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Abstract

Purpose—In vivo imaging of αvβ3 has important diagnostic and therapeutic applications. 18F-

Galacto-arginine–glycine–aspartic acid (RGD) has been developed for positron emission

tomography (PET) imaging of integrin αvβ3 expression and is now being tested on humans.

Dimerization and multimerization of cyclic RGD peptides have been reported to improve the

integrin αvβ3-binding affinity due to the polyvalency effect. Here, we compared a number of new

dimeric RGD peptide tracers with the clinically used 18F-galacto-RGD.

Procedures—RGD monomers and dimers were coupled with galacto or PEG3 linkers, and

labeled with 18F using 4-nitrophenyl 2-18F-fluoropropionate (18F-NFP) or N-succinimidyl 4-18F-

fluorobenzoate as a prosthetic group. The newly developed tracers were evaluated by cell-based

receptor-binding assay, biodistribution, and small-animal PET studies in a subcutaneous U87MG

glioblastoma xenograft model.

Results—Starting with 18F-F−, the total reaction time for 18F-FP-SRGD2 and 18F-FP-PRGD2 is

about 120 min. The decay-corrected radiochemical yields for 18F-FP-SRGD2 and 18F-FP-PRGD2

are 52±9% and 80±7% calculated from 18F-NFP. Noninvasive small-animal PET and direct tissue

sampling experiments demonstrated that the dimeric RGD peptides had significantly higher tumor

uptake as compared to 18F-galacto-RGD.

Conclusion—Dimeric RGD peptide tracers with relatively high tumor integrin-specific

accumulation and favorable in vivo kinetics may have the potential to be translated into clinic for

integrin αvβ3 imaging.
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Introduction

Integrins are cell surface receptors responsible for the regulation of cellular activation,

migration, proliferation, survival, and differentiation. They possess large extracellular and

short cytoplasmic domains. Cytoplasmic proteins with the actin filament of the cytoskeleton

are connected with the C-terminal ends of the β-subunit of integrins. These connections play
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an important role in both the outside-in and the inside-out signal transduction pathways. One
of the most important members of this receptor class is integrin αvβ3, which is involved in
many pathological processes [1–3]. Numerous studies showed that integrin αvβ3 is necessary
for the formation, survival, and maturation of blood vessels. Therefore, its expression level
is correlated with the invasiveness of several cancer types, including melanoma, glioma,
ovarian, and breast cancers [4–6]. Great efforts have been made to develop αvβ3 imaging
agents that can visualize and quantify integrin αvβ3 expression level [7–9]. Because
arginine–glycine–aspartic acid (RGD) peptides could strongly bind to integrin αvβ3, many
probes have been developed for multimodality imaging of integrin expression based on this
RGD peptide sequence [10,11]. These compounds showed high αvβ3 affinity in vitro and
receptor-specific tumor uptake in vivo. For positron emission tomography (PET) imaging,
Haubner et al. [12] optimized the pharmacokinetics of radiolabeled c(RGDyV) by
carbohydration, resulting in 18F-galacto-RGD in which the cyclic RGD peptide monomer
c(RGDfK) was coupled with a galacto sugar amino acid (SAA) and labeled with 18F
through 18F-2-fluoropropionate. The SAA-linker was inserted to increase the hydrophilicity
and consequently improve the pharmacokinetics of the peptide tracer. 18F-Galacto-RGD has
now been successfully translated into clinic to image integrin expression in cancer and other
disease types [13–20].

The receptor-binding affinity and specificity, hydrophilicity, molecular size, and overall
molecular charges of the radiotracers play important roles in radionuclide imaging of
integrin expression in vivo. Several groups including us found that multimeric RGD peptides
have much higher integrin affinity and, thus, significantly improved tumor-targeting efficacy
over the monomeric RGD analogs [21–29]. In this study, we derivatized a number of
dimeric RGD peptides with SAA and PEG3 spacers for 18F labeling via 4-nitrophenyl 2-18F-
fluoropropionate (18F-NFP) or N-succinimidyl 4-18F-fluorobenzoate (18F-SFB) prosthetic
group. The goals of this study were to evaluate in vivo pharmacokinetics of 18F-labeled
galacto-RGD and PEGylated RGD dimers and compare those with the clinically used 18F-
galacto-RGD.

