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Abstract
There is an ongoing effort to develop better methods for noninvasive detection and
characterization of thrombus. Here we describe the synthesis and evaluation of three new fibrin-
targeted PET probes (FBP1, FBP2, FBP3). Three fibrin-specific peptides were conjugated as
DOTA-monoamides at the C- and N- termini, and chelated with 64CuCl2. Probes were prepared
with a specific activity ranging from 10 – 130 µCi/nmol. Both the peptides and the probes
exhibited nanomolar dissociation constants (Kd) for the soluble fibrin fragment DD(E), although
the Cu-DOTA derivatization resulted in a 2–3 fold loss in affinity relative to the parent peptide.
Biodistribution and imaging studies were performed in a rat model of carotid artery thrombosis.
For FBP1 and FBP2 at 120 min post injection, the vessel containing thrombus showed the highest
concentration of radioactivity after the excretory organs, i.e. the liver and kidneys. This was
confirmed ex vivo by autoradiography which showed > 4-fold activity in the thrombus containing
artery compared to the contralateral artery. FBP3 showed much lower thrombus uptake and the
difference was traced to greater metabolism of this probe. Hybrid MR-PET imaging with FBP1 or
FBP2 confirmed that these probes were effective for detection of arterial thrombus in this rat
model. Thrombus was visible on PET images as a region of high activity that corresponded to a
region of arterial occlusion identified by simultaneous MR angiography. FBP1 and FBP2
represent promising new probes for the molecular imaging of thrombus.
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INTRODUCTION
Thrombosis is implicated in a range of diseases such as stroke, heart attack, and pulmonary
embolism, which affect millions worldwide.1 Imaging is at the forefront for identifying and
monitoring thromboembolic disease. Depending on the anatomical location, magnetic
resonance imaging (MRI), gamma scintigraphy, computed tomography (CT), or ultrasound
can be used to identify thrombus.2, 3 Despite the success of these individual techniques, no
single modality currently allows whole body thrombus detection. As a result, the use of
multimodal imaging techniques and the development of molecular imaging probes has
become the focus of much research for disease detection.

*Corresponding Author, caravan@nmr.mgh.harvard.edu.

Author Contributions
The manuscript was written through contributions of all authors. All authors have given approval to the final version of the
manuscript.

NIH Public Access
Author Manuscript
Mol Pharm. Author manuscript; available in PMC 2014 March 04.

Published in final edited form as:
Mol Pharm. 2013 March 4; 10(3): 1100–1110. doi:10.1021/mp300610s.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



For instance in ischemic (embolic) stroke, there is a 17–30% cumulative recurrent stroke
risk over 5 years, with most recurrences occurring in the first year and within the first 90
days.4, 5 The etiology of stroke strongly impacts treatment: for cardioembolic strokes there
is a demonstrated benefit to anticoagulant (warfarin) drug treatment in preventing recurrent
stroke,6 but in noncardioembolic strokes warfarin (with its greater risk of hemorrhage) is not
superior to aspirin in preventing stroke recurrence.7 Despite the importance of the
identification of stroke etiology, some 30–40% of ischemic strokes are “cryptogenic,” that
is, of indefinite cause, or in other words, the source of the thromboembolism is never
identified.8 Underlying sources of cryptogenic stroke include atherosclerosis in the aortic
arch,9 intracranial arteries,10 or vertebral artery stenosis;11 or patent foramen ovale, which
allows venous thrombus to embolize to the brain12. Plaque rupture in the arch or other major
vessels, in particular, is thought to be a major source of cryptogenic strokes13 but can be
difficult to detect with routine methods. A single diagnostic test to identify stroke source is
urgently needed and would alter treatment in these patients with cryptogenic stroke.14, 15

Multimodal imaging has become increasingly important in clinical practice and preclinical
research.16–19 Examples of dual-modality imaging systems include positron emission
tomography (PET) combined with CT and PET combined with MRI. In both cases the
modalities are complimentary. For instance, the high sensitivity of PET can identify areas of
interest and CT or MRI can be used to provide detailed anatomical information. MR-PET
offers the advantage of a fully integrated simultaneous system, unlike CT-PET where the
sequential collection of images can result in coregistration problems.20

Different molecular targets such as the coagulation enzymes thrombin and Factor XIII,
activated platelets, fibrinogen, and fibrin have been utilized for thrombus imaging.21, 22 Of
the constituents of thrombus, fibrin is an excellent marker for diagnostic imaging. Fibrin
offers the potential for high disease specificity, as it is present in both forming and
constituted clots but not in circulating blood. Fibrin is also a high sensitivity target as it is
present in all thrombi: venous and arterial, acute and aged. Several groups have targeted
fibrin using peptide-based probes23–31, antibodies32, and nanoparticles33–37 as contrast
agents for MR, nuclear, optical or CT imaging38. Peptide-based probes in comparison to
antibodies and nanoparticles may be more advantageous for imaging solid thrombi because
their small size may allow higher potential to penetrate the clot.

We, and others, have previously used the peptide-based fibrin-targeted probe EP-2104R for
thrombus imaging in animal models28, 39–44 and clinical trials45, 46. This MRI probe
comprises a cyclic six amino acid peptide for fibrin targeting conjugated to 4 Gd-DOTA
moieties for MRI signal enhancement. Advances in multimodal imaging, specifically the
development of the simultaneous MR-PET scanner led us to realize the benefits of
incorporating a PET reporter into EP-2104R. As a result, we have shown simultaneous PET
and MR imaging of thrombus using a dual MR-PET probe based on EP-2104R through the
partial exchange of gadolinium (III) for copper-64 (64Cu). That study29 suggested the utility
of a PET-only probe based on EP-2104R. Notably, the highest concentration of
radioactivity, apart from the liver and kidneys, was in the thrombus. There was low
background activity in the thorax, neck, head, and blood, suggesting that such a PET probe
may be useful in detecting thrombi in the heart, lungs, or carotid arteries. We also noted that
MR angiography could be used to precisely localize PET activity within the thrombus
containing blood vessel.

