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Abstract

Rational design and develop of targeted contrast agents binding to cancer-related proteins will
achieve more accurate cancer diagnosis and prognosis by magnetic resonance (MR) imaging.
CREKA is a tumor-homing pentapeptide (Cys-Arg-Glu-Lys-Ala) specifically homes to fibrin-
fibronectin complexes abundantly expressed in tumor microenvironment. In this study, we
developed and evaluated a CREKA peptide targeted multiplexed Gd-MR probe (CREKA-Tris-
Gd(DOTA)) for MR imaging of breast tumors. CREKA and azide bearing Gd(l11) was attached to
a maleimide-functional trialkyne scaffold via thiol-maleimide and azide-alkyne click chemistry,
respectively. CREKA-Tris-Gd(DOTA) has a well-defined structure with a molecular weight of
2914 Da. The Ty relaxivity of CREKA-Tris-Gd(DOTA) is 8.06 mM-1s per Gd (24.18 mM1s1
per molecule) at room temperature and 3 T. Fluorescence imaging showed high binding specificity
of CREKA to a 4T1 breast tumor model in mice while it was not found for the scrambled CREKA
(CERAK). The CREKA peptide-targeted contrast agent resulted in greater contrast enhancement
than the corresponding CERAK agent and the commercialized contrast agent Prohance™ in tumor
at a dose of 0.1 mmol Gd/kg in female athymic mice bearing 4T1 breast carcinoma xenograft.
This small molecular contrast agent was easily excreted from body after imaging indicated low
toxicity. The targeted MRI contrast agent has a potential for specific cancer molecular imaging
with MRI.

1. Introduction

Effective imaging of cancer-related molecular biomarkers is essential for early and accurate
diagnosis and prognosis of the disease. Magnetic resonance imaging (MRI) is a clinical
imaging modality effective for anatomical and functional imaging of soft tissues, including
solid tumors.[1] Stable Gd(111) chelates with low toxicity are most commonly used as MRI
contrast agents to alter the water proton relaxation rate in the tissues of interest and to
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enhance image contrast in the surrounding tissues.[2, 3] Conjugation of tumor-specific
targeting agents to the stable Gd(I11) based contrast agents can improve the binding of the
agents to cancer biomarkers and produce signal enhancement around the biomarkers for
cancer molecular imaging.[4, 5] However, contrast enhanced MRI has not been effective for
molecular imaging of biomarkers expressed on cancer cell surfaces because of its low
sensitivity, the low concentration of the biomarkers and insufficient signal enhancement. In
order to produce MRI detectable signal enhancement, a relatively large amount of Gd(l11)
chelates are often loaded on targeted nanoparticles to increase the concentration of the
agents around cancer cellular biomarkers.[6-10] Although targeted nanoparticles loaded
with Gd(l11) chelates can produce significant specific tumor enhancement,[6, 11-13] clinical
development of these agents is hindered by their slow and incomplete elimination from the
body, which could result in toxic side effects, including systemic nephrogenic fibrosis.[14,
15]

Innovative design of safe and effective targeted contrast agents and identification of suitable
molecular targets are critical for MR cancer molecular imaging. Small molecular targeted
Gd(111) chelates eliminate rapidly from the body and have better safety profiles over
nanosized agents.[16, 17] Tumor tissue has a unique microenvironment in which various
cancer related proteins, e.g. tenascin[18] and oncofetal fibronectin[19], are highly expressed
in the tumor extracellular matrix to facilitate cancer cell survival, proliferation and
metastasis. These extracellular proteins could be viable biomarkers for MR cancer molecular
imaging. Small molecular targeted Gd(lI11) chelates specific to these biomarkers can be
developed for safe and effective molecular MRI.[20-22] A sufficient amount of small
molecular targeted agents can bind to the abundant tumor biomarkers generating robust
signal increase for detection and quantification of the biomarkers with MRI. Unbound
agents can be readily excreted from the circulation, resulting in reduced background noise
for accurate molecular imaging and minimal tissue retention.[23]

