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Gastrin-releasing peptide (GRP) receptors (GRPr) are frequently

overexpressed in human prostate cancer, and radiolabeled GRPr

affinity ligands have shown promise for in vivo imaging of prostate
cancer with PET. The goal of this study was to develop a dual-

modality imaging probe that can be used for noninvasive PET

imaging and optical imaging of prostate cancer. Methods: We

designed and synthesized an IRDye 650 and DOTA-conjugated
GRPr antagonist, HZ220 (DOTA-Lys(IRDye 650)-PEG4-[D-Phe6,

Sta13]-BN(6-14)NH2), by reacting DOTA-Lys-PEG4-[D-Phe6, Sta13]-

BN(6-14)NH2 (HZ219) with IRDye 650 N-hydroxysuccinimide (NHS)

ester. Receptor-specific binding of gallium-labeled HZ220 was char-
acterized in PC-3 prostate cancer cells (PC-3), and tumor uptake in

mice was imaged with PET/CT and fluorescence imaging. Receptor

binding affinity, in vivo tumor uptake, and biodistribution were com-
pared with the GRPr antagonists HZ219, DOTA-PEG4-[D-Phe6,

Sta13]-BN(6-14)NH2 (DOTA-AR), and DOTA-(4-amino-1-carboxymethyl-

piperidine)-[D-Phe6, Sta13]-BN(6-14)NH2 (DOTA-RM2). Results: Af-
ter hydrophilic–lipophilic balance cartridge purification, 68Ga-HZ220
was obtained with a radiochemical yield of 56% 6 8% (non–decay-

corrected), and the radiochemical purity was greater than 95%.

Ga-HZ220 had a lower affinity for GRPr (inhibitory concentration of

50% [IC50], 21.46 7.4 nM) than Ga-DOTA-AR (IC50, 0.486 0.18 nM)
or Ga-HZ219 (IC50, 0.69 6 0.18 nM). Nevertheless, 68Ga-HZ220 had

an in vivo tumor accumulation similar to 68Ga-DOTA-AR (4.63 6 0.31

vs. 4.07 6 0.29 percentage injected activity per mL [%IA/mL] at
1 h after injection) but lower than that of 68Ga-DOTA-RM2 (10.4 6
0.4 %IA/mL). The tumor uptake of 68Ga-HZ220 was blocked signif-

icantly with an excessive amount of GRP antagonists. IVIS spectrum

imaging also visualized PC-3 xenografts in vivo and ex vivo with a
high-contrast ratio. Autoradiography and fluorescent-based micro-

scopic imaging with 68Ga-HZ220 consistently colocated the expres-

sion of GRPr. 68Ga-HZ220 displayed a higher kidney uptake than

both 68Ga-DOTA-AR and 68Ga-DOTA-RM2 (16.9 6 6.5 vs. 4.48 6
1.63 vs. 5.01 6 2.29 %IA/mL). Conclusion: 68Ga-HZ220 is a prom-

ising bimodal ligand for noninvasive PET imaging and intraoperative

optical imaging of GRPr-expressing malignancies. Bimodal nuclear/
fluorescence imaging may not only improve cancer detection and

guide surgical resections, but also improve our understanding of

the uptake of GRPr ligands on the cellular level.
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The goals of surgery in prostate cancer are to completely re-
sect the primary tumor and metastatic lymph nodes as well as fully

recover continence and potency. However, these 2 goals are inex-

tricably linked, with the result that improvements in one outcome

may occur at the expense of others. Prostate cancer has been

traditionally among the most difficult malignancies to image be-

cause of its multifocal nature, and it is even more challenging for

surgeons to identify the malignant lesions intraoperatively. Thus,

surgeons have to risk injury to nerves, sphincter, or bladder to

increase the chances of achieving a complete resection. Con-

versely, small islands of cancer may be missed, leading to positive

surgical margins (11%–41% of surgical cases) (1), resulting in 2-

to 4-fold-higher cancer recurrence rates per year in these patients

(1,2). Less invasive surgical approaches would be more feasible if

prostate cancer could be localized more accurately. An attractive

strategy to achieve localization of prostate cancer is dual-modality

imaging probes that are labeled with a fluorescent dye and a

positron emission radioisotope. The radioisotope is used for pre-

operative PET imaging and surgical planning, for example, to

determine which lymph node regions should be dissected. During

surgery, the fluorescent dye is used for intraoperative guidance

using real-time fluorescence imaging (3–5).
An attractive target for imaging of prostate cancer is the gastrin-

