next, blood clots were incubated with HBS containing 

either FibPep-ION-Micelles or NCFibPep-ION-Micelles for 1 h (n=4 per preparation). Subsequently, the 

solution (containing unbound ION-Micelles) was carefully removed and the clots were washed three 

times with HBS. Thereafter, clots were subjected to MRI and MPS measurements. A photograph of the 

clots after the incubation and washing procedure is shown in Fig. 6B. The clots incubated with FibPep-

ION-Micelles had obtained a brownish color, whereas the clots incubated with the NCFibPep-ION-

Micelles had remained white. This is a strong indication that the (brownish-colored) FibPep-ION-

Micelles bound specifically to the clots. MRI measurements showed clear signal voids for these clots 

that were incubated with FibPep-ION-Micelles, whereas those clots that were incubated with 

NCFibPep-ION-Micelles did not (Fig. 6C and Fig. S3A). The signal to noise ratio (SNR) of the clots 

incubated with FibPep-ION-Micelles was significantly lower than the NCFibPep-ION-Micelles incubated 

clots SNR (2.75 ± 0.75 and 7.43 ± 0.40, respectively; p < 0.001; Fig. 6D). MPS measurements displayed 

increased signal amplitudes for the FibPep-ION-Micelles incubated clots in comparison to the 

NCFibPep-ION-Micelles incubated clots throughout the whole frequency spectrum up to ~750 kHz (Fig. 

S3B). Above ~750 kHz, the signal dropped into noise level for both the FibPep-ION-Micelles as well as 

the NCFibPep-ION-Micelles incubated clots. Specific analysis of the third harmonic (72.6 kHz), which is 

the harmonic with the highest signal amplitude, showed a seven-fold increase in signal for the FibPep-

ION-Micelles incubated clots in comparison to the NCFibPep-ION-Micelles incubated clots (10.1 ± 1.8 

and 1.5 ± 1.1 nAm2 at 76 kHz, respectively; p < 0.001; Fig. 6E). The estimated iron content was 
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calculated to be 1.48 ± 0.27 and 0.21 ± 0.17 μg Fe for FibPep-ION-Micelles and NCFibPep-ION-Micelles 

incubated clots, respectively, using the third harmonic MPS signal and a previously determined 

conversion factor of 6.87 mAm2/g Fe for this particular batch of IONs. Thus, the targeting of the FibPep-

ION-Micelles to the clots could be detected using MRI and MPS. To validate whether the FibPep-ION-

Micelles indeed bound significantly more to the clots than the NCFibPep-ION-Micelles, the clots were 

analyzed for iron content using inductively coupled plasma atomic emission spectrometry (ICP-AES). 

ICP-AES measurements showed that the FibPep-ION-Micelles incubated clots contained significantly 

more iron than the NCFibPep-ION-Micelles (1.81 ± 0.59 and 0.12 ± 0.03 μg Fe, respectively; p < 0.01; Fig. 

6F). The ICP-AES results match well with the estimated iron content that was calculated from the MPS 

signal. Hence, these results show that the FibPep-ION-Micelles can selectively bind to blood clots and 

that this targeting can be visualized using MRI and quantified using MPS. These findings therefore 

underline the potential of the ION-Micelle nanoplatform for molecular MPI and MRI and encourage 

future assessment of the FibPep-ION-Micelle nanoplatform for noninvasive detection of thrombi in vivo 

using MRI and MPI.  

 

5.4 Conclusions 

Currently, MPI research is mainly being performed employing commercially available iron oxide 

formulations which were developed for contrast-enhanced MRI. However, these iron oxide 

formulations contain nanocrystals of which the size is too small and disperse to induce efficiently MPI 

signal. Therefore, iron oxide formulations optimized for MPI are likely critical in the fruition of MPI as 

established imaging modality. In this work, we have presented ION-Micelles as a novel nanoplatform, 

consisting of 25 nm sized iron oxide nanocrystals encapsulated in lipidic micelles, for sensitive 

application in (molecular) MPI and MRI. The ION-Micelles iron oxide nanocrystals displayed a narrow 

size-distribution, high saturation magnetization and an effective magnetic core size of 16 nm. In 

addition, ION-Micelles had a higher potency to generate contrast in MPI and MRI than commercially 

available iron-oxide formulations (Endorem, Resovist, Sinerem). Thus, ION-Micelles allow for more 

sensitive MPI and MRI than the currently available iron oxide formulations. Furthermore, the potential 

of the ION-Micelle platform for molecular MPI and/or MRI was illustrated by an in vitro blood clot-

targeting experiment using ION-Micelles which were functionalized with fibrin-binding peptides. The 

fibrin-targeted ION-Micelles (FibPep-ION-Micelles) bound specifically to the blood clots and this could 

be detected by MPS and MRI. Overall, these findings underline the potential of the ION-Micelle 

nanoplatform for (molecular) MPI and MRI and warrant further investigation of the FibPep-ION-Micelle 

platform for in vivo, noninvasive imaging of fibrin in preclinical disease models of thrombus-related 

pathologies and atherosclerosis.  
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5.7 Supplementary information 

 

 

 

 
 

Figure S1. Structural formulas and corresponding mass spectra of FibPep and NCFibPep. (A,B) FibPep 

and (D,E) NCFibPep prior to deacetylation. ~1 h before conjugation of the peptides to the ION-Micelles, 

the SATA group is deacetylated in order to obtain a functional thiol group that can bind to the 

maleimide-functionalized PEG2000-DSPE lipids on the surface of the ION-Micelles (C,F for FibPep and 

NCFibPep, respectively). 
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Figure S2. Magnetic particle spectrometry in whole blood. MPS experimental data of the ION-Micelles, 

Endorem, Resovist and Sinerem in whole blood plotted as magnetic moment (normalized for iron 

content) versus frequency. 

 

 

 
Figure S3. MRI and MPS measurements of blood clots incubated with either FibPep-ION-Micelles or 

NCFibPep-ION-Micelles. (A) Transversal MR slice of the blood clots; F = clots incubated with FibPep-ION-

Micelles; N = clots incubated with NCFibPep-ION-Micelles. (B) MPS spectrum of clots incubated with 

FibPep-ION-Micelles or NCFibPep-ION-Micelles. 
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Evaluation of fibrin-binding iron oxide nanoparticle micelles 

(FibPep-ION-Micelles) for MRI and MPI of thrombosis  
 

 

 

 

Abstract 

 

The significant role of fibrin deposition in cardiovascular and oncologic disease processes motivates 

efforts in the development of imaging probes that allow noninvasive visualization of pathological fibrin 

deposition in vivo. To allow fibrin-specific molecular magnetic resonance imaging (MRI) and magnetic 

particle imaging (MPI), we developed a fibrin-binding peptide functionalized iron oxide nanoparticle 

micelle (FibPep-ION-Micelle) nanoplatform. In this study, we investigated the potential of FibPep-ION-

Micelles for MRI and MPI-based detection of thrombi in mice with induced carotid artery thrombosis. 

FibPep-ION-Micelles showed a high transversal relaxivity (>200 mM-1s-1) and a strong magnetic particle 

spectrometry (MPS) signal (up to 750-fold increased signal with respect to Resovist), and displayed 

fibrin-specific and stable binding to blood clots in vitro. However, accumulation of FibPep-ION-Micelles 

in carotid artery thrombi in vivo was nonspecific for fibrin. The negative control NCFibPep-ION-Micelles 

accumulated to similar amounts in the thrombi. The lack of fibrin specificity is likely due to nonspecific 

entrapment of nanoparticles in the mesh-like thrombi in vivo. This entrapment of the ION-Micelles 

significantly decreased T2 values in the thrombi with respect to pre injection T2 values (p < 0.01) and 

significantly increased ex vivo MPS thrombus signal with respect to the noninjured, contralateral carotid 

(p < 0.01). Therefore, (nontargeted) ION-Micelles might be of value for noninvasive MPI/MRI-based 

diagnosis, characterization and treatment monitoring of thrombosis.  

 

 

 

 

 

 

This chapter is based on: 

Starmans, L. W.;* Moonen, R. P.;* Aussems-Custers, E.; Daemen, M. J.; Strijkers, G. J.; Nicolay, K.; Grull, 

H.  Evaluation of fibrin-binding iron oxide nanoparticle micelles (FibPep-ION-Micelles) for magnetic 

resonance imaging (MRI) and magnetic particle imaging (MPI) of thrombosis. Under review. *Authors 

contributed equally.  
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6.1 Introduction 

Fibrin is a protein which plays an important role in blood coagulation and wound healing.1 The protein 

is formed after cleavage of fibrinopeptide A from the fibrinogen Aα-chains by thrombin, which induces 

fibrin polymerization.2, 3 Deposition of fibrin is a key process in a variety of pathologies. Fibrin is a main 

building block of thrombi,4 which play a significant role in a variety of cardiovascular diseases, such as 

myocardial infarction, ischemic stroke, pulmonary embolism and deep venous thrombosis. 

Furthermore, fibrin deposition in atherosclerotic lesions has been shown to correlate to plaque 

progression and has been linked to plaque erosion and the presence of intraplaque vasa vasorum.5-8 In 

addition to cardiovascular diseases, fibrin deposition occurs in a variety of malignant tumors.9 Fibrin 

deposition induces formation of mature tumor stroma and provides a scaffold that facilitates tumor 

angiogenesis and storage of growth factors within the tumor.9, 10 Fibrin is also known to protect cancer 

cells against the immune system by impeding their elimination by natural killer cells.11 The significant 

role of fibrin in these cardiovascular and oncologic disease processes motivates efforts in the 

development of imaging probes that allow noninvasive visualization of pathological fibrin deposition in 

vivo. 

 

Recently, we have developed an iron oxide nanoparticle micelle (ION-Micelle) platform that allows 

sensitive magnetic resonance imaging (MRI) and magnetic particle imaging (MPI).12 The ION-Micelle 

nanoplatform consists of hydrophobic, 25 nm-sized iron oxide nanoparticles, which are encapsulated 

into pegylated phospholipid micelles. MPI is a relatively new diagnostic imaging modality that is able to 

directly visualize magnetic nanoparticles.13 This represents a fundamentally different approach than 

iron oxide nanoparticle-enhanced MRI, which detects magnetic particles indirectly by measuring their 

effect on proton relaxation rates. MPI yields hotspot-like images similar to nuclear imaging techniques 

and should provide a more quantitative and sensitive alternative for molecular and cellular MRI.14 For 

optimal sensitivity in MPI, the nanocrystal size of the iron oxide nanoparticles should be around 20-30 

nm,14 whereas currently employed commercially available iron oxide formulations for MPI have a core 

size around 4-6 nm.15, 16 This size is too small to induce a strong signal for MPI. Magnetic particle 

spectrometry (MPS),17 which essentially is zero-dimensional MPI, showed that ION-Micelles induced up 

to 200-fold higher signal compared to Resovist,12 which is considered to be the most potent 

commercially available iron oxide formulation for MPI purposes. Thus, the ION-Micelle nanoplatform 

allows significantly more sensitive MPI than current commercially available iron oxide formulations. 

 

To allow noninvasive visualization of pathological fibrin deposition in vivo using molecular MRI and MPI, 

we have functionalized the ION-Micelle nanoplatform with fibrin-binding peptides (FibPep), yielding 

FibPep-ION-Micelles (Fig. 1A). FibPep contains the cyclic fibrin-binding amino acid sequence 

RWQPCPAESWT-Cha-CWDP and binds to human and mouse fibrin with an affinity (Kd) of approximately 

700 nM.18 Previous preliminary in vitro fibrin-binding experiments showed that FibPep-ION-Micelles 

bound specifically to human plasma clots and allowed visualization and quantification of this specific 

binding using MRI and MPS, respectively.12 In this study, we report on a more detailed analytical and in 

vitro characterization of the FibPep-ION-Micelle nanoplatform. Furthermore, we investigated the 
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potential of the FibPep-ION-Micelle nanoplatform for MRI and MPI-based detection of fibrin deposition 

in mice with induced carotid artery thrombosis in vivo. 

 

 

 

 
Figure 1. (A) Schematic representation of the FibPep-ION-Micelle nanoplatform. Reproduced from 

Starmans and coworkers.12 (B) Volume-weighted size-distribution profiles of the FibPep-ION-Micelles 

and NCFibPep-ION-Micelles at the day of synthesis (day 0) and at the final day of the in vivo experiments 

(day 13). (C, D) Representative cryo-TEM images of (C) FibPep-ION-Micelles and (D) NCFibPep-ION-

Micelles.  

 

 

 

 

 



Chapter 6 

 

126 

 

6.2 Results 

6.2.1 Nanoparticle synthesis and characterization 

Fibrin-targeted FibPep-ION-Micelles (Fig. 1A) and negative control NCFibPep-ION-Micelles were 

synthesized according to a previously published protocol.12 In short, hydrophobic iron oxide 

nanoparticles with a core size of ca. 25 nm were synthesized using a thermal decomposition method, 

and, subsequently, iron oxide nanoparticles were phase-transferred by encapsulation into lipidic 

micelles. Finally, the iron oxide nanoparticle-micelles were functionalized by conjugation of the fibrin-

binding peptide FibPep or the negative control peptide NCFibPep onto the lipidic coating of the 

nanoparticles.18, 19  

 

The dispersion state of the synthesized nanoparticles in HEPES buffered saline (HBS, pH 7.4) was 

investigated using dynamic light scattering (DLS) and cryogenic transmission electron microscopy (cryo-

TEM) measurements. Figure 1B shows the volume-weighted size-distribution profiles of the FibPep-

ION-Micelles and NCFibPep-ION-Micelles. Immediately after synthesis of the nanoparticles, one peak 

was observed with a maximum intensity at a hydrodynamic diameter of 40 nm. At the conclusion of the 

in vivo experiments (13 days post synthesis), DLS was performed once more, and showed identical 

results for both FibPep-ION-Micelles and NCFibPep-ION-Micelles (Fig. 1B), indicating excellent intrinsic 

stability of the particles over the time course of the study. Cryo-TEM analysis showed that FibPep-ION-

Micelles and NCFibPep-ION-Micelles were dispersed in HBS as single particles or as small aggregates of 

nanoparticles (Fig. 1C-D). The cryo-TEM observations correspond well to the DLS results, as a single iron 

oxide nanoparticle (25 nm) coated with a lipid monolayer (ca. 5-10 nm in thickness) would be expected 

to yield a hydrodynamic diameter of approximately 40 nm.  

 

The potential of the ION-Micelles to generate MRI contrast was studied using proton relaxometry (1.4 

T, 37 °C). FibPep-ION-Micelles and NCFibPep-ION-Micelles displayed a longitudinal relaxivity of 5.6 and 

5.4 mM-1s-1 and a transversal relaxivity of 207 and 204 mM-1s-1, respectively. The high transversal 

relaxivity and high r2/r1 ratio indicate that the nanoparticles are well suited to allow sensitive detection 

by T2-weighted MR imaging. MPS was performed to assess the capacity of the FibPep-ION-Micelles and 

NCFibPep-ION-Micelles to induce a signal for MPI purposes. Resovist was measured as a reference. 

Figure 2 shows that FibPep-ION-Micelles induced similar MPS signal in comparison to NCFibPep-ION-

Micelles. For lower frequencies (<0.5 MHz), the (NC)FibPep-ION-Micelles generated approximately a 

twofold higher signal per gram iron than Resovist, whereas in the higher frequency domain the signal of 

(NC)FibPep-ION-Micelles was up to 750 times increased with respect to Resovist, indicating that the 

(NC)FibPep-ION-Micelles are potent contrast agents for MPI. 
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Figure 2. MPS of FibPep-ION-Micelles, 

NCFibPep-ION-Micelles and Resovist. Data is 

plotted as magnetic moment (normalized for 

iron content) versus frequency. Note that the 

curves of FibPep-ION-Micelles and NCFibPep-

ION-Micelles largely overlap. 

