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Abstract In this study, we reported the preparation and

evaluation of 177Lu-DOTA-RGD2, 177Lu-DOTA-Bz-RGD2

and 177Lu-DTPA-Bz-RGD2 (RGD2 = E[c(RGDfK)]2) as a

potential therapeutic radiotracers for the treatment of inte-

grin avb3-positive tumors. The BALB/c nude mice bearing

the U87MG human glioma xenografts were used to evaluate

the biodistribution characteristics and excretion kinetics

of 177Lu-DOTA-RGD2, 177Lu-DOTA-Bz-RGD2 and
177Lu-DTPA-Bz-RGD2. It was found that there were no

major differences in their lipophilicity and biodistribution

characteristics, particularly at latter time points. A major

advantage of using DTPA-Bz as the bifunctional chelator

(BFC) was its high radiolabeling efficiency (fast and high

yield radiolabeling) at room temperature. Using DOTA and

DOTA-Bz as BFCs, the radiolabeling kinetics was slow, and

heating at 100�C and higher DOTA-conjugate concentration

were needed for successful 177Lu-labeling. Therefore,

DTPA-Bz is an optimal BFC for routine preparation of
177Lu-labeled cyclic RGDfK peptides, and 177Lu-DTPA-Bz-

RGD2 is worthy of further investigation for targeted radio-

therapy of integrin avb3-positive tumors.

Keywords Integrin avb3 � RGD � DTPA-Bz � 177Lu �
Tumor therapy

Abbreviations

DOTA 1,4,7,10-Tetraazacyclododecane-1,4,7,

10-tetraacetic acid

DOTA-Bz 2-(p-Isothiocyanobenzyl)-

1,4,7,10-tetraazacyclododecane-1,4,7,

10-tetraacetic acid

DTPA-Bz 2-(p-Isothiocyanobenzyl)

diethylenetriaminepentaacetic acid

Introduction

Integrin avb3 plays a pivotal role in tumor angiogenesis

and metastasis (Brooks et al. 1994; Folkman 2003; Jin

and Varner 2004). The highly restricted expression of

integrin avb3 in solid tumors during growth, invasion and

metastasis makes it an interesting molecular target for

the development of integrin avb3-targeted therapeutic

pharmaceuticals and radiopharmaceuticals (Abdollahi

et al. 2005; Alghisi and Rüegg 2006; Liu et al. 2008). In

the last decade, many radiolabeled RGD-containing

peptide and non-peptide antagonists have been evaluated

as potential radiotracers to image the integrin avb3-

positive tumors by positron-emission tomography or

single photon-emission computed tomography (Beer

et al. 2006, 2007; Chen et al. 2004; Haubner et al. 2003;

Jia et al. 2006, 2008; Kenny et al. 2008; Liu et al.

2009b, 2009c). Among all the RGD peptides and ana-

logs, [18F]-AH111585 and [18F]Galacto-RGD are under

clinical investigations for noninvasive visualization of

integrin avb3 expression in cancer patients (Beer et al.

2006, 2007; Haubner et al. 2003; Kenny et al. 2008).

The integrin avb3-targeted radiotracers have been
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reviewed extensively (Cai et al. 2008; Haubner et al.

2003; Liu 2006; Temming et al. 2005).

The cyclic RGDfK dimer, E[c(RGDfK)]2, has been

widely used as a targeting biomolecule to develop the

integrin avb3-targeted diagnostic (64Cu, 68Ga, 18F, 99mTc

and 111In) and therapeutic (90Y and 177Lu) radiotracers

(Chen et al. 2004; Jia et al. 2006, 2008; Liu et al. 2001b,

2009b, 2009c). It was found that the radiolabeled cyclic

RGD dimer had much better tumor uptake than its

monomer analog due to the higher integrin avb3-binding

affinity of E[c(RGDfK)]2 than that of c(RGDfK).