In this report we describe our efforts to design a simplified fibrin-targeted PET probe,
building on previous work with EP-2104R. We prepared three new peptide-chelate
conjugates for fibrin imaging. Each conjugate employs the DOTA-monoamide chelator
for 64Cu labeling. We varied the peptide structure to examine the effects of amino acid
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substitution on thrombus uptake, off-target uptake, and probe metabolism. In addition to the
core peptide structure used in EP-2104R, we identified two other similar sequences that
were reported to have both high affinity and specificity for fibrin.27, 39, 47, 48 We present
here, the conjugation of these fibrin-specific peptides with 64Cu-DOTA to be used as PET
imaging probes in a rat model of arterial thrombosis. Using this model, the three PET probes
are compared with respect to their biodistribution, metabolic stability, in vivo uptake by
thrombus and in vitro fibrin binding affinity in order to demonstrate their potential utility as
new molecular imaging tools.

EXPERIMENTAL
Materials

All chemicals were purchased commercially and used without further purification. The three
fibrin-binding peptide precursors (Pep1, Pep2, and Pep3) were a gift from Epix
Pharmaceuticals (Lexington, Mass). 64CuCl2 was obtained from the Washington University
School of Medicine. Gd-DTPA-BSA was synthesized in-house following a published
procedure.49

High performance liquid chromatography (HPLC) methods
High performance liquid chromatography (HPLC) - electrospray mass spectrometry (LC-
MS), analytical HPLC and radio-HPLC analyses were performed using Agilent 1100 Series
HPLC units with a Agilent diode array detector employing a Phenomenex Luna C18 column
(100 mm × 2 mm, 5 micron). Reversed-phase semi-preparative purification was performed
on a Dynamax HPLC system with a Dynamax absorbance detector using a Kromasil C18
column (250 mm × 20 mm).

Three different HPLC methods were used depending on whether HPLC was being used for
purification (Method 1) or to assess purity under neutral (Method 2) or acidic conditions
(Method 3). Method 1 used a flow rate of 10 mL/min and the mobile phase A was 95% H2O
and 5% CH3CN with 0.1% trifluoroacetic acid (TFA) and mobile phase B was 90% CH3CN
and 10% H2O with 0.1% TFA. Starting from 5% B, the fraction of B increased to 20% over
5 min, then from 20 to 80% B over 15 min and then from 80 to 95% B over 1 min. The
column was washed with 95% B for 5 min and the %B was then ramped to 5%. The system
was re-equilibrated at 5% B over 3 min (total time = 30 min); Method 2 used a flow rate of
0.8 mL/min and mobile phase A was 10 mM ammonium acetate and mobile phase B was
90% CH3CN 10% 10 mM ammonium acetate. The gradient mobile phase started from 100%
solvent A. The fraction of B increased to 80% over 10 min, then the %B was ramped to 0
and the column was equilibrated over 3 min (total run = 13 min); Method 3 used a flow rate
of 0.8 mL/min and mobile phase A was 0.1% formic acid (FA) in H2O and mobile phase B
0.1% FA in CH3CN. The mobile phase was held at 5% B for 1 min then the fraction of B
increased to 95% over 9 min. The column was washed with 95% B for 2 min and the %B
was then ramped to 5%. The system was re-equilibrated at 5% B over 2 min (total time = 15
min).

Synthesis
We synthesized three different fibrin-targeted peptides and the corresponding DOTA-
monoamide conjugates, and then chelated with the PET isotope copper-64 (64Cu). The
synthetic route was the same for each probe. We first conjugated the peptide (Pep(n)) with
tri-t-butyl protected DOTA monoacid to give PD-Pep(n)-PD. We then removed t-butyl
groups from DOTA resulting in D-Pep(n)-D and our probes, FBP(n), were formed after
reaction with 63,65Cu2+ and 64Cu2+. We describe the general synthetic protocol and the
specific characterization details for each intermediate and probe.
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DOTA(OtBu)3-OPFP ester—Tri-tert-butyl 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetate (DOTA(OtBu)3-OH) (11 mg, 19.2 µmol, 1 eq.) and pentafluorophenol (PFP, 4.2
mg, 23 µmol, 1.2 eq.) were dissolved in dichloromethane (DCM). Polystryrene-carbodiimide
resin (PS-DCC, 1.2 eq., 1.26 mmol/g loading capacity) was added to the solution and the
reaction vessel was placed on an orbital shaker and monitored by LC-MS using method 3
until all DOTA(OtBu)3-OH was converted to DOTA(OtBu)3-OPFP. The reaction mixture
was filtered to remove the resin and the solvent was removed under reduced pressure. The
crude product of DOTA(OtBu)3-OPFP was used without further purification as unreacted
PFP does not interfere with the next step.