 

 

 

 

 

 
 
 
 
 
 
 

 

 

 

Figure 3. (A) Photograph and (B) MPS of human plasma 

clots incubated with either FibPep-ION-Micelles or 

NCFibPep-ION-Micelles. MPS measurements were 

performed immediately after the incubation and 

washing procedure (Day 0) and after storage for more 

than 1.5 years (> 1.5 years). Data is expressed as mean 

magnetic moment of the third harmonic (76 kHz) ± SD. 
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An in vitro human blood clot assay was performed to confirm the specific fibrin-binding capabilities of 

the synthesized batch of FibPep-ION-Micelles. Plasma clots were incubated with either FibPep-ION-

Micelles or NCFibPep-ION-Micelles and extensively washed after incubation. Subsequently, clots were 

photographed and measured using MPS to determine iron oxide nanoparticle binding. The clots 

incubated with FibPep-ION-Micelles showed markedly increased uptake of the (brownish) colored ION-

Micelles with respect to clots incubated with NCFibPep-ION-Micelles (Fig. 3A). Specific analysis of the 

third MPS harmonic (72.6 kHz), which is the harmonic with the highest signal amplitude, showed that 

FibPep-ION-Micelles displayed a 3-fold higher signal in the clots compared to NCFibPep-ION-Micelles 

(25.7 ± 7.5 nAm2 and 9.9 ± 1.1 nAm2, respectively, Fig. 3B). Thus, FibPep-ION-Micelles bound in specific 

fashion to the human plasma clots. Samples were stored at 4 °C and measured once more after more 

than 1.5 years of storage, yielding virtually identical results with respect to the initial measurements 

(Fig. 3B), indicating that the particles were bound to the clots in a stable fashion. Similar in vitro blood 

clot binding studies with the peptide-based SPECT-tracers 111In-FibPep and 111In-NCFibPep yielded a 6 to 

8 fold difference between fibrin-binding 111In-FibPep and the negative control peptide.18, 19 The 

observed lower difference in in vitro blood clot uptake between FibPep-ION-Micelles and NCFibPep-

ION-Micelles may possibly be attributed to reduced clot penetration and an increased nonspecific 

entrapment in the mesh-like clot structure of the ION-Micelle nanoparticles with respect to the much 

smaller peptidic fibrin-binding SPECT tracers.  

 

6.2.2 In vivo MRI 

To study the potential of the ION-Micelles to allow visualization of fibrin deposition using MPI and 

contrast enhanced MRI, an AlCl3-induced carotid artery thrombosis mouse model was employed.20 The 

AlCl3-model produces wall-adherent thrombi similar to the frequently employed FeCl3-injury method,18, 

19, 21 but does not cause iron-based MR signal void artifacts which hamper MRI analysis of the produced 

thrombi using the FeCl3-model.20 Mice were subjected to baseline MR scans following thrombus 

inducing surgery, and, subsequently, FibPep-ION-Micelles or NCFibPep-ION-Micelles were injected and 

mice underwent post injection MR scans (n=5 per group). No adverse effects were noticed following 

injection of the nanoparticles. One mouse of the NCFibPep-ION-Micelle group had to be excluded from 

MRI data analysis because of internal bleeding caused by the surgery, obscuring the carotid artery and 

thrombus in the MR images.  

 

3D fast low-angle shot time-of-flight (3D-FLASH-TOF) MR images confirmed formation of thrombus in 

the right carotid artery, which was observed as interruption of the bright blood signal; the thrombus 

itself has a light gray appearance in the MR image (Fig. 4A). A 2D image of the right carotid artery (RCA) 

was reconstructed from the 3D dataset and was used for planning subsequent MRI scans (Fig. 4B). T1- 

and T2-weighted images and T2 maps were successfully acquired repeatedly (Fig. 4C-D). Quantification 

of T2 was preferred over T2* because imaging in the carotid artery region requires a protocol that is 

robust for cardiac, respiratory and blood-flow motion. 
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Figure 4. In vivo MR images after thrombus induction. (A) Images of right and left carotid arteries (RCA 

& LCA) reconstructed from the 3D time of flight (TOF) image. The thrombus can be observed in the RCA 

just proximal of the bifurcation (arrowheads). (B) On the TOF image 13 parallel slices were planned 

perpendicular to the RCA. T1-weighted images from three slices are shown: (1) distal from the 

bifurcation, (2) in the thrombus and (3) proximal to the thrombus (arrowheads: RCA). (C, D) Pre and post 

injection T1- and T2-weighted images and T2 maps of (C) FibPep-ION-Micelles and (D) NCFibPep-ION-

Micelles (arrowheads: RCA). The insets show magnifications of the RCA.  
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Region of interest (ROI) analysis revealed decreased mean T2 values in the thrombus area after injection 

with both FibPep-ION-Micelles (22.7 ± 1.5 ms) and NCFibPep-ION-Micelles (22.0 ± 2.6 ms) compared to 

pre injection values (26.5 ± 2.6 and 25.0 ± 1.5 ms, respectively) (Fig. 5). Comparison of T2 values 

between mice injected with FibPep-ION-Micelles or NCFibPep-ION-Micelles revealed no significant 

differences for pre or post injection values (p = 0.388 and p = 0.675, respectively). This indicates that 

the functionalization with FibPep did not specifically enhance in vivo uptake of ION-Micelles in the 

thrombus as compared to the negative control peptide functionalized nanoparticles. Statistically, the 

mice injected with FibPep-ION-Micelles or NCFibPep-ION-Micelles can thus be viewed as a single group. 

Comparison of the combined mean thrombus T2 values revealed a highly significant (p = 0.003) overall 

decrease of T2 from 25.8 ± 2.3 ms pre injection to 22.4 ± 2.1 ms post injection of ION-Micelles (Fig. 5). 

 

 

 

 

 

 

 

Figure 5. In vivo T2 (mean ± SD) of the thrombus pre and 

post injection with FibPep-ION-Micelles (n=5), NCFibPep-

ION-Micelles (n=4) and T2 for both contrast agents 

combined (n=9). T2 values that were significantly decreased 

post injection compared to pre injection are marked with * 

(p < 0.05) or ** (p < 0.01). 

 

6.2.3 Ex vivo MPS and histological validation 

Mice were euthanized upon completion of the MR scans (ca. 2 h post injection of ION-Micelles and 4.5 

h post thrombus induction). Subsequently, the injured and noninjured, contralateral carotid arteries 

were excised and measured using MPS to probe ION-Micelle MPI signal. In addition, the injured and 

contralateral carotids of three mice that had not undergone nanoparticle injection were measured with 

MPS to quantify background MPS signal of the thrombosed and noninjured carotids. Specific analysis of 

the third MPS harmonic (Fig. 6) showed significantly increased signal for the injured carotids of mice 

injected with FibPep-ION-Micelles or NCFibPep-ION-Micelles (26 ± 7 and 25 ± 8 pAm2, respectively) with 

respect to the contralateral carotids of these mice (9 ± 3 and 8 ± 2 pAm2, respectively) and also with 

respect to both the injured and contralateral carotids of mice which did not receive nanoparticle 

injections (5 ± 2 and 6 ± 4 pAm2, respectively). Thus, both the fibrin-specific and fibrin-nonspecific 

nanoparticle formulations showed significant accumulation in thrombi. The MPS data indicate that 

there was no significant difference between iron oxide nanoparticle uptake in the injured carotids of 

mice injected with FibPep-ION-Micelles or NCFibPep-ION-Micelles, which is in line with the above MRI 

findings. 
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Histological sections studied using autofluorescence imaging confirmed (partial) occlusion of the injured 

carotid arteries and absence of occlusion in the contralateral, noninjured carotid arteries (Fig. 7). 

 

 

  

 

 

Figure 6. MPS of excised injured and 

contralateral, noninjured carotid arteries 

following injection with FibPep-ION-Micelles 

(n=5) and NCFibPep-ION-Micelles (n=5) or 

without injection (n=3). Data is expressed as 

mean magnetic moment of the third 

harmonic (76 kHz) ± SD. * P < 0.01 versus 

contralateral carotid (all three groups) and 

injured carotid of mice which had not received 

an injection of ION-Micelles. 

 

 

 

  

 

 

 

 

 

 

 

Figure 7. Representative autofluorescence confocal 

microscopy images of transversal histological sections of 

the (A) injured carotid and (B) noninjured, contralateral 

carotid artery. 
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6.3 Discussion 

In this study, we report on the characterization and the in vivo evaluation of FibPep-ION-Micelles for 

MRI- and MPI-based detection of fibrin deposition in thrombosis. FibPep-ION-Micelles and negative 

control peptide (NCFibPep) functionalized ION-Micelles had a volume-weighted hydrodynamic 

diameter of 40 nm and displayed excellent stability over time. The nanoparticles showed high 

transversal relaxivity (> 200 mM-1s-1) and high signal in magnetic particle spectroscopy (MPS) 

experiments (up to 750 fold increased signal compared to Resovist), indicating that the FibPep-ION-

Micelles are potent contrast agents for MRI and MPI purposes. In addition, FibPep-ION-Micelles 

displayed significantly more binding towards blood clots in vitro with respect to negative control 

peptide (NCFibPep) functionalized ION-Micelles. FibPep-ION-Micelles did not dissociate in a significant 

fashion from the blood clots after more than one year of incubation in buffer solution, indicating highly 

stable bonding between the nanoparticles and fibrin deposited in the blood clots in vitro. 

 

To evaluate the potential of the FibPep-ION-Micelle nanoplatform for in vivo MRI- and ex vivo MPI-

based detection of fibrin deposition, an AlCl3-induced carotid artery thrombosis mouse model was 

employed. MR images of the carotids were acquired pre and post nanoparticle injection. Pre injection 

3D-TOF images confirmed carotid artery thrombosis, whereas no signal void artifacts were observed, 

indicating that the AlCl3-injury method induced carotid artery thrombosis without inducing metal-based 

signal loss. However, in contrast to the in vitro experiments, no significant difference in thrombus 

binding was observed between FibPep-ION-Micelles and negative control NCFibPep-ION-Micelles. Both 

FibPep-ION-Micelles and NCFibPep-ION Micelles decreased the T2 values in the thrombus region, but 

there were no significant differences for pre or post injection values between the FibPep-ION-Micelle 

group and the group which received NCFibPep-ION-Micelles. Previous in vitro MRI evaluation 

demonstrated that particle binding occurs only on the outside of the blood clots.12 For reasons of 

resolution, in vivo ROIs encompass the whole thrombus, the vessel wall and potentially some blood, 

and local changes are thus averaged out over a larger area at the cost of sensitivity. After the final MR 

scans, mice were euthanized and the carotids were excised and measured ex vivo with a magnetic 

particle spectrometer. FibPep-ION-Micelles and NCFibPep-ION-Micelles both displayed increased MPS 

signal in the injured carotid with respect to the noninjured, contralateral carotid artery. However, in 

line with the MRI results, no significant difference between FibPep-ION-Micelles and negative control 

NCFibPep-ION-Micelles was observed. Thus, the measured in vivo uptake of the FibPep-ION-Micelles in 

carotid artery thrombosis seems nonspecific for fibrin deposition. 

 

Similar in vivo thrombus uptake of FibPep- and NCFibPep-ION-Micelles may have various potential 

causes. First, previous studies investigating 111In-labeled FibPep showed that the FibPep peptide was 

stable in serum, but prone to degradation in kidney and liver homogenates.18 FibPep-ION-Micelles are, 

unlike the small 111In-labeled FibPep peptides, not expected to extravasate, encounter liver and kidney 

proteolytic enzymes and subsequently reenter the circulation. In addition, even though the 111In-

labeled FibPep peptides were susceptible to degradation by liver and kidney homogenates, 111In-FibPep 

accumulated significantly more in carotid artery thrombi with respect to negative control peptide 111In-
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NCFibPep.18 Therefore, instability of the targeting peptides on the FibPep-ION-Micelles is likely not a 

main factor for the identical level of uptake in vivo for the FibPep- and NCFibPep-ION-Micelles. Second, 

the lipidic micellular nanoparticle coating has a dynamic nature,22-24 possibly enabling fibrin-bound 

FibPep-ION-Micelles to dissociate from the fibrin target by shedding the fibrin-bound FibPep-lipid 

construct from the nanoparticle. However, in vitro blood clot binding experiments showed that the 

nanoparticles were bound to the clots in a stable fashion for more than one year. Third, nanoparticles 

are known to accumulate nonspecifically in thrombi in vivo,25, 26 likely by entrapment in the mesh-like 

clot structure. Consequently, nonspecific accumulation of FibPep-ION-Micelles and NCFibPep-ION-

Micelles in the carotid artery thrombi most likely obscures fibrin-specific uptake effects of the fibrin-

binding FibPep-ION-Micelles. 

 

Even though the in vivo accumulation of FibPep-ION-Micelles in carotid artery thrombi was nonspecific 

for fibrin deposition, the ION-Micelles significantly decreased thrombus T2 values and significantly 

increased MPS signal of the thrombi and thus were successfully able to detect thrombosis using MRI 

and MPS. This is most likely due to nonspecific entrapment of the nanoparticles in the thrombi in vivo. 

Such an entrapment-based strategy using (nontargeted) ION-Micelles might be valuable for noninvasive 

MPI-based diagnosis, characterization and treatment monitoring of thrombosis.25, 26 With respect to 

MRI, suitable noncontrast enhanced alternatives for detection of thrombus such as T1-weighted 

imaging are available.27 Additional research is required to explore the potential of nontargeted ION-

Micelles for MPI-based thrombosis diagnostics. Furthermore, since the FibPep-ION-Micelles did show 

specificity for fibrin in vitro, the FibPep-ION-Micelles might still find value for visualization of fibrin 

deposition in other pathologies, such as atherosclerosis, which do not involve large intraluminar mesh-

like structures such as thrombi that may lead to high levels of nonspecific nanoparticle entrapment. 

Finally, the ION-Micelle platform shows high transversal relaxivity and strong MPS signal and allows 

conjugation to targeting ligands other than FibPep via facile maleimide-thiol chemistry, and is therefore 

a promising multi-purpose nanoplatform for molecular MRI and MPI strategies. 

 

 

6.4 Conclusions 

FibPep-ION-Micelles showed high transversal relaxivity and MPS signal, and displayed fibrin-specific and 

stable binding to blood clots in vitro. However, accumulation of FibPep-ION-Micelles in carotid artery 

thrombi in vivo was nonspecific for fibrin, as negative control NCFibPep-ION-Micelles showed similar 

levels of thrombus uptake. The lack of fibrin specificity is likely due to nonspecific entrapment of 

nanoparticles in the mesh-like thrombi in vivo. This nonspecific entrapment of the ION-Micelles 

significantly decreased T2 values in the thrombi and significantly increased MPS thrombus signal, and 

therefore, (nontargeted) ION-Micelles might be of value for noninvasive MPI- and MRI-based diagnosis, 

characterization and treatment monitoring of thrombosis. In addition, the ION-Micelles have potential 

as an multi-purpose nanoplatform which allows conjugation of other ligands to tailor it for detection of 

a variety of other disease markers with molecular MRI and MPI. 
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6.5 Experimental 

6.5.1 Materials  

Materials were obtained from Sigma-Aldrich unless otherwise specified. Succinimidyl acetylthioacetate 

(SATA) was acquired from Invitrogen and Rink amide resin and 9-fluorenylmethyloxycarbonyl (Fmoc) 

protected amino acids were obtained from either Bachem or Novabiochem (Merck). 1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-[maleimide(polyethyleneglycol)-2000] (Mal-PEG200-DSPE) was 

purchased from Avanti Polar Lipids, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethyleneglycol)-2000] (PEG200-DSPE) was acquired from Lipoid and near-infrared664-

1,2-distearoyl-sn-glycero-3-phosphoethanolamine (NIR664-DSPE) was obtained from SyMO-Chem 

B.V.28 Citrated human plasma was purchased from Sanquin, human tissue factor was obtained from 

Dade Behring and Resovist was acquired from Bayer Schering Pharma.  