Both 90Y and 177Lu have been used to radiolabel

small biomolecules for the development of therapeutic

radiopharmaceuticals (de Keizer et al. 2008; Veeravagu

et al. 2008). 90Y is a generator-produced radionuclide. It

has a high-energy pure b--particle emission

(Emax = 2.28 MeV) with a half life of 2.7 days, which is

short enough to achieve a critical radiation dose rate and

at the same time is long enough to allow the radiotracer

to be manufactured and delivered for clinic use. Because
90Y has no c emission, the corresponding 111In-labeled

compound is often used as the imaging surrogate for

biodistribution and dosimetry determination (de Jong

et al. 1997). 177Lu is a reactor-produced radionuclide,

with a half life of 6.75 days. It has three low-energy b-

emissions [Emax = 0.176 MeV (12%), 0.384 MeV (9%)

and 0.497 MeV (79%)], and two c emissions [113 keV

(6.4%) and 208 keV (11%)]. Because of its low b-

energy, 177Lu-labeled compounds might be useful in

treating small and metastatic tumors. The presence of

these two c emissions will allow scintigraphic imaging

for quantification of biodistribution and determination of

radiation dosimetry in clinical settings.

As a continuation of our interest in radiolabeled cyclic

RGD peptides as diagnostic and therapeutic radiotracers,

we prepared the 177Lu complexes (Fig. 1) of DOTA-

E[c(RGDfK)]2 (DOTA-RGD2), DOTA-Bz-E[c(RGDfK)]2

(DOTA-Bz-RGD2) and DTPA-Bz-E[c(RGDfK)]2 (DTPA-

Bz-RGD2). We are particularly interested in the impact of

bifunctional chelators (BFCs; DOTA, DOTA-Bz and

DTPA-Bz) on biological properties (integrin avb3-binding

affinity, biodistribution and metabolism) of the 177Lu-

labeled RGD2. We used BALB/c nude mice bearing the

U87MG glioma xenografts to evaluate the biodistribution

characteristics of 177Lu-DOTA-RGD2, 177Lu-DOTA-Bz-

RGD2 and 177Lu-DTPA-Bz-RGD2. The main objective of

this study is to compare their biodistribution characteristics

and excretion kinetics in the tumor-bearing mice, and to

choose an optimal BFC for routine preparation of the
177Lu-labeled RGD2, as well as the further therapeutic

investigation of integrin avb3-positive tumors.

Materials and methods

General remarks

The labeling precursors, DOTA-RGD2, DOTA-Bz-RGD2

and DTPA-Bz-RGD2, were kindly provided by Dr Shuang

Liu at School of Health Sciences, Purdue University.
177LuCl3 was purchased from Perkin Elmer Life and Ana-

lytical Sciences (Boston, MA, USA). The reversed-phase

C18 Sep-Pak cartridges were obtained from Waters (Milford,

MA, USA). All buffers for radiolabeling were passed over a

Chelex 100 column (Bio-Rad Laboratories, Hercules, CA,

USA) (1 cm 9 15 cm) to minimize trace metal contami-

nants. The radio-HPLC method used an HP Hewlett�

Packard Series 1100 HPLC system equipped with a radiation

detector (Radioflow Detector LB509) and an Agilent Zorbax

SB-C18 column (4.6 mm 9 250 mm, 5 lm). The flow rate

was 1.0 ml/min. The mobile phase was isocratic with 90%

solvent A (25 mM NaOAc buffer, pH = 5.0) and 10% sol-

vent B (acetonitrile) at 0–2 min, followed by a gradient

mobile phase going from 10% solvent B at 2 min to 30%

solvent B at 10 min and to 80% solvent B at 15 min, then to

10% solvent B at 20 min. The ITLC method used Gelman-

Sciences silica-gel paper strips and a 1:1 mixture of acetone

and saline as the developing agent. By this method, 177Lu-

labeled peptide migrated to the solvent front, while free
177Lu remained at the origin.

Preparation of 177Lu complexes

To a clean Eppendorf tube were added 20 ll (0.5 lg/ll) of

RGD dimer (DOTA-RGD2, DOTA-Bz-RGD2 or DTPA-Bz-

RGD2), 180 ll of 0.2 M NaOAc buffer (pH = 5.0) and 20 ll

of 177LuCl3 solution (*5 mCi, in 0.05 N HCl). The reaction

mixture was heated at 100�C for 15*20 min for the prepa-

ration of 177Lu-DOTA-RGD2 or 177Lu-DOTA-Bz-RGD2,

while the mixture was incubated at room temperature for the

preparation of 177Lu-DTPA-Bz-RGD2. A sample of the

resulting solution was analyzed by radio-HPLC and ITLC.