In this work, we designed and synthesized a pentapeptide CREKA (Cys-Arg-Glu-Lys-Ala)
macrocyclic Gd(I11) chelate conjugate with a tripod spacer, CREKA-Tris(Gd-DOTA)3, as a
small molecular targeted contrast agent for molecular MRI of a biomarker in the tumor
microenvironment (Scheme 1). A macrocyclic Gd(l11) chelate (Gd-DOTA monoamide) was
chosen for the peptide conjugated contrast agents because of its superior Kinetic stability
compared to the linear Gd(111) chelates such as Gd-DTPA.[24-26] CREKA specifically
bound to fibrin-fibronectin complexes in tumor extracellular matrix with little binding in
normal tissues.[27, 28] We verified the binding of the peptide to the fibrin and fibronectin in
4T1 breast cancer tissue and determined the effectiveness of the agent for MR cancer
molecular imaging in a mouse 4T1 breast cancer model.

2. Materials and methods

2.1. Materials

All reagents were used without further purification unless otherwise stated. Benzotriazol-1-
yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP), 1-hydroxybenzotriazole
hydrate (HOBt), 2-chlorotritylchloride resin and all of the Fmoc protected amino acids were
purchased from Chem-Impex International, Inc. Fmoc-12-amino-4,7,10-trioxadodecanoic
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acid (Fmoc-NH-(PEG),-COOH) were purchased from EMD Chemicals Inc. (Gibbstown,
New Jersey). Anhydrous N,N-diisopropylethyl amine (DIPEA) and N,N-dimethylformamide
(DMF) were purchased from Alfa Aesar (Ward Hill, MA). Trifluoroacetic acid (TFA) was
purchased from Oakwood Products, Inc. Sulfo-Cy5.0 NHS ester was purchased from
Lumiprobe (Hallandale Beach, FL). Gd(l11) Azido-DOTA monoamide complex (Azido-
(Gd-DOTA)) was synthesized according to the literature.[29]

2.2. General methods of characterization

1H and 13C NMR spectra were obtained on a 300 MHz Varian Gemini NMR spectrometer
or a 600 MHz Varian Inova NMR spectrometer with deuterated solvent as noted. Matrix-
assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectra were
acquired on a Bruker Autoflex Il MALDI-TOF MS in a linear mode with 2,5-
dihydroxybenzoic acid (2,5-DHB) as a matrix. lon-pairing reverse-phase HPLC (RP-HPLC)
was performed on an Agilent 1100 series HPLC system fitted with a Beckman Coulter
Ultrasphere ODS 4.6 mm x 25 cm, 5 um pore size column. Gradient elution was used to
characterization and purification. Eluent A was water, B was acetonitrile and flow rate was
1.0 mL/min. The detection of eluted samples was performed at 210 nm. Cy5.0 conjugated
peptides were purified by HPLC method 1: 0-10 min 100% A, 10-40 min 60% A, 40-50 min
100% A. Products were collected at 27 min. The purity of the contrast agents were studied
by HPLC method 2: 0-10 min 100% A, 10-30 min 60% A, 30-35 min 0% A, 35-40 min 0%
A, 40-45 min 100% A. Relaxation times of the aqueous solution of the contrast agents 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. T, was
measured using a Carr-Purcell-Meiboom-Gill sequence with 500 echoes collected. The T,
and T, relaxivities of the agents were calculated from the slopes of the plots of 1/T; and 1/T»
versus the Gd concentrations.

2.3. Synthesis of Maleimido-Tris-Propargyl (Scheme 2)

2.3.1. Synthesis of tris[(propargyloxy)methyllaminomethane (Tris-Propargyl,
3)—Boc-Tris-Propargyl[30] (2, 5 g, 14.9 mmol) was dissolved in a mixture solvent of
dichloromethane (15 mL) and trifluoroacetic acid (15 mL). The mixture was stirred at room
temperature for 2 h. The solvent was removed by rotary evaporator to get 3 as colorless oil
(4.9 g, yield 100%). IH NMR (300 MHz, CDCls, §): 2.49 (t, 3H, C=CH), 3.73 (s, 6H,
C4CH20), 4.20 (d, 6H, OCH,C=CH), 8.12 (br, 2H, NH,).

