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Abstract
Tumor extracellular matrix has an abundance of cancer related proteins that can be used as
biomarkers for cancer molecular imaging. Innovative design and development of safe and
effective targeted contrast agents to these biomarkers would allow effective MR cancer molecular
imaging with high spatial resolution. In this study, we synthesized a low molecular weight CLT1
peptide targeted Gd(III) chelate CLT1-dL-(Gd-DOTA)4 specific to clotted plasma proteins in
tumor stroma for cancer MR molecular imaging. CLT1-dL-(Gd-DOTA)4 was synthesized by
conjugating four Gd-DOTA monoamide chelates to a CLT1 peptide via generation 1 lysine
dendrimer. The T1 relaxivity of CLT1-dL-(Gd-DOTA)4 was 40.4 mM−1s−1 per molecule (10.1
mM−1s−1 per Gd) at 37 °C and 1.5 T. Fluorescence imaging showed high binding specificity of
CLT1 to orthotopic PC3 prostate tumor in mice. The contrast agent resulted in improved tumor
contrast enhancement in male athymic nude mice bearing orthotopic PC3 prostate tumor xenograft
at a dose of 0.03 mmol Gd/kg. The peptide targeted MRI contrast agent is promising for high-
resolution MR molecular imaging of prostate tumor.

Introduction
Early accurate detection and diagnosis of malignant tumors enable more effective cancer
treatment at an earlier stage, resulting in improved survival rate and quality of the life of
cancer patients (1). Effective imaging of cancer related molecular targets is of great
significance to improve the accuracy of earlier cancer detection and diagnosis. Molecular
imaging has been proven successful for accurate cancer detection and rapid assessment of
therapeutic efficacy with highly sensitive imaging modalities, including PET and SPECT
(2–6). However, these imaging modalities cannot provide high resolution images of
anatomic structures and are often combined with other anatomic imaging modalities, e.g. CT
and MRI, to correlate molecular imaging with structural imaging for accurate diagnosis (7–
10).
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Magnetic resonance imaging (MRI) is a powerful clinical imaging modality with high
spatial resolution and no ionization radiation. MRI provides both anatomical and
physiological information of soft tissues (11,12). Contrast enhanced MRI can produce high-
resolution image contrast between diseased tissue and normal tissue. Currently, no targeted
contrast agent is available for clinical MR cancer molecular imaging. Innovative design and
development of targeted MRI contrast agents would greatly advance the application of MR
cancer molecular imaging. Significant efforts have been made on developing targeted
contrast agents for MR imaging of the biomarkers expressed on the surface of cancer cells.
Due to relatively low sensitivity of MRI and low concentration of these biomarkers, it is a
challenge to generate sufficient contrast enhancement for effective MR molecular imaging
using small molecular targeted contrast agents (13,14). In order to obtain sufficient
enhancement, various delivery systems such as liposomes, nanoparticles and polymer
conjugates with a high payload of paramagnetic Gd(III) chelates have been prepared to
increase local concentration of contrast agents at the target sites (15–22). Although these
delivery systems are able to generate significant tumor enhancement in animal models, their
large sizes result in slow and incomplete elimination from the body, resulting in prolonged
accumulation of toxic Gd(III) ions that can cause serious safety concerns and prevent further
clinical development (23–26). Recently, some studies have shown that the limitations of
MRI for molecular imaging can be overcome by selecting proper molecular biomarkers with
high local expression in the lesion tissues and using small molecular agents that can be
readily excreted (27–35). The key feature of these agents is that they target molecular
markers abundantly present in the diseased tissues with little presence in normal tissues. A
sufficient amount of contrast agents can bind to these targets, resulting in sufficient contrast
enhancement for effective MR molecular imaging. Since their size is smaller than the renal
filtration threshold, unbound contrast agents can readily be excreted from the body with
reduced background noise.