 

6.5.2 Peptide synthesis 

SATA-modified fibrin-binding peptide FibPep (Ac-RWQPCPAESWT-Cha-CWDPGGGK[SATA]-NH2) and a 

scrambled negative control peptide with C-A substitutions (NCFibPep, Ac-WPTAD-Cha-

RAWPSQEWPAGGGK[SATA]-NH2) were synthesized according to a previously published protocol.12 In 

short, the amino acid sequences were synthesized on a 4-methylbenzhydrylamine hydrochloride salt 

rink amide resin by Fmoc solid-phase peptide synthesis and subsequently cleaved from the resin by 

trifluoroacetic acid: triisopropylsilane: H2O: ethanedithiol (90.5:5:2.5:2 v/v%) for 3 h. The obtained 

amino acid sequences were purified by reversed-phase high-pressure liquid chromatography (RP-HPLC) 

on an Agilent 1200 apparatus equipped with a C18 Zorbax column. The FibPep amino acid sequence 

was then cyclisized (formation of a disulfide bond between the two cysteine residues) by 

dimethylsulfoxide:H2O (9:1 v/v%), with pH set to 8 using n-methyl-d-glucamine, for 5 days and 

subsequently purified by RP-HPLC. Next, both peptides were functionalized with a SATA moiety at the 

lysine ε-amino group by mixing the synthesized amino acid sequences and a tenfold excess of SATA in 

dimethylformamide containing 3.6 v/v% triethylamine at room-temperature (RT) overnight, yielding 

FibPep and negative control NCFibPep. The obtained peptides were purified by RP-HPLC and analyzed 

using liquid chromatography-mass spectrometry (LC-MS) on an Agilent 1200 apparatus equipped with a 

C8 Eclipse plus column and an Agilent 6210 electrospray mass spectrometer. 

 

6.5.3 Nanoparticle synthesis 

Fibrin-binding FibPep-ION-Micelles and negative control NCFibPep-ION-Micelles were synthesized 

according to a previously published protocol.12 In short, a mixture of FeO(OH) (0.11 g, 1.18 mmol, 

grounded), oleic acid (3.81 g, 13.5 mmol) and eicosane (0.61 g, 2.17 mmol) was heated to 360 °C 

(ramping rate: 3.3 °C/min) and subsequently kept at this temperature for 2 h, yielding iron oxide 

nanoparticles (IONs). Next, the mixture was cooled down and 10 mL of hexane was added. 

Subsequently, IONs were precipitated by adding 20 mL of acetone and centrifugation (4671 g, RT, 30 

min). IONs were redispersed with 10 mL of hexane and 20 µL oleic acid. This precipitation-redispersion 

procedure was repeated twice.  
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IONs were subsequently encapsulated into lipidic micelles using a procedure similar to a protocol 

previously employed to phase-transfer quantum dots.22, 29 PEG2000-DSPE (448 mg, 160 µmol), MAL-

PEG2000-DSPE (52 mg, 18 µmol) and NIR-lipid (2.4 mg, 1.8 µmol) were dissolved in 3 mL chloroform, 

and IONs in hexane (2 mL, 12 mg Fe) were added. This suspension was injected into stirred, deionized 

water (40 mL, 80 °C) at a speed of 5 mL/hr, creating iron oxide nanoparticle-micelles (ION-Micelles). 

Next, large aggregates were removed by centrifugation (1500 g, RT, 5 min) and, subsequently, 

phospholipid micelles without iron oxide core were removed by ultracentrifugation (27440 g, RT; 15 

min) using a OptimaTM L-90K ultracentrifuge equipped with a type 70.1 TI rotor (Beckman Coulter). The 

pellet containing the ION-Micelles was redispersed using HBS pH 6.7 and the ultracentrifugation 

procedure was repeated once more.  

 

In parallel to the micelle coating procedure, the SATA-moiety on (NC)FibPep peptides was deacetylated 

using a hydroxylamine containing buffer at RT for 1 h. Immediately after deacetylation and the phase-

transfer procedure, fibrin targeted FibPep-ION-Micelles were prepared by mixing half of the obtained 

ION-Micelle suspension with 250 nmol of deacetylated FibPep at 4 °C overnight. Nonbinding NCFibPep-

ION-Micelles were formed in similar fashion using the remaining half of the ION-Micelle suspension and 

deacetylated NCFibPep (250 nmol). Finally, (NC)FibPep-ION-Micelles were prepared for characterization 

and in vivo application by removing any large aggregates using centrifugation (500 g, 5 min) and 

changing the buffer to HBS pH 7.4 using centrifugation-filtration (Vivaspin 50k MWCO, 6 mL, Sartorius 

Stedim Biotech). The final volume of the obtained (NC)FibPep-ION-Micelle solution was ca. 1 mL. 

 

6.5.4 Nanoparticle characterization 

The hydrodynamic diameter of the nanoparticles was measured by DLS on a Zetasizer Nano-S 

(Malvern). In addition, dispersion of the particles in the HBS buffer solution was studied using cryo-TEM 

on a FEI Tecnai F30ST (300 kV) using a cryo-holder at approximately -170 °C. Sample vitrification was 

performed with an automated FEI Vitrobot. 

 

Longitudinal and transversal proton relaxivities were determined using a Minispec MQ60 NMR 

spectrometer (Bruker, 1.41 T, 37 °C). MPS was performed using a dedicated magnetic particle 

spectrometer (Philips, 10 mT, 25 kHz, 30 s measurements, RT).17 Iron concentrations were measured 

using inductively coupled plasma atomic emission spectrometry (ICP-AES). 

 

To confirm the fibrin-binding capabilities of FibPep-ION-Micelles, an in vitro blood clot assay was 

performed. Human clots were prepared by addition of 1.3 µL human tissue factor and 1.5 µL of 1M 

CaCl2 in ultrapure water to 100 µL of citrated human plasma and subsequent incubation of this mixture 

at 37 °C for 30 min.12 Blood clots were subsequently washed 3x with HBS pH 7.4. Next, 20 µL of the 

FibPep-ION-Micelles or NCFibPep-ION-Micelles solution (35 µg Fe per sample, n=2 per group) and 20 µL 

HBS pH 7.4 were added to the clots and incubated at RT for 1 h. After the incubation period, the 

solution was removed and the clots were washed 3x with HBS pH 7.4. The clots were then subjected to 
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MPS (10 mT, 25 kHz, 30 s, RT) and subsequently stored at 4 °C for more than 1.5 years. Next, clots were 

washed 3x with HBS pH 7.4, photographed and subjected to MPS. 

 

6.5.5 Animal model 

All procedures regarding to animals were approved by the ethical review committee of Maastricht 

University and were performed according to the Dutch national law and the guidelines set by the 

institutional animal care committee, accredited by the national department of health.  

 

A well-established AlCl3-induced carotid artery thrombosis mouse model was chosen to study in vivo 

fibrin-binding of the nanoparticles.20 C57BL/6 mice (Charles River Laboratories, 24.5 ± 1.6 g 

bodyweight) were housed under standard conditions with water and food freely available and 

acclimatized for at least one week before the start of the experimental procedures. Prior to thrombus 

inducing surgery, mice were subcutaneously injected with buprenorphine hydrochloride (Schering-

Plough, 0.1 mg/kg). The mice were anesthetized using isoflurane, and a segment of the right carotid 

artery was surgically exposed. Wall-adherent thrombus formation was subsequently induced by 

applying a small piece of cleaning cloth soaked in 10% AlCl3 on the carotid for 5 min. Next, the cloth was 

removed, the carotid was washed with saline and the surgical wound was closed by a suture. Finally, a 

cannula filled with ca. 100 µL saline containing 50 U heparin/mL was connected to the tail vein to allow 

nanoparticle injection subsequent to the pre injection MR scans without requiring repositioning of the 

mice. The nanoparticle bolus was contained in a second cannula which was attached to the first at the 

time of injection. 

 

6.5.6 In vivo MRI and ex vivo MPS of carotid thrombosis using (NC)FibPep-ION-Micelles 

Mice were positioned in supine position into a 9.4 T MRI scanner equipped with a 35-mm-diameter 

volume transceiver coil (Bruker BioSpin GmbH) and were kept under continuous anesthesia using 

isoflurane (1-2%). Respiration frequency was monitored with a pressure balloon and temperature was 

maintained at 37 °C with a heating pad and a rectal temperature probe for feedback. ECG signal was 

acquired by application of ECG paste on the front paws of the mice, which were subsequently 

positioned onto gold-plated ECG electrodes that were connected to an ECG triggering system (Small 

Animal Instruments Inc).  

 

The MRI protocol consisted of a scan of the chest and neck region with a 3D-FLASH-TOF acquisition 

(echo time TE = 2.5 ms, repetition time TR = 17 ms, field of view FOV = 20 x 20 x 25.6 mm3, matrix = 200 

x 200 x 256, number of averages NA = 2, flip angle FA = 20°). This 3D dataset was used to plan 13 

parallel slices (thickness = 0.5 mm, slice separation 0.1 mm, FOV = 25.6 x 25.6 mm2, matrix = 256 x 256) 

perpendicular to the right carotid artery, such that the last slice was positioned distal to the bifurcation 

(Fig. 4B). Subsequently, T1- and T2-weighted multi slice spin echo (NA = 2, T1: TE/TR = 7.5/800 ms, T2: 

TE/TR = 20/2000 ms) images were acquired in this slice geometry. The center slice in the thrombus was 

chosen for T2 mapping which was performed with an ECG-triggered, respiratory gated, segmented, 

MLEV-prepared scan with fast imaging with steady-state precession (FISP) readout (40 segments of 5 
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echoes, TE = 2.1 ms, TR = 4.1 ms, segment TR = 2000 ms, NA = 4, FA = 30°, FOV 20 x 20 mm2, matrix 400 

x 400, zero-filling 2 x 2).30 Images with six effective echo times (TEeff = 0.2, 7.0, 14.6, 21.0, 29.0 and 35.4 

ms) were acquired. 

 

The full MRI protocol was performed twice in the same scan session. In between, at ca. 2.5 h post 

thrombus formation, FibPep-ION-Micelles or NCFibPep-ION-Micelles (100 µL, 175 µg Fe, n=5 per group) 

were injected together with the saline already present in the cannula. To this end, the cradle containing 

the mouse had to temporarily be removed out of the bore of the MRI scanner. By leaving the mouse 

fixed in the cradle its orientation was largely preserved. However, to prevent repositioning errors the 

MRI slice planning was repeated. The T1- and T2-weighted images and the T2 map were acquired at 

approximately 49, 62 and 94 min post injection, respectively. After the final MR scans (ca. 2 h post 

nanoparticle injection), mice were euthanized. The injured and contralateral carotids were 

subsequently harvested and subjected to MPS measurements (10 mT, 25 kHz, 30 s, RT). Additionally, 

the injured and contralateral carotids of three mice, which did undergo thrombus inducing surgery but 

no nanoparticle injection, were excised and measured with MPS.  

 

6.5.7 MRI data analysis 

Image analysis was performed using a custom-built algorithm in Mathematica 9.0 (Wolfram Research). 

A region of interest (ROI) was manually drawn around the right carotid artery with thrombus on one of 

the T2-weighted images of the pre injection T2 map. The center of the artery was marked and used as a 

landmark to register pre and post injection images. The registration was visually inspected and 

corrected manually if necessary. The validity of the ROIs was additionally assessed by registration to the 

multi-slice T1- and T2-weighted images and visual inspection. Subsequently, pixel-wise mono-

exponential fitting of the signal intensities at different TEeff was performed. Next, the mean T2 value of 

the ROI was determined, and pixels with an R2 of fit < 0.7 were excluded from further analysis. 

 

6.5.8 Histology 

After the MPS measurements, the injured and contralateral carotid arteries were embedded in Tissue-

Tek matrix (Sakura) and subsequently snap-frozen in isopentane and stored at -80 °C. The arteries were 

cut in transversal sections of 5 µm and covered with Fluoromount and a cover glass. Confocal 

fluorescence images were recorded at RT on a Leica TCS SP5 system (Leica Microsystems). 

Autofluorescence was measured using a 488 nm argon laser and an emission window of 530-580 nm.  

 

6.5.9 Statistical analysis 

All data represent the mean value ± standard deviation (SD). For differences between more than two 

groups, a 1-way ANOVA with Bonferroni’s multiple comparison procedure was employed. Comparison 

of FibPep- and NCFibPep-ION-Micelles MRI data was done using a two-sided independent t-test and pre 

and post injection data were compared with a two-sided paired t-test. For all statistical analysis, values 

of p < 0.05 were considered to be significant.  
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Chapter 7 

 
89Zr- and Fe-labeled polymeric micelles for dual modality 

(molecular) PET & T1-weighted MR imaging 
 

Abstract 
 

Simultaneous dual modality positron emission tomography (PET) and magnetic resonance imaging 

(MRI) combines the high sensitivity of PET and the excellent soft tissue contrast of MRI. Dual modal 

PET/MR imaging probes allow quantification and full body screening of probe uptake using PET and 

characterization of this uptake in high resolution using MRI. In this study, we developed an 89Zr- and 

Fe3+-labeled micelle nanoplatform (89Zr/Fe-DFO-micelles) for dual modality PET/MR imaging. The 

nanoplatform consists of self-assembling amphiphilic diblock copolymers which are functionalized with 
89Zr-deferoxamine (89Zr-DFO) and Fe3+-deferoxamine (Fe-DFO) for PET and MR purposes, respectively. 
89Zr displays favorable PET imaging characteristics with a 3.3 days half-life suitable for imaging long 

circulating nanoparticles. The nanoparticles were modified with Fe-DFO as MR T1-contrast label instead 

of commonly used Gd3+-based chelates. This approach avoids any potential Gd-related toxicity that may 

result from nanoparticle uptake in liver and spleen, thus significantly increasing the translational 

potential. We demonstrated the suitability of 89Zr/Fe-DFO-micelles for bimodal PET/MRI in two lines of 

experiments. The first line of experiments entailed enhanced permeability and retention (EPR)-based 

tumor PET/MR imaging using (nontargeted) 89Zr/Fe-DFO-micelles. The micelles showed high tumor-to-

blood (10.3 ± 3.6) and tumor-to-muscle (15.3 ± 8.1) ratios at 48 h post injection. The obtained in vivo 

PET images clearly delineated tumor tissue and showed good correspondence with ex vivo 

biodistribution results. Furthermore, in vivo MRI allowed probing the intratumoral distribution of the 
89Zr/Fe-DFO-micelles at high resolution. Hence, (nontargeted) 89Zr/Fe-DFO-micelles hold great potential 

for noninvasive dual modality imaging in oncology. The second line of experiments encompassed fibrin-

specific molecular PET/MRI using fibrin-binding peptide (FibPep) conjugated 89Zr/Fe-DFO-micelles. 

FibPep-89Zr/Fe-DFO-micelles bound specifically to blood clots in vitro and this specific binding could be 

visualized by PET and MR imaging. These findings encourage further studies of the FibPep-89Zr/Fe-DFO-

micelle nanoplatform for in vivo PET/MRI of fibrin deposition in cardiovascular and neurological 

diseases, as well as in oncology. In conclusion, we developed a nanoparticulate platform with high 

translational potential that allows both EPR-based and target-specific PET/MRI, and, furthermore, holds 

great potential for PET/MR image guided drug delivery. 