releasing peptide (GRP) receptor (GRPr) bombesin receptor sub-

type 2 (6). An autoradiographic study of human prostate cancers

found receptor-specific binding of radiolabeled bombesin in all

studied tumors (n 5 30) and also in prostatic intraepithelial neopla-

sia. In contrast, normal prostate and benign prostate hyperplasia

demonstrated only minimal binding of bombesin (7). On the basis

of these data, several radiolabeled bombesin analogs have been de-

veloped (8–10). Recently, the GRPr antagonist 68Ga-DOTA-RM2

(BAY 86-7548) has shown significant potential for imaging of pri-

mary prostate cancer and lymph node metastases (11).
Among several strategies that have been used to design dual-

modality probes for in vivo targeting (12–14), we proposed to use
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2 amines of lysine for conjugating radionuclide-chelated complex-
ation and near-infrared fluorescent (NIRF) dye, respectively. For
this study, we designed and synthesized a new 68Ga and fluorescent-
conjugated GRPr antagonist (68Ga-HZ220) based on the affinity
sequence of 68Ga-DOTA-RM2 (Fig. 1) (15). We then investigated
whether the dual-modality imaging probe retained its affinity for
GRPr and studied its biodistribution in tumor-bearing mice. Finally,
we investigated the feasibility of fluorescence imaging of GRPr-
expressing tumors with 68Ga-HZ220.

MATERIALS AND METHODS

Precursor Synthesis

The source of chemicals and other materials is summarized in the
supplemental methods section (supplemental materials are available at

http://jnm.snmjournals.org). For peptide synthesis, amino acids were
loaded to Rink amide MHBA resin using a standard Fmoc strategy.

The bifunctional DOTA-tris(tBu)-ester was coupled to the N terminus

of the peptide on resin by following a published protocol (16). After
the peptide resin was treated with washing solvents and dried under

vacuum at room temperature, the peptides were cleaved from the resin
with trifluoroacetic acid/thioanisole/H2O cocktail and purified with a

high-performance liquid chromatography system (column: Phenomenex
Luna C18(2), 250 mmÅ;20.0 mm, 5 mm, 100 Å; ultraviolet detector:

280 nm; flow rate: 15 mL/min; mobile phase: 0.1% trifluoroacetic acid
in water and MeCN; gradient: 0–1 min, 2%–10% MeCN, 1–16 min,

10%–50% MeCN, 16–18.5 min, 50%–100% MeCN, 24.5 min, 100%
MeCN, 25 min, 2% MeCN). To couple the fluorescent dye IRDye

650 to the peptide HZ219 (Fig. 1), the purified HZ219 and IRDye
650 N-hydroxysuccinimide (NHS) ester (ratio 5 1/1) in H2O were

mixed, and the pH value of the reaction solution was adjusted to 9
with a traceable amount of N,N-diisopropylethylamine. The reaction

solution was incubated for 1 h at room temperature and purified to
generate pure HZ220. All synthesized ligands were characterized

with ultra-performance liquid chromatography-mass spectrum
(UPLC-MS) (column: Waters Acquity BEH C18, 1.7 mm, 2.1 ·
100 mm, 130 Å; flow rate: 0.3 mL/min; mobile phase: 0.05% tri-
fluoroacetic acid in water and MeCN; gradient: 0–5.0 min, 30%–

45% MeCN; 5.5–6.5 min, 95% MeCN; 6.5–8 min, 30% MeCN).

Preparation of 68Ga, 67Ga, and natGa-Chelated Peptide

All 67Ga-labeled conjugates were prepared by dissolving 5–10 nmol
peptide in 80 mL of 0.5 M ammonium-acetate buffer (pH 5.4) and

adding 37–74 MBq of 67GaCl3 solution (10–20 mL) followed by a

15-min incubation at 95�C. Then, 3 equivalents of natGa(NO3)3 • 5H2O

were added, and the final solution was incubated for another 15 min to
generate structurally identical Ga-labeled ligands. For 68Ga labeling,

[68Ga]Ga(OH)42 (111–740 MBq in 0.5 mL KOH) was obtained from
the generator, and the pH value was then adjusted to 4 with acetic acid

for the labeling with DOTA-RM2 and DOTA-AR and to 5 for HZ220.
After incubation and purification with a hydrophilic–lipophilic balance

cartridge (Waters Corp.), the final product was reformulated with a
phosphate-buffered saline/bovine serum albumin (1.0% bovine serum

albumin) solution and analyzed with analytic high-performance liquid
chromatography (column: Luna C8(2), 100 Å, 2 · 100 mm; flow rate:

0.6 mL/min; mobile phase: 0.1% trifluoroacetic acid in water and
MeCN; gradient: 0–10 min, 10%–50% MeCN; 11–14 min, 95% MeCN;

15 min, 10% MeCN). natGa-labeled peptides were synthesized with a
similar procedure, and the final product in H2O was lyophilized and

characterized with UPLC-MS.