Malignant tumors have a unique microenvironment that contains a meshwork of clotted
proteins in the tumor stroma, but no such meshwork is detectable in normal tissues (36–40).
The protein clots are formed by plasma proteins that leak into the extravascular space in
tumors, presumably due to tumor angiogenesis and vascular hyperpermeability. We
hypothesized that clotted plasma proteins in tumor stroma could be a viable target for MR
cancer molecular imaging. Their abundance in the tumor stroma allows the binding of
sufficient low molecular weight targeted contrast agents to generate MRI detectable contrast
enhancement for effective cancer molecular imaging. Ruoslahti’s group recently reported
two cyclic peptides CGLIIQKNEC (CLT1) and CNAGESSKNC (CLT2) bound specifically
to the clotted plasma proteins (fibrin-fibronectin complexes) formed in tumor stroma (39).
We have recently demonstrated that CLT1-(DTPA-Gd) was effective to generate sufficient
contrast enhancement for MR cancer molecular imaging in different tumor models,
including MDA-MB-231 breast cancer and HT29 colon cancer (41,42). Although Gd-DTPA
and its derivatives have been used in clinical practice, the linear Gd(III) chelates suffer from
low kinetic stability against transmetallation with endogenous metal ions (43,44).

Macrocyclic Gd(III) chelates have high thermodynamic and kinetic stability with no
transmetallation with endogenous metal ions (43–46). In this study, we designed and
synthesized a new low molecular weight CLT1 targeted contrast agent based on a highly
stable macrocyclic Gd(III) chelate, Gd-DOTA. The new CLT1 targeted contrast agent
CLT1-dL-(Gd-DOTA)4 had 4 Gd-DOTA monoamide chelates conjugated to a CLT1
molecule via a generation 1 lysine dendrimer. A corresponding scrambled CLT1 targeted
agent was synthesized and used as a non-targeted control agent. The tumor specificity of
CLT1 was determined in an orthotopic xenograft PC3 prostate tumor model in male athymic
nude mice using fluorescence imaging. The effectiveness of CLT1-dL-(Gd-DOTA)4 for MR
molecular imaging of the prostate tumor was determined in the same tumor model.
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Materials and Methods
1,4,7,10-Tetraazacyclododecane-1,4,7-tris-tert-butyl acetate-10-acetic acid [DOTA-tris(t-
Bu)] was purchased from TCI America (Portland, OR, USA). Benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP), 1-hydroxybenzotriazole
hydrate (HOBt), and 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyl uronium
hexafluorophosphate (HBTU) were purchased from Nova Biochem (Darmstadt, Germany).
Fmoc protected amino acids and Fmoc-12-amino-4,7,10-trioxadodecanoic acid (Fmoc-NH-
PEG-COOH, MW = 443.5) were purchased from EMD Chemicals Inc. (Gibbstown, NJ,
USA). Anhydrous N,N-diisopropylethylamine (DIPEA), dichloromethane (DCM), and N,N-
dimethylformamide (DMF) were purchased from Alfa Aesar (Ward Hill, MA, USA).
Trifluoroacetic acid (TFA) was purchased from ACROS Organics (Morris Plains, NJ, USA).
Thallium(III) trifluoroacetate and triisobutylsilane (TIS) were purchased from Sigma-
Aldrich Corp. (St. Louis, MO, USA). Texas Red, succinimidyl ester, single isomer (T20175)
was purchased from Invitrogen (Eugene, Oregon, USA). All reagents were used without
further purification.