Doses preparation for animal studies

All three 177Lu radiotracers were purified using Sep-Pek C-

18 cartridge (Waters, MA, USA) before animal studies. To

chelate the ‘‘free’’ 177Lu, 30 ll of EDTA (6 mM,

pH = 5.0) was added to the reaction mixture 5 min before

purification. The Sep-Pak C-18 cartridge was activated

with 10 ml of ethanol, and was washed with 10 ml of H2O.

After the Sep-Pak C-18 cartridge was loaded with radio-

tracer, the cartridge was then washed with 10 ml of saline

to remove any 177Lu-EDTA, the 177Lu radiotracer was
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eluted with 0.4 ml of 80% ethanol. Doses for animal

studies were prepared by dissolving the purified radiotracer

in saline to give a concentration of 150 lCi/ml for bio-

distribution studies, 4.0 mCi/ml for metabolism and

2.0 mCi/ml for imaging. In the blocking experiment,

excess E[c(RGDfK)]2 was used as the blocking agent.

Doses were prepared by dissolving excess E[c(RGDfK)]2

in saline to give a final concentration of 3.0 mg/ml. Each

tumor-bearing mouse was injected with 0.1 ml of solution

(*15 mg/kg).

Partition coefficients

The purified radiotracer was dissolved in a equal volume

(3 ml:3 ml) mixture of n-octanol and 25 mM phosphate

buffer (pH = 7.4). After stirring vigorously for *20 min,

the mixture was centrifuged at 8,000 rpm for 5 min.

Samples (in triplets) from n-octanol and aqueous layers

were counted in a gamma counter (Wallac 1470-002,

Perkin Elmer, Finland). The partition coefficients were

calculated. The log P values were measured three times

and reported as an average of three different measurements

plus the standard deviation.

Solution stability

For the solution stability in saline, all three 177Lu radio-

tracers were prepared, and were then purified using Sep-

Pek C-18 cartridge. Samples diluted in saline were ana-

lyzed by ITLC at 2, 8, 12 and 24 h. For the solution sta-

bility in fetal bovine serum (FBS), the 177Lu radiotracer

was first eluted from the Sep-Pek C-18 cartridge with

0.4 ml of 80% ethanol, and then the eluate was diluted to

*2 mCi/ml. Samples were analyzed by ITLC at 2, 8, 12

and 24 h.

Integrin avb3 receptor-binding assay

The in vitro integrin avb3-binding affinity and specificity of

DOTA-RGD2, DOTA-Bz-RGD2 and DTPA-Bz-RGD2

were assessed via the competitive cell-binding assay using
125I-c(RGDyK) as the receptor-specific radioligand. The
125I-c(RGDyK) was prepared in a high specific activity

(*1,200 Ci/mmol) as previously described (Liu et al.

2009a, d). Receptor-binding experiments were performed

on U87MG human glioma cells. The U87MG human gli-

oma cells were maintained at 37�C and 5% CO2 in
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Fig. 1 Chemical structures of
177Lu-DOTA-RGD2, 177Lu-

DOTA-Bz-RGD2 and 177Lu-

DTPA-Bz-RGD2

(RGD2 = E[c(EGDfK)]2)
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Dulbecco’s modified Eagle’s medium containing 10% FBS.

In this experiment, the tumor cells were harvested, washed

twice with PBS and re-suspended (2 9 106 cells/ml) in

binding buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 2 mM

CaCl2, 1 mM MgCl2, 1 mM MnCl2, 0.1% BSA). Filter

multiscreen DV plates (96-well, pore size: 1.0 lm, Milli-

pore, Billerica, MA, USA) were seeded with 105 cells/well

and incubated with 125I-c(RGDyK) (*200,000 cpm/well)

in the presence of the increased concentrations of RGD

peptide conjugates (0*1,000 nM). The total incubation

volume was adjusted to 200 ll. After the cells were incu-

bated at 4�C for 2 h, the plates were filtered through a mul-

tiscreen vacuum manifold and washed twice with cold-

binding buffer. The hydrophilic PVDF filters were collected

and the radioactivity was determined using a gamma counter

(Wallac 1470-002, Perkin Elmer, Finland). The IC50 values

were calculated by fitting the data by nonlinear regression

using GraphPad Prism (GraphPad Software, San Diego, CA,

USA). Experiments were carried out twice with triplicate

samples. The IC50 values are reported as an average of these

samples plus the standard deviation.