2.3.2. Synthesis of pentafluorophenyl 3-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-
yl)propanoate (Maleimido-propionic-PFP, 5)—Maleimido-propionic acid[31] (4, 11.5
g, 68 mmol) and pentafluorophenol (12.5 g, 68 mmol) was dissolved in dioxane (150 mL).
DCC (15.4 g, 74.8 mmol) in dioxane (50 mL) was added to this solution and the mixture
was stirred at room temperature overnight. The solution was filtered and the solvent was
removed by rotary evaporator. The product was purified by recrystallization in acetone/
hexane to get 5 as white sheet-like crystal (21 g, 92%). 1H NMR (300 MHz, CDCls, §): 3.05
(t, 2H, CH,CO), 3.96 (t, 2H, NCHy), 6.75 (s, 2H, CH=CH).
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2.3.3. Synthesis of N-(1,3-bis(prop-2-yn-1-yloxy)-2-((prop-2-yn-1-
yloxy)methyl)propan-2-yl)-3-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-
yl)propanamide (Maleimido-Tris-Propargyl, 6)—Tris-Propargyl (3, 7.9 g, 23.9 mmol)
and Maleimido-propionic-PFP (5, 8.0 g, 23.9 mmol) was dissolved in DMF (50 mL).
DIPEA (8.3 mL, 47.8 mmol) was added to the solution and the mixture was stirred at room
temperature under N, overnight. Dichloromethane (300 mL) was added to the solution and
the mixture was washed with water (5 x 500 mL) and brine (1 x 300 mL). The organic
solution was collected, dried over Na,SO,4 and the solvent was removed by rotary
evaporator. The product was purified by column chromatography (SiO,, CH,Cl,/ethyl
acetate 3:1) to get 6 as colorless viscous oil (7.5 g, yield 82%). 1H NMR (300 MHz, CDCls,
8): 2.44 (t, 3H, C=CH), 2.50 (t, 2H, CH,CO), 3.81 (s, 8H, NCH, + C4CH0), 4.12 (d, 6H,
OCH,C=CH), 5.70 (br, 1H, NH), 6.69 (s, 2H, CH=CH). 13C NMR (600 MHz, CDCls) &
34.44 (1C, CH,CO), 35.45 (1C, NCH,), 58.84 (3C, OCH,C=CH), 59.53 (1C, NHC,), 68.55
(3C, C4CH0), 74.99 (3C, C=CH), 79.76 (3C, CH,C=CH), 134.38 (2C, CH=CH), 169.86
(1C, CH,CONH), 170.68 (2C, CHCON). MALDI-TOF (m/z, M*): 386.74 (found), 386.15
(calcd).

2.4. Synthesis of CREKA-Tris(Gd-DOTA)3 and scrambled CERAK-Tris(Gd-DOTA)3 (Scheme

3)

CREKA-3TFA (250 mg, 0.26 mmol) and Maleimido-Tris-Propargyl (120 mg, 0.31 mmol)
were dissolved in DMF (5 mL). To this solution, DIPEA (220 mg, 1.3 mmol) was added and
the mixture was stirred under N, for 1 h. The solution was then poured into cold ethyl ether
(100 mL) to precipitate the product. The product was collected, washed with ethyl ether and
dried in vacuum. The yield of CREKA-Tris-Propargyl was 94%. MALDI-TOF (m/z, M*):
991.80 (observed); 991.44 (calcd).