DOTA(OtBu)3-Pep-DOTA(OtBu)3 (PD-Pep(n)-PD)—Three separate reactions were
performed in which DOTA(OtBu)3OPFP (5 mg, 6.4 µmol, 1 eq.) and one Pep(n) (Pep1,
Pep2 or Pep3) (6.4 µmol, 1 eq.) was dissolved in minimal DMF (< 1 mL). The pH of the
solution was adjusted to 6.5 with diisopropylethylamine (DIPEA) and stirred for 2 h. Then
0.5 eq. of DOTA(OtBu)3OPFP was added and the pH was increased to 6.5. Again after
stirring for 30 min, another portion of DOTA(OtBu)3OPFP (0.5 eq.) was added and the pH
was increased to 6.5. The same process was repeated after another 30 min. Finally, another
0.5 eq. of DOTA(OtBu)3OPFP was added and the pH maintained at 6.5. The reaction
mixture stirred for another hour and was monitored by LC-MS using method 3. Each of the
three reaction mixtures was purified separately by preparative HPLC using method 1. All
three products eluted from the column at approximately 60 – 61% B with a retention time of
18.1 min for PD-Pep1-PD, 17.6 min for PD-Pep2-PD and 18.0 min for PD-Pep3-PD. The
fractions were collected and lyophilized to give product as a white powder. PD-Pep1-PD:
Molecular weight for C126H193ClN22O32S2. MS (ESI): calc: 1313.7 [(M + 2H) /2]2+; found:
1314.1. PD-Pep2-PD: Molecular weight for C127H196ClN25O29S2. MS (ESI): calc: 1318.2
[(M + 2H) /2]2+; found: 1318.7. PD-Pep3-PD: Molecular weight for C130H195ClN24O30S2.
MS (ESI): calc: 1336.7 [(M + 2H) /2]2+; found: 1337.2.

DOTA(OH)3-Pep-DOTA(OH)3 (D-Pep(n)-D)—In three separate reaction vessels, each
PD-Pep(n)-PD was deprotected separately in a 1 mL solution of TFA, methanesulfonic acid,
1-dodecanethiol and H2O (92:3:3:2). Each reaction mixture was stirred for 2 hr. Cold
diethylether was added to precipitate a solid, the mixture was centrifuged, and the
supernatant was removed. The solid was washed with ether and dried to give product as a
white solid. D-Pep1-D: Molecular weight for C102H145ClN22O32S2. MS (ESI): calc: 1145.5
[(M + 2H) /2]2+; found: 1145.9. D-Pep2-D: Molecular weight for C103H148ClN25O29S2. MS
(ESI): calc: 1150.0 [(M + 2H) /2]2+; found: 1150.1. D-Pep3-D: Molecular weight for
C109H153ClN24O30S2. MS (ESI): calc: 1168.5 [(M + 2H) /2]2+; found: 1168.6.

Cu-DOTA(OH)3-Pep-Cu-DOTA(OH)3 (FBP(n))—In separate reaction vessels each D-
Pep(n)-D was dissolved in ~1 mL of 10 mM sodium acetate (NaOAc), pH 5.5. The
concentration of the stock solution was approximated from the absorbance at 280 nm in
comparison with the known extinction coefficient of EP-2104R (ε =5700 M−1 cm−1). The
D-Pep(n)-D solutions received a 2.2 fold excess of CuSO4 and were stirred for 1 hr at room
temperature. To the mixture was then added one equivalent of diethylenetriamine (dien) to
coordinate any excess Cu2+ before purifying by HPLC. Each reaction mixture was purified
separately by using a reverse phase C18 analytical column on Agilent 1100 HPLC and
eluted using method 2. The fractions were collected, lyophilized, and then re-dissolved in
water where the final concentration of FBP(n) was determined using ICP-MS. The masses
of all three products were confirmed by ESI-MS with the expected isotopic ratios. FBP1
(99% purity): Molecular weight for C102H141ClCu2N22O32S2. MS (ESI): calc: 1207.0 [(M +
2H) /2]2+; found: 1207.3. FBP2 (98% purity): Molecular weight for
C103H144ClCu2N25O29S2. MS (ESI): calc: 1122.6 [(M + 2H) /2]2+; found: 1211.9. FBP3
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(100% purity): Molecular weight for C109H149ClCu2N24O30S2. MS (ESI): calc: 1230.0 [(M
+ 2H) /2]2+; found: 1230.4.

Preparation of 64Cu-Labeled Fibrin Binding Probes (FBP(n))
The radiolabeled probes were synthesized by first reacting each D-Pep(n)-D with 1.8 equiv
of non-radioactive 63,65CuSO4. The reaction was monitored by LC-MS using method 3. A
solution of this material ranging in concentration from approximately 50 – 250 µM was
prepared in 10 mM NaOAc solution (pH 5.5). 150 µL of the 63,65Cu-D-Pep(n)-D complex
solution was combined with a 64CuCl2 (1 mCi) solution (0.4 mL) in 10 mM NaOAc solution
(pH 5.5), and stirred at 50 °C for 1 hr. The radiolabeling was monitored by radio-HPLC
using method 2. If the reaction was not complete as judged by the appearance of
unreacted 64Cu2+, then 50 µL of the 63,65Cu-D-Pep(n)-D complex solution was added and
the reaction mixture was stirred for another 30 min at 50 °C. This procedure was repeated
until no free 64Cu2+ was visible. The mixture then received one equiv. of dien (based on D-
Pep(n)-D) and was stirred for 15 min to coordinate any excess 64Cu2+ before purifying.
Each reaction mixture was purified separately using a C18 Sep-Pak column. The Sep-Pak
column was first washed with EtOH (6 × 5mL) and then equilibrated with H2O (6 × 5mL).
After loading the reaction mixture onto the Sep-Pak column, 64Cu-dien was first eluted with
H2O (6 × 3mL) before the probes were eluted with a 1:1 mixture of EtOH:H2O (3 × 1 mL).
The EtOH:H2O fractions were combined, the volume was reduced by rotary evaporation
under reduced pressure, and the radio-labeled FBP(n) was diluted in saline before injection
into animals. The radiochemical purity (RCP) in all cases was ≥98%.