Synthesis of cyclic peptide CLT1 (CGLIIQKNEC)
Peptide CLT1 was synthesized using standard solid-phase peptide synthesis from Fmoc-
protected amino acids on a 2-chlorotrityl chloride resin. 2-Chlorotrityl chloride resin (1.27g,
2.0 mmol, loading rate =1.58 mmol Cl/g) was suspended and swollen in anhydrous
dichloromethane (DCM) (20 ml) and shaken for 1 h in an ISOLUTE column. The resin was
then filtered and washed with anhydrous DCM (20 ml), and anhydrous dimethylformamide
(DMF, 20 ml). Fmoc-Cys(Acm)-OH (414 mg, 1.0 mmol) was dissolved in DMF (10 ml) and
added to the resin. N,N-Diisopropylethylamine (DIPEA, 800 µL) was added and the
suspension was shaken for 2 h. The resin was then filtered and washed with DCM/DMF
three times. The resin was further shaken with methanol/DIPEA (20 ml/800 µL) for 20 min
to block the remaining active chloride on the resin. After washing with DCM/DMF, the
Fmoc protecting group was removed with 20% piperidine in DMF (5 min×3, 20 ml/each).
This procedure was repeated in the following order: Fmoc-Glu(OtBu)-OH, Fmoc-Asn(Trt)-
OH, Fmoc-Lys(Boc)-OH, Fmoc-Gln(Trt)-OH, Fmoc-Ile-OH, Fmoc-Ile-OH, Fmoc-Leu-OH,
Fmoc-Gly-OH, Fmoc-Cys(Acm)-OH. Each Fmoc deprotection and amino acid coupling step
was followed by a Kaiser’s test on resin. The resin in each reaction cycle was extensively
washed with DCM/DMF and dried under reduced pressure before proceeding to next step.
After adding final amino acid, on-resin cyclization of the linear peptide was carried out with
thallium(III) trifluoroacetate (1.09 g, 2.0 mmol, 2 equivalents) in DMF (20 ml) at 0 °C for 2
h, followed by extensively washing with DMF/DCM. A sample of the dry resin was treated
with a cocktail of trifluoroacetic acid (TFA), water, and triisobutylsilane (TIS) (2 mL,
95/2.5/2.5) and shaken for 1 h at room temperature to remove the protection groups and to
cut the peptide from the resin. The filtered solution was dropped to cold ethyl ether (50 ml).
A solid product was collected by centrifugation and washed with ether 4 times to give
compound CLT1, which was characterized by MALDI-TOF [(m/z[M+H]+): 1118.82
(obsd.), 1118.33 (calcd.)].

Synthesis of CLT1-dL-(DOTA)4
After on-resin cyclization, PEG and lysine were sequentially conjugated to the N-terminus
of CLT1 peptide (1.0 mmol) on resin by reacting with Fmoc-NH-PEG-COOH (3.0 mmol),
Fmoc-Lys(Fmoc)-OH (3.0 mmol), and then another batch of Fmoc-Lys(Fmoc)-OH (6
mmol). After removal of Fmoc, DOTA-tris(t-Bu) (4.58 g, 8.0 mmol, 2 equivalents to each
amino group) was reacted with the four free amines from the lysine dendrimer on the resin
surface for 2 h. Finally, the product was deprotected and cleaved from the resin by treating
with a cocktail of trifluoroacetic acid, water, and triisobutylsilane (20 mL, 95/2.5/2.5) and
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shaken for 8 h at room temperature. The resin was removed by filtration and washed with
TFA. Combined filtrates were added dropwise to cold ethyl ether (200 mL). The precipitated
crude product was centrifuged, washed with ethyl ether 4 times, dried under vacuum to give
a colorless solid (1.99 g, 61 % yield). The crude product were purified by preparative HPLC
on an Agilent 1100 HPLC system equipped with a ZORBAX 300SB-C18 PrepHT column.
The gradient of HPLC was 0–40% solvent B (0.1% TFA in acetonitrile) in solvent A (0.1%
TFA aqueous solution) for 20 min and 40–90% solvent B in solvent A for 10 min. The
purified product CLT1-dL-(DOTA)4 was characterized by MALDI-TOF [(m/z[M+ H]+):
3251.62 (obsd.), 3251.68 (calcd.)].

Synthesis of CLT1-dL-(Gd-DOTA)4
CLT1-dL-(DOTA)4 (250 mg, 0.077 mmol) was dissolved in DI water (15 ml), the pH was
adjusted to 6 using 1 M NaOH. Gd(OAc)3.4H2O (472 mg, 0.462 mmol, 1.5 equivalents to
DOTA monoamide) was added in portions to the solution, while maintaining the pH at 6
using 1M NaOH. The reaction was stirred for 48 h at room temperature. The excess of
Gd(OAc)3 was used to ensure complete chelation. Residual Gd(III) was complexed with
ethylenediaminetetraacetic acid (EDTA) (90 mg, 0.31 mmol), and the crude product was
then purified by Sephadex G-10 column to give final product CLT1-dL-(Gd-DOTA)4 (169
mg, 57 %). CLT1-dL-(Gd-DOTA)4 was characterized by MALDI-TOF [(m/z[M+H]+):
3869.85 (obsd.), 3869.53 (calcd.)].