 

This chapter is based on:  

Starmans, L. W.;* Hummelink, M. A.;* Rossin, R.; Kneepkens, E. C.; Lamerichs, R.; Donato, K.; Moonen, 

R. P.; Nicolay, K.; Grull, H.  89Zr- and Fe-labeled polymeric micelles for dual modality (molecular) PET and 

T1-weighted MR imaging. In preparation. *Auhors contributed equally.  
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7.1 Introduction 

Nanomedicine, the application of nanotechnology to healthcare, is a rapidly evolving field showing 

great promise to improve current treatment regimes.1 This effort resulted over the last decade in the 

approval of several nanomedicine formulations.2, 3 While most approved formulations are based on 

drug-loaded liposomes, a plethora of nanoparticles (NP) were explored in preclinical research such as 

micelles,4-6 polymersomes,7, 8 or capsosomes9 to name only a few examples. New theranostic 

approaches are based on nanoparticles that can carry a drug payload and also provide an imaging 

functionality that allows noninvasive imaging of the biodistribution or drug delivery process.10-12 
 

Amphiphilic diblock copolymers represent a relatively new class of building blocks for drug carriers or 

imaging vehicles that self-assemble into different morphologies and structures such as micelles, 

polymersomes or vesicles, depending on the properties and size of the hydrophobic and hydrophilic 

part.7, 13, 14 Synthetic amphiphilic diblock copolymers display lipid-like behavior, but have a much higher 

molecular weight than lipids, which can be exploited to fine-tune drug retention or size. Furthermore, 

they allow easy incorporation of other functionalities such as reactive side groups.13, 15 The use of 

different block copolymers provides a toolbox approach to nanoparticles such as micelles, where for 

instance a hydrophobic drug can be incorporated in the core and imaging labels and targeting moieties 

such as antibodies and peptides can be conjugated to the outer shell.4, 16-18  

 

In this context, we designed a novel, 89Zr- and Fe3+-labeled polymeric micelle-nanoplatform (89Zr/Fe-

DFO-micelles) for positron emission tomography (PET) and magnetic resonance imaging (MRI). This dual 

modal PET/MR imaging probe allows quantification and full body screening of probe uptake using PET 

and characterization of this uptake in high resolution using MRI. The micelle is formed via self-assembly 

of a mixture of polybutadiene-b-polyethyleneoxide (PBD-b-PEO) and polybutadiene-b-polyacrylicacid 

(PBD-b-PAA) polymers, and the acrylic acid (AA) residues are subsequently employed to functionalize 

the micelles with 89Zr-deferoxamine (89Zr-DFO) and Fe3+-deferoxamine (Fe-DFO) for PET and MRI 

purposes, respectively (Fig. 1). Deferoxamine (DFO) is a siderophore from the bacterium Streptomyces 

pilosus and is clinically approved as treatment for iron overload.19 In addition, DFO has been frequently 

employed to chelate Fe- and Zr-ions for MR and PET imaging purposes.20-23 Zirconium-89 displays 

favorable PET imaging characteristics (β+ = 22.3%; Eave(β+) = 396.9 keV; Rave(β+) = 1.18 mm) and has a 3.3 

days half-life suitable for imaging of long circulating nanoparticles.24-26 We conjugated Fe-DFO to the 

micelles as MR T1-contrast label instead of commonly used Gd-based chelates, as these two have 

similar T1 properties in MRI.20 This approach entirely avoids Gd-related toxicity effects such as 

nephrogenic systemic fibrosis (NSF),27, 28 which may result from uptake of Gd-bearing nanoparticles in 

liver and spleen. Hence, an Fe-DFO-based strategy shows much higher potential for eventual clinical 

translation compared to other nanoparticulate approaches that employ Gd for MR contrast. 

 

In this study, we developed a simple protocol for the synthesis of 89Zr/Fe-DFO-micelles and we 

characterized the micelles extensively in vitro. Furthermore, we investigated the potential of the 
89Zr/Fe-DFO-micelles for in vivo PET/MR imaging. For the latter, two lines of experiments were pursued. 
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The first part of this chapter entails the study of (nontargeted) 89Zr/Fe-DFO-micelles for PET/MRI in 

oncology. Tumors display enhanced permeability and retention (EPR) of large molecules and 

nanoparticles due to poorly aligned endothelial cells in angiogenic blood vessels and the lack of 

lymphatic drainage in tumors.29-31 This EPR effect thus yields a means to deliver nanoparticles in 

significant amounts into tumor lesions. To determine the suitability of the nanoplatform for EPR-based 

tumor targeting, biodistribution profiles were obtained in LS174T tumor bearing mice at 6, 48 and 120 h 

post injection. In addition, the potential of the 89Zr/Fe-DFO-micelles for noninvasive dual modal tumor 

imaging was investigated in an in vivo PET/MRI study in LS174T tumor bearing mice. Tumors were 

excised post PET/MR imaging and subsequently analyzed using autoradiography and histology to 

corroborate the in vivo PET/MR imaging results. 

 

The second part of this chapter reports on the synthesis and in vitro characterization of fibrin-targeted 
89Zr/Fe-DFO-micelles for molecular PET/MR imaging of fibrin deposition. Deposition of fibrin plays an 

important role in cardiovascular, oncological and neurological disease processes,32-40 and is thus a 

broadly applicable target for molecular imaging purposes. To this aim, the micelles were conjugated 

with the fibrin-binding peptide FibPep,41-43 yielding fibrin-targeted FibPep-89Zr/Fe-DFO-micelles. As 

negative control, 89Zr/Fe-DFO-micelles were conjugated with scrambled peptides (NCFibPep), yielding 

NCFibPep-89Zr/Fe-DFO-micelles. To gauge the potential of the FibPep-89Zr/Fe-DFO-micelles for fibrin-

specific molecular imaging, an in vitro thrombus-binding experiment was performed using the 

(NC)FibPep-89Zr/Fe-DFO-micelles and the thrombus uptake was subsequently visualized using PET/MR 

imaging. 

 

7.2 Results and Discussion: 89Zr/Fe-DFO-micelles for EPR-based PET/MR tumor imaging 

7.2.1 Synthesis and characterization 

Polymeric micelles were synthesized by mixing the amphiphilic diblock copolymers PBD1800-b-PEO4000 

and PBD1000-b-PAA2200 in a 2.7:1 molar ratio in tetrahydrofuran (THF), followed by evaporation to 

dryness. Micelles were subsequently obtained by rehydration of the polymeric film in phosphate 

buffered saline (PBS). DFO complexated with Fe was conjugated to the AA residues on the micelle 

surface via N-hydroxysulfosuccinimide (sulfo-NHS) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDC)-based conjugation chemistry, yielding Fe-DFO-micelles (Fig. 1). The excess of free 

DFO was removed via desalting columns and centrifugal filtration. MRI negative control micelles were 

synthesized similarly, with Al3+ instead of Fe3+.  

 

Inductively coupled plasma-optical emission spectroscopy (ICP-OES) measurements showed that 

approximately 15% of all AA residues were functionalized with Fe-DFO, yielding ca. 3000 Fe-DFO unites 

per micelle. The volume-weighted hydrodynamic diameter of a Fe-DFO-micelle, as determined by 

dynamic light scattering (DLS), was 25 nm (Fig. 2A). Figure 2B displays a representative cryogenic 

transmission electron microscopy (cryo-TEM) image of the micelle solution, showing that the diblocks 

self-assemble into star-like micelles which are mainly dispersed as single particles and which display a 

densely packed PBD core of 16 ± 3 nm. The size of the micelles agrees well with the expected size based 
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on the respective block copolymer dimensions.44 The sub-50 nm hydrodynamic diameter of the micelles 

allows high tumor penetration, even in poorly permeable tumors,45 and therefore the Fe-DFO-Micelles 

are well suited for EPR-based tumor-targeting strategies. 

 

 
 

Figure 1. Synthesis of self-assembled bimodal polymeric micelles (89Zr/Fe-DFO-micelles). (A) Schematic 

structure of diblock copolymers PBD1800-PEO4000 and PBD1000-PAA2200, which form (B) self-assembled 

polymeric micelles. (C) Conjugation of Fe-DFO to AA residues on the micelle surface via EDC- and sulfo-

NHS-based chemistry. (D) Schematic structure of stealth bimodal polymeric micelles loaded with a radio 

(89Zr) and paramagnetic (Fe3+) label for PET and MR imaging purposes, respectively. Radiolabeling of the 

micelles is performed by adding 89Zr-oxalic acid to the Fe-DFO-Micelles, yielding bimodal 89Zr/Fe-DFO-

micelles. MRI negative control particles were labeled with Al3+ instead of Fe3+.  
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The longitudinal (r1) and transversal (r2) relaxivities of the paramagnetic polymeric micelles were 

measured at 37 °C and 1.41 T. Relaxivity studies showed a longitudinal ionic relaxivity (r1) of 2.7 mM-1s-1 

and a transversal relaxivity (r2) of 3.1 mM-1s-1 for the Fe-DFO-micelles. Since a micelle contains ca. 600 

block copolymers, the longitudinal and transversal relaxivity per mM micelle was estimated to be 1620 

and 1860 mM-1s-1, respectively. The low r2 / r1 ratio (1.1) indicates that the paramagnetic micelles are 

best suited for positive contrast T1-weighted MRI. As large molecules and nanoparticles tend to tumble 

slower than small molecules and therefore have a larger rotational correlation time (τr), an increase in 

proton relaxivity would be expected upon conjugation of Fe-DFO to the polymeric micelles.46, 47 

However, the micelles cannot be seen as rigid spheres, since the diblock copolymer components of the 

micelles are quite dynamic and flexible. Therefore, the tumbling rate of the Fe-DFO moieties is still 

relatively high and consequently the τr relatively short, limiting the effect of macromolecular 

conjugation on the relaxivity (DFO without micelle conjugation showed r1 = 2.2 mM-1s-1 and r2 = 2.5 mM-

1s-1). The longitudinal ionic relaxivity of the Fe-DFO-micelles is thus similar to that of commonly used 

Gd-based contrast agents such as Gd-DTPA (Magnevist®, 3.3 mM-1s-1) and Gd-DOTA (Dotarem®, 3.1 mM-

1s-1) in water at 1.5 T and 37 °C.48 

 

 

 

 
Figure 2. (A) Volume-weighted size distribution profile of the Fe-DFO-polymeric micelles as determined 

by DLS. (B) Representative cryo-TEM image of the Fe-DFO-micelle solution. 

 

The paramagnetic micelles were successfully radiolabeled with the positron-emitter 89Zr, yielding 

bimodal 89Zr/Fe-DFO-micelles. Radiolabeling was performed following protocols developed by van 

Dongen and coworkers.25, 26 Due to the high specific activity of 89Zr (ca. 3 GBq/mg), a minute amount of 

non-Fe complexated DFO ligands on the micelle surface is sufficient for radiolabeling purposes. 

Radiochemical yield was 99.1 ± 0.5% (n=4) and a DTPA challenge was conducted to remove loosely 
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bound 89Zr. Finally, the bimodal 89Zr/Fe-DFO-micelles were purified through a desalting spin column and 

the resulting solution was concentrated. This radiolabeling procedure yields, depending on the chosen 

ratio of 89Zr over PBD-PAA polymer, ca. one 89Zr-DFO per 10 micelles. Incubation of 89Zr/Fe-DFO-

micelles in BALB/c mouse serum at 37 °C for seven days showed high radiochemical stability of the 
89Zr/Fe-DFO-micelles (>99%). 

 

Subsequently, the 89Zr/Fe-DFO-micelle and 89Zr/Al-DFO-micelle solutions were diluted in human serum 

for further characterization in vitro using PET and T1-weighted MR imaging (3 T). In Figure 3A, the 
89Zr/Fe-DFO-micelle samples show positive MR contrast, which is correlated to Fe concentration, while 

the 89Zr/Al-DFO-micelle sample provides similar signal intensity as the reference serum sample. This 

demonstrates that 89Zr/Fe-DFO-micelles can be successfully imaged with T1-weighted MRI in a 

concentration range of 0.2 – 5 mM Fe. It also confirms the suitability of the 89Zr/Al-DFO-micelles as MR 

negative control. PET imaging was performed using a small-animal PET scanner. Signal intensity 

decreases with a reduction in 89Zr-activity and 89Zr/Al-DFO-micelles yield similar signal as the 89Zr/Fe-

DFO-micelles (Fig. 3B). Note that the apparent relative low sensitivity of 89Zr/Fe-DFO-micelle PET versus 

MRI in Figure 3 is a function of the 89Zr- over Fe-labeling ratio, which can be changed according to 

preference during the radiolabeling procedure. The 89Zr- over Fe-labeling ratio in this particular in vitro 

experiment was set approximately a factor 5 lower than for subsequent in vivo imaging experiments in 

order to cover a significant part of the 89Zr/Fe-DFO-micelles MRI sensitivity range in this in vitro 

experiment without having to (unnecessarily) increase radiation exposure. 

 

 

 

 

 

 

 

 

 

 

Figure 3. In vitro PET/MRI of 89Zr/Fe-DFO-micelles 

(1-6) and 89Zr/Al-DFO-micelles (Al) in human serum, 

as well as human serum without nanoparticles (No 

NP). 1-6: [Fe] = 5, 3, 1.5, 0.8, 0.4, 0.2 mM; 89Zr = 1, 

0.6, 0.3, 0.14, 0.06, 0.03 MBq, respectively. Al: [Al] 

= 4 mM; 89Zr = 1 MBq. (A) T1-weighted MRI (3 T): 
89Zr/Fe-DFO-micelles show positive MR contrast, 

whereas 89Zr/Al-DFO-micelles yield no MR contrast. 

(B) PET imaging: signal intensity scales with 89Zr-

activity. 
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7.2.2 Blood kinetics and biodistribution 

Pharmacokinetic profiles were assessed in non-tumor bearing BALB/c nu/nu mice. The blood circulation 

of the 89Zr/Fe-DFO-micelles was measured at selected time-points up to 48 h. Subsequently, the mice 

were euthanized and a final blood sample was taken. The 89Zr/Fe-DFO-micelles were well tolerated by 

the mice and displayed a biphasic elimination from the circulation, with an α half-life of 1 h (46%) and a 

β half-life of 9 h (Fig. 4A). After 24 h, 6.6 ± 1.9% injected dose per gram (% ID/g) of polymeric micelles 

was still circulating in blood. 89Zr/Al-DFO-micelles showed similar blood elimination with respect to 
89Zr/Fe-DFO-micelles (Fig. 4A). 

 

 

 

 
Figure 4. (A) Blood clearance profiles of 89Zr/Fe- and 89Zr/Al-DFO-micelles in healthy mice. Solid lines are 

bi-exponential fits. (B) Biodistribution of 89Zr/Fe-DFO-micelles at 6, 48 and 120 h post injection in LS174T 

tumor bearing mice. Data represents the mean % injected dose per gram (% ID/g) ± standard deviation 

(SD). 

 

Next, the 89Zr/Fe-DFO-micelles were injected intravenously in LS174T tumor bearing mice to provide 

insight on EPR-based tumor uptake of the nanoparticles. The mice were divided in three groups and 

euthanized at 6, 48 and 120 h post injection. At 6 h, 14.4 ± 5.4% ID/g of 89Zr/Fe-DFO-micelles was still 

present in the circulation and this value decreased to 0.6 ± 0.2% ID/g at two days post injection. The 

tumor uptake was 5.2 ± 2.2% ID/g after 6 h, 6.1 ± 1.5% ID/g after 48 h and 2.9 ± 0.2% ID/g after 120 h. 

The apparent decrease in tumor uptake at 120 h post injection was due to fast growth of the LS174T 

tumors, effectively diluting the concentration of already accumulated 89Zr/Fe-DFO-micelles. In fact, a 

comparison of the absolute tumor uptake at 120 h (1.4 ± 0.6% ID/tumor) with the absolute tumor 

uptake at 48 h (1.4 ± 0.7% ID/tumor) shows no significant decrease in radioactivity, hence no significant 

nanoparticle wash-out from the tumor was observed. High tumor-to-blood (10.3 ± 3.6) and tumor-to-

muscle (15.3 ± 8.1) ratios were achieved at 48 h post injection (Table 1), indicating that 48 h post 
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injection is a suitable time point for PET/MR imaging of EPR-based tumor uptake of 89Zr/Fe-DFO-

micelles in mice. Such a relatively long delay between injection and image acquisition necessitates a MR 

negative control strategy to assess 89Zr/Fe-DFO-micelle induced MR contrast differences, since the 

commonly employed procedure of acquiring pre- and post-contrast MR images is not suited for the 

above protocol. This is due to the significant growth of the subcutaneous LS174T tumors within the 2 

day delay time, rendering pre-contrast images obsolete. Employing 89Zr/Al-DFO-micelles as negative 

control nanoparticles allows assessment of native MR tumor contrast at 48 h post injection in a control 

group, while still providing the ability to characterize the tumor with respect to EPR-based nanoparticle 

uptake using PET. 