Determination of Ki
Fibrin is an insoluble polymer. We have previously shown that these peptides bind both to
fibrin and a soluble proteolytic fragment of fibrin termed DD(E).23 The affinity of the
peptides and probes in this study was assessed using a DD(E) fluorescence polarization
displacement assay that was described previously.23 The displacement of a
tetramethylrhodamine labeled peptide (TRITC-Tn6) from DD(E) by a non-fluorescent
peptide or probe, Pep(n) or FBP(n), was detected by observing the corresponding change in
fluorescence anisotropy. The Kd of the TRITC-Tn6 probe was determined by titrating it with
the DD(E) protein and fitting the resultant fluorescence data as described previously.23 This
experiment was performed at room temperature using a probe concentration of 0.1 µM in the
following assay buffer: Tris base (50 mM), NaCl (100 mM), CaCl2 (2 mM), Triton X-100
(0.01%), pH = 7.8. The anisotropy measurements were made using a TECAN Infinity F200
Pro plate reader equipped with the appropriate filter set for tetramethylrhodamine (ex 535
nm / em 590 nm).

A series of Pep(n) or FBP(n) solutions were prepared through serial dilution. These
solutions were then added to a mixture of the DD(E) protein and TRITC-Tn6 peptide. The
final concentrations of protein and fluorescent probe used in these experiments were 2 µM
and 0.1 µM, respectively. All measurements were performed at room temperature in a 384-
well plate from Greiner Bio One. The inhibition constants, Ki of Pep(n) or FBP(n) were then
calculated using least-squares regression and the known Kd of the fluorescent probe, as
described previously.23

Animal Model
All experiments were performed in accordance with the NIH Guide for the Care and Use of
Laboratory Animals and were approved by the Massachusetts General Hospital
Subcommittee on Research Animal Care. Adult male Wistar rats (350–400 g, Charles River
Laboratories, Wilmington, MA) were anesthetized by isoflurane (4–5% for induction, 1–2%
for maintanance; in 30% oxygen – 70% nitrous oxide) or chloral hydrate and were kept
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under anesthesia throughout the experimental period. Rectal temperature was maintained at
37.5 °C by homeothermic blanket. The right femoral vein was cannulated for contrast agent
injection. The right femoral artery was cannulated for blood sampling. A well established
crush injury model was used to induce thrombosis in the carotid artery. Intramural thrombus
was produced by crushing the right common carotid artery with hemostat clamps for 5 min.
Probes were injected within 20 min of thrombus formation. Animals were sacrificed 2 h
post-injection for tissue harvest.

Biodistribution Protocol
Male Wistar rats (350 – 400g) (n=6 for all probes) were anesthetized with isoflurane (1 –
2% in 70% N2O and 30% O2) or chloral hydrate, and body temperature was kept at 37.5°C.
After surgery to induce thrombosis in the right carotid artery, the femoral vein was
cannulated for intravenous delivery PET agent. Each rat was injected with approximately
0.3 – 0.4 mL and 200 – 400 µCi of the dose solution. This relatively high radiochemical
dose was needed to insure that there was measurable activity in the clot and contralateral
vessel, both of which weighed less than 10 mg. The total activity injected was calculated by
subtracting the activity in the syringe before injection from the activity remaining in the
syringe after injection as measured on a dose calibrator (Capintec CRC-25PET). After probe
injection, serial blood draws were collected from the femoral artery at 0, 2, 5, 10, 15, 30, 60,
and 120 min post-injection into EDTA blood tubes. Blood was weighted and radioactivity in
the blood was measured on a gamma counter (Packard, CobraII Auto gamma) to assess
clearance of total 64Cu. Animals were euthanized two hours post injection and the organ
distribution of 64Cu was quantified ex vivo. The thrombus (located in the right carotid
artery), the contralateral carotid artery, blood, urine, intraabdominal organs, brain, left rectus
femoris muscle and left femur bone were collected from all animals. The tissues were
weighed, and radioactivity in each tissue was measured on a gamma counter, along with a
weighed aliquot of the injected dose solution. The radioactivity in each tissue was reported
as percent injected dose per gram (%ID/g) which was calculated by dividing the counts
of 64Cu per gram of tissue by the total counts of the injected dose. The right and left carotid
arteries were further analyzed by autoradiography using a multi-purpose film and a Perkin
Elmer Cyclone Plus Storage Phosphor system. For biodistribution data, differences between
groups (thrombus vs plasma, etc) were compared using repeated measures ANOVA
followed by Tukey’s post hoc test. A p-value of less than 0.05 was considered significant.
Uncertainties are expressed as standard error of the mean.

Functional Fibrin Binding Assay
Human fibrinogen (American Diagnostica) was dialyzed against 50 mM Tris, pH 7.4, 150
mM sodium chloride, 5 mM sodium citrate (TBS·citrate) prior to use. The fibrinogen
concentration was adjusted to 5 mg/mL (based on the absorbance at 280nm and ε280 = 1.512
Lg−1cm−1), and CaCl2 was added (7 mM). The fibrinogen solution (50 µL) was dispensed
into the wells of a 96-well polystyrene microplate (Immulon-II). A solution (50 µL) of
human thrombin (2 U/mL) in TBS was added to each well to clot the fibrinogen and to yield
a final fibrin concentration close to 2.5 mg/mL (7.3 µM based on fibrinogen MWt =
340kDa). The plates were incubated at 37 °C and evaporated to dryness overnight.27

Blood tubes, containing blood collected at 0, 2, 5, 10, 15, 30, 60, and 120 min post probe
injection, were centrifuged (2000 rpm for 20 min at 4°C) to separate plasma. Blood plasma
was then incubated in fibrin immobilized wells as well as in empty wells of the microtiter
plate, and the plate was incubated for 2 h at RT. The plate was sealed with tape to prevent
evaporation and agitated at 300 rpm on a shaker. After incubation, the counts in the
supernatant in both the fibrin-containing and empty wells were measured on a gamma
counter and divided by the weight of plasma to determine the concentration of unbound
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probe, [unbound], and total probe, [total], respectively. The amount of 64Cu containing
species bound to fibrin, [bound], was calculated from [bound] = [total] − [unbound]. As a
positive control, an aliquot of the dose was spiked into blood plasma and used to estimate
the total possible fibrin binding by each FBP(n) in the assay (% bound at t=0). The amount
of functional probe in the blood at time t was determined by taking the ratio of the % bound
to fibrin at time t compared to the % bound at t=0, and multiplying this ratio by the
measured total 64Cu %ID/g in the blood.