CREKA-Tris-Propargyl (200 mg, 0.2 mmol) and Azido-(Gd-DOTA) (512 mg, 0.8mmol)
was dissolved in a mixed solvent of t-BuOH and water (t-BuOH, 5 ml; water, 8 ml). To this
solution, CuSO,4-5H,0 (10 mg, 0.04 mmol) was added and the mixture was degassed and
stirred under N at room temperature for 24 h. The reaction was traced by MALDI-TOF
until CREKA-Tris-Propargyl was completely conjugated the Gd-DOTA monoamide. The
solution was dialyzed (MWCO = 1000) against 0.5% EDTA solution (1 L x 3) for 12 h and
then against water (1L x 3) for 24 h. A colorless solid was obtained after freeze drying, with
ayield of 61%. No free Gd(I11) ions were detected with Xylenol orange in the final product.
MALDI-TOF (m/z, [M + H]*): 2913.58 (obsd); 2912.91 (calcd). ICP-OES (Gd3* content):
15.68 % (obsd); 16.25% (calcd). A scrambled peptide control agent CERAK-Tris-(Gd-
DOTA)3 was synthesized by the same method with a yield of 63%. MALDI-TOF (m/z, [M
+ HJ"): 2913.79 (obsd); 2912.91 (calcd). ICP-OES (Gd3* content): 16.01% (obsd); 16.25%
(calcd).

2.5. Synthesis of Cy5.0-PEG-CREKA and Cy5.0-PEG-CERAK

Peptide CREKA with an N-terminal cysteine was synthesized using standard solid-phase
peptide synthesis from Fmoc-protected amino acids on a 2-chlorotrityl chloride resin. At the
end of the peptide synthesis, 10 mg (including resin, ~2.5 pmol) of NH,-terminated CREKA
resin was mixed with a DMF solution of Fmoc-NH-(PEG),-COOH (4.3 mg, 10 umol),

Biomaterials. Author manuscript; available in PMC 2014 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhou et al.

Page 5

PyBop (5.2 mg, 10 pmol), HoBt (1.4 mg, 10 pmol) and DIPEA (4 pL). The mixture was
stirred at room temperature for 1 h and the resin was thoroughly washed with DMF. The
protective group, Fmoc, was removed by reacting with 20% piperidine in DMF and the resin
was thoroughly washed with DMF. Sulfo-Cy5.0 NHS ester (2 mg, 2.6 pmol) in DMF (0.1
ml) was then added to the resin and DIPEA (4 uL) was dropped to the solution. The mixture
was stirred at RT under N, overnight. The resin was completely washed with DMF. The
Cy5.0-PEG-CREKA was then removed from the resin using TFA solution (TFA 94%, 1,2-
ethanedithiol 2.5%, triisobutylsilane 2.5%, water 1.0%). The crude product was precipitated
out from ethyl ether and washed with ethyl ether. The product was purified by HPLC to get
1.2 mg.

2.6. Animal models

Six-week-old female BALB/c mice (Charles River) were cared at the Animal Core Facility
of Case Western Reserve University according to an animal protocol approved by the
CWRU Institutional Animal Care and Use Committee. 4T1-GFP-Luc2 breast cancer cell
line was purchased from Caliper Life Sciences and maintained as recommended by the
provider. The mice were anesthetized and 4T1-GFP-Luc2 breast cancer cells (1 x 108 in 40
pL PBS) were injected into the mammary fat pad to induce tumors. To monitor the growth
of the 4T1-GFP-Luc?2 breast tumors, the mice were intraperitoneally injected with D-
luciferin (200 pL in PBS, 15 mg/mL). Ten minutes following the injection, mice were
anesthetized by 2% isoflurane and imaged on Xenogen IVIS Lumina system (Caliper Life
Sciences, Hopkinton, MA). The study was performed when the tumor size reached 0.5-1.0
cm in diameter in ~2 weeks.

2.7. Immunofluorescence

Tumors from mice injected with Cy5.0 labeled peptides were embedded in optimal cutting
temperature compound (OCT) and cryosectioned into 5 pm slices. For fibronectin or
fibrinogen immunostaining, tissues were stained with a rabbit anti-mouse fibronectin
polyclonal antibody (Abcam) or a rabbit anti-mouse fibrinogen polyclonal antibody,
followed by Rhodamine-Red conjugated goat anti-rabbit 1gG (H+L) (Jackson Immuno
Research Lab. West Grove, PA). Cell nucleus of the tissues were stained with 4’,6-
diamidino-2-phenylindole (DAPI). Tissue slides were imaged on an Olympus FVV1000
confocal laser scanning microscope. GFP was observed using 405 nm laser and the emission
wavelength was read from 480 to 495 nm and expressed as green. DAPI was observed using
405 nm laser and the emission wavelength was read from 450 to 470 nm and expressed as
blue. Rodamine-Red was observed using 543 nm laser and the emission wavelength was
read from 560 to 620 nm and expressed as purple. Cy5.0 was observed using 635 nm laser
and the emission wavelength was read from 655 to 755 nm and expressed as red.