Biodistribution studies

All animal experiments were performed in accordance with

the guidelines of Peking University Health Science Center

Animal Care and Use Committee. Female BALB/c nude

mice (4*5 weeks of age) were purchased from Depart-

ment of Experimental Animal, Peking University Health

Center. U87MG cells (5 9 106) were implanted subcuta-

neously into the right upper flanks of mice. When tumors

reached *0.8 cm in mean diameter, the tumor-bearing

mice were used for both biodistribution and imaging

studies. In short, 16 tumor-bearing mice were randomly

divided into four groups, each of which had four animals.

The 177Lu radiotracer (15 lCi in 0.1 ml saline) was

administered intravenously to each tumor-bearing mouse

via tail vein. Animals were anesthetized with intraperito-

neal injection of sodium pentobarbital at a dose of

45.0 mg/kg. Animals were killed by cervical dislocation at

1, 2, 4 and 24 h postinjection (p.i.). Organs were excised,

washed with saline, weighed, and counted in a gamma

counter (Wallac 1470-002, Perkin Elmer, Finland). Organs

of interest included the tumor, blood, heart, liver, lungs,

spleen, kidneys, stomach, intestine, muscle and bone. The

organ uptake was calculated as a percentage of the injected

dose per gram of tissue mass (%ID/g).

Blocking experiment

In the blocking experiment, the four tumor-bearing mice was

administered with excess E[c(RGDfK)]2 (*15 mg/kg) via

tail vein about 30 min prior to the injection of 177Lu-DOTA-

Bz-RGD2. At 2 h p.i., all four animals were killed for organ

biodistribution using the same procedure above. The results

were compared with those obtained in animals without

excess E[c(RGDfK)]2.

Metabolism

The metabolic stability of 177Lu radiotracers was evaluated

in normal BALB/c nude mice. Each mouse was adminis-

tered with the radiotracer (300 lCi in 0.2 ml saline) via

intravenous injection. Animals were anesthetized with

intraperitoneal injection of sodium pentobarbital (45.0 mg/

kg). The mice were killed by cervical dislocation at 2 h

p.i., and livers were removed and homogenized. The

homogenate was extracted with 500 ll of 50% acetonitrile

aqueous solution. The extract was centrifuged at 1,500 rpm

for 15 min, and the supernatant was filtered through a 0.22-

lm Millex-LG syringe driven filter unit. The filtrate was

analyzed by radio-HPLC. Urine samples were collected at

2 h p.i., and were mixed with equal volume of acetonitrile.

The mixtures were centrifuged at 1,500 rpm for 15 min.

The supernatant was collected and filtered through a 0.22-

lm Millex-LG syringe driven filter unit. The filtrate was

analyzed by radio-HPLC.

Scintigraphic imaging

An imaging study was performed using three tumor-bear-

ing mice. Each animal was administered with 400 lCi of
177Lu-DOTA-Bz-RGD2 in 0.2 ml saline. Animals were

anesthetized with intraperitoneal injection of sodium pen-

tobarbital (45.0 mg/kg), then were placed supine on a two-

head c-camera (SIEMENS, E. CAM) equipped with a

parallel hole, middle energy and high-resolution collima-

tor. Anterior images were acquired at 4 h p.i., and stored

digitally in a 128 9 128 matrix. The acquisition count

limits were set at 200 k. Following the completion of the

imaging study, animals were killed by cervical dislocation.

Statistical analysis

The biodistribution data and T/B ratios are reported as an

average plus the standard deviation. Comparison between the

two different radiotracers was also made using the one-way

ANOVA test. The level of significance was set at P = 0.05.

Results

Whole-cell integrin avb3-binding assay

The integrin avb3-binding affinity of DOTA-RGD2,

DOTA-Bz-RGD2 and DTPA-Bz-RGD2 was determined

114 J. Shi et al.

123



using integrin avb3-positive U87MG human glioma cells.

The integrin avb3-binding affinity of c(RGDyK) was also

determined to demonstrate the advantage of multimer.

Figure 2d shows the displacement curves of c(RGDyK),

DOTA-RGD2, DOTA-Bz-RGD2 and DTPA-Bz-RGD2

against the binding of 125I-c(RGDyK) to the integrin avb3

expressed on U87MG glioma cells. IC50 values were cal-

culated to be 46.12 ± 7.49 nM for c(RGDyK),

2.35 ± 0.75 nM for DOTA-RGD2, 5.88 ± 0.35 nM for

DOTA-Bz-RGD2 and 3.23 ± 0.78 nM for DTPA-Bz-

RGD2.