Materials and Methods

All chemicals obtained commercially were of analytical grade and used without further
purification. No-carrier-added 18F-F− was obtained from an in-house PETtrace cyclotron
(GE Healthcare). The syringe filter and polyethersulfone membranes (pore size, 0.22 μm;
diameter, 13 mm) were obtained from Nalge Nunc Internationals. 125I-Echistatin, labeled by
the lactoperoxidase method to a specific activity of 74 TBq/mmol (2,000 Ci/mmol) was
purchased from GE healthcare. The peptides c(RGDfK) (denoted as RGDfK), c(RGDyK)
(denoted as RGDyK), E[c(RGDyK)]2 (denoted as RGD2), and PEG3-E [c(RGDyK)]2
(denoted as PRGD2) were synthesized by Peptides International. The semipreparative
reversed-phase high-performance liquid chromatography (HPLC) using a Vydac protein and
peptide column (218TP510; 5 μm, 250×10 mm) was performed on a Dionex 680
chromatography system with a UVD 170U absorbance detector and model 105 S single-
channel radiation detector (Carroll and Ramsey Associates). The recorded data were
processed using Chromeleon version 6.50 software. With a flow rate of 5 mL/min, the
mobile phase was changed from 95% solvent A [0.1% trifluoroacetic acid (TFA) in water]
and 5% B [0.1% TFA in acetonitrile (MeCN)] (0–2 min) to 35% solvent A and 65% solvent
B at 32 min. Analytical HPLC has the same gradient system except that the flow rate was 1
mL/min with a Vydac protein and peptide column (218TP510; 5 μm, 250×4.6 mm). The UV
absorbance was monitored at 218 nm, and the identification of the peptides was confirmed
based on the UV spectrum acquired using a PDA detector. C18 Sep-Pak cartridges (Waters)
were pretreated with ethanol and water before use.
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Synthesis of SAA-RGD Peptides

The synthesis of Fmoc-protected sugar amino acid (Fmoc-SAA-OH) was accomplished by a
reported method [30]. As a typical procedure for all the Fmoc-SAA-RGD peptides, Fmoc-
SAA-RGD2 was synthesized as follows: to a solution of Fmoc-SAA-OH (4.3 mg, 10 μmol)
in 0.5 mL N,N′-dimethylformamide (DMF) was added O(N-succinimidyl)-1,1,3,3-
tetramethyluronium tetrafluoroborate (TSTU; 2.4 mg, 8 μmol) and 20 μL N,N-
diisopropylethylamine (DIPEA). After incubating at room temperature for 30 min, RGD2 (2
μmol) in 200 μL dimethyl sulfoxide (DMSO) was loaded in one aliquot. The reaction was
stirred at room temperature for 2 h, and the product Fmoc-SAA-RGD2 was isolated by
semipreparative HPLC. The collected fractions were combined and lyophilized to give a
white fluffy powder. The Fmoc group was readily removed by treating Fmoc-SAA-RGD2
with 20% piperidine in DMF for 30 min at ambient temperature. After dilution with 0.5 mL
1% TFA, the mixture was purified by semipreparative HPLC. The desired fractions
containing SAA-RGD2 were combined and lyophilized to afford SAA-RGD2 as white
powder. SAA-c(RGDfK) (denoted as SAA-RGDfK) was obtained in 74% yield with 10.2
min retention time on analytical HPLC. Matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF-MS) was m/z 793.9 for [MH]+ (C34H53N10O12,
calculated molecular weight 793.8). SAA-c(RGDyK) (denoted as SAA-RGDyK) was
obtained in 65% yield with 10.0-min retention time on analytical HPLC. MALDI-TOF-MS
was m/z 809.7 for [MH]+ (C34H53N10O13, calculated molecular weight 809.8). SAA-
E[c(RGDyK)]2 (denoted as SAA-RGD2) was obtained in 45% yield with 12.6 min retention
time on analytical HPLC. MALDI-TOF-MS was m/z 1539.9 for [MH]+ (C66H98N20O23,
calculated molecular weight 1,539.6).