2.8. In vivo MR tumor imaging

The MRI study was performed using a Bruker Biospec 7T 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 1.6 m tubing filled with heparinized
saline. The animal was then moved into the magnet and kept under inhalation anesthesia
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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 3 mice was
used for each agent. Sagittal section images were acquired with a localizing sequence to
identify the tumor location, followed by a 2D Tq-weighted gradient fat suppression sequence
before injection. After pre-injection baseline MR imaging acquisition, the targeted agent, the
non-targeted scrambled control or Prohance™ was injected at a dose of 0.1 mmol of Gd/kg
by flushing with 80 pL 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 Tq-weighted
gradient echo sequence were TR/TE = 151.2/1.9 ms, FOV = 3.0 cm, slice thickness = 1.2
mm, slice number = 12, average = 1, flip angle = 80°, matrix = 128 x128.

2.9. Biodistribution study

Mice with 4T1-GFP-Luc2 breast tumors were sacrificed at 2 or 7 days postinjection. 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 ultrapure 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 deionized water and further centrifuged at 14 000 rpm for 5 min. The Gd(llI)
concentration in the supernatant solution was measured by ICP-OES. The average Gd(lI1)
content in each organ or tissue was calculated from the measured Gd(I11). The Gd content
was calculated as the percentage of injected dose per gram of organ/tissues (% ID/qg).

3. Results and Discussion

3.1. Synthesis and characterization of Small Peptide Targeted Macrocyclic Gd(lll) Chelates

The targeted contrast agent CREKA-Tris(Gd-DOTA)3 was synthesized according to the
procedure described in Scheme 2 and 3. A tripod spacer, Maleimido-Tris-Propargyl, was
first synthesized from TRIS to conjugate the peptide and three Gd(111) chelates (Scheme 2,
Fig. 1). The amine group of TRIS was modified with a maleimide group for conjugating the
peptide and the three hydroxyl groups were converted to trialkyne groups for attaching
Azido-(Gd-DOTA). Multiple Gd(I11) chelates were conjugated to each targeting moiety to
improve targeting efficiency and contrast enhancement.[10, 29] Maleimido-Tris-Propargyl
was characterized by 1H NMR, 13C NMR and Maldi-Tof MS spectrum (Fig. 1). CREKA-
Tris(Gd-DOTA)3 was readily synthesized by stepwise conjugation of CREKA and Azido-
(Gd-DOTA) to the tripod spacer via thiol-maleimide and azide-alkyne click chemistry
(Scheme 3). Importantly, the sulfhydryl group of the cysteine residue on CREKA is not
essential for binding activity, thus conjugating CREKA to the spacer by cysteine would not
result in the loss of binding activity.[28] CREKA-Tris(Gd-DOTA)3 was characterized by
MALDI-TOF mass spectrometry (Fig. 2) and its purity was verified by HPLC. The Gd(lll)
content was 16.01%, as determined by ICP-MS. A non-targeted control agent, CERAK-
Tris(Gd-DOTA)3 was similarly synthesized and characterized.
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The plots of the T1 and T, water proton relaxation rates at 1.5T versus the concentration of
CREKA-Tris(Gd-DOTA)3 or CERAK-Tris(Gd-DOTA)3 are shown in Fig. 3. The Ty
relaxivity of CREKA-Tris-Gd(DOTA)3 was 7.34 mM-1s1 per Gd (22.02 mM-1s-1 per
molecule) at room temperature and 1.5 T, 7.86 mM-15"1 per Gd (23.58 mM-1s1 per
molecule) for CERAK-Tris(Gd-DOTA)3. The relaxivity of both agents was much higher
than that of clinical macrocyclic agents, Gd-DOTA (3.6 mM-1s1) and Gd(HP-DO3A) (2.9
mM-1s-1) under the same condition, possibly because of the slow rotational motion of the
complexes when Gd-DOTA monoamide was conjugated to the spacer.[32, 33] For agents
with similar distribution, agents with higher relaxivity would provide equivalent contrast at a
lower dose compared to lower relaxivity agents.[1]