Binding Affinity Assays

To determine the affinity of the synthesized peptides for GRPr,

competitive binding studies were performed with PC-3 cells using [125I-
Tyr4] BN (GRPr ligand) and increasing concentrations of natGa-chelated

DOTA-RM2, DOTA-AR, HZ219, and HZ220 (17). Briefly, triplicate

samples containing 0.5 · 106 cells, 1.85 kBq of [125I-Tyr4] BN, and
0.001–1,000 nM of the tested ligands (total volume, 0.5 mL) were in-

cubated at 37�C for 2 h. After incubation, the cells were isolated by
rapid filtration through glass microfiber filters (cat. no. FP-100; Brandel)

and washed with 3 · 3 mL of ice-cold tris-buffered saline (pH 7.4). The
radioactivity in the cells was measured with a g-counter. The inhibitory

concentration of 50% (IC50) values were estimated using a least-squares
fitting routine (GraphPad Prism 6; GraphPad Software).

In Vitro Cell Uptake and Fluorescence Microscopy

To study the kinetics of cellular uptake of HZ220 (16), 0.5 · 106

PC-3 cells were seeded into 6-well plates, and on the next day tripli-

cate samples containing approximately 1.85 kBq of 67/natGa-HZ220
(0.25 pmol) were added and the cells incubated at 37�C for 0.25, 0.5,

1.0, and 2.0 h. After 2 · 5 min of incubation with glycine buffer (pH
2.8) at 4�C, the activity remaining on the cells was determined to be

internalized fraction. natGa-DOTA-RM2 (1.0 nmol) was used as a
blocking agent to determine the nonspecific binding.

To determine the cellular distribution of natGa-HZ220, PC-3 cells
(1.0 · 104 per well) were seeded in a 4-well chamber slide (Nunc

Lab-Tek II Chamber Slide System) containing growth medium (0.5 mL)
1 d before the experiments. natGa-HZ220 (100 nM) was added to incubate

with PC-3 cells in the culture medium for 1 h at 37�C. For blocking studies,
natGa-DOTA-RM2 (2 mM) was preincubated with PC-3 cells at 37�C for

5 min; then the same amount of natGa-HZ220 (100 nM) was added for 1-h
incubation at 37�C. After being washed with medium (1.0 mL),

Hoechst nuclear staining (5 min at room temperature), and phosphate-
buffered saline (3 · 1.0 mL), the cells were imaged using an inverted

confocal microscope (Leica TCS SP8 II).

In Vivo and Ex Vivo Imaging of PC-3 Xenografts

All animal experiments were approved by the Institutional Animal
Care and Use Committee of Memorial Sloan Kettering Cancer

Center. Male athymic NCr-nu/nu mice (7–9 wk old; Taconic) were
used for subcutaneous implantation. PC-3 cells (5 · 106 cells sus-

pended in 200 mL of cell culture medium/Matrigel [BD Bioscience]
[v/v 5 1/1]) were inoculated to the right shoulder of the animal.

Twenty to 30 d after the inoculation, imaging and tissue sampling
were performed when the tumor sizes were between 100 and

350 mm3. Starting 3 d before imaging experiments, mice were
fed a diet with low chlorophyll content to reduce intestinal auto-

fluorescence.FIGURE 1. Schematic structure of studied GRPr ligands.
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In Vivo Imaging with PET/CT and IVIS Spectrum. Mice bearing
PC-3 xenografts were administrated 1.0 nmol (3.7–11.1 MBq) of
68Ga-DOTA-RM2 (n 5 3), 68Ga-DOTA-AR (n 5 3), 68Ga-HZ220
(n 5 7), or 68Ga-HZ220 plus 150 nmol natGa-DOTA-RM2 for blocking

(n 5 5) via tail vein injection. At 1 h after injection, PET/CT im-
aging was performed with an Inveon PET/CT system (Siemens). The

imaging protocol is described in the supplemental methods section.
Right after PET/CT imaging, animals injected with 68Ga-HZ220

(4 for nonblocked, 3 blocked) were moved to the IVIS spectrum
system for optical imaging. The imaging procedure is described in

the supplemental methods section.
Ex Vivo Biodistribution Studies and Imaging. After the imaging

procedures described above, the animals were sacrificed for tissue
dissection. The organs of interest were collected, rinsed of excess blood,

blotted, weighed, and counted with the g-counter. The total injected
radioactivity per animal was determined from the measured radioactiv-

ity in an aliquot of the injectate. Data were expressed as percentage
injected activity per gram of tissue (%IA/g). Excised tumors were fro-

zen and processed for autoradiography, histology, and fluorescence mi-
croscopy as described in the supplemental methods section.

Statistical Analysis

Data calculated using Microsoft Excel are expressed as mean 6 SD.

The Student unpaired t test (GraphPad Prism 6) was used to determine

statistical significance. Differences with P values of less than 0.05 were

considered to be statistically significant.