Urine analysis
Male Wistar rats (n=2) were used to evaluate the metabolic stability of the FBP(n). Each rat
was injected with approximately 0.3 – 0.4 mL and 200 – 400 µCi of the dose solution. The
total activity injected was calculated by subtracting the activity in the syringe before
injection from the activity remaining in the syringe after injection as measured on a dose
calibrator. Urine was collected at 120 min, filtered through a 5 µm Millex-LG filter, and
analyzed by radio-HPLC (method 2).

MR/PET Imaging
PET data were acquired using the BrainPET, a MR-compatible PET scanner that operates
inside of a Magnetom TIM Trio 3T MRI (Siemens), as described previously.29 Animals
were imaged in a specially designed acrylic holder built in-house. The PET emission data
were acquired in 3D list mode format and binned into sinograms for fast reconstruction.50

The data were reconstructed using a 3D algorithm (OS-OSEM: Ordinary Poisson Ordered
Subset Expectation Maximization) with 16 subsets and six iterations, including corrections
for variable detector efficiency, photon attenuation from matter, random51 and scattered52

coincidences. In order to correct for the animal’s photon attenuation, first PET images only
corrected for detector efficiency were reconstructed. These images were then segmented into
tissue and air using empirical determined thresholds and morphologic functions. The linear
attenuation coefficient of water for 511 keV photons, 0.096 cm-1, was assigned to all tissue
voxels while all air voxels were set to 0. The attenuation maps were then combined with the
MR transmit coil attenuation map (derived from CT) and attenuation correction factors were
generated in sinogram space. The PET data were reconstructed into 153 256×256 slices
(1.25×1.25×1.25 mm3) where each voxel represented the radiotracer concentration in Bq/ml.

MR imaging was performed using the BrainPET’s circularly-polarized transmit coil in
conjunction with a home built surface receive coil. 3D gradient echo T1-weighted Time-of-
Flight (TOF) MR angiography sequences were performed with an echo time of 5.53 ms,
repetition time of 13 ms, flip angle of 18°, field of view = 8.5 × 8.5 cm, bandwidth = 140
Hz/pixel, one average, acquisition time = 4.9 min. Time-of-Flight data was reconstructed
into 124 256×256 matrices with an in-plane pixel spacing of 0.332 × 0.332 mm2 and a slice
thickness of 0.300 mm. Time-of-flight data was collected before and after the probe’s
injection. For anatomical imaging a 3D VIBE sequence was performed with an echo time of
4.8 ms, repetition time of 20 ms, flip angle of 12°, field of view = 10 × 20 cm, bandwidth =
130 Hz/pixel, one average, acquisition time = 3.6 min. The anatomical data consisted of 104
256×128 matrices with an in-plane resolution of 0.7813×0.7813 mm2 and slice thickness of
0.8 mm.

MR and PET data were coregistered with a rigid body transformation using the Vinci
software (Max Planck Institute, http://www.nf.mpg.de/vinci3/). First, the VIBE was
coregistered to the PET using a normalized mutual information algorithm. Then the higher
resolution TOF data was coregistered to the VIBE image in PET space.
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For the imaging studies, first baseline MR images were acquired and then the blood pool
MR contrast agent Gd-DTPA-BSA (GdDTPA covalently attached to bovine serum
albumin)49 was administered i.v. (50 µmol Gd/kg), and the MR scans were repeated. After
the Gd-DTPA-BSA was injected, the PET probe was administered i.v. and PET data was
acquired for 90 minutes.

RESULTS
Synthesis of Fibrin Binding Probes FBP1, FBP2, FBP3

The fibrin binding probes FBP1, FBP2, and FBP3 were synthesized using the general route
shown in Scheme 1. DOTA(t-butyl)3-OH was directly coupled to the N- and C- termini
using the PFP ester in DMF in the presence of DIPEA. Intermediates were purified by
HPLC and characterized by LC-MS. We found that complexation of D-Pep(n)-D
with 64Cu2+ resulted in multiple HPLC species when analyzed using a pH 6.8 ammonium
acetate method. This was due to labeling at the C-terminus, N-terminus, as well as
complexation of adventitious metals. To eliminate this analytical ambiguity, fibrin binding
probes (FBP(n)) were synthesized by first reacting D-Pep(n)-D with 1.8 equiv of non-
radioactive CuSO4 before radiolabeling with 64Cu. Labeling with 64Cu now results in a
probe where both chelators are coordinated by copper. For the DD(E) binding studies, D-
Pep(n)-D was chelated with 2 equiv of non-radioactive CuSO4 and purified by HPLC to
give FBP(n). The purity of the non-radioactive FBP(n) was ≥98%.

Radiochemistry
Radiolabeling with 64CuCl2 was carried out in NaOAc solution buffered to pH 5.5. After
stirring at 50 °C for 1 h, the solution was removed from heat and stirred for 30 min with one
equiv of dien to scavenge any unchelated 64Cu, and to remove any copper weakly
coordinated to the peptide backbone itself. Excess dien and 64Cu(dien)2+ were removed
from the probes using a C18 Sep-Pak. The radiochemical purity of the final solution was
≥98% as determined by radio-HPLC. The specific activity of the three probes ranged from
10 to 130 µCi/nmol.