 

Table 1. Tumor-to-organ ratios at 6, 48 and 120 h post injection of 89Zr/Fe-DFO-micelles as determined 

by γ-counting.  

 6 h  48 h 120 h 

Blood 0.4 ± 0.1 10.3 ± 3.6 35.7 ± 12.0 

Muscle 10.9 ± 6.2 15.3 ± 8.1 9.2 ± 2.9 

Brain 17.9 ± 5.3 99.8 ± 4.0 85.3 ± 24.6 

Heart 2.3 ± 1.1 6.0 ± 2.9 3.0 ± 1.1 

Lung 1.1 ± 0.4 4.1 ± 1.0 2.1 ± 0.6 

Pancreas 3.9 ± 1.9 12.3 ± 6.6 4.2 ± 2.0 

Kidney 1.0 ± 0.3 2.3 ± 0.3 1.0 ± 0.3 

Bone 1.6 ± 0.7 1.5 ± 0.2 0.7 ± 0.2 

Adrenals 0.9 ± 0.5 1.3 ± 0.8 0.4 ± 0.1 

Liver 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.0 

Spleen 0.2 ± 0.1 0.1 ± 0.0 0.1 ± 0.0 

 

Besides high tumor uptake, the polymeric micelles showed predominant accumulation in the liver and 

spleen. These results were consistent with the expected clearance via the mononuclear phagocyte 

system (MPS) as the micelle size (25 nm hydrodynamic diameter) prohibits glomerular filtration through 

the kidneys. In addition, the adrenals (6.0 ± 2.9% ID/g) showed increased activity and this phenomenon 

was previously also observed for other nanoparticulate agents.49 Bone uptake (4.0 ± 0.7% ID/g) might 

indicate (partial) release of 89Zr in circulation, as free 89Zr is known to deposit in the mineralized 

constituents of the bone, where it is assumed to be chelated by phosphate constituents and 

epiphysis.50 However, in humans injected with 89Zr-DFO-labeled antibodies minimal 89Zr bone-uptake is 

observed.51 The faster metabolism of mice together with their less specific peptidases involving rapid 

degradation of 89Zr-DFO are likely the root cause for the high 89Zr bone uptake in mice as observed in 

both this work as well as in studies by others which investigated 89Zr-DFO-labeled antibodies.50 An 

alternative explanation for the observed bone uptake is accumulation of the 89Zr/Fe-DFO-micelles in the 

bone marrow, which is part of the MPS and is capable of removing nanoparticles from the systemic 

circulation.52 
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7.2.3 In vivo PET / MR imaging 

Tumor bearing mice were administered with 89Zr/Fe-DFO-micelles (n=5) and 89Zr/Al-DFO-micelles (n=3) 

and in vivo PET/MR imaging was performed at 48 h post micelle injection. The mice were subsequently 

euthanized, tumors were excised and autoradiography and histology of tumor sections was performed. 

Figure 5 displays a representative full-body PET image, showing clear tumor delineation. Furthermore, 

liver, spleen and lymph nodes showed high signal in the PET images. Lymph node uptake is a known 

feature for (radiolabeled, polymeric) nanoparticles.53  

 

Figure 6A-C show detailed PET images of cross-sections throughout the limbs, revealing significant 
89Zr/Fe-DFO-micelle and 89Zr/Al-DFO-micelle tumor uptake. Figure 6D-F display transverse MRI cross-

sections throughout the limbs. The insert shows the corresponding T1-map of the tumor. As can be seen 

on these MR images, the 89Zr/Fe-DFO-micelle accumulation in the tumor seems inhomogeneous, and 

occurs in larger sized tumors along the tumor rim. The ex vivo autoradiography results (Fig. 6G-I) are in 

agreement with the in vivo imaging findings and show that the nanoparticles mainly accumulate in the 

tumor periphery. Yuan et al. demonstrated that the vascular pore size of the LS174T tumor could be as 

large as 400-600 nm, which provides an entry point for the 89Zr/Fe-DFO-micelles to extravasate into the 

tumor interstitium.54 The slow venous return in tumor tissue combined with poor lymphatic drainage 

ensures nanoparticle retention in the tumor.29 Even though the 89Zr/Fe-DFO-micelles have an ideal size 

to penetrate into tumors,45 a stronger accumulation of the micelles in the periphery versus the core of 

the tumor was observed. This may be attributed to better perfusion of the tumor periphery and higher 

presence of necrosis in the tumor center.5, 55, 56  

 

To quantify the difference in tumor contrast enhancement between 89Zr/Fe-DFO-micelles and MRI 

negative control 89Zr/Al-DFO-micelles, histograms of the T1-maps were analyzed (Fig. 7A). Significant 

difference was found for a selection of bins, all with T1-values shorter than 750 ms. The overall 

percentage of T1-values shorter than 750 ms in tumors of mice which were injected with 89Zr/Fe-DFO-

micelles (12.3 ± 8.2%) was significantly higher than that of the negative MRI control 89Zr/Al-DFO-

micelles (3.2 ± 0.5% , p < 0.05), illustrating the efficacy of the 89Zr/Fe-DFO-micelles to generate positive 

MR tumor contrast in vivo. Figure 7B presents the calculated PET standardized uptake values (SUVs) for 

tumor, liver, lymph nodes and muscle. 89Zr/Fe- and 89Zr/Al-DFO-micelles showed similar tumor uptake 

(1.27 ± 0.31 and 0.98 ± 0.24 SUV, respectively). The 89Zr/Fe-DFO-micelle SUV for muscle and liver was 

0.12 ± 0.03 and 6.93 ± 1.05, respectively. 

 

  

Figure 5. Typical in vivo full-body PET 

coronal image at 48 h post 89Zr/Fe-DFO-

micelles injection, revealing significant 

nanoparticle accumulation in tumor. In 

addition, liver and spleen showed high 

PET signal. 
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Figure 6. Visualization of the intratumoral accumulation of 89Zr/Fe- and 89Zr/Al-DFO-micelles in tumor 

bearing mice using PET/MRI and autoradiography. Typical in vivo PET images of cross-sections 

throughout the limbs with predominant (A-B) 89Zr/Fe-DFO-micelles and (C) 89Zr/Al-DFO-micelles tumor 

uptake. The middle row shows T1-weighted anatomical MR images (3 T) with quantitative T1-map 

overlay (D-F) providing insight in the intratumoral distribution of the 89Zr/Fe-DFO-micelles, displaying 

inhomogeneous intratumoral probe distribution, with lower uptake in the core versus the periphery. The 

bottom row shows representative ex vivo autoradiography images, displaying lower uptake of (G-H) 
89Zr/Fe-DFO-micelles and (I) 89Zr/Al-DFO-micelles in the core of the tumor with respect to the tumor 

periphery. 
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Figure 7. (A) Histogram representation of tumoral tissue T1-values of mice injected with 89Zr/Fe- or 
89Zr/Al-DFO-micelles. * indicates significant difference (p < 0.05) between corresponding bins of the 
89Zr/Fe- and 89Zr/Al-DFO-micelles groups. (B) Standardized uptake values (SUV) of 89Zr/Fe- and 89Zr/Al-

DFO-micelles. (C) Biodistribution of 89Zr/Fe-DFO-micelles and 89Zr/Al-DFO-micelles in LS174T human 

colon carcinoma-bearing mice after PET/MR imaging (ca. 48 h post injection) using γ-counting. Data 

represents mean ± SD. Representative (D) H&E and (E) NADH-diaphorase-stained images of tumor tissue 

obtained 48 h post injection of 89Zr/Fe-DFO-micelles.  
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Figure 7C shows the obtained ex vivo biodistribution profiles, displaying tumor-to-muscle ratios of 22.9 

(89Zr/Fe-DFO-micelles) and 16.0 (89Zr/Al-DFO-micelles). The MR negative control 89Zr/Al-DFO-micelles 

showed similar biodistribution profiles with respect to the 89Zr/Fe-DFO-micelles, confirming the validity 

of the 89Zr/Al-DFO-micelles as negative control. Nanoparticle tumor accumulation inversely correlated 

with the size of the tumors. In the group of mice that received 89Zr/Fe-DFO-micelles, the smallest 

tumors (n=3, sizes 48, 50, 64 mm3) show an averaged uptake of 8.54 ± 3.07% ID/g, whereas the larger 

tumors (n=2, sizes 269, 616 mm3) displayed a lower uptake of 2.70 and 2.10% ID/g, respectively. For 

large tumors, the well perfused periphery represents a smaller fraction of total tumor volume with 

respect to smaller tumors, which likely leads to a lower uptake per gram for the larger tumors.  

 

The combined PET, MR and autoradiography results provide evidence that the vast majority of the 

nanoparticles did not reach the center of the tumor. Haematoxylin and eosin (H&E) stained tumor 

sections showed tumor heterogeneity (Fig. 7D). The periphery of the tumor reflects a high density of 

nuclei, whereas the core is less dense. NADH-diaphorase stained sections displayed areas with little cell 

viability in the center of the tumor (Fig. 7E), suggesting the presence of a necrotic core.  

 

In summary, the bimodal polymeric micelle (89Zr/Fe-DFO-micelles) nanoplatform developed in this 

study holds great potential for noninvasive dual modality EPR-based imaging of tumors, tumor 

characterization or staging. The synthesized contrast agent allowed to detect tumor lesions in a whole 

body fashion using PET and to investigate these lesions in high resolution using MRI, yielding additional 

insights regarding intratumoral distribution of the nanoparticles. These findings were subsequently 

confirmed by ex vivo autoradiography measurements and histology. 

 

7.3 Results and Discussion: FibPep-89Zr/Fe-DFO-micelles for molecular PET/MR imaging of fibrin 

deposition 

7.3.1 Synthesis and characterization 

PBD-PAA/PBD-PEO polymeric micelles were synthesized using thin film hydration, as described in the 

previous section. Subsequently, the acrylic acid groups were coupled to Fe-DFO and fibrin-binding 

peptides (FibPep) or negative control peptides (NCFibPep) via EDC-based conjugation techniques. 

Finally, the fibrin-targeted and negative control micelles were labeled with 89Zr, yielding bimodal fibrin-

targeted FibPep-89Zr/Fe-DFO-micelles (Fig. 8A) suitable for molecular PET/MRI of fibrin deposition and 

their corresponding negative control nanoparticles (NCFibPep-89Zr/Fe-DFO-micelles). 

 

DLS measurements showed a hydrodynamic diameter of 33 nm for both FibPep- and NCFibPep-Fe-DFO-

micelles (Fig. 8B). Figure 8C-D shows representative cryo-TEM images obtained for FibPep- and 

NCFibPep-Fe-DFO micelles, displaying that the micelles were mainly dispersed as single particles. 

Proton relaxometry measurements (1.41 T; 37 °C) showed a longitudinal ionic relaxivity (r1) of 2.4 and 

2.5 mM-1s1 and a transversal relaxivity of 2.8 and 2.9 mM-1s-1 for the FibPep- and the NCFibPep-Fe-DFO-

micelles, respectively. The radiochemical purity of the (NC)FibPep-89Zr/Fe-DFO-micelles was > 98%. 

Hence, FibPep- and NCFibPep-89Zr/Fe-DFO-micelles show similar characteristics with respect to size, 
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relaxivity and radiochemical purity, and these properties match the material characteristics observed 

for the non-peptide conjugated micelles described in the previous section.  

 

7.3.2 Fibrin-specific PET/MR imaging of thrombi in vitro 

To evaluate the potency of the 89Zr/Fe-DFO-Micelle nanoplatform for molecular imaging purposes, an in 

vitro blood clot targeting assay was performed using the fibrin-binding FibPep-89Zr/Fe-DFO-micelles and 

negative control NCFibPep-89Zr/Fe-DFO-micelles. Blood clots were prepared by incubating a mixture of 

citrated human blood plasma, human tissue factor and calcium chloride. Next, clots were washed and 

subsequently incubated with either FibPep- or NCFibPep-89Zr/Fe-DFO-micelles (n=4 per preparation). 

After 1 h of incubation, clots were washed three times and then subjected to PET and MR imaging 

measurements. Finally, 89Zr clot uptake was determined using a dose calibrator, and Fe clot content was 

measured using inductively coupled plasma-mass spectrometry (ICP-MS).  

 

 

 
Figure 8. (A) Schematic representation of the novel fibrin-targeted, bimodal FibPep-89Zr/Fe-DFO-micelle 

nanoplatform. (B) Dynamic light scattering analysis of the FibPep- and NCFibPep-Fe-DFO-micelles. (C-D) 

Cryo-TEM images of (C) FibPep-Fe-DFO-micelles and (D) NCFibPep-Fe-DFO-micelles. 
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Figure 9A shows the acquired PET image of the clots, displaying clear signal increase for FibPep-89Zr/Fe-

DFO-micelles incubated clots with respect to the clots which were incubated with negative control 

micelles, which indicates fibrin-specific clot binding of the FibPep-89Zr/Fe-DFO-micelles. In addition, the 

obtained T1-weighted MR image displays increased positive contrast on the clot surface for the FibPep-
89Zr/Fe-DFO-micelle incubated clots in comparison to the clots incubated with NCFibPep-89Zr/Fe-DFO-

micelles (Fig. 9B). Dose calibrator and ICP-MS measurements showed that FibPep-89Zr/Fe-DFO-micelles 

displayed a circa twofold increase in clot binding with respect to the negative control micelles (4.7 ± 

0.4% and 2.4 ± 0.4% 89Zr-dose, 0.11 ± 0.02 and 0.07 ± 0.00 µg Fe, respectively; p < 0.01; Fig. 9C-D), 

confirming the PET/MR imaging findings.  

 

 

 
Figure 9. (A) PET and (B) T1-weighted MR images (9.4 T) of human blood clots incubated with fibrin-

binding FibPep-89Zr/Fe-DFO-micelles (F) and negative control NCFibPep-89Zr/Fe-DFO-micelles (NC). (C) 
89Zr clot uptake expressed in percentage of incubated dose and (D) Fe clot content as determined with 

ICP-MS. * p < 0.01. 
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Hence, these data underline the potential of the FibPep-89Zr/Fe-DFO-Micelle nanoplatform for fibrin-

specific molecular PET/MRI. In addition, these findings illustrate the benefits of combining PET and MRI 

for molecular imaging purposes, as MRI clearly displayed that the micelles mainly sequestered on the 

blood clot surface, a feature that could not be observed with PET due to the relative low spatial 

resolution.  

 

7.4 General discussion 

This study reports on a novel 89Zr- and Fe-labeled polymeric micelle nanoplatform (89Zr/Fe-DFO-

micelles) for bimodal PET/MR imaging. To illustrate the potential of the 89Zr/Fe-DFO-micelles as 

nanoplatform for PET/MRI, two lines of experiments were pursued. In the first line of experiments, 

(nontargeted) 89Zr/Fe-DFO-micelles were employed for EPR-based tumor imaging using PET/MRI. 

PET/MR imaging at 48h post injection in tumor bearing mice showed clear tumor delineation on the 

PET scans, whereas MR imaging provided high-resolution information regarding intratumoral 

distribution of the nanoparticles. Hence, (nontargeted) 89Zr/Fe-DFO-micelles hold great potential for 

noninvasive dual modality imaging in oncology. The second line of experiments entailed fibrin-specific 

PET/MR imaging using fibrin-targeted FibPep-89Zr/Fe-DFO-micelles. These FibPep-89Zr/Fe-DFO-micelles 

bound specifically to blood clots in vitro and this specific binding could be visualized by PET and MR 

imaging. Overall, these findings encourage further studies of the FibPep-89Zr/Fe-DFO-micelle 

nanoplatform for in vivo PET/MR imaging of fibrin deposition in cardiovascular and neurological 

diseases, as well as in oncology.  