Synthesis of FP-SAA-c(RGDfK) (Denoted as Galacto-RGD), FP-SAA-c(RGDyK) (Denoted as
FP-SRGDyK), FP-SAA-RGD2 (Denoted as FP-SRGD2), and FP-PEG3-RGD2 (Denoted as FP-
PRGD2)

As a typical procedure for all the FP-SAA-RGD peptides, FP-SRGD2 was synthesized as
follows: to the solution of 2-fluoropropionic acid (7.8 mg, 84.5 μmol) in 0.5 mL anhydrous
MeCN was added TSTU (17.6 mg, 58.5 μmol). The pH of the solution was adjusted to 8.5–
9.0 by DIPEA. The reaction mixture was stirred at room temperature for 0.5 h, and then
SRGD2 (3 μmol) in DMF was added in one aliquot. After being stirred at room temperature
for 2 h, the product FP-SRGD2 was isolated by semipreparative HPLC. The collected
fractions were combined and lyophilized to afford white fluffy powder. Galacto-RGD was
obtained in 92% yield with 11.8-min retention time on analytical HPLC. MALDI-TOF-MS
was m/z 868.1 for [MH]+ (C37H56FN10O13, calculated molecular weight 867.9). FP-
SRGDyK was obtained in 88% yield with 11.6-min retention time on analytical HPLC.
MALDI-TOF-MS was m/z 883.7 for [MH]+ (C37H56FN10O14, calculated molecular weight
883.9). FP-SRGD2 was obtained in 72% yield with 14.5-min retention time on analytical
HPLC. MALDI-TOF-MS was m/z 1,614.9 for [MH]+ (C69H102FN20O24, calculated
molecular weight 1,614.7). FP-PRGD2 was obtained in 85% yield with 13.8-min retention
time on analytical HPLC. MALDI-TOF-MS was m/z 1,616.2 for [MH]+ (C70H106FN20O23,
calculated molecular weight 1,614.7).

Preparation of FB-SAA-RGD2 (Denoted as FB-SRGD2)

N-Succinimidyl-4-fluorobenzoate (SFB; 2 mg, 8.4 μmol) and SRGD2 (1.0 mg, 0.6 μmol)
were mixed in 0.05-M borate buffer (pH 8.5) at room temperature. After 2 h, the product
FB-SRGD2 was isolated by semipreparative HPLC in 58% yield. Retention time on
analytical HPLC was 15.2 min, and MALDI-TOF-MS m/z was 1,661.9 for [MH]+

(C73H102FN20O24, calculated molecular weight 1,661.7).
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Cell-Binding Assay

In vitro integrin αvβ3 receptor-binding affinity and specificity of galacto-RGD, FP-
SRGDyK, FP-SRGD2, FP-PRGD2, and FB-SRGD2 were assessed via a competitive cell-
binding assay using 125I-echistatin as the integrin αvβ3-specific radioligand. Experiments
were performed on U87MG human glioblastoma cells with triplicate samples, as previously
reported [31,32]. The best-fit 50% inhibitory concentration (IC50) values for the U87MG
cells were calculated by fitting the data with nonlinear regression using GraphPad Prism
(GraphPad Software, Inc.).

Radiochemistry

18F-NFP was synthesized as previously reported with HPLC purification [30,33]. As a
typical procedure for all the 18F-FP-RGD peptides, 18F-FP-SRGD2 was synthesized as
follows: the HPLC-purified 18F-NFP was rotary-evaporated to dryness, redis solved in
DMSO (200 μL), and added to a solution of SRGD2 (1.0 μmol) and DIPEA (20 μL). The
reaction mixture was allowed to incubate at 60°C for 30 min. After dilution with 2 mL of
water and 0.1% TFA, the mixture was injected into the semipreparative HPLC. The
collected fractions containing 18F-FP-SRGD2 were combined and rotary-evaporated to
remove MeCN and TFA (the radiochemical yields and radio-HPLC retention time were
shown in the “Electronic Supplementary Materials”). The activity was then reconstituted in
normal saline and passed through a 0.22-μm Millipore filter into a sterile multidose vial for
in vivo experiments.

18F-SFB was synthesized by an automated protocol developed in our research lab using a
commercially available synthesis module (GE TRACERlab FXFN; GE Healthcare; detailed
procedure to be published elsewhere). The purified 18F-SFB were rotary-evaporated to
dryness, redissolved in DMSO (200 μL), and added to a solution of SRGD2 (1.0 μmol) and
DIPEA (20 μL). The reaction mixture was allowed to incubate at 60°C for 30 min. After
dilution with 2 mL of 0.1% TFA water, the mixture was injected into the semipreparative
HPLC. The collected fractions containing 18F-FB-SRGD2 were combined and rotary-
evaporated to remove MeCN and TFA (the radiochemical yields and radio-HPLC retention
time were shown in the “Electronic Supplementary Materials”). The activity was then
reconstituted in normal saline and passed through a 0.22-μm Millipore filter into a sterile
multidose vial for in vivo experiments.