Fibrin Binding Affinity
For our binding studies, we used a soluble proteolytic fragment of fibrin called DD(E),
which served as a fibrin surrogate. The fibrin affinities for the probes were determined by
competitive displacement of a fluorescently labeled peptide (TRITC-Tn6), which can be
followed by fluorescence anisotropy. The Kd of the TRITC-Tn6 probe was first measured by
titrating it with DD(E) (Figure 1, panel a). The value was determined to be 0.92 ± 0.03 µM.
The competitive inhibition constants (Ki) of the fibrin-binding probes, FBP(n), were then
determined by generating a displacement curve (Figure 1, panel b), where the anisotropy of
the TRITC-Tn6 probe was plotted as a function of competitor peptide concentration. The
concentrations of DD(E) and TRITC-Tn6 used in these experiments were 2 µM and 0.1 µM,
respectively. As a comparison, we also measured the affinity of the precursor peptides under
the same reaction conditions. Fibrin-binding peptides and probes were used at a
concentration range of ~ 0.1 – 18 µM. The results of this competitive assay are shown in
Table 1.

Biodistribution
Radiolabeled FBP(n) probes were investigated in a rat model of arterial thrombosis (n=6).
Figure 2 and Table 2 compares the biodistribution of all three radiolabeled probes as % ID/g
at 120 min. For all three probes over 70% of the activity was excreted from the animals at
120 min post injection. For FBP1 and FBP2 the kidney had the highest uptake at 120 min
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post probe injection followed by the liver, while for FBP3, the opposite was true. FBP2
shows the lowest liver accumulation and FBP3 had the lowest kidney uptake of all three
probes.

For FBP2 activity in the clot was significantly higher than in contra, blood, muscle, brain,
bone, heart, or lungs (p < 0.0001). For FBP1, although the mean %ID/g in the clot was
similar to FBP2, the concentration of FBP1 in the clot was not significantly higher than in
other tissues. For both FBP1 and FBP2, on an individual animal basis, we always observed a
higher concentration of activity in the clot than in the contralateral vessel, blood, muscle,
brain, bone, heart, or lungs. For these two probes the thrombus had 4-fold or higher activity
than the contralateral vessel, heart, lungs, brain, muscle or bone (Figure 3 and Table 2). The
thrombus uptake of FBP1 and FBP2 was also > 2.5-fold higher than the blood. However for
FBP3, the 64Cu concentration in thrombus was only 2-fold higher than the contralateral
vessel, and there was no difference between the 64Cu concentration in the blood and the
thrombus.

We performed ex vivo autoradiography on the right carotid (RC) and left carotid (LC)
arteries in a subset of the rats. Autoradiography of the right carotid and left carotid arteries
showed a hyperintense region in the right carotid segment corresponding to the location
where the artery was crushed (Figure 4). As shown by the autoradiograph images and the
bar graph in Figure 4, the right carotid image is 4.2 times, 8.9 times, and 2.2 times more
intense than the LC image for FBP1, FBP2, and FBP3 respectively. These results agree with
our biodistribution data with respect to the fact that FBP3 has the lowest clot uptake in
comparison to the two other probes.

Pharmacokinetic Analysis
Serial blood draws taken from 0 – 120 min post probe injection indicated that the activity
cleared quickly in the first 30 min and more slowly from 30 – 120 min leaving residual
activity in the blood for all probes as shown by the solid symbols in Figure 5. To estimate
the amount of intact probe remaining in the blood at a given time point, we performed a
functional assay to assess the fibrin binding capacity of the 64Cu-containing species. This
was done by incubating blood plasma with immobilized fibrin in a microtiter plate to
approximate the amount of functional probe in each serial blood draw. The fraction of probe
able to bind to fibrin was compared to the fraction bound of pure probe and then multiplied
by the activity in whole blood for each time point to estimate the amount of functional
probe. As shown in Figure 5 (solid symbols), residual activity persists in the blood even
after 120 min. The functional assay indicates that the activity in the blood represents a
fraction of intact probe and that the fraction of intact probe decreases dramatically over the
course of the study (Figure 5, open symbols). The functional assay results also show that
FBP2 is the most metabolically stable probe followed by FBP1 and FBP3. Functional FBP3
was cleared at a much faster rate than functional FBP1 and FBP2. For instance at 10 minutes
post injection only 22% of total activity was intact FBP3 compared to 40% intact for both
FBP1 and FBP2.

Metabolic Properties
Figure 6 shows representative radio-HPLC chromatograms of FBP2 in saline pre-injection
and in urine 120 min post-injection. For all three probes the radio-HPLC analysis of the
urine collected at 120 min post probe injection shows metabolites, and little to no
measurable 64Cu activity in the urine is from intact probe. The identification of these
metabolites and their properties has not been further studied.
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MR-PET Imaging
Figure 7 shows MR-PET images of a thrombus-bearing rat at 60 min after administration of
FBP2. A blood pool agent, GdDTPA-BSA,49 was used to visualize the vascular tree on
MRI. The images shown are three orthogonal views that bisect the thrombus. The MR
angiography images show an occlusion in the right carotid artery (a signal void that is
highlighted by a yellow arrow) at the site of crush injury, and this vessel occlusion
corresponds to the hyperintense signal shown in the PET images. Fused images clearly show
that the hyperintense signal observed with PET overlays with the occlusion in the MR
images. Additional increased PET activity is seen superficially at the surgical incision site.
Similar images were obtained using FBP1 (data not shown). The crush injury site was
clearly visualized indicating FBP1 and FBP2 are useful for imaging thrombus.

DISCUSSION
Herein, we present the synthesis and evaluation of FBP1, FBP2, and FBP3 as fibrin-targeted
PET probes for detecting thrombus in a rat model of arterial thrombosis. For our PET
probes, we chose to utilize three previously reported fibrin-specific peptides, each reported
as having a high affinity and specificity for fibrin.27, 39, 47, 48 We reasoned that although
these three peptides all showed similar high affinity for fibrin, that it was likely that their in
vivo efficacy as PET probes would vary due to off-target accumulation or metabolism. We
directly compared these peptides conjugated with 64Cu-DOTA with respect to their in vitro
fibrin binding affinity and their in vivo thrombus uptake, biodistribution, metabolic stability
and imaging efficacy. 64Cu is an ideal PET reporter for our purposes due to fact that it can
be produced with high specific activity53 and its half-life of 12.7 h allows for ease of
handling during radiochemical syntheses. DOTA was chosen as a chelate because it forms a
highly stable 64Cu complex54–56 and is a relatively inexpensive reagent.