 

A novelty of the synthesized nanoparticles in this study is that the micelles are tagged with Fe-DFO as a 

MR contrast label. Fe-FDO yields similar T1-contrast with respect to conventional Gd-chelates, but does 

not have the intrinsic problem of potential Gd toxicity, which hampers clinical translation of Gd-based 

nanoparticles.57 DFO is clinically approved (Desferal®) and considered safe for human use. The net iron 

load administered to the mice in this study is only a minor fraction (ca 5%) of the total amount of iron 

naturally present in the body.58 Thus, we do not expect significant toxicity or adverse effects resulting 

from Fe-DFO-containing nanoparticle uptake in liver and spleen, which is in contrast to Gd-based 

nanoparticles that pose a risk to induce nephrogenic systemic fibrosis (NSF).  

 

Our nanoparticle platform may find further application in image-guided drug delivery, as the micelles 

offer the possibility for drug loading. Hydrophobic drugs such as paclitaxel could be incorporated in the 

polybutadiene core of the micelle, while other (hydrophilic) drugs could be conjugated to the acrylic 

acid groups in the hydrophilic corona. Such an image-guided drug delivery system could be further 

optimized by additional conjugation of targeting ligands, such as antibodies or peptides, to the acrylic 

acid groups. For instance, the fibrin-targeted FibPep-89Zr/Fe-DFO-micelles might be suitable to deliver 

cytotoxic therapeutics to solid tumors, which often display a fibrin-rich tumor stroma,59 while allowing 

visualization of this therapeutic delivery using PET/MRI. Finally, the concept of nanoparticulate Fe-DFO-

based T1-MRI agents could be easily applied to other types of nanoparticles employed for MRI 

purposes, and thus be tailored to all kind of in vivo applications.  
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7.5 Conclusions 

Overall, this work described the synthesis and characterization of a novel nanoparticulate platform 

(89Zr/Fe-DFO-micelles) for dual modal PET/MRI. (Nontargeted) 89Zr/Fe-DFO-micelles allowed 

noninvasive in vivo PET/MR imaging of EPR-based tumor uptake of the nanoparticles. In addition, 

FibPep-89Zr/Fe-DFO-micelles allowed PET/MR visualization of fibrin-deposition in human thrombi in 

vitro. Hence, the 89Zr/Fe-DFO-micelle nanoplatform is suitable for both EPR-based and target-specific 

PET/MRI. Our approach offers an alternative to Gd-based nanoparticles for T1-MR imaging, thereby 

avoiding all potential risk associated with long-term organ retention of Gd. Thus, the 89Zr/Fe-DFO-

micelles show great potential for clinical translation in the setting of nanomedicine, cancer diagnostics 

and molecular imaging. 

 

7.6 Experimental 

7.6.1 Materials  

Tetrahydrofuran (THF), dimethylsulfoxide (DMSO), phosphate buffered saline (PBS) tablets, 

hydrochloric acid (HCl, 2M), sodium hydroxide (NaOH, 1M), iron(III)chloride hexahydrate, 

aluminum(III)chloride hexahydrate, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride 

(EDC∙HCl), N-hydroxysulfosuccinimide (sulfo-NHS), acetonitrile, sodium citrate, 4-(2-

hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), sodium carbonate and oxalic acid were 

purchased from Sigma Aldrich (USA). Polybutadiene-b-polyethyleneoxide (PBD1800-b-PEO4000) and 

polybutadiene-b-polyacrylicacid (PBD1000-b-PAA2200) were purchased from PolymerSource, Inc. 

(Canada). Deferoxamine (DFO) mesylate salt was obtained from Abcam (UK). Mouse and human serum 

were purchased from Innovative Research (USA). 9-fluorenylmethyloxycarbonyl-protected amino acids 

and Rink amide resin were purchased from either Novabiochem (Germany) or Bachem (Switzerland). 

Human tissue factor was obtained from Dade Behring (USA) and citrated human blood plasma was 

obtained from Sanquin (the Netherlands). 
 

7.6.2 Methods: 89Zr/Fe-DFO-micelles for EPR-based PET/MR tumor imaging 

7.6.2.1 Micelle synthesis: Polymeric micelles were prepared using thin film hydration. PBD1800-b-PEO4000 

(92.8 mg) and PBD1000-b-PAA2200 (18.9 mg) were dissolved in THF (8 mL) at 60 °C and evaporated to 

dryness by rotary evaporation (starting at 300 mbar, 40 °C). The thin film was further dried overnight 

under mild N2 flow. The obtained film was then hydrated in 5.58 mL PBS (pH 7.4) at 70 °C via sonication 

(1h, room temperature (RT)), followed by extrusion through 0.45 µm and 0.22 µm syringe filters. Next, 

DFO and FeCl3∙6H2O were separately dissolved in PBS (pH < 2) and mixed (1:1) under mechanical 

stirring, resulting in DFO-complexed Fe (Fe-DFO).20, 60 Subsequently, NaOH was used to increase the pH 

to 7.4 and the solution was filtered over a 0.22 µm filter. EDC, sulfo-NHS and Fe-DFO were added to the 

polymeric micelle solution in a molar ratio of 1:10:2:3 (acrylic acid: EDC: sulfo-NHS: Fe-DFO). The pH 

was then adjusted to 7 and the final solution was mixed for 3 h at RT. Next, the Fe-DFO-micelles were 

run over a PD-10 desalting column (GE Healthcare, UK) twice and finally washed 5 times with PBS in 

Amicon Ultra centrifugal filters (50 kDa molecular weight cut-off (mwco)) (Millipore, USA) at 4000 g in 
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an Heraeus Biofuge (Thermo Scientific, USA). Al-DFO-micelles were synthesized according to a similar 

protocol, using AlCl3∙6H2O instead of FeCl3∙6H2O. 

 

7.6.2.2 Micelle characterization: Micelle hydrodynamic size was determined by dynamic light scattering 

(DLS) (ALV-5000/60X0 Multiple Tau Digital Time Correlator, ALV-Laser GmbH, Germany). Each sample 

was measured 5 times for 10 s at a scattering angle of 90°. Size distribution was determined from the 

autocorrelation function. Morphology and dispersion state of the micelles was determined by cryogenic 

transmission electron microscopy (Cryo-TEM). Sample preparation was performed by applying a 2 µL 

droplet of suspension to a lacy carbon film and subsequently plunge-freezing this sample into liquid 

ethane using a Vitrobot. Imaging was done in low-dose using a FEI TECNAI F30ST (300kV, FEI, the 

Netherlands) equipped with a cryoholder (sample temperature: -175°C). Iron concentration was 

determined by inductively coupled plasma-optical emission spectroscopy (ICP-OES) or inductively 

coupled plasma-mass spectrometry (ICP-MS). Aluminum concentration was determined by means of 

ICP-OES. The hydrophilic fraction f= 1-(MPBD/Mtotal) for both employed diblocks is f=0.69, leading to self-

assembly into a mixed star-like micelle with a PBD core and a mixed PEO and PAA corona. Diameter of 

the core is estimated to be around dcore ≈ 15 nm, based on the molecular weights of PBD, and the 

overall diameter is approximately d ≈ 40 nm with an estimated aggregation number of ca. 600 block 

copolymers per micelle.44, 61-63 

 

The longitudinal (r1) and transversal (r2) relaxivities of the Fe-DFO-micelles were measured with a 

Minispec MQ60 (60 MHz, 1.41 T, Bruker, Germany). Dilution series of the original polymer suspensions 

were prepared in PBS and samples (180 µL) were measured at 37 °C. T1 relaxation times were measured 

with an Inversion Recovery sequence and T2 relaxation times were determined with a Carr-Purcell-

Meiboom-Gill sequence (TR > 5T1, mono-exponential fit). Inverse T1 and T2 relaxation times were 

plotted against corresponding iron concentration, and the slope of the calculated linear fit provided r1 

and r2, respectively. 

 

7.6.2.3 Zirconium-89 labeling of micelles: Labeling of the micelles with 89Zr was performed according to 

a modified protocol by Vosjan and coworkers.26 A typical radiolabeling procedure is described: In short, 

139 µL of 1 M oxalic acid and 63.4 µL of 2 M Na2CO3 were added to 2-5 µL of 89Zr-oxalic acid solution (3-

15 MBq), and incubated for 3 min at RT. Consecutively, 704 µL of 0.5 M HEPES buffer solution (pH 7.2-

7.4) and 500 µL of polymeric micelle solution were added. The solution was allowed to react while 

gently wobbling for 1 h, yielding 89Zr/Fe-DFO-micelles. Next, a DTPA-challenge (5 µL, 10 mM) was 

conducted for 15 min at RT. The radiolabeling efficiency was analyzed with radio-thin layer 

chromatography (iTLC-SG plates, Varian Inc, USA) using a 20 mM citrate : acetonitrile 9:1 (v/v) running 

buffer. The samples were imaged on a FLA-7000 phosphor imager (Fujifilm, Japan). The 89Zr/Fe-DFO-

micelles were purified through a 7 kDA mwco Zeba desalting spin column (Thermo Scientific, US). 

Radiochemical purity was determined by size exclusion chromatography on an Agilent Technologies 

HPLC 1100 series system (Agilent Technologies, US) equipped with an UV detector (260 nm and 280 nm, 

reference 450 nm) and a radioactive detector. The analyte was loaded on a Phenomenex BioSep-SEC-S 
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3000 column which was eluted with 0.1 M phosphate, 0.15 M NaCl buffer at 1 mL/min. Finally, the 

collected solution was concentrated in Amicon Ultra centrifuge filters. Al-DFO-Micelles were 

radiolabeled similarly. 

 

Radiochemical stability was determined by incubating 89Zr/Fe-DFO-micelles in 50% v/v BALB/c mouse 

serum in PBS at 37 °C for up to a week. After 1, 3, 24, 96 and 168 h, aliquots of the suspension were 

analyzed with radio-TLC. Subsequently, the supernatant was separated from the protein pellet and the 

radioactivity of the pellet and supernatant was measured using a dose calibrator (VDC-405, Veenstra 

Instruments, the Netherlands). The supernatant was then analyzed by radio-HPLC.  

 

7.6.2.4 In vitro imaging studies: A dilution series of 89Zr/Fe-DFO-micelles in human serum was prepared 

(six samples, [Fe] = 5, 3, 1.5, 0.8, 0.4 and 0.2 mM; 89Zr = 0.98, 0.61, 0.31, 0.14, 0.06 and 0.03 MBq, 

respectively). Control particles were diluted in human serum (1 sample, [Al] = 4 mM; 89Zr = 0.99 MBq). 

300 µL of human serum without nanoparticles was used as reference sample. The eight tubes were put 

in a sample-holder and imaged by MR and PET. MR scans were acquired using an Achieva 3 T scanner 

(Philips Healthcare, The Netherlands) using a 3.5 cm solenoid receive coil (Philips Research 

Laboratories, Germany). A single-slice high resolution T1-weighted anatomical image of the 8 samples 

was acquired (T1-FFE, TR/TE: ~60/~20 ms, flip angle (FA): 50°, field-of-view (FOV): 30 × 50 mm, voxel 

size: 0.2 × 0.2 × 0.2 mm3, number of averages (NA): 16, slice thickness: 1 mm, acquisition time: 92 s). 

PET scanning was performed using a small animal Mosaic PET scanner (Philips, the Netherlands), with a 

spatial resolution of approximately 2.5 mm. Total scan time was 51 min (listmode). 

 

7.6.2.5 cell culture: LS174T human colon carcinoma tumor cells (ATCC, USA) were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen, Germany), supplemented with heat-

inactivated 10% fetal bovine serum (Invitrogen), 1% Glutamax 100 (Invitrogen) and 1% pen/strep 

(Invitrogen) at 37 °C and 5% CO2, in a humidified atmosphere. 

 

7.6.2.6 Mouse xenograft model: BALB/c nu/nu nude mice (Charles River, The Netherlands) were housed 

under standard conditions and acclimatized for at least one week. Food and water were freely 

available. LS174T cells (3.0 × 106 cells in 100 µL PBS) were injected subcutaneously into the left hind 

limb. The growth of the LS174T tumors was monitored by measuring the length (l), width (w) and depth 

(d) using a caliper and the tumor volume was calculated by 0.5 × l × w × d. Animal studies were started 

when tumor volume reached 50-250 mm3 (typically 7-10 days after tumor cell injection). All animal 

procedures were approved by the ethical review committee of Maastricht University (Maastricht, the 

Netherlands) and were performed according to the Dutch national law and the guidelines set by the 

institutional animal care committee, accredited by the national department of health. No adverse 

effects or toxicity were observed throughout the animal studies. 

 

7.6.2.7 Blood kinetics in non-tumor bearing mice: Blood kinetics of the micelles was studied in non-

tumor bearing mice. 100 µL of 89Zr/Fe-DFO-micelles (n=3, 38.9 ± 0.1 mM Fe3+, 0.73 ± 0.01 MBq 89Zr) or 
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89Zr/Al-DFO-micelles (n=3, 34.6 ± 0.2 mM Al3+; 0.58 ± 0.01 MBq 89Zr) was injected intravenously via the 

tail vein. Blood samples (ca. 20 µL) were collected from the vena saphena at 5 min, 30 min, 1 h, 2 h, 6 h, 

24 h and 48 h post injection and weighed. Subsequently, 1 mL of water was added and the radioactivity 

in the collected blood samples was measured with a γ-counter (Wizard 1480, Perkin Elmer, USA) along 

with standards to determine the percentage injected dose per gram (% ID/g).  

 

7.6.2.8 Biodistribution in tumor bearing mice: Fifteen LS174T tumor bearing mice were intravenously 

injected with 89Zr/Fe-DFO-micelles (100 µL, 35.5 ± 2.3 mM Fe3+, 0.56 ± 0.28 MBq 89Zr). The mice were 

euthanized at 6 h (n=5, tumor size 256 ± 141 mm3), 48 h (n=5, tumor size 220 ± 136 mm3) and 120 h 

(n=5, tumor size 582 ± 201 mm3) post injection and biodistribution profiles were obtained. The organs 

and tumors were harvested, blotted dry, weighed and subsequently 1 mL of water was added. The 

radioactivity in the collected organs en tumors was measured with a γ-counter to determine % ID/g and 

the percentage injected dose per organ (% ID).  

 

7.6.2.9 Imaging studies: Ten LS174T tumor bearing mice were used for PET/MR imaging studies, of 

which two mice dropped out due to oversized tumors. One group (n=5, tumor sizes 48, 50, 64, 269, 616 

mm3) received 125 µL 89Zr/Fe-DFO-micelles (14.1 ± 1.4 mM Fe3+; 5.3 ± 1.2 MBq 89Zr) via the tail vein, the 

control group (n=3, tumor sizes 95, 387, 405 mm3) received 125 µL 89Zr/Al-DFO-micelles (19.5 ± 1.4 mM 

Al3+; 5.1 ± 0.1 MBq 89Zr). At 48 h post injection, the mice were anesthetized using isoflurane (induction 

3%, maintenance 1-2%) in medical air and were placed in a water-heated bed equipped with an 

anesthesia mask. The animal bed was placed inside a heated mouse coil. A small balloon sensor 

(Graseby, USA) was used to monitor the respiration rate. Body temperature was monitored via a rectal 

MR temperature probe which was connected to a small animal monitoring system (SA Instruments, 

USA). The orientation and position of the mouse in the animal bed remained fixed during transfer from 

the MRI to the PET scanner.  