Cell Line and Animal Model

U87MG human glioblastoma cells were grown in Dulbecco’s medium (Gibco, Carlsbad,
CA, USA) supplemented with 10% fetal bovine serum, 100 IU/mL penicillin, and 100 μg/
mL streptomycin (Invitrogen), at 37°C in a humidified atmosphere containing 5% CO2. All
animal experiments were performed under a protocol approved by Stanford’s Administrative
Panel on Laboratory Animal Care. The U87MG tumor model was generated by injection of
5×106 cells in 50 μL PBS into the shoulder of female athymic nude mice (Harlan,
Indianapolis, IN, USA). The mice were subjected to small-animal PET studies when the
tumor volume reached 100–300 mm3 (3–4 weeks after inoculation).

Small-Animal PET Imaging

PET scans and image analysis were performed using a microPET R4 rodent model scanner
(Siemens Medical Solutions) as previously reported [22]. Each mouse was tail-vein-injected
with about 3.7 MBq (100 μCi) of 18F-galacto-RGD, 18F-FP-SRGDyK, 18F-FP-SRGD2, 18F-
FP-PRGD2, or 18F-FB-SRGD2 under isoflurane anesthesia. Five-minute static PET images
were acquired at 20 min, 1, and 2 h postinjection (p.i.; n=4/group). The images were
reconstructed by a two-dimensional ordered-subsets expectation maximum algorithm, and
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no correction was applied for attenuation or scatter. For the blocking experiments, the
tumor-bearing mice were coinjected with 10-mg/kg mouse body weight of c(RGDyK) and
3.7 MBq of 18F-FP-SRGD2 or 18F-FP-PRGD2, and 5-min static PET scans were then
acquired at 20 min, 1, and 2 h p.i. (n=3/group). For each microPET scan, regions of interest
(ROIs) were drawn over the tumor, normal tissue, and major organs by using vendor
software (ASI Pro 5.2.4.0; Siemens Medical Solutions) on decay-corrected whole-body
coronal images. The maximum radioactivity concentration (accumulation) within a tumor or
an organ was obtained from mean pixel values within the multiple ROI volume, which were
converted to counts per milliliter per minute by using a conversion factor. Assuming a tissue
density of 1 g/mL, the ROIs were converted to counts per gram per minute and then divided
by the administered activity to obtain an imaging ROI-derived percentage injected dose per
gram tissue (%ID/g).

Statistical Analysis

Quantitative data were expressed as mean ± SD. Means were compared using one-way

analysis of variance and Student’s t test. P value of <0.05 was considered statistically

significant.

Results

Chemistry and Radiochemistry

The synthesis of Fmoc-SAA-OH started with penta-O-acetylgalacto-β-D-pyranose. The

anomeric acetyl group was readily replaced with cyanide in the presence of trimethylsilyl

cyanide and boron trifluoride with a yield of 75%. The cyanide group was reduced with

LiAlH4 in dry THF, and at the same time, all the rest of acetyls were removed. Without

further purification, the newly formed amine was protected with Fmoc chloride under a

slightly basic condition. After oxidation, the desired Fmoc-SAA-OH was obtained in a yield

of 77%. Before being coupled with the peptides, Fmoc-SAA-OH was activated with TSTU/

DIPEA and then conjugated with the amino group of different RGD peptides under a

slightly basic condition. After piperidine deprotection, the SAA-RGD peptides were

obtained as a white fluffy powder ready for radiolabeling.

The total synthesis time for 18F-NFP was about 70 min including an HPLC purification of

the active ester. The total synthesis time for 18F-SFB was about 90 min. The decay-corrected

radiochemical yields for 18F-FP-SRGD2 and 18F-FP-PRGD2 based on 18F-NFP were

52±9% (n=5) and 80± 7% (n=5), respectively. The radiochemical purity of all the

radiotracers was more than 99% and chemical purity over 90% according to analytical

HPLC. The specific radioactivity of 18F-FP-PRGD2 was determined to be more than 37

TBq/mmol at the end of synthesis. For all the labeling, the unlabeled cold peptides were

efficiently separated from the products. Starting from 18F-F−, the total synthesis time of

each 18F-FP-RGD tracer was about 120 min, and the overall decay-corrected yields ranged

from 8% to 56% for different RGD peptides (Fig. 1), and the total synthesis time for 18F-

FB-SRGD2 tracer was about 110 min with the overall decay-corrected yields range from 8%

to 12% (“Electronic Supplementary Material”).