Synthesis of scrambled CLT1-dL-(Gd-DOTA)4
A scrambled CLT1 (CIEGNKIQLC, sCLT1) Gd-DOTA monoamide conjugate sCLT1-dL-
(Gd-DOTA)4 was synthesized using the similar procedure as CLT1-dL-(Gd-DOTA)4.
sCLT1-dL-(Gd-DOTA)4 was characterized by MALDI-TOF [(m/z, [M+ H]+): 3869.10
(obsd.), 3869.63 (calcd.)].

Synthesis of CLT1-Texas Red (TR) and scrambled sCLT1-TR conjugates
The peptides CLT1 and sCLT1 were first synthesized using standard solid-phase peptide
chemistry as described above. Fluorescence dye Texas Red (2 mg) was then conjugated to
the peptides on resin (10 mg) in the presence of coupling agents. After cleaved from the
resin with an acidic cocktail of TFA:water:TIS (95:2.5:2.5), the products CLT1-TR and
sCLT1-TR were purified by preparative HPLC using the same separation protocol as above.
Molecular weight of the conjugates was determined by MALDI-TOF [(m/z[M+H]+):
2023.05 (obsd.), 2023.41 (calcd.); (m/z[M+Na]+): 2045.61 (obsd.), 2045.41 (calcd.)].
sCLT1-TR conjugate was similarly prepared. sCLT1-TR was also characterized by MALDI-
TOF [(m/z[M+H]+): 2022.75 (obsd.); (m/z[M+Na]+): 2045.89 (obsd.)].

Characterization of purified compounds
The Gd(III) content was measured by inductively coupled plasma-optical emission
spectroscopy (ICP-OES Optima 3100XL, Perkin-Elmer, Norwalk, CT). Matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) mass spectra were acquired on a
MALDI-TOF mass spectrometer (AutoflexTM Speed, Bruker) in a linear mode with 2,5-
dihydroxybenzoic acid (2,5-DHB) as a matrix. Relaxation times of the aqueous solution of
the contrast agents of CLT1-dL-(Gd-DOTA)4 and sCLT1-dL-(Gd-DOTA)4 with different
concentrations were measured at 60 MHz (1.5 T) using a Bruker minispec relaxometer at 37
°C. T1 was measured with an inversion–recovery pulse sequence. T2 was measured using a
Carr-Purcell-Meiboom-Gill sequence with 500 echoes collected. The T1 and T2 relaxivities
of the agents were calculated from the slopes of the plots of 1/T1 and 1/T2 versus the Gd
concentrations.
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Animal model with orthotopic PC3 prostate tumor
Male NIH athymic nude mice (4–5 weeks old) were maintained at the Athymic Animal Core
Facility at Case Western Reserve University according to an animal protocol approved by
the CWRU Institutional Animal Care and Use Committee. PC3 prostate cancer cells with
constitutive expression of green fluorescence protein (GFP) were cultured in RPMI medium
supplemented with 5% fetal bovine serum and penicillin/streptomycin/fungizone, harvested
by trypsinization and resuspended at density of 2.5×104 cells per 1.0 µL PBS. The mice
were anesthetized and a small incision was made through the skin and peritoneum along the
lower midline for about 1 cm. The prostate dorsal lobes were gently exteriorized and
stabilized. The suspension of PC3-GFP cells in PBS (20 µl) was injected into the prostate
with a 30-gauge needle. Finally the incision was closed with wound autoclip (47).

Tumor binding specificity of the peptides
Before injection of the peptide probes, GFP fluorescence images with live mice were
acquired to verify the tumor presence. Texas Red labeled peptides were intravenously
injected to the tumor bearing mice at a dose of 10 nmol/mouse. After 2 h, the mice were
sacrificed, and the tumors and major organs were collected and imaged immediately on a
Maestro fluorescence imager. GFP fluorescence images were obtained using green light
filters for GFP (excitation: 444–490 nm; emission: 515 nm long-pass filter; acquisition
settings: 500–720 in 10 nm steps) and red light filters for Texas Red labeled probes
(excitation: 576–621 nm; emission: 635 nm long-pass filter; acquisition settings: 630–800 in
10 nm steps). Exposure time was 10 ms for GFP and 150 ms for Texas Red.

Histology studies
Immediately after measurement of whole tissue fluorescence imaging, tumor tissues were
collected and cryosectioned into 5-µm slices. After rinsed with PBS, 1 drop of
UltraCruz™mounting medium (sc-24941, Santa Cruz Biotechnology, Inc. Santa Cruz, CA,
USA) containing 4’,6-diamidino-2-phenylindole (DAPI) was mounted and imaged
immediately on an Olympus FV1000 confocal laser scanning microscope.