 

MRI protocol: MR scans were acquired using an Achieva 3 T scanner using a 3.5 cm solenoid receive 

coil. A fast field echo (T1-FFE, acquisition time: 3 min) survey was acquired in the sagittal, coronal and 

transverse plane for tumor localization. Next, multi-slice high resolution T1-weighted anatomical images 

of the tumor were acquired in sagittal direction (T1-FFE, TR/TE: ~60/~20 ms, FA: 25°, FOV: 30 × 40 mm, 

voxel size: 0.7 × 0.7 × 0.7 mm3, NA: 10, slice thickness: 1 mm, acquisition time: ~12 min). Subsequently, 

R1 maps of the tumor area were acquired using a multi-slice Look-Locker sequence with EPI read-out 

(parameters: flip angle: 15°, TR/TE: 60/20 ms, interval time: 600 ms, FOV: 30 × 40 mm, matrix: 352 × 

352, half-scan: 65%, slices: 3-5, slice thickness: 1 mm, NA: 8, acquisition time: 44 min). R1* maps were 

calculated from the LL image set using an in-house created IDL-based software tool (IDL version 6.3, RSI, 

Colorado, USA). From the R1* maps, the effective R1 maps were calculated using Mathematica 

(Wolfram Research Inc., USA). Region of interests (ROIs) were drawn around the tumors on the 

accompanying T1-FFE scan and used for tumor analysis of the obtained R1 maps. Histograms of T1 in the 

tumor were generated for each mouse and averaged for mice in the 89Zr/Fe-DFO-micelle group and for 

mice in the 89Zr/Al-DFO-micelle group. The resulting bins were compared between both groups. 
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PET protocol: PET imaging was performed using a small animal PET scanner (Mosaic, Philips). Total scan 

time was 51 min and scans were obtained in listmode. The acquired PET data was reconstructed for the 

calculation of standardized uptake values (SUV) using injected dose, animal weight and time of 

injection. Imalytics software (Philips Research, Germany) was used to determine volume of interests 

(VoI) via a region growing algorithm using a seed point and lower and upper thresholds, respectively. 

Liver and spleen were segmented manually in different slides and interpolated automatically, followed 

by an erosion/dilation algorithm. 

 

After completion of the PET/MRI protocol, the animals were euthanized either by isoflurane overdose 

or cervical dislocation. Several organs and tissues including tumor were collected, weighed and 

radioactivity was measured in a γ-counter. Next, tumors were snap-frozen in isopentane at -50 °C and 

kept at -80 °C until further evaluation.  

 

7.6.2.10 Ex vivo autoradiography and histology: The snap-frozen tumors were embedded in Shandon 

cryomatrix (Thermo Scientific, UK) and serial 10 µm sections were cut on a cryotome (Cryotome FSE/FE, 

Thermo Scientific, UK). For autoradiography measurements, sections were covered with a scintillating 

foil and measured for 6 h with a BetaImager DFine system (Biospace Lab, France).To allow analysis of 

cell viability, a nicotinamide adenine dinucleotide (NADH) diaphorase staining was performed on the 

tumor sections according to a previously published protocol.64 In addition, formaldehyde-fixed (4% 

formaldehyde, 10 min) cryo-sections were stained with haematoxylin and eosin (H&E).  

 

7.6.2.11 Statistical analysis: Bins of the averaged T1 histograms for 89Zr/Fe-DFO-micelles and the 

corresponding bins of the 89Zr/Al-DFO-micelles were compared with a one-sided t-test using statistical 

software (SPSS, IBM, USA). In addition, a one-sided t-test was employed to test for a significant 

difference in the overall percentage of voxels displaying a T1 < 750 ms between the 89Zr/Fe-DFO-

micelles and 89Zr/Al-DFO-micelles group. Data are presented as mean ± standard deviation (SD). A 

difference of p < 0.05 was considered statistically significant. 

 

7.6.3 Methods: FibPep-89Zr/Fe-DFO-micelles for molecular PET/MR imaging of fibrin deposition 

7.6.3.1 Peptide synthesis: Fibrin-binding peptide FibPep (Ac-RWQPCPAESWT-Cha-CWDPGGGK-NH2, 

containing a disulfide bond between the two cysteine residues) and a scrambled version of this peptide 

with C-A substitutions (NCFibPep, Ac-WPTAD-Cha-RAWPSQEWPAGGGK-NH2) were synthesized 

according to a previously published protocol.42  

 

7.6.3.2 (NC)FibPep-89Zr/Fe-DFO-Micelle synthesis and characterization: Polymeric micelles were 

prepared as described for the non-peptide conjugated micelles in the previous part of the methods 

section. Subsequently, the obtained film was hydrated in 5.58 mL of 2-(N-morpholino)ethanesulfonic 

acid (MES) buffer (pH 6, 70 °C) and sonicated (1h, RT), followed by extrusion through 0.45 and 0.22 µm 

syringe filters. To prepare the micelles for peptide and Fe-DFO conjugation, EDC (750 µmol) and sulfo-

NHS (300 µmol) were added to 2 mL of the obtained micelle solution and this mixture was incubated 
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for 15 min. Subsequently, the EDC-sulfo-NHS activated micelles were separated from nonconjugated 

EDC and sulfo-NHS using PD-10 columns (2 runs; PBS pH 7.4 as eluting buffer). Immediately after 

collecting the micelles from the PD-10 column, half of the activated micelle solution (3 mL) was 

incubated with FibPep solution (1 µmol peptide in 0.2 mL of 50% DMSO and 50% ultrapure water) and 

Fe-DFO solution (105 µmol Fe-DFO in 0.85 mL PBS) at 4 °C for 3 h, yielding fibrin-binding FibPep-Fe-

DFO-micelles. Negative control NCFibPep-Fe-DFO-micelles were obtained by conjugating NCFibPep and 

Fe-DFO to the remaining half of the active micelle solution in similar fashion. To prepare the micelles 

for in vitro application, nonconjugated Fe-DFO and peptides were removed from the micelle solution by 

two PD-10 runs and subsequent centrifuge filtration (50 kDa mwco, Amicon Ultra centrifugal filters). 

Finally, any precipitation/large aggregates were removed using centrifugation (2000 g; 5 min). 

 

(NC)FibPep-Fe-DFO-micelles were subsequently characterized using DLS, cryo-TEM and ICP-MS 

according to procedures similar to the protocols described in the methods section for the (nontargeted) 

Fe-DFO-micelles. Finally, micelles were labeled with 89Zr in a similar fashion as described in the previous 

part of the methods section, yielding bimodal fibrin-targeted FibPep-89Zr/Fe-DFO-micelles and non-

specific negative control NCFibPep-89Zr/Fe-DFO-micelles. 

 

7.6.3.3 Blood clot assay: Blood clots were prepared by incubating a mixture of 6 µL of human tissue 

factor, 4 µL of 1 M CaCl2 in ultrapure water and 250 µL of citrated human plasma at 37 °C for 2 h.43 

Next, the clots were washed 3x with HEPES buffered saline (HBS) and stored at -20 °C until further use. 

Clots were thawed and 40 µL of FibPep-89Zr/Fe-DFO-micelles or NCFibPep-89Zr/Fe-DFO-micelles solution 

(3 µg Fe and 1.4 MBq 89Zr per sample, n=4 per group) were added to the clots and incubated for 1 hr at 

RT. Subsequently, the solution was removed and the clots were washed 3x with HBS. The clot 

radioactivity was measured using a VDC-405 dose calibrator and expressed as percentage dose. Next, 

clots were subjected to PET and MR measurements. PET images were acquired using a small animal 

Mosaic PET scanner. Total scan time was 1 h (listmode). MRI was performed using a 9.4 T preclinical 

scanner (Bruker BioSpin, Germany) equipped with a 35 mm birdcage transceiver volume coil. T1 

weighted images were acquired using a FLASH sequence with the following settings: FA 40°, NA 10, 

TR/TE 90/3.2 ms, slice thickness 0.5 mm, acquisition matrix 300 x 200, reconstructed matrix 600 x 400, 

FOV 30 x 20 mm2, voxel size 0.05 x 0.05 mm2 and acquisition time 3 min. Finally, iron content of the 

clots was determined using ICP-MS. 

 

7.6.3.4 Statistical analysis: For difference between two groups, data sets were compared using an 

unpaired 2-sides t-test (not assuming equal variances). Values of p < 0.05 were considered significant. 

Data are presented as mean ± standard deviation (SD). 
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Abstract 

 

Methodologies that allow noninvasive imaging of fibrin deposition have the potential to improve 

clinical decision making in a number of chief medical disciplines, such as cardiology, oncology and 

neurology (Chapter 1). In this thesis, three types of fibrin-specific imaging methodologies were 

developed and put to a test in a preclinical setting. The first methodology comprised the development 

of two 111In-labeled fibrin-binding peptides (FibPep and EPep) for nuclear imaging of fibrin deposition 

with subsequent testing in rodent thrombosis models (Chapter 2-3). EPep was additionally evaluated 

for application in the field of oncology by employing tumor xenograft mouse models (Chapter 4). The 

second methodology entailed the development of a fibrin-binding iron oxide nanoparticle micelle 

(FibPep-ION-Micelle) platform for molecular magnetic particle imaging (MPI) and magnetic resonance 

imaging (MRI) of fibrin deposition (Chapter 5). The FibPep-ION-Micelles were subsequently evaluated in 

a rodent thrombosis model (Chapter 6). The final strategy described in this thesis comprised of fibrin-

targeted 89Zr- and Fe-deferoxamine-labeled polymeric micelles (FibPep-89Zr/Fe-DFO-micelles) for 

combined molecular positron emission tomography (PET) and MR imaging of fibrin deposition (Chapter 

7). This chapter (Chapter 8) will summarize, discuss and provide a future perspective of these three 

developed fibrin-specific imaging methodologies. 
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8.1 Radiolabeled fibrin-binding peptides for nuclear imaging of fibrin deposition 

Nuclear imaging has historically been the major modality in the field of fibrin-specific imaging and 

allows sensitive, quantitative and whole-body detection of fibrin deposits (Chapter 1). Owing to the 

minute amounts of tracers required, translational efforts to transfer novel nuclear imaging tracers from 

bench to bedside are typically less challenging with respect to contrast agents for other imaging 

modalities. Fibrin-specific nuclear imaging has evolved over the past decades from employing 

radiolabeled coagulation cascade proteins and radiolabeled antibodies against fibrin towards using 

radiolabeled fibrin-binding peptides (Chapter 1). Peptide-based tracers have in general several 

advantages over protein- and antibody-based tracers, such as low costs of production, low 

immunogenicity, rapid blood clearance and high tissue penetration,1, 2 which yield a favorable 

competitive edge for fibrin-binding peptide tracers with respect to their protein and antibody 

counterparts. 

 

In the last decade, efforts in the field of fibrin-specific imaging have mainly focused on the EP-2104R 

fibrin-binding peptide platform for molecular MR imaging of fibrin deposits. EP-2104R is a gadolinium-

containing peptidic fibrin-binding contrast agent,3 which binds to fibrin with a dissociation constant (Kd) 

of ca. 1 µM and has been investigated extensively for preclinical MR imaging of fibrin deposition in 

thrombi, atherosclerotic lesions and tumors.4-9 In addition, this peptide platform was clinically used in 

phase I and II clinical trials for MR imaging of fibrin deposition in thrombosis.10, 11 However, EP-2104R 

has not been taken into phase III clinical trials. The phase II trial found a relative low sensitivity for 

venous thrombosis, as only 4 out of 14 thrombi located in the venous system were detected by EP-

2104R fibrin MRI.11 Radiolabeled counterparts of the EP-2104R peptide for nuclear imaging are in 

several aspects better suited to take the next step with respect to translational efforts. Radionuclide-

based fibrin-binding peptides provide higher sensitivity and facile whole-body detection of fibrin 

deposits compared to gadolinium-based fibrin-binding peptides for MR imaging. Furthermore, MR-

based molecular imaging approaches using gadolinium-containing contrast agents require pre-contrast 

baseline MR examination in addition to the post-contrast acquisition, yielding a more complex 

workflow and analysis of the acquired data, as well as potential issues with patient compliance. 

Additionally, targeted MRI-probes labeled with gadolinium might raise concerns with respect to 

systemic nephrogenic fibrosis,12 complicating translational efforts. Hence, radiolabeled fibrin-specific 

peptides for nuclear imaging purposes are likely more readily translatable into routine clinical 

application. Based on these considerations, this thesis describes the development and preclinical 

validation of two novel fibrin-binding peptidic tracers (FibPep and EPep) for nuclear imaging of fibrin 

deposition. 

 

Chapter 2 describes a proof-of-concept study in which the novel 111In-labeled fibrin-binding peptide 

FibPep, containing the cyclic fibrin-binding motif RWQPCPAESWT-Cha-CWDP, was developed for fibrin-

specific single photon emission computed tomography (SPECT) imaging.13 FibPep and the 

corresponding negative control peptide (NCFibPep) were synthesized and their fibrin-binding 

characteristics were investigated in vitro. FibPep bound to fibrin with a Kd of 0.8 µM, whereas NCFibPep 
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displayed at least a 100-fold lower fibrin affinity. A carotid artery thrombosis mouse model was used to 

evaluate the peptides in vivo. FibPep and NCFibPep displayed swift blood clearance and were 

eliminated via the urine. In vivo FibPep SPECT imaging allowed sensitive detection of the thrombi. The 

obtained ex vivo biodistribution profiles showed significantly increased uptake of FibPep in the 

thrombus-containing carotid with respect to the contralateral carotid (5.7 ± 0.7 and 0.6 ± 0.4% injected 

dose per gram (ID/g), respectively), whereas the negative control peptide did not (0.4 ± 0.2 and 0.3 ± 

0.0% ID/g, respectively). To summarize, FibPep displayed high fibrin affinity and favourable blood 

clearance, and allowed sensitive detection of fibrin deposits in thrombi using in vivo SPECT imaging.  

 

In a subsequent study, we developed EPep, an 111In-labeled fibrin-binding peptide containing the fibrin-

avid domain of EP-2104R, and sought to compare EPep and FibPep as fibrin-specific SPECT tracers 

(Chapter 3).14 In vitro, EPep and FibPep showed high stability in serum, but were more prone to 

degradation in kidney and liver homogenate assays. Both EPep and FibPep displayed similar affinities 

toward mouse and human derived fibrin (Kd ≈ 1 μM), and similarly to FibPep, EPep showed rapid blood 

clearance, high thrombus uptake (6.8 ± 1.2% ID/g) and low non-target uptake in a mouse model of 

carotid thrombosis. In addition, EPep showed a comparable affinity toward rat fibrin in vitro and 

displayed high thrombus uptake in a rat model of carotid thrombosis (0.74 ± 0.39% ID/g) thus allowing 

visualization of the thrombi in rats using SPECT imaging. In contrast, FibPep displayed low affinity 

towards rat fibrin (Kd ≈ 14 μM), low thrombus uptake (0.06 ± 0.02% ID/g) in the rat carotid thrombosis 

model and did not allow detection of thrombi in rats using SPECT. These data suggest that the FibPep- 

binding epitope on the fibrin molecule is not (fully) homologous between rats and humans, and that 

therefore preclinical rat models of disease are not suited to gauge the clinical potential of FibPep. To 

summarize, both EPep and FibPep displayed comparable metabolic stability and affinity toward mouse 

and human fibrin, and showed high thrombus uptake in a mouse carotid thrombosis model. Therefore, 

both EPep and FibPep are promising tracers for fibrin SPECT imaging. 