Each cyclic peptide contains eleven amino acids, in which six of the amino acids are the
same in each peptide. It has previously been shown that retention of these six amino acids
and incorporation of a disulfide bond between the cysteine residues are essential for
maintaining the fibrin-binding integrity of the peptides.57 A xylenediamine moiety was
utilized to introduce a primary amine at the C-terminus and DOTA was coupled to both the
C- and N- termini through an amide linkage. We chose to derivatize the peptides in this way
because our previous experience with fibrin-targeted peptides has shown that derivatization
at both the C- and N-terminus has minimal effect on fibrin-binding ability and protects the
peptide from exopeptidase degradation.58

The fibrin affinities of the probes: FBP1, FBP2 and FBP3 and the precursor peptides: Pep1,
Pep2 and Pep3 were assessed by measuring the displacement of a fluorescent peptide from
the soluble fibrin fragment DD(E). This protein fragment serves as a useful surrogate of the
fibrin polymer since it contains the same binding site recognized by these peptides but is
fully soluble in aqueous buffers. As expected, the three peptides chosen all exhibited similar
and high nanomolar affinity for DD(E). The incorporation of a DOTA moiety at the C- and
N- termini of the precursor peptides did not substantially affect the fibrin affinity of the
probes. The inhibition constants of the probes, indicate that the affinities for DD(E) are
similar and comparable to that of the established MRI probe EP-2104R with a value of 0.2
µM.23

Although all three probes displayed similar fibrin affinity after being derivatized, their fibrin
affinity did not always correlate with in vivo efficacy. For example, the biodistribution data
for FBP1 and FBP2 showed ~4 fold or higher activity in the thrombus than in any tissue in
the head or thorax, whereas the thrombus uptake for FBP3 did not show the same promise.
These findings were confirmed by autoradiography studies comparing the right carotid
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segment containing the thrombus to the control left carotid artery where FBP1 and FBP2
both showed significantly higher activity in the thrombus containing vessel while FBP3
uptake was similar in both vessels. From these results, we determined that FBP3 would not
be optimal for thrombus imaging. On the other hand, the results of our biodistribution and
autoradiography studies demonstrate that FBP1 and FBP2 would be ideal for imaging
thrombus. Our imaging data using simultaneous MR-PET confirmed that these PET probes
are indeed very effective at achieving accurate clot detection. Combining the high spatial
resolution of MRI with the molecular specificity of PET allowed us to localize the thrombus
precisely within the carotid artery.

The differences in efficacy between the probes may be attributed to metabolic stability with
respect to peptide degradation and 64Cu release. Our pharmacokinetic data showed that
the 64Cu blood clearance profile is very similar for all three probes and is not as expected for
small probes with low protein binding. There is a rapid clearance of activity from the blood
in the first 30 min, which then slows over the next 90 min leaving residual activity in the
blood after 120 min. We speculate that the slow-clearing component of radioactivity is due
to 64Cu that has dissociated from the chelator and is now bound to plasma proteins.
Although our Cu2+-chelate, DOTA, has a high affinity for 64Cu, it is not ideal, and 64Cu
release from DOTA has been reported.59, 60

The results of our ex vivo binding assay confirmed that the slow clearing activity in the
blood is not due to intact probe. We found that over time, the amount of functional fibrin-
binding probe decreased in all cases. Urine analysis at 120 min reveals minimal intact probe
and confirms the presence of low molecular weight metabolites. In comparing the three
probes, FBP3 shows the least metabolic stability and in turn the least amount of functional
probe at all time points over the 120 min experimental time course. At any given time point
the amount of functional FBP3 in blood is a fraction of what is available for FBP1 or FBP2.
Therefore, the slower metabolism of FBP1 and FBP2 leaves more functional probe
circulating in the blood and allows the potential for greater accumulation in the clot. These
results demonstrate why FBP3 performed so poorly in clot uptake measurements despite
showing high affinity for fibrin in vitro.

Although our three probes are very similar the subtle differences in peptide sequence had
significant effects on metabolism and in turn in vivo efficacy. Despite some metabolism, our
best probes, FBP1 and FBP2, proved to be very effective for thrombus detection. Our future
work is aimed at further improving our target:background ratio by reducing the metabolism
of these two probes. We plan to enhance our already effective probes by modifying the
charge, chelates, and linkers in an effort to evaluate the affects on in vivo metabolism.

There are other nuclear medicine approaches for imaging fibrin. Past approaches have relied
primarily on antibody or antibody fragment approaches to targeting.61–65 The most
promising of these approaches is a Tc-99m radiolabelled humanized monoclonal antibody
fragment specific for the D-dimer region of cross-linked fibrin to detect acute venous
thromboembolism, that is currently being evaluated in clinical trials.32, 66, 67 It is not
possible to compare our probes to these other approaches, since other researchers have
focused on the venous system and utilized different animal models than the rat arterial injury
model used in this work. Possible benefits of our probes are: 1) the higher spatial resolution
of PET compared to SPECT; 2) the combination of PET with either CT or MRI to provide
detailed vascular anatomy; and 3) the simple chemical structure of our short peptide-based
probes compared to antibodies which may provide benefits of cost of production and
pharmacokinetics.
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CONCLUSION
In conclusion, we conjugated 64Cu-DOTA to three fibrin-binding peptides for evaluation as
thrombus-targeted PET probes. We have shown that all three probes maintained fibrin
affinity after being derivatized with 64Cu-DOTA, however for one of our probes, FBP3, in
vitro affinity studies did not correspond with in vivo efficacy studies. These differences
were traced to metabolic stability with respect to peptide degradation and/or copper release.
The other two probes, FBP1 and FBP2, showed enhanced metabolic stability and very
promising results in vivo with a 4-fold or higher thrombus:background ratio. In addition,
FBP1 and FBP2 showed accurate detection of arterial thrombus and imaging efficacy in a
rat model using hybrid MR-PET imaging. Imaging and biodistribution data show that FBP1
and FBP2 are very effective PET probes for the detection of thrombus, although their
metabolism, which leads to persistent residual activity in the blood after 120 min is a
limitation. Future work is aimed at the judicious modification of the linker and 64Cu-chelate
incorporated in these fibrin-specific probes to enable enhanced in vivo thrombus uptake and
metabolic stability.
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ABBREVIATIONS