MR tumor molecular imaging
The MRI study was performed on a Bruker Biospec 7 T MRI scanner (Bruker Corp.,
Billerica, MA, USA) with a volume radio frequency (RF) coil. Mice were anesthetized with
a 2% isoflurane-oxygen mixture in an isoflurane induction chamber. A tail vein of mouse
was catheterized with a 30 gauge needle connected with a 2.5 m long tubing filled with
heparinized saline. The animal was then placed into the magnet and kept under inhalation
anesthesia with 1.5% isoflurane-oxygen via a nose cone. A respiratory sensor connected to a
monitoring system (SA Instruments, Stony Brook, NY) was placed on the abdomen to
monitor rate and depth of respiration. The body temperature was maintained at 37°C by
blowing hot air into the magnet through a feedback control system. A group of 6 mice was
used for each agent. Sagittal section images were acquired with a localizing sequence to
identify the tumor location, followed by a 2D T1-weighted gradient fat suppression sequence
before injection. After pre-injection baseline MR image acquisition, the targeted agent or
control agent was injected at a dose of 0.03 mmol of Gd/kg by flushing with 200 µL of
saline. T1-weighted 2D axial images were then acquired at different time points after the
injection for up to 30 min. Parameters of the 2D T1-weighted gradient echo sequence were
TR/TE = 151.2/1.9 ms, FOV = 3.0 cm, slice thickness = 1.2 mm, slice number = 20, average
= 1, flip angle = 80°, matrix = 128 ×128. In order to acquire the images of the tumor and
kidneys, 20 slices were acquired to cover the whole tumor and the kidneys. MR images of
the kidneys were also acquired at 48 h after injection.
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Image processing and analysis
Image analysis was performed using Bruker ParaVision 4.0 imaging software. Regions of
interest (ROIs) were drawn over the whole tumor and the kidneys in the two-dimensional
imaging plane and average signal intensity was measured. Tumor or kidney contrast
enhancement (ΔSNR) was calculated as post-contrast SNR increase over pre-contrast SNR
using the following equation: ΔSNR = (St/σt) - (S0/σ0), where S0 and St denoted the signal
in tumor or the kidneys before and after contrast, σ0 and σt were the standard deviation of
noise measured from the background air before and after contrast. The p values were
calculated using the student’s two-tailed t-test, assuming statistical significance at p < 0.05.

Biodistribution study
The mice from the MRI study were sacrificed by cervical dislocation at 48 h post-injection.
The organ and tissue samples, including the heart, liver, spleen, lung, kidneys, brain, skin,
muscle, femur, and tumor were collected and weighed. The tissue samples were then cut into
small pieces and mixed with ultra-pure nitric acid (1.0 ml, 70%, EMD, Gibbstown, NJ). The
tissue samples were liquefied for 1 week, and the solution was transferred to a centrifuge
tube and centrifuged at 14,000 rpm for 5 min. The supernatant (0.2 ml) was diluted 10 times
with de-ionized water and further centrifuged at 14,000 rpm for 5 min. The Gd(III)
concentration in the supernatant solution was measured by ICP-OES. The average Gd(III)
content in each organ or tissue was calculated from the measured Gd(III). The Gd content
was calculated as the percentage of injected dose per gram of organ/tissues (% ID/g).