Radiochemistry

177Lu-DOTA-RGD2, 177Lu-DOTA-Bz-RGD2 and 177Lu-

DTPA-Bz-RGD2 were prepared by reacting 177LuCl3 with

the corresponding RGDfK dimer conjugate in 200 mM

NaOAc buffer (pH = 5.5). For 177Lu-DTPA-Bz-RGD2, the

reaction was almost instantaneous with high radiolabeling

efficiency and radiochemical purity at room temperature. For
177Lu-DOTA-RGD2 and 177Lu-DOTA-Bz-RGD2, heating

at 100�C was required to achieve high yield labeling. Under

the conditions used in this study (10 lg of the cyclic RGDfK

dimer conjugate for 5 mCi of 177Lu), the labeling yield was

[95% and the radiochemistry purity was[99% for all three
177Lu radiotracers after Sep-Pek purification. Figure 2a–c

shows representative radio-HPLC chromatograms for 177Lu-

DOTA-RGD2 (Fig. 2a), 177Lu-DOTA-Bz-RGD2 (Fig. 2b)

and 177Lu-DTPA-Bz-RGD2 (Fig. 2c). Their log P values in

an equal volume mixture of n-octanol and 25 mM phosphate

buffer (pH = 7.4) were -3.39 ± 0.52, -3.47 ± 0.09 and -

3.47 ± 0.26, respectively. There was no significant differ-

ence in their lipophilicity within the experimental error,

which is consistent with the similarity in their HPLC reten-

tion time (Fig. 2a–c).

Solution stability

We studied solution stability of 177Lu-DOTA-RGD2,
177Lu-DOTA-Bz-RGD2 and 177Lu-DTPA-Bz-RGD2 both

in saline and in FBS (Fig. 2e, f). Low radiotracer concen-

tration (2 mCi/ml) was used to avoid radiolytic degrada-

tion. It is clear that they all remained stable for [24 h in

saline. In the FBS solution, however, 177Lu-DOTA-RGD2

was stable for [24 h while 177Lu-DOTA-Bz-RGD2 and
177Lu-DTPA-Bz-RGD2 had 3*5% of decomposition over

24 h at room temperature.

Biodistribution characteristics

Biodistribution studies of 177Lu-DOTA-RGD2, 177Lu-

DOTA-Bz-RGD2 and 177Lu-DTPA-Bz-RGD2 were per-

formed using the BALB/c nude mice bearing the U87MG

human glioma xenografts. In general, all three radiotracers

had very similar biodistribution patterns, despite their
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Fig. 2 Representative radio-HPLC chromatograms of 177Lu-DOTA-

RGD2 (a), 177Lu-DOTA-Bz-RGD2 (b) and 177Lu-DTPA-Bz-RGD2

(c); d in vitro inhibition of 125I-c(RGDyK) binding to integrin avb3 on

U87MG human glioma cells by c(RGDfK) (dark filled circle,

IC50 = 46.12 ± 7.49 nM), DOTA-RGD2 (open square,

IC50 = 2.35 ± 0.75 nM), DOTA-Bz-RGD2 (open triangle,

IC50 = 5.88 ± 0.35 nM), and DTPA-Bz-RGD2 (cross symbol,
IC50 = 3.23 ± 0.78 nM) (mean ± SD, n = 3); solution stability of
177Lu-DOTA-RGD2, 177Lu-DOTA-Bz-RGD2 and 177Lu-DTPA-Bz-

RGD2 in FBS (e) and in saline (f) (mean ± SD, n = 3)
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differences in the 177Lu chelates with respect to the

molecular charge, chelator framework and donor atoms.

For example, they all had low blood activity, and were

excreted via both hepatobiliary and renal routes (Fig. 3a–

c). As a result of the rapid blood clearance (Fig. 4a), they

all showed very high tumor/blood ratios at 4 and 24 h p.i.

(Fig. 3e, f). The tumor-to-nontumor ratios of the three ra-

diotracers were almost identical at all time points exam-

ined, except for the much higher tumor/blood ratios of
177Lu-DTPA-Bz-RGD2 and 177Lu-DOTA-Bz-RGD2 when

compared with 177Lu-DOTA-RGD2 at 24 h p.i. (Fig. 3f).