3.2. CREKA Peptide Specific Binding to Fibrin-Fibronectin Complexes in Tumor
Microenvironment

Specific binding ability of CREKA to fibrin and fibronectin in tumor tissue was further
verified in Balb/c mice bearing orthotopic 4T1-GFP-Luc?2 breast tumors. A fluorescent dye
Cy5.0 was conjugated to the peptide via a short PEG spacer to obtain Cy5.0-PEG-CREKA
(Fig. 4A). Cy5.0-PEG-CERAK was similarly prepared as a non-specific control. Mice
bearing orthotopic 4T1-GFP-Luc2 were developed by inoculating cancer cells in the
mammary fat pad and were used for the study 2 weeks after innoculation (Fig. 4B). Fig. 4C
shows the bright-field and the fluorescent images of the major organs and tissues from the
mice injected with the targeted and control probes 4 h after the injection. Strong red
fluorescence was shown in the breast tumor from the mice injected with Cy5.0-PEG-
CREKA, whereas little fluorescence was detected in the tumor from the mice injected with
the control probe. The Cy5.0 fluorescence intensity in tumors from the mice injected with
Cy5.0-PEG-CREKA was 3.86 times that of the tumor injected with the non-targeted peptide
probe (P < 0.01) (Fig. 4D). No significant fluorescence was detected in healthy organs and
tissues except the kidneys for both the targeted and control probes. The histological analysis
of the organs from the mice injected with Cy5.0-PEG-CREKA further confirmed that
CREKA specifically bound to tumor but not healthy tissues (Fig. 5). Significant Cy5.0
fluorescence was observed in the meshwork of the tumor tissues. Stronger fluorescence was
found in the periphery of the 4T1 primary tumor than the interior (Fig. 6). The
immunostaining of fibrin and fibronectin also indicated a similar distribution pattern of
fibrin-fibronectin complexes in the tumor rim and interior.

Immunostaining of tumor sections with an antibody against fibronectin showed abundant
fibronectin in the tumor extracelluar matrix of tumor meshwork. Fluorescence from Cy5.0-
PEG-CREKA colocalized with fibronectin immunostaining (Fig. 7), which is consistent
with the report.[28] The immunostaining of tumor sections with an antibody against
fibrinogen indicated that the CREKA peptide probe also colocalized with fibrin in tumor
tissue (Fig. 8). In comparison, the non-specific peptide probe resulted in very low Cy5
fluorescence in the tumor sections immunostained for fibronectin and fibrinogen (Fig. 7 and
8). These results confirmed that CREKA peptide can specifically target to the fibrin-
fibronectin complexes in tumor extracellular matrix.
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3.3. MR Tumor Molecular Imaging

In vivo MRI experiments were carried out with mice bearing orthotopic 4T1-GFP-Luc2
breast tumors 2 weeks after innoculation. Fat-suppressed T1-weighted 2D spin echo MR
images of the tumor enhanced with Prohance® (a commercial small molecular MRI agent
with non-specific vascular and extravascular distribution), CERAK-Tris(Gd-DOTA)3 and
CREKA-Tris(Gd-DOTA)3 are shown in Fig. 9A. The targeted contrast agent, CREKA-
Tris(Gd-DOTA)3, resulted in stronger contrast enhancement than both Prohance™ and
CERAK-Tris(Gd-DOTA)s3, especially in the tumor periphery. The contrast-to-noise ratios
(CNR) in the tumor rim or interior before and after the injection of contrast agents were
measured and plotted in Fig. 9B for quantitative analysis of MR signal intensity. The
targeted agent resulted in approximately two times more CNR than Prohance® and CERAK-
Tris(Gd-DOTA)3 in the tumor rim at the same dose. The targeted agent resulted in more
prolonged contrast enhancement possibly due to specific target binding. In the first 15
minutes, CREKA-Tris(Gd-DOTA)3 provided stable high contrast in the tumor periphery and
then the contrast slowly decreased over time. At 30 minutes, CREKA-Tris(Gd-DOTA)j3 still
produced strong enhancement and high CNR in the tumor periphery. By comparison,
Prohance® and CERAK-Tris(Gd-DOTA); only generated slight tumor contrast
enhancement.