Results
Synthesis and Characterization

The synthesis of CLT1 peptide targeted Gd-DOTA monoamide conjugate, CLT1-dL-(Gd-
DOTA)4, is described in Scheme 1. A generation 1 lysine dendrimer was used to increase
the molar ratio of Gd-DOTA monoamide to the peptide in the targeted contrast agent for
effective targeted contrast enhancement. The small size of G1 lysine dendrimer would allow
the unbound contrast agent to rapidly excrete from the body via renal filtration. The lysine
dendrimer also had a neutral core, which could minimize charge-associated non-specific
tissue uptake. The conjugation of multiple Gd-DOTA monoamide chelates to each CLT1
peptide resulted in a final product with good water solubility. The peptide and lysine
dendrimer were connected via a short PEG linker to avoid steric hindrance for target
binding. sCLT1 (CIEGNKIQLC) was used to prepare the non-targeted control agent.
sCLT1-dL-(Gd-DOTA)4 was similarly synthesized as described in Scheme 1. The final
products were characterized by MALDI-TOF mass spectrometry (Figure 1), ICP-OES and
Bruker minispec relaxometer. Figure 2 shows the plots of the T1 and T2 water proton
relaxation rates versus the concentration of CLT1-dL-(Gd-DOTA)4 and sCLT1-dL-(Gd-
DOTA)4 at 1.5 T (60 MHz), 37 °C. The physicochemical parameters of the contrast agents
are listed in Table 1. Both targeted and scrambled agents had similar relaxivity. At 1.5 T, the
T1 relaxivity per gadolinium of CLT1-dL-(Gd-DOTA)4 in pH 7.4 PBS was about 3 times
higher than that of Gd-DOTA (48). Synthesis of CLT1-TR and sCLT1-TR was confirmed
by MALDI-TOF mass spectrometry.

Tumor binding specificity of CLT1 peptide
Figure 3 (A,B) shows the bright field images and fluorescence images of tumors and major
organs that were collected from mice injected with CLT1-TR and sCLT1-TR fluorescence
probes. The GFP expressing tumors showed strong green fluorescence. Texas Red labeled
CLT1 demonstrated strong binding to tumor, while the non-specific scrambled peptide
resulted in little tumor binding. Both peptides showed little binding to the normal organs and
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tissues. Figure 3C shows red fluorescence intensity extracted from the orthotopic prostate
tumors of the mice injected with CLT1-TR and sCLT1-TR. The targeted CLT1-TR1 showed
5.7 times higher binding to the tumor tissue than non-targeted sCLT1-TR.

Figure 4 shows the microscopic fluorescence images of the tumor sections from these mice
injected with CLT1-TR and sCLT1-TR. Blue fluorescence was from DAPI bound to the
DNA in cell nuclei. Both tumor sections showed strong green fluorescence from GFP.
Strong red fluorescence of Texas Red was shown in the tumor section obtained from the
mice injected with CLT1-TR, while no fluorescence was essentially detected in tumor
section from the mice injected with sCLT1-TR. The merged low-resolution fluorescent
images (yellow color) exhibited good correlation of the green fluorescence from the tumor
cells to the red fluorescence from CLT1-TR in the vicinity of the cells, indicating strong
binding of the probe to viable tumor regions after intravenous administration.

MR tumor molecular imaging with CLT1-dL-(Gd-DOTA)4
Figure 5 shows the representative 2D axial T1-weighted gradient echo tumor images of the
mice bearing orthotopic human PC3 prostate tumor before and after injection of CLT1-dL-
(Gd-DOTA)4 and sCLT1-dL-(Gd-DOTA)4 at a dose of 0.03 mmol-Gd/kg. The targeted
agent resulted in greater and longer enhancement in tumor tissue compared to non-targeted
scrambled agents. Contrast enhancement in the urinary bladder gradually increased over
time, indicating that the unbound contrast agents were excreted via renal filtration.
Quantitative signal analysis revealed that the targeted agent produced more significant signal
enhancement in the tumor tissue than the control agent (p<0.05) up to 30 minutes. CLT1-
dL-(Gd-DOTA)4 resulted in approximately 110 % more signal enhancement than sCLT1-
dL-(Gd-DOTA)4 in the tumor tissue at 1 minute post-injection. The signal enhancement
gradually decreased over time and about 60 % more signal enhancement was still observed
for the targeted agent than the control agent at 30 minutes post-injection.

Figure 6B shows the contrast enhancement in the kidneys up to 48 h after injection of the
agents. Both agents showed similar dynamic kidney enhancement patterns, whereby strong
contrast enhancement was observed at early time points after injection, followed by a rapid
signal decrease, indicating rapid washout of the agents in the kidneys. Little enhancement
was observed in the kidneys at 48 h after injection.