In vitro Cell Integrin Receptor-Binding Assay

The receptor-binding affinity of galacto-RGD, FP-SRGDyK, FP-SRGD2, FP-PRGD2, and

FB-SRGD2 was determined by performing competitive displacement studies with 125I-

echistatin. All peptides inhibited the binding of 125I-echistatin (integrin αvβ3 specific) to

U87MG cells in a concentration-dependent manner. The IC50 values for galacto-RGD, FP-

SRGDyK, FP-SRGD2, FP-PRGD2, and FB-SRGD2 were 404±38, 485±42, 79.6±8.8,

51.8±4.6, and 60.2±5.4 nM (n=3, mean ± SD; Fig. 2). Overall, the monomeric RGD
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peptides galacto-RGD and FP-SRGDyK possessed comparable affinity, and the dimeric
RGD peptides FP-SRGD2, FP-PRGD2, and FB-SRGD2 also showed similar receptor-
binding affinity. Due to the polyvalency effect, RGD dimers have much higher integrin αvβ3
binding affinity than the RGD monomers.

MicroPET Imaging Studies on Tumor-Bearing Mice

The tumor-targeting efficacy of 18F-galacto-RGD, 18F-FP-SRGDyK, 18F-FP-SRGD2, 18F-
FP-PRGD2, and 18F-FB-SRGD2 in U87MG tumor-bearing nude mice was evaluated by
static microPET scans. The representative decay-corrected coronal images at different time
points after injection of the radiotracers were shown in Fig. 3a, b. The U87MG tumors were
clearly visualized with good tumor-to-background contrast for all the tracers at 20 min p.i.
The tumor signals of the monomeric RGD tracers (18F-galacto-RGD, and 18F-FP-SRGDyK)
were weaker than those of the dimeric RGD tracers (18F-FP-SRGD2, 18F-FP-PRGD2,
and 18F-FB-SRGD2; Fig. 3a, b). Quantitation of tumor and major organ activity
accumulation was performed by measuring ROIs encompassing the entire organ on the
coronal images. The uptake of all five tracers in the tumor, liver, kidneys, and muscle at
different time points p.i. were shown in Table 1. The monomeric RGD tracers, 18F-galacto-
RGD and 18F-FP-SRGDyK, had moderate tumor uptake, which was determined to be
2.1±0.2, 1.2±0.1, and 0.9± 0.1%ID/g for 18F-galacto-RGD and 1.9 ± 0.2, 1.5±0.2, and

1.0±0.1%ID/g for 18F-FP-SRGDyK at 20, 60, and 120 min p.i., respectively. The U87MG

tumor uptake of 18F-FP-SRGD2 was calculated to be 4.3±0.4, 2.8±0.4, and 2.1± 0.2%ID/g

at 20, 60, and 120 min p.i., which was significantly higher than those of the two monomeric

RGD tracers at any time examined (P<0.01). All five tracers showed predominant renal

clearance and minimal hepatobiliary excretion, which was evidenced by the high initial

kidney uptake and very low activity accumulation in the intestines (Fig. 3a, b). The 18F-FP-

SRGD2 had twice as much tumor uptake and similar tumor-to-background ratio compared

to the monomeric analogs. Both 18F-FP-SRGD2 and 18F-FP-PRGD2 showed integrin

specificity in vivo as indicated in Fig. 3c. The in vivo behavior of the PEGylated tracer 18F-

FP-PRGD2 proved to be similar to that of the galacto-linked 18F-FP-SRGD2 tracers without

significant difference in tumor uptake and in vivo kinetics (Fig. 4). The tumor uptake of 18F-

FB-SRGD2 was calculated to be 4.2±0.2, 2.3±0.3, 1.7±0.3%ID/g at 20, 60, and 120 min p.i.,

indicating slightly more rapid tumor washout than 2-18F-fluoropropionate labeled RGD

dimer analogs. The tumor-to-background ratios of 18F-FB-SRGD2 were much lower than

those of the other two dimeric analogs (Fig. 4). For better illustration of the tumor-targeting

efficiency and favorable pharmacokinetics of 18F-FP-PRGD2, a 2D projection image and

3D mpg movie file at 1-h time point were shown in the “Electronic Supplementary

Material.”