The tumor uptake of 177Lu-DTPA-Bz-RGD2 (2.40 ± 0.49

%ID/g) at 1 h p.i. was significantly higher than that of
177Lu-DOTA-RGD2 (1.69 ± 0.28 %ID/g) and 177Lu-

DOTA-Bz-RGD2 (1.85 ± 0.21 %ID/g) (P \ 0.05); but

this difference disappeared between 2 and 24 h p.i.

(Fig. 4d). The liver uptake of 177Lu-DOTA-Bz-RGD2 was

lower than that of 177Lu-DOTA-RGD2 and 177Lu-DTPA-

Bz-RGD2 at 1 h p.i., but all the three radiotracers showed

similar liver uptake after 2 h p.i. (Fig. 4b). Among these

three radiotracers, 177Lu-DOTA-Bz-RGD2 had the lowest

bone uptake (1.11 ± 0.28 %ID/g) at 1 h p.i. There was no

significant difference between 177Lu-DOTA-RGD2, 177Lu-

DOTA-Bz-RGD2 and 177Lu-DTPA-Bz-RGD2 for the bone

uptake between 4 and 24 h p.i. (Fig. 4c).

Integrin avb3 receptor specificity

We performed the blocking experiment using

E[c(RGDfK)]2 as the blocking agent to demonstrate tumor

specificity of 177Lu-DOTA-Bz-RGD2. Pre-injection of

E[c(RGDfK)]2 at a dose of 15 mg/kg significantly reduced

its tumor uptake (Fig. 3d), suggesting that the tumor

localization of 177Lu-DOTA-Bz-RGD2 was indeed integrin

avb3 mediated. However, its uptake in nontumor organs,

such as intestine, liver, spleen, and stomach, was also

significantly reduced, which is similar to the findings of

studies with other radiolabeled RGD peptides.

Imaging study

The image study was performed using BALB/c nude mice

bearing U87MG human glioma xenografts. Figure 5 illus-

trates a representative scintigraphic image of mice at 4 h

after administration of *400 lCi of 177Lu-DOTA-Bz-

RGD2. The tumor can be readily visualized. Regions of

interests were drawn over each tumor and the contralateral

muscles on the planar scintigraphic images. The tumor/

muscle ratio was calculated to be 7.8 ± 0.2 (n = 3), which

is consistent with that obtained from direct tissue sampling.

High abdomen accumulation of the radioactivity was also

found in the scintigraphic images.

Metabolic properties

We performed metabolism studies on 177Lu-DOTA-RGD2,
177Lu-DOTA-Bz-RGD2 and 177Lu-DTPA-Bz-RGD2 using

normal BALB/c nude mice. Because they were excreted

from both renal and hepatobiliary routes, we analyzed the

samples from the liver and urine to determine if they were

able to retain their chemical integrity at 1 h p.i. Figure 6

illustrates the HPLC chromatograms of 177Lu-DOTA-

RGD2 (left) and 177Lu-DTPA-Bz-RGD2 (right) in the kit

matrix before injection (Fig. 6a), in the liver (Fig. 6b) and

in the urine (Fig. 6c). The metabolic pattern of 177Lu-

DOTA-Bz-RGD2 is almost identical to that of 177Lu-

DOTA-RGD2. It is quite clear that there is no significant

metabolism in both urine and liver samples at 1 h p.i.

Discussion

In 1980s, Meares’ group was the first to use polyaza

macrocycles as BFCs for radiolabeling of antibodies with
67Cu and 90Y (Moi et al. 1985), and found that macrocyclic

BFCs formed 67Cu and 90Y chelates with high stability and

kinetic inertness. Since then, many macrocyclic BFCs have

been used for radiolabeling of biomolecules, including

monoclonal antibodies, antibody fragments and small

peptides (Deshpande et al. 1990; Peterson and Meares

1999). Macrocyclic and acyclic BFCs and their coordina-

tion chemistry with lanthanide radionuclides and other ra-

diometals have been reviewed extensively (Blower et al.

1996; Liu 2004).

For radiolabeled antibodies, the attachment of BFCs

does not disturb the tertiary structure of the polypeptide

backbone; thereby, the biological and receptor-binding

properties are not significantly affected. For small bio-

molecules (peptides and non-peptide receptor ligands),

however, the metal chelate (radionuclide and BFC) con-

tributes greatly to the overall size and molecular weight of

the radiotracer. Because the biodistribution of radiotracers

depend on the physical and chemical properties of both

biomolecules and metal chelates, it is necessary to explore

the impact of BFCs on tumor-targeting capability and

biodistribution characteristics of radiotracers.