Biodistribution in mice
Figure 7 shows the biodistribution of Gd(III) in the major organs and tissues, including the
femur, heart, kidneys, liver, lung, muscle, and spleen of mice 48 h after receiving CLT1-dL-
(DOTA-Gd)4 and sCLT1-dL-(DOTA-Gd)4 at a dose of 0.03 mmol-Gd/kg. The Gd retention
of both agents was comparable (p > 0.05) in the main normal organs and tissues, except
kidneys, femur and tumor (p < 0.05) at 48 hours after the injection. Approximately 0.5 %,
0.8 % and 1.3 % of injected targeted CLT1-dL-(DOTA-Gd)4 per gram of tissue was
measured in the liver, spleen and kidneys, while very little (less than 0.1 %) or no Gd was
measured in other tissues and organs.

Discussion
Currently, nuclear medicine is routinely used for cancer molecular imaging in clinical
practice. Dual imaging modalities are often needed to co-register molecular imaging with
anatomical imaging due to the poor spatial resolution of nuclear medicine. It would be ideal
to use a single imaging modality for effective molecular and anatomic imaging to reduce
unnecessary exposure to ionizing radiation, as well as the cost of the diagnosis. MRI is
advantageous due to its high spatial resolution of soft tissues and the absence of ionizing
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radiation. The key for effective clinical MR cancer molecular imaging is the design and
development of safe effective targeted MRI contrast agents. This study has shown that it is
possible to achieve effective MR cancer molecular imaging by utilizing a small molecular
targeted contrast agent that binds properly selected molecular targets. Small size of the
targeted MRI contrast agents is critical to allow the unbound targeted agent to rapidly
excrete from the body via renal filtration and to minimize potential toxic side effects
associated with Gd(III) based contrast agents. Tumor stroma has abundant local expression
of cancer-related proteins, which could be suitable biomarkers for effective MR cancer
molecular imaging. Their abundance expression in tumor stroma allows the binding of
sufficient small molecular Gd(III) based contrast agents to generate robust contrast
enhancement and to overcome the low sensitivity of MRI. Both thermodynamic and kinetic
stability of the Gd(III) chelates should be considered in the design of new targeted agents to
avoid the release of free Gd(III) ions and potential toxic side effects.

Previous studies have shown that the CLT1 peptide specifically bound to clotted plasma
proteins, fibrin-fibronectin complexes, that are abundantly expressed in the stroma of many
different tumors, including Lewis lung carcinoma (38,39), MDA-MB-231 breast cancer and
HT29 colon cancer (41,42,49). In this study, we further verified the specific binding of
CLT1 peptide to the orthotopic prostate PC-3 tumor tissue using in vivo fluorescence
imaging. The peptide was highly specific to prostate tumor tissue and with little non-specific
binding to normal tissues.

Numerous studies have demonstrated that macrocyclic chelate Gd-DOTA and its derivatives
have higher kinetic stability than Gd-DPTA against transmetallation with endogenous metal
ions, particularly Zn2+ ions (44–46). CLT1-dL-(Gd-DOTA)4 should have high kinetic
stability compared to previously reported linear CLT1-(Gd-DTPA) conjugate (41). The
conjugation of multiple Gd-DOTA chelates to each CLT1 improved the water solubility of
the peptide and the final product. The small molecular CLT1-dL-(Gd-DOTA)4 generated
significant contrast enhancement at a reduced dose of 0.03 mmol/kg. The tumor contrast
enhancement was comparable to our previously reported CLT1 targeted nanoglobular
contrast agents at the same dose (50). The results indicate that MRI with the small molecular
targeted contrast agent is effective for high-resolution anatomic and molecular imaging of
the abundant cancer-related biomarkers in tumor stroma. Our previous study showed that the
tumor enhancement with CLT1 peptide targeted contrast agent CLT1-(Gd-DTPA) was
reduced after the coinjection of free CLT1 peptide, indicating that the free peptide
competitively recognizes the same binding site within tumor tissue as the CLT1 peptide
targeted contrast agent (41). Due to the abundance of clotted plasma proteins in the tumor
stroma, sufficient targeted contrast agent can bind to the molecular target. Consequently, the
targeted agent overcomes the relative low sensitivity of contrast enhanced MRI, resulting in
improved contrast enhancement for effective cancer molecular imaging at a reduced dose.
MR molecular imaging of the clotted plasma proteins is advantageous over nuclear medicine
for the same molecular targets because of its high anatomical resolution and the absence of
ionizing radiation. Furthermore, no dual imaging modalities are needed to co-register
molecular imaging with anatomic imaging.