Biodistribution Studies and Blocking Experiment

To investigate the localization of the dimeric probes, 18F-FP-SRGD2 and 18F-FP-PRGD2, in

U87MG tumor-bearing nude mice, we performed biodistribution studies at 1 h p.i. with or

without a blocking dose of c(RGDyK; Fig. 5). As can be seen in this figure, the uptake

values of 18F-FP-SRGD2 and 18F-FP-PRGD2 in the kidneys were 2.7±0.4 and 2.5±0.4% ID/

g (n=3/group), respectively, and the uptake values of 18F-FP-SRGD2 and 18F-FP-PRGD2 in

the tumor were 2.1± 0.2 and 2.3±0.2%ID/g (n=3/group), respectively. The biodistribution

results correlated well with the microPET data. The other organs had background-level

activity accumulation. A coinjection of excess amount of c(RGDyK) successfully reduced

the uptake of both 18F-FP-SRGD2 and 18F-FP-PRGD2 in U87MG tumors, confirming the

integrin αvβ3-binding specificity in vivo. Similar to the previously observed results, the

tracer cleared from the body significantly faster, and the uptake in most of the organs (e.g.,

liver, kidneys, and muscle) was also lower than those without c(RGDyK) blocking [34,35].
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Discussion

Because extracellular matrix (ECM) proteins such as vitronectin, fibrinogen, and fibronectin
interact with integrin via the RGD sequence, both linear and cyclic RGD peptides have been
introduced as αvβ3-specific ligands. The penta-peptide cyclo(-Arg-Gly-Asp-D-Phe-Val-)
shows high affinity and selectivity for αvβ3, and it became the most prominent structure for
the development of molecular imaging compounds for the determination of αvβ3 expression
[36]. Although the receptor-specific tumor uptake was confirmed, the relatively high activity
concentration in liver and intestine is unfavorable for patient studies [37]. One strategy to
improve the pharmacokinetics of radiolabeled peptides is to conjugate the cyclic
pentapeptide RGD with glucose- or galactose-based sugar amino acids, leading to
predominant renal elimination and increased uptake and retention in a murine tumor model
compared with the first-generation peptides [12]. The tumor-to-background ratio calculated
from small-animal PET images was comparable due to the faster elimination. PEGylation is
another way to improve the pharmacokinetics of peptides [38]. The different effects of
PEGylation on the pharmacokinetics, tumor uptake, and retention time depend strongly on
the nature of the peptide structures as well as the size of the PEG moiety [39,40]. Although
with good tumor contrast, the absolute tumor uptake value was not satisfactory due to the
relatively low receptor-binding affinity of the RGD monomers. The use of multimeric cyclic
RGD peptides to improve the integrin αvβ3 binding affinity was based on the fact that the
interaction between integrin αvβ3 and RGD-containing ECM proteins involves multivalent
binding sites with clustering of integrins [41]. Previous reports of dimers, tetramers, and
octamers showed that the increase of binding affinity to αvβ3 integrin led to improved tumor
uptake [22,25,26,42]. Polyvalency effect is more obvious in low- to medium-integrin-
expressing tumors than high-integrin-expressing ones. However, high affinity originated
from the multimeric RGD was also accompanied with high background, prolonged
circulation half-life, and incredibly high kidney uptake attributed to nonnegligible integrin
level in the normal organs and tissues. Dimeric RGD peptides with much higher receptor
binding than the monomeric analogs and relatively low background are thus the focus of this
study.

2-Fluoroacetate is the smallest possible fluorocarboxylic acid. However, the low in vivo

stability greatly limited the application of 2-18F-fluoroacetate as a prosthetic peptide radio-
labeling agent. As a result, the 2-18F-fluoropropionic acid (18F-FP) is practically the
smallest fluorocarboxylic acid useful for 18F-labeling of bioactive molecules with primary
amine functionalities. This study described the synthesis of 18F-FP-labeled RGD monomers
and dimers with galacto or PEG3 spacer. For comparison purpose, 4-18F-fluorobenzoate
(18F-FB)-labeled SRGD2 was also synthesized and characterized.