In this study, we prepared three cyclic RGDfK dimer

conjugates (DOTA-RGD2, DOTA-Bz-RGD2 and DTPA-

Bz-RGD2) and compared their integrin avb3-binding

affinity in a whole-cell competition assay. It seems that

DOTA-RGD2 (2.35 ± 0.75 nM) has a higher binding

affinity than DOTA-Bz-RGD2 (5.88 ± 0.35 nM), but this

difference is not significant within the limit of this assay.

Apparently, the attachment of different chelators (DOTA,

DOTA-Bz and DTPA-Bz) has little effect on integrin

avb3-binding affinity of BFC-RGD2 conjugates. IC50
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values of DOTA-RGD2, DOTA-Bz-RGD2 and DTPA-Bz-

RGD2 are much lower than that of c(RGDyK)

(46.12 ± 7.49 nM). Thus, formation of the cyclic RGDfK

dimer increases the integrin avb3-binding affinity. Similar

conclusions have also been made for the 6-hydrazinonic-

otinamide and DOTA-conjugated cyclic RGDfK dimer (Jia

et al. 2006, 2008).

The difference between 177Lu-DOTA-RGD2 and 177Lu-

DOTA-Bz-RGD2 is molecular charge. DOTA is attached

to E[c(RGDfK)]2 via one of four carboxylic groups.
177Lu-DOTA chelate is neutral in 177Lu-DOTA-RGD2. In

contrast, DOTA-Bz is attached to E[c(RGDfK)]2 via the

isothiocyanate group, and the 177Lu-DOTA-Bz chelate is

anionic (Liu and Edwards 2001a). 177Lu-DOTA-Bz-RGD2

is different from 177Lu-DTPA-Bz-RGD2 in their ligand

framework, donor atoms and molecular charge. DTPA is

acyclic and contain three amine-N and five carboxylato-O

atoms for chelation. The 177Lu-DTPA chelate has two

negative charges. Despite their differences in molecular

charge and donor atoms, there was no significant difference

in lipophilicity (log P values) of 177Lu-DOTA-RGD2,
177Lu-DOTA-Bz-RGD2 and 177Lu-DTPA-Bz-RGD2, sug-

gesting that the cyclic RGDfK dimer remains the deter-

mining factor for lipophilicity of the 177Lu-labeled

E[c(RGDfK)]2.

The in vivo tumor targeting capability of 177Lu-DOTA-

RGD2, 177Lu-DOTA-Bz-RGD2 and 177Lu-DTPA-Bz-

RGD2 was evaluated in the BALB/c nude mice bearing the

U87MG human glioma xenografts. It is surprising that both

biodistribution patterns (Fig. 3a–c) and excretion kinetics
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Fig. 3 Histograms of biodistribution data for 177Lu-DOTA-RGD2

(a), 177Lu-DOTA-Bz-RGD2 (b) and 177Lu-DTPA-Bz-RGD2 (c) in

BALB/c nude mice bearing U87MG human glioma xenografts

(mean ± SD, n = 4 per group); biodistribution of 177Lu-DOTA-Bz-

RGD2 in U87MG tumor-bearing nude mice with and without

coinjection of 15 mg/kg E[c(RGDfK)]2 as a blocking agent at 2 h

postinjection (d); tumor/background ratios for 177Lu-DOTA-RGD2,
177Lu-DOTA-Bz-RGD2 and 177Lu-DTPA-Bz-RGD2 in BALB/c nude

mice bearing U87MG human glioma xenografts at 4 h (e) and 24 h (f)
postinjection (mean ± SD, n = 4 per group)
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(Fig. 4) of 177Lu-DOTA-RGD2 and 177Lu-DOTA-Bz-

RGD2 are almost identical, despite the difference in

molecular charge of 177Lu chelates, likely caused by the

presence of benzene ring in DOTA-Bz. Theoretically, the

increase in negative charge in the radiometal chelate would

be expected to result in the decreased lipophilicity, but this

effect could be counter-balanced by the lipophilic aromatic

Bz group. This may explain the similarity between 177Lu-

DOTA-RGD2 and 177Lu-DOTA-Bz-RGD2 with respect to

their log P values and biodistribution characteristics.