MRI magnetic resonance imaging

CT computed tomography

PET positron emission tomography

HPLC high performance liquid chromatography

LC-MS liquid chromatography mass spectrometry

TFA trifluoroacetic acid

FA formic acid

DOTA(tBu)3-OH tri-tert-butyl 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetate

PFP pentafluorophenol

DCM dichloromethane

PS-DCC polystryrene-carbodiimide resin

DIPEA diisopropylethylamine

NaOAc sodium acetate

dien diethylenetriamine

%ID/g percent injected dose per gram tissue weight

Pep(n) fibrin specific peptides, n =1–3

FBP(n) fibrin binding probes, n=1–3

OP-OSEM ordinary Poisson ordered subset expectation maximization
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TOF time of flight

Gd-DTPA-BSA GdDTPA covalently attached to bovine serum albumin

RC right carotid

LC left carotid

SEM standard error of the mean
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Figure 1.
A) Binding curve of TRITC-Tn6 peptide (0.1 µM) to DD(E) protein fragment. The observed
fluorescence anisotropy increases as the concentration of free probe decreases. B) The
displacement of TRITC-Tn6 peptide (0.2 µM) from DD(E) (2 µM) by a competitor peptide
(FBP2) results in a decrease in observed fluorescence anisotropy which is used to calculate
the inhibition constant Ki.
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Figure 2.
Biodistribution for FBP1, FBP2 and FBP3 (n = 6) in a rat model of arterial thrombosis at
120 min post probe injection. Error bars = SEM. * activity in the clot following FBP2
injection was significantly higher than in left carotid, blood, muscle, brain, bone, heart,
spleen or lungs (p < 0.0001).

Ciesienski et al. Page 18

Mol Pharm. Author manuscript; available in PMC 2014 March 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Clot:tissue ratios at 120 min post injection for FBP1, FBP2 and FBP3 (n = 6) indicating the
high clot:background for FBP1 and FBP2. Error bars = SEM.
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Figure 4.
Top left: Photograph of excised left (LC) and right carotid (RC) arteries. Bottom left:
autoradiography images of arteries excised 120 min following injection of FBP1, FBP2, or
FBP3; arterial thrombosis was induced in the RC. Right: bar graph of the ratio of activity in
the RC:LC for each image. Error bars = standard deviation.
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Figure 5.
Pharmacokinetic data showing mean (n=6) blood clearance of FBP1 (squares), FBP2
(circles) and FBP3 (triangles). Solid symbols indicate total 64Cu activity in the blood, while
open symbols indicate functional (intact) probe. Functional is defined as the ability of the
probe to bind fibrin in a plate-based assay. Error bars = SEM.
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Figure 6.
Representative radio-HPLC traces of intact FBP2 (dashed line) and that of urine (solid line)
collected at 120 min post probe injection.
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Figure 7.
Hybrid MR-PET imaging of FBP2 in a rat model of arterial thrombosis. The crosshairs show
where each plane bisects the site of injury in the right carotid (RC) artery. Top: PET images;
middle: GdDTPA-BSA enhanced MRI provides positive image contrast to the blood vessels
and demonstrate an occlusion in the RC (arrow); bottom: fused MR (grayscale) – PET
(color) images showing localization of PET signal to the occlusion in the RC. Additional
PET activity is seen superficially at the surgical incision site, presumably due to clotting at
the site of tissue injury.
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Scheme 1.
General synthetic protocol for the synthesis of fibrin-binding PET probes FBP1, FBP2 and
FBP3.
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Table 2

Biodistribution data in %ID/g for FBP1, FBP2 and FBP3 (n = 6), shown in Figure 2, in a rat model of arterial
thrombosis at 120 min post probe injection. Uncertainty is represented as standard error of the mean.

FBP1 FBP2 FBP3

clot 0.440 ± 0.264 0.445 ± 0.102 0.183 ± 0.088

left carotid 0.083 ± 0.046 0.113 ± 0.005 0.084 ± 0.024

blood 0.168 ± 0.015 0.164 ± 0.016 0.184 ± 0.026

muscle 0.019 ± 0.011 0.012 ± 0.003 0.009 ± 0.001

lungs 0.109 ± 0.047 0.048 ± 0.010 0.066 ± 0.008

heart 0.082 ± 0.031 0.074 ± 0.011 0.082 ± 0.010

bone 0.052 ± 0.025 0.043 ± 0.015 0.041 ± 0.011

brain 0.018 ± 0.005 0.017 ± 0.004 0.011 ± 0.003

liver 1.489 ± 0.533 0.617 ± 0.187 1.459 ± 0.292

kidney 2.046 ± 0.757 2.722 ± 0.848 0.621 ± 0.186

spleen 0.145 ± 0.035 0.071 ± 0.016 0.040 ± 0.006

intestine 0.387 ± 0.151 0.278 ± 0.095 0.184 ± 0.053
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