The small molecular targeted agent effectively bound to the biomarker in the tumor,
resulting in strong tumor contrast enhancement, especially in the tumor periphery which is
rich with angiogenic vasculature. The observation validated the hypothesis that abundant
presence of the biomarker in tumor extracelullar matrix allowed the binding of a sufficient
amount of the small targeted Gd(I11) chelates to generate detectable signal enhancement for
effective MR molecular imaging. Rapid clearance of unbound targeted agent from blood
circulation reduced background signal, as evidenced by the maximum tumor CNR at 10
minutes post-injection and reduced signal intensity in the normal tissues. The effectiveness
of the targeted agent for MR molecular imaging was demonstrated on a high-field animal
scanner (7T), which is normally less effective for contrast enhanced T1 weighted imaging
than relatively low field clinical MRI scanners (1.5 and 3T). The peptide targeted contrast
agent has a potential to produce more significant contrast enhancement for T; weighted
molecular imaging on clinical scanners.

3.4. Biodistribution and renal clearance

To investigate the retention of the contrast agents in the major organs, a biodistribution
study was performed at 2 or 7 days postinjection of the agents in the mice bearing orthotopic
4T1 breast tumor. The tissues were dissolved in high purity nitric acid and the Gd(l11)
content was measured by ICP-OES. Fig. 10 shows the biodistribution of CREKA-Tris(Gd-
DOTA)3 or CERAK-Tris(Gd-DOTA)3 in the major organs and tissues, including skin,
muscle, femur, tumor, spleen, kidney, liver, lung, heart and brain, at 2 and 7 days after
injection at a dose of 0.1 mmol-Gd/kg. The retention of both agents was comparable (p >
0.05) in the normal tissues and was statistically different (p < 0.05) in the tumor at 2 or 7
days post injection. The targeted agent displayed higher tumor uptake than the non-targeted
agent. Most of the injected agents were eliminated from the body within the first 2 days
post-injection. The kidneys and liver, the major organ involved in the excretion of agents,
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had a Gd(l11) retention of 1.50%, 0.82% of the injected CREKA-Tris(Gd-DOTA)3 per gram
of tissue, respectively, higher than other organs and tissues. The Gd(l1) retention was
further decreased to 0.38%, 0.48% of injected Gd(l11) per gram of tissue in the kidneys and
liver, respectively. No detectable Gd(l11) was observed in the bone, muscle or brain for
either agent. Compared to previously reported dendrimer-based targeted Gd(l11) chelates,
[22] the peptide targeted low molecular weight contrast agent has much lower Gd(111)
retention. Dynamic three-dimensional maximum intensity projection MR images post
injection of the contrast agents (Fig. 11) revealed rapid clearance of the peptide conjugates
from the blood circulation and corresponding signal increase in the urinary bladder,
indicating clearance of the agents via renal filtration. The rapid clearance of the peptide
conjugates via renal filtration resulted in low tissue retention of the targeted contrast agent.

4. Conclusion

In summary, we developed a small molecular targeted contrast agent CREKA-Tris(Gd-
DOTA); for effective molecular MRI of a cancer biomarker abundant in the tumor
microenvironment. CREKA specifically bound to the fibrin-fibronectin complexes in the
tumor extracellular matrix. CREKA-Tris(Gd-DOTA)3 resulted in strong and prolonged
tumor contrast enhancement. The agent could be readily excreted via renal filtration and
exhibited minimal long-term tissue retention. The small molecular peptide targeted MRI
contrast agent has a great promise for clinical MR cancer molecular imaging.
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Fig. 1.

IH NMR (A) and 13C NMR (B) spectra of Maleimido-Tris-Propargyl in CDCls.
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DOTA)3.
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Fig. 3.