A cell-binding assay using integrin-positive U87MG cells and 125I-echistatin as the
radioligand found that integrin binding affinity of the dimeric tracers (18F-FP-SRGD2, 18F-
FP-PRGD2, and 18F-FB-SRGD2) was higher than those of the monomeric analogs (18F-
galacto-RGD and 18F-FP-SRGDyK; Fig. 2). The galacto and PEG3 spacers as well as the
prosthetic groups had minimal effect on the receptor binding of the RGD derivatives in

vitro. When applied to the subcutaneous U87MG glioblastoma xenograft model which has
high integrin αvβ3 expression, all the RGD peptide tracers showed predominant renal
clearance. 18F-FP-SRGD2 with galacto spacer had significantly higher uptake than 18F-
galacto-RGD and 18F-FP-SRGDyK at all time points examined (Table 1). The tumor-to-
background ratios of the dimers were slightly lower than the monomeric counterparts at
early time points, but the difference was diminished with time. The PEGylated dimer 18F-
FP-PRGD2 had similar in vitro and in vivo behavior to the galacto dimer 18F-FP-SRGD2;
however, the radiolabeling yield of 18F-FP-PRGD2 (80%) is substantially higher than that
of 18F-FP-SRGD2 (52%), probably due to the less steric hindrance of extended amino group
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from the bulky peptide structure. Furthermore, the incorporation of galacto spacer requires
the laborious four-step synthesis of Fmoc-SAA-OH; PEG3 linker seems practically more
useful and easily available. This result was also consistent with another PEGylated RGD
dimeric tracer reported earlier [26]. 18F-FB-SRGD2 was synthesized starting from 18F-SFB
with radiochemical yield of about 22%, which was much lower than that for 18F-FP-
SRGD2. The low radiochemical yield was mainly due to the challenge to purify the desired
radiotracer from the decomposed products of 18F-SFB. 18F-FB-SRGD2 had similar tumor
uptake and clearance profile with 18F-FP-PRGD2 and 18F-FP-SRGD2 but with lower tumor-
to-background contrast. Taken together, 18F-FP-PRGD2 with high synthetic yield, high and
prolonged tumor retention, and good tumor-to-background ratio outperforms 18F-galacto-
RGD monomer and other dimeric RGD peptide tracers tested in this study.

Conclusion

18F-FP-PRGD2 and 18F-FP-SRGD2 were shown to bind with high affinity and specificity
with integrin-positive U87MG glioma cells in vitro and in vivo. Although both tracers had
higher tumor uptake than 18F-galacto-RGD, the high radio-chemical yield and relatively
easy purification procedure for 18F-FP-PRGD2 allows for imaging integrin expression for
cancer diagnosis and for treatment response monitoring. Indeed, the exploratory
investigative new drug application for 18F-FP-PRGD2 was recently approved by FDA (IND
104150) for first-in-human test. The side-by-side comparison of 18F-FP-PRGD2 with 18F-
galacto-RGD in human is currently in progress.
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Fig. 1.

Chemical structures of 18F-FP- and 18F-FB-labeled RGD peptides
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Fig. 2.

Inhibition of 125I-echistatin binding to αvβ3 integrin on U87MG cells by galacto-RGD, FP-
SRGDyK, FP-PRGD2, FP-SRGD2, and FB-SRGD2
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Fig. 3.

Small-animal PET images of U87MG tumor-bearing mice. a Decay-corrected whole-body
coronal images at 20 min, 1, and 2 h after injection of about 3.7 MBq of 18F-galacto-RGD
and 18F-FP-SRGDyK. b Decay-corrected whole-body coronal images at 20 min, 1, and 2 h
after injection of about 3.7 MBq of 18F-FP-SRGD2, 18F-FP-PRGD2, and 18F-FB-SRGD2. c
Decay-corrected whole-body coronal images at 1 h after injection of about 3.7 MBq of 18F-
FP-SRGD2 and 18F-FP-PRGD2 with coinjection of 10 mg c(RGDyK) per kilogram of
mouse body weight
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Fig. 4.

Comparison of tumor (T) to muscle, kidney, and liver ratios of five tracers at 1 h (a) and 2 h
(b), respectively, after injection to U87MG tumor-bearing mice (n=3 per group, mean ± SD)
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Fig. 5.

Biodistribution of 18F-FP-PRGD2, 18F-FP-SRGD2, and 18F-FP-PRGD2 with coinjection of
10 mg/kg c(RGDyK) in female athymic nude mice bearing subcutaneous U87MG tumors at
1 h postinjection (n=3 per group)
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