As compared to macromolecules, the small peptide targeted contrast agent has a small size
and can readily diffuse into tumor tissues for effective cancer molecular imaging. The small
size also allows unbound contrast agents to be excreted from the body via renal filtration to
reduce background signal and minimize the accumulation of Gd(III) chelates in the body.
Complete elimination of the Gd(III) based MRI contrast agents from the body is critical for
minimizing the safety concerns related to their slow excretion. According to a previous
report (51), peptides may generally be reabsorbed by renal tubular cells. Here, the contrast
enhanced MRI study showed that the targeted contrast agent excreted rapidly through the
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kidneys into the urinary bladder. The kidneys had strong contrast enhancement at early time
points after injection and the enhancement gradually decreased over time (Figure 6B), while
strong contrast enhancement was observed in the urinary bladder within 15 minutes after
injection of both agents (Figure 5). The results indicated that the peptide targeted agent
could be readily excreted through the kidneys with minimal renal accumulation. The
biodistribution studies also showed the agent had minimal Gd retention in the main organs
and tissues 2 days after injection, much slower than our previously reported a high
generation nanoglobular targeted MRI contrast agent (49). CLT1-dL-(Gd-DOTA)4 showed
promising properties for safe and effective cancer molecular imaging. Nevertheless,
comprehensive toxicological evaluations are also required before further development of the
agent for clinical cancer molecular imaging with MRI.

In summary, this study has validated the feasibility of CLT1 targeted small molecular
contrast agent containing highly stable macrocyclic Gd(III) chelates for effective MR
molecular imaging of biomarkers in the stroma of prostate tumor. The peptide targeted
contrast agent has shown a great potential for accurate and earlier detection of small
malignant tumors with contrast enhanced MRI. MR cancer molecular imaging with the
targeted agent also has a potential for cancer grading and prognosis.
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Figure 1.
MALDI-TOF mass spectra of CLT1-dL-(Gd-DOTA)4 (A) and sCLT1-dL-(Gd-DOTA)4 (B)

Wu et al. Page 13

Bioconjug Chem. Author manuscript; available in PMC 2013 August 15.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 2.
Plots of 1/T1 (R1) and 1/T2 (R2) versus the concentration of the contrast agents CLT1-dL-
(Gd-DOTA)4 and sCLT1-dL-(Gd-DOTA)4.

Wu et al. Page 14

Bioconjug Chem. Author manuscript; available in PMC 2013 August 15.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 3.
Tumor binding of CLT1-TR (A) and sCLT1-TR (B) in athymic nude mice bearing
orthotopic PC3-GFP prostate tumor 2 hours after intravenous injection at a dose of 10 nmol/
mouse. CLT1-TR resulted in 5.7 times higher red fluorescence intensity in the tumor than
sCLT1-TR (C, n = 3, * p < 0.05). 1. tumor; 2. brain; 3. spleen; 4. liver; 5. muscle; 6. lung; 7.
heart.
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Figure 4.
Histological analysis of tumor tissue injected with CLT1-TR or sCLT1-TR at a dose of 10
nmol/mouse.
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Figure 5.
Representative T1-weighted axial 2D gradient images of orthotopic PC-3 human prostate
tumor before and after intravenous injection of CLT1-dL-(Gd-DOTA)4 (A) and sCLT1-dL-
(Gd-DOTA)4 (B) at 0.03 mmol Gd/kg in nu/nu mice. Tumor labeled with red circle and
bladder labeled with green circle.
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Figure 6.
Contrast enhancement (ΔSNR) in the tumor (A) and kidneys (B) produced by CLT1-dL-
(Gd-DOTA)4 and sCLT1-dL-(Gd-DOTA)4 at 0.03 mmol-Gd/kg in nu/nu nude with athymic
mice (n=6) bearing orthotopic human prostate tumor. * p < 0.05.
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Figure 7.
Biodistribution of gadolinium in the major organs and tissues of mice at 48 h after
intravenous injection of CLT1-dL-(Gd-DOTA)4 and sCLT1-dL-(Gd-DOTA)4 at a dose of
0.03 mmol-Gd/kg in nu/nu athymic mice (n=4) bearing orthotopic human prostate tumor (*
p < 0.05).
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Scheme 1.
Synthesis of CLT1-dL-(Gd-DOTA)4.
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