 

In addition to thrombus diagnostics, EPep was evaluated for SPECT imaging of fibrin deposition in 

tumors (Chapter 4). EPep SPECT imaging of BT-20 tumor bearing mice allowed visualization of fibrin 

deposits in the tumors, whereas mice injected with the corresponding negative control peptide 

(NCEPep) did not show increased tumoral SPECT signal. Ex vivo biodistribution showed significantly 

increased uptake of EPep in the BT-20 tumors compared to NCEPep (0.4 ± 0.1 and 0.1 ± 0.0% ID/g, 

respectively), whereas uptake in other organs was similar for both peptides. Autoradiography of BT-20 

tumor sections showed marked signal for EPep which co-localized with fibrin deposits in the tumors. In 

MDA-MB-231 tumor bearing mice the biodistribution profiles obtained 3 h post injection displayed 

EPep tumor uptake (0.14 ± 0.04% ID/g) which was significantly lower with respect to EPep BT-20 tumor 

uptake. Histological analysis of MDA-MB-231 tumors displayed little tumor stroma and only minute 

levels of fibrin in the tumors, indicating fibrin-specificity of EPep tumoral uptake. To the best of our 

knowledge, this study is the first to report on nuclear imaging of tumoral fibrin deposition using a 

radiolabeled fibrin-binding peptide tracer. 
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In conclusion, the data presented in Chapter 2-4 of this thesis suggest that both EPep and FibPep are 

promising and broadly applicable candidates for translation into clinical settings to serve as novel tools 

for SPECT imaging of fibrin deposition. In addition to cardiovascular and oncologic applications, as 

demonstrated in Chapter 2-4, both peptides might be of value in the field of neurology, as fibrin 

deposition has been implicated as a potential critical factor in Alzheimer’s disease.15 Future studies to 

further gauge the translational potential of EPep and FibPep might employ disease models in larger 

animals, such as pigs, in order to study the resolution and sensitivity aspects of EPep- and FibPep-based 

approaches in protocols using clinical SPECT scanners. Additionally, two other areas might be 

investigated to improve EPep- and FibPep-based fibrin SPECT strategies. First, the peptide dosage and 

its potential effects on fibrin-uptake, biodistribution and blood kinetics have not been extensively 

studied in this thesis. Ideally, an optimal dosage should be established that minimizes the required 

amount of peptide while maximizing uptake in fibrin deposits and hence detection sensitivity. The 

second area of potential improvement is enhancing the stability of the peptides in vivo, since both EPep 

and FibPep were found to be susceptible to degradation in mouse and rat liver and kidney 

homogenates in vitro and were mainly recovered in urine as metabolized species in vivo. Additional in 

vitro metabolic assays employing human microsomes might yield more insights with respect to the 

stability of the peptides in humans.16 Enhanced resistance against metabolic degradation might be 

achieved by means of modifying the peptide structure by replacing potentially labile amino acids with 

their D-amino acid counterparts or by attaching a DOTA-chelator moiety at both the C- and N-termini.17, 

18 Naturally, these optimized peptides should be carefully reevaluated with respect to fibrin affinity and 

blood kinetics and biodistribution profiles.  

 

Recently, Caravan and coworkers have investigated copper-64- and fluorine-18-labeled fibrin-binding 

peptides (FBP’s) with molecular structures based on EP-2104R for PET imaging of fibrin deposition.19-23 

These FBP peptides showed roughly similar affinity towards fibrin compared to FibPep and EPep. The 

advantage of PET imaging with respect to SPECT is the higher spatial resolution and sensitivity in clinical 

settings. In addition, the emergence of dual modality PET/MRI scanners allows simultaneous acquisition 

of functional PET signal and high resolution anatomical and functional MR data. On the other hand, 

SPECT allows multi-isotope imaging,24-26 enabling the simultaneous assessment of multiple biomarkers, 

which is an advantage as it allows multi-facetted analysis of complex pathologies such as 

atherosclerosis, cancer and Alzheimer’s disease. Furthermore, SPECT/CT systems, which allow the 

combination of fibrin SPECT with anatomical CT, are broadly available in clinical settings. In conclusion, 

both the PET and SPECT peptide-based fibrin imaging approaches hold potential for clinical translation 

and are worthy of further exploration.  

 

8.2 Fibrin-binding iron oxide nanoparticles micelles for MPI and MRI of fibrin deposition 

MPI, which is able to directly visualize magnetic particles,27 is a relatively young imaging modality and 

could serve as a radiation-free alternative for hot-spot based molecular imaging. Therefore, MPI is of 

significant interest in the quest to develop sophisticated noninvasive strategies to image fibrin 

deposition in vivo. Commercially available iron oxide contrast agents that are currently being employed 
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are not optimized for MPI, preventing MPI from reaching its full potential in terms of resolution and 

sensitivity. As molecular MPI applications will likely have to deal with the relative low sensitivity of MPI 

(with respect to nuclear imaging), optimalization of the iron oxide formulations is crucial to ensure 

maximal sensitivity for molecular MPI purposes. To this aim, this thesis describes the development and 

preclinical evaluation of a novel iron oxide nanoparticle micelle (ION-Micelle) nanoplatform for 

sensitive MPI, as well as the functionalisation of the ION-Micelle nanoplatform with fibrin-binding 

peptides (FibPep) to allow fibrin-specific molecular MPI.  

 

In Chapter 5, we described the synthesis and characterization of the ION-Micelle nanoplatform, 

containing iron oxide cores of 25 nm, for MPI and MRI purposes.28 ION-Micelles generated up to 200 

times higher signal in magnetic particle spectrometry (MPS) measurements and showed a significantly 

increased transversal proton relaxivity with respect to commercially available iron oxide formulations, 

thus allowing more sensitive MPI and MRI. Furthermore, the potential of the ION-Micelles for fibrin-

specific molecular MPI and MRI was demonstrated by in vitro MPS and MRI measurements of thrombi 

incubated with FibPep functionalized ION-Micelles (FibPep-ION-Micelles). To summarize, the data 

presented in Chapter 5 underlines the potential of the ION-Micelles for sensitive MPI and MRI and 

warrants further evaluation of the FibPep-ION-Micelle nanoplatform for noninvasive MPI and MRI of 

pathological fibrin deposition in vivo.  

 

In a subsequent study, FibPep-ION-Micelles were evaluated for the noninvasive detection of thrombosis 

using MPI and MRI (Chapter 6). Mice with carotid artery thrombosis were imaged by MRI pre and post 

injection of FibPep-ION-Micelles or the corresponding negative control NCFibPep-ION-Micelles. No 

significant difference in thrombus signal intensity was observed for FibPep- and NCFibPep-ION-Micelles. 

Ex vivo MPS measurements displayed significant increase in signal in the thrombosed carotid with 

respect to the noninjured contralateral carotid for both FibPep- and NCFibPep-ION-Micelles. However, 

FibPep-functionalisation did not lead to additional MPS signal in the thrombus with respect to the 

negative control-functionalized ION-Micelles. This nonspecific uptake of the ION-Micelles, which 

hampers specific imaging of fibrin deposition in the thrombus, was attributed to nanoparticle trapping 

in the thrombus mesh.  

 

In conclusion, ION-Micelles might allow noninvasive detection of thrombosis using MPI by nonspecific 

entrapment of nanoparticles in the thrombus, regardless of peptide functionalization. Future in vivo 

MPI studies in rodent thrombosis models using the ION-Micelle nanoplatform and small-animal MPI 

scanners are ideally suited to further gauge the potential of the ION-Micelles for thrombus diagnostics 

using MPI. In addition, the fibrin-specific FibPep-ION-Micelle platform might still be of value for MPI and 

MRI of fibrin deposition in pathologies such as atherosclerosis and Alzheimer’s disease, which do not 

involve large intravascular thrombi and therefore likely display lower levels of nonspecific nanoparticle 

entrapment. 

 

 



Chapter 8 

 

170 
 

8.3 Fe- and 89Zr-labeled fibrin-binding polymeric micelles for bimodal PET/MR imaging of fibrin 

Simultaneous PET/MR imaging, which combines the high sensitivity of PET and the superb soft tissue 

contrast of MRI, has been a topic of extensive research in the past decade.29-31 In Chapter 7, we 

developed a fibrin-specific dual modal PET/MR nanoparticulate contrast agent (FibPep-89Zr/Fe-DFO-

micelles) that allows quantification and whole body screening of fibrin deposition using PET and high 

resolution characterization of these identified fibrin deposits using MRI. The developed contrast agent 

consists of amphiphilic diblock copolymers which are functionalized with the fibrin-binding peptide 

FibPep for targeting purposes, and equipped with 89Zr-deferoxamine (89Zr-DFO) and Fe3+-deferoxamine 

(Fe-DFO) to provide PET signal and MRI contrast, respectively. Zirconium-89 displays excellent PET 

imaging characteristics with a 3 days half-life suitable for imaging (long circulating) nanoparticulate 

tracers. For T1-MR contrast purposes, the nanoparticles were modified with Fe-DFO instead of the 

commonly used gadolinium-containing chelates. This approach avoids any potential gadolinium-related 

toxicity that may result from nanoparticle retention and degradation in excretory organs, thus 

significantly increasing the potential for clinical translation. To gauge the suitability of the FibPep-
89Zr/Fe-DFO-micelles for fibrin-specific PET/MRI, FibPep-89Zr/Fe-DFO-micelles and the corresponding 

negative control NCFibPep-89Zr/Fe-DFO-micelles were employed in an in vitro thrombus targeting 

experiment. FibPep-89Zr/Fe-DFO-micelles bound in a specific fashion to human thrombi in vitro and 

allowed visualization of this specific uptake using PET and positive contrast, T1-weighted MR imaging. 

Therefore, the FibPep-89Zr/Fe-DFO-micelles show high potential for molecular PET/MR imaging of fibrin 

deposition.  

 

Future studies should assess the in vivo blood kinetic and distribution profiles of the FibPep-89Zr/Fe-

DFO-micelles, as well as evaluate the potential for PET/MR imaging by employing animal models of 

diseases in which fibrin deposition plays an important role, such as atherosclerosis, cancer and 

Alzheimer’s disease. In addition, the FibPep-89Zr/Fe-DFO-micelles may also be employed for theranostic 

purposes, as the polybutadiene core of the polymeric micelles can be loaded with hydrophobic drugs 

such as paclitaxel. Such fibrin-targeted and drug-loaded 89Zr/Fe-DFO-micelles might be suitable to 

deliver therapeutics to, for instance, solid tumors which frequently display a fibrin-rich tumor stroma,32 

while allowing visualization of this drug delivery process using PET/MR imaging.  
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Development and Preclinical Validation of  

Molecular and Nanoparticulate Probes for Imaging of Fibrin 

 

Summary 
 

Fibrin is a main building block of thrombi, which are the underlying cause in a variety of cardiovascular 

diseases, such as myocardial infarction, ischemic stroke and deep venous thrombosis. Furthermore, 

fibrin deposition in atherosclerotic lesions has been shown to correlate to plaque progression. In 

addition, fibrin deposition characterizes a variety of malignant tumors. Fibrin deposition induces 

formation of tumor stroma and provides a scaffold that facilitates tumor angiogenesis and storage of 

growth factors within the tumor. The significant role of fibrin in these disease processes motivates 

efforts in the development of imaging probes that allow noninvasive visualization of pathological fibrin 

deposition in vivo (Chapter 1). In this thesis, several novel strategies to noninvasively visualize fibrin 

deposition have been developed. 

In Chapter 2, a novel 111In-labeled fibrin-binding peptide (FibPep) was developed. FibPep showed 

enhanced binding compared to negative control NCFibPep to both fibrin and blood clots in vitro. FibPep 

bound to fibrin with a dissociation constant (Kd) of 0.8 µM, whereas NCFibPep displayed at least a 100-

fold lower fibrin-affinity. A FeCl3-induced carotid artery thrombosis mouse model was employed to 

evaluate the peptides. In vivo single photon emission computed tomography (SPECT) imaging using 

FibPep allowed clear visualization of thrombi. Ex vivo biodistribution showed significantly increased 

uptake of FibPep in the thrombus-containing carotid in comparison to the noninjured carotid, whereas 

NCFibPep did not. In conclusion, FibPep displayed high affinity towards fibrin in vitro and allowed 

sensitive detection of thrombi using SPECT imaging. Hence, this particular imaging approach may 

provide a new tool to diagnose and monitor diseases such as thrombosis and cancer. 

In Chapter 3, we developed EPep, an 111In-labeled fibrin-binding tracer based on the clinically verified 

EP-2104R peptide, and sought to compare the potential of EPep and FibPep as tracers for fibrin SPECT 

imaging. Both peptide probes displayed similar metabolic stability and comparable affinities toward 

human and mouse derived fibrin (Kd ≈ 1 µM), and similarly to FibPep, EPep showed fast blood 

clearance, low nontarget uptake and high thrombus uptake in a mouse carotid thrombosis model. 

Furthermore, EPep showed a similar affinity toward rat derived fibrin, displayed high thrombus uptake 

in a rat carotid thrombosis model and allowed sensitive detection of thrombosis in rats using SPECT. In 

contrast, FibPep displayed lower affinity toward rat derived fibrin (Kd ≈ 14 µM) and low uptake in rat 

thrombi and did not allow SPECT visualization of rat carotid thrombosis. In conclusion, both peptides 

showed similar metabolic stability and affinity toward human and mouse derived fibrin, and displayed 

high thrombus uptake in a mouse thrombosis model. Therefore, both EPep and FibPep are promising 

tracers for translation into clinical settings to serve as novel tools for imaging of fibrin deposition. 
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EPep was also evaluated for SPECT imaging of fibrin deposition in cancer (Chapter 4). SPECT imaging of 

tumor-bearing mice injected with EPep allowed visualization of tumor fibrin deposits, whereas mice 

injected with negative control NCEPep did not show increased tumor SPECT signal. Ex vivo 

biodistribution showed significantly increased uptake of EPep in the tumor with respect to NCEPep. In 

addition, EPep localization within the tumor correlated with the presence of fibrin, as assessed by 

immunohistochemistry. In conclusion, EPep allowed specific visualization of fibrin deposition in a 

preclinical cancer model and therefore holds promise for clinical translation in oncologic settings. 

In Chapter 5, a fibrin-binding contrast agent for magnetic particle imaging (MPI) and magnetic 

resonance imaging (MRI) was developed. MPI is able to directly visualize magnetic particles and could 

serve as a more sensitive and quantitative alternative to MRI. Commercially available contrast agents 

that are currently being employed are not optimized for MPI, preventing MPI from reaching optimal 

resolution and sensitivity. In this study, we developed an iron oxide nanoparticle micelle platform (ION-

Micelle), containing iron oxide cores of 25 nm, for MPI purposes. ION-Micelles induced up to 200 times 

higher signal in magnetic particle spectrometry (MPS) measurements than commercially available iron 

oxide formulations and thus likely allow for more sensitive MPI. In addition, the potential of the ION-

Micelles for molecular MPI and MRI was demonstrated by MPS and MRI measurements of FibPep 

functionalized ION-Micelles (FibPep-ION-Micelles) bound to blood clots. In conclusion, the presented 

data underlines the potential of the ION-Micelles for sensitive MPI and warrants further investigation of 

the FibPep-ION-Micelle platform for noninvasive imaging of pathological fibrin deposition in vivo. 

FibPep-ION-Micelles were subsequently evaluated for detection of thrombosis using MPI/MRI (Chapter 

6). Mice with carotid artery thrombosis were imaged pre- and post-injection of FibPep-ION-Micelles or 

negative control NCFibPep-ION-Micelles by MRI. No significant difference in signal intensity was 

observed for FibPep- and NCFibPep-ION-Micelles. Ex vivo MPS measurements showed for both groups a 

significant increase in signal in the thrombosed carotid with respect to the noninjured, contralateral 

carotid. However, FibPep-functionalization did not lead to additional accumulation in the thrombus 

with respect to the negative control. Nonspecific uptake was attributed to trapping of nanoparticles in 

the thrombus mesh, and thus specific imaging of fibrin deposition in the thrombus is hampered by this 

nonspecific component. In conclusion, nonfunctionalized ION-Micelles might be suitable for 

noninvasive detection of thrombosis using MPI by nonspecific thrombus entrapment of nanoparticles. 

Simultaneous positron emission tomography (PET)/MR imaging, which allows combining the high 

sensitivity of PET and the high spatial resolution of MRI, has been a topic of extensive research in the 

past decade. To fully exploit the potential of PET/MRI, we have developed a fibrin-binding bimodal 

nanoparticulate contrast agent (Chapter 7). Polymeric micelles were synthesized via thin-film hydration 

and labeled with Fe3+ for positive MRI contrast and 89Zr for PET imaging. FibPep-89Zr/Fe3+-micelles 

bound in a specific fashion to human thrombi in vitro and allowed visualization of this specific uptake 

using PET and positive contrast, T1-weighted MR imaging. Therefore, the FibPep-89Zr/Fe3+-micelles show 

high potential for molecular PET/MR imaging of fibrin deposition in disease. 

Finally, Chapter 8 provides a summarizing discussion of the work presented in this thesis. 
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