A major advantage of using DTPA analogs as BFCs is fast

radiolabeling kinetics under mild conditions. Stimmel et al.

studied the 90Y-chelation properties of a series of DOTA and

DTPA analogs (Stimmel and Kull Jr 1998; Stimmel et al.

1995). It was found that the 90Y-chelation efficiency of

acyclic chelators, such as DTPA and its derivatives, was

much higher than that of macrocyclic chelators. The DTPA-

biomolecule conjugates can be readily radiolabeled under

mild conditions (room temperature and pH 4*7). Liu et al.

studied the 90Y-chelation kinetics of DTPA- and DOTA-

conjugated small biomolecules (Liu et al. 2001a; Liu and

Edwards 2001b), and found that the high yield labeling

(RCP [ 95%) could be readily achieved using much smaller

amount of DTPA-biomolecule conjugate for the same

amount of radioactivity (90Y and 111In), and chelation was

almost instantaneous at room temperature. In contrast, the

labeling kinetics of DOTA-biomolecule conjugate was very

slow, and the radiolabeling yield was pretty low at room

temperature. In this study, the 177Lu radiolabeling of DOTA-

RGD2, DOTA-Bz-RGD2 and DTPA-Bz-RGD2 was carried

out at 100�C or room temperature, respectively. When

compared with DOTA-RGD2 and DOTA-Bz-RGD2, the

labeling kinetics of DTPA-Bz-RGD2 was much more rapid.
177Lu-DTPA-Bz-RGD2 could be readily available with high

labeling yield after reaction for 10 min at room temperature.

In contrast, heating at 100�C was needed for the preparation

of 177Lu-DOTA-RGD2 or 177Lu-DOTA-Bz-RGD2. The

rapid reaction kinetics of 177Lu-DTPA-Bz-RGD2 makes it

more suitable for possible kit formulation and routine clini-

cal application.
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Fig. 4 Comparison of the

uptake between 177Lu-DOTA-

RGD2, 177Lu-DOTA-Bz-RGD2

and 177Lu-DTPA-Bz-RGD2 in

blood (a), liver (b), bone (c) and

tumor (d) of BALB/c nude mice

bearing U87MG human glioma

xenografts (mean ± SD, n = 4

per group)

Fig. 5 A representative scintigraphic image of the tumor-bearing

mice administered with *400 lCi of 177Lu-DOTA-Bz-RGD2. The

arrow indicates the presence of tumor
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We and other groups recently designed and synthesized

several new RGD dimers with Gly3 or PEG4 (Gly3 = gly-

cine-glycine-glycine; PEG4 = 15-amino-4,7,10,13-tetra-

oxapentadecanoic acid) spacers between the two RGD

motifs in the homodimeric peptides (Liu et al. 2009b, 2009c;

Shi et al. 2008, 2009; Wang et al. 2009). The insertion of the

Gly3 or PEG4 spacers significantly increased the distance

between the two cyclic RGD peptide motifs, resulting in an

increase in vitro receptor-binding affinity. More importantly,

the new 99mTc, 18F and 68Ga-labeled RGD dimers with Gly3

or PEG4 spacers exhibited significantly enhanced tumor

uptake in nude mouse models (Liu et al. 2009b, 2009c; Shi

et al. 2008; Wang et al. 2009). Therefore, it is also worthy of

the further investigation to evaluate the tumor therapeutic

efficacy of 177Lu-labeled Gly3 or PEG4-lyted RGD dimer

using DTPA-Bz as the chelator.

Conclusions

In this study, we evaluated the biodistribution characteristics

and excretion kinetics of 177Lu-DOTA-RGD2, 177Lu-DOTA-

Bz-RGD2 and 177Lu-DTPA-Bz-RGD2 using BALB/c nude

mice bearing U87MG human glioma xenografts. It was found

that there were no major differences in their lipophilicity and

biodistribution characteristics, particularly at latter time

points. However, when comparing with DOTA-RGD2 and

DOTA-Bz-RGD2, the 177Lu labeling kinetics of DTPA-Bz

was much more rapid. The easy availability, high integrin

avb3-binding affinity/specificity, and good pharmacokinetic

property of 177Lu-DTPA-Bz-RGD2 make it possible for kit

formulation and guarantee its further investigation for tar-

geted therapy of integrin avb3-positive tumors.
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