The plots of 1/T1 and 1/T, versus the concentration of CREKA-Tris(Gd-DOTA)3 and
CERAK-Tris(Gd-DOTA)s.
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Fig. 4.
(A) The structure of Cy5.0-PEG-CREKA. (B) Bioluminescence images showing mice

bearing 4T1-Luc breast tumor in mammary fat pad two weeks after implantation. Mice were
intraperitoneally injected with D-luciferin (150 mg/kg body weight) 10 min before imaging
with Xenogen IVIS Lumina system. (C) Mice bearing 4T1-GFP-Luc2 breast tumor were
intravenously injected with Cy5.0-PEG-CREKA or Cy5.0-PEG-CERAK (0.3 umol/kg body
weight). After 4 h, the mice were sacrificed and the tumors and various organs (1. Spleen, 2.
Liver, 3. Lung, 4. Tumor, 5. Brain, 6. Muscle, 7. Heart) were imaged with the Maestro
FLEX In Vivo Imaging System. (D) Tumaors of mice injected with Cy5.0-PEG-CREKA or
Cy5.0-PEG-CERAK were imaged side by side with the Maestro FLEX In Vivo Imaging
System and the pixels normalized to tumor area were analyzed with Maestro software (n =
3).
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Fig. 5.
Histological analysis of heart (A), liver (B), lung (C) and spleen (D), from mouse 5 h after

injection of 300 nmol/kg of CREKA-PEG-Cy5.0. (cell nuclei was stained by DAPI, blue;
Cy5.0 was shown as red).
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Fig. 6.

Frozen section of 4T1-GFP-Luc2 breast tumor interior or rim from mouse injected with
Cy5.0-PEG-CREKA. The slides were imaged by confocal microscopy.

Tumor interior
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Fig. 7.
Frozen section of 4T1-GFP-Luc2 breast tumor from mice injected with Cy5.0-PEG-CREKA

or Cy5.0-PEG-CERAK were stained for fibronectin.
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Fig. 8.
Frozen section of 4T1-GFP-Luc2 breast tumor from mice injected with Cy5.0-PEG-CREKA

or Cy5.0-PEG-CERAK were stained for fibrinogen.
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(A) Representative 2D axial T-weighted MR images of mice bearing 4T1-GFP-Luc2 breast
tumor before (pre) and at 1, 10, 30 minutes after injection of Prohance™ (A1), CERAK-
Tris(Gd-DOTA)3 (Ap), or CREKA-Tris(Gd-DOTA)3 (A3), at 0.1 mmol-Gd/kg. White
arrows point to the primary tumor. (B) Contrast-to-noise ratio (CNR) in the tumor rim or
interior with Prohance™, CREKA-Tris(Gd-DOTA)3 or CERAK-Tris(Gd-DOTA)3
administered at 0.1 mmol-Gd/Kkg in the orthotopic 4T1-GFP-Luc2 breast tumor bearing mice

(N=3).
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Fig. 10.
Biodistribution of gadolinium in the major organs and tissues of mice at 2 or 7 days after

intravenous injection of CREKA-Tris(Gd-DOTA)3 or CERAK-Tris(Gd-DOTA)3 at a dose
of 0.1 mmol-Gd/kg in mice (n = 3) bearing orthotopic 4T1-GFP-Luc2 breast tumor (* p <
0.05).
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Fig. 11.
Representative 3D maximum intensity projection images (T1-weighted) of a4T1-GFP-Luc2

breast tumor bearing mice injected with Prohance™, CREKA-Tris(Gd-DOTA)3 or CERAK-
Tris(Gd-DOTA)3 at 0.1 mM-Gd/kg. White arrows show tumor.
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Scheme 1.
The structure of CREKA-Tris(Gd-DOTA)3 and the illustration of its binding to the fibrin-

fibronectin complex in tumor extracellular matrix for MR signal enhancement.
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Scheme 2.
The synthesis of Maleimido-Tris-Propargyl.
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Scheme 3.
The synthesis of Synthesis of CREKA-Tris(Gd-DOTA)3 and CERAK-Tris(Gd-DOTA)s3.
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