RESULTS

Synthesis of Bombesin Antagonists and Their Labeling with
68Ga, 67Ga, and natGa

HZ219, DOTA-RM2, and DOTA-AR (Fig. 1) were synthesized
using an Fmoc strategy affording a maximum yield of approxi-
mately 40% based on the removal of the first Fmoc group; the
purity analyzed by UPLC-MS was greater than 95% (Table 1).
HZ220 (Fig. 1) was synthesized by the 1-step reaction between
HZ219 and IRDye 650 NHS with a yield of 80%. All ligands,
including HZ220, were labeled with 68/67/natGa successfully. Their
radiolabeling yields were greater than 95% at specific activities of
more than 5.0 GBq/mmol for 67Ga and more than 19.0 GBq/mmol
for 68Ga at the end of radiosynthesis.

Binding Affinity Assays

Table 1 summarizes the binding affinities of natGa or nat/67Ga-
chelated bombesin antagonists to GRPr on PC-3 cells. With [125I-
Tyr4]bombesin as a radioligand, natGa-labeled DOTA-AR and HZ219
showed a similar subnanomolar affinity on PC-3 cells (IC50 values,
0.486 0.18 and 0.696 0.18 nM, respectively). However, when the
bulky-functional-group IRDye 650 was introduced into the mole-
cules via conjugation to the v-amine of lysine, the new molecule,
natGa-HZ220, had a lower affinity to GRPr (21.4 6 7.4 nM).

In Vitro Cell Uptake and Fluorescence Microscopy

The uptake kinetics of 67/natGa-HZ220 and its cellular distribu-
tion are depicted in Figure 2. 67/natGa-HZ220 showed a time-
dependent accumulation in the cells (Fig. 2A). Approximately half
of the radioactivity was bound to the cell surface, whereas the other
half was internalized. Uptake was receptor-mediated, because
an excess amount of natGa-DOTA-RM2 markedly reduced
radiotracer uptake (Fig. 2A). Fluorescence microscopy also
demonstrated that uptake of 67/natGa-HZ220 was blocked by
natGa-DOTA-RM2 (Figs. 2B and 2C).

In Vivo and Ex Vivo Imaging of PC-3 Xenografts

After administration of a single dose of 68Ga-HZ220, PET/CT
and fluorescence images were obtained subsequently in the same

TABLE 1
Analytic and Affinity Data of GRPr Antagonists

Mass ([M12H]1)

Compound Calculated Measured IC50 (nmol/L)

Ga-DOTA-AR 906.4 906.5 0.48 ± 0.18 (5)

Ga-HZ219 971.0 970.9 0.69 ± 0.18 (4)

Ga-HZ220 1430.5 1430.4 21.4 ± 7.4 (6)

DOTA-RM2 853.4 853.7 7.7 ± 3.3

Values (mean ± SD) from binding studies were determined in

PC-3 cells. Number of independent experiments is given in paren-

theses (triplicate measurements were performed in each experi-
ment). Data for DOTA-RM2 are from Mansi et al. (15).

FIGURE 2. In vitro uptake of nat/67Ga-HZ220 in GRPr-expressing PC-3 cells. (A) Uptake kinetics of 67Ga-HZ220 without (solid line) and with

blocking dose of 1.0 nmol of Ga-DOTA-RM2 (dashed lines). Internalized fraction (blue) of 67Ga-HZ220 was slightly lower than bound fraction

(red); and both were markedly higher than nonspecific accumulation with blocking dose of Ga-DOTA-RM2. Values (mean ± SD) were from 2 in-

dependent studies with triplicates in each experiment. (B and C) GRPr on PC-3 cells were imaged with inverted confocal microscope together with

Ga-HZ220 (B) or Ga-HZ220/Ga-DOTA-RM2 (C).
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animals bearing PC-3 xenografts (Figs. 3 and 4). All 68Ga-labeled
HZ220, DOTA-RM2, and DOTA-AR clearly delineated PC-3 xe-
nografts from the adjacent background radioactivity in the images
(Fig. 3) at 1 h after injection. Region-of-interest values (%IA/mL)
obtained from the PET images showed that 68Ga-HZ220 had a
slightly higher tumor accumulation than 68Ga-DOTA-AR (4.63 6
0.31 vs. 4.01 6 0.29 %IA/mL, P 5 0.31) but a significantly lower
tumor accumulation than 68Ga-DOTA-RM2 (10.4 6 0.4 %IA/mL,

P , 0.0001). Tumor uptake of 68Ga-HZ220 was also significantly
reduced by an excess of unlabeled ligand (1.09 6 0.09 %IA/mL,
P , 0.0001), which indicates that 68Ga-HZ220 tumor uptake
was receptor-mediated. The subsequent biodistribution studies
(Table 2) confirmed the observation of PET imaging. Overall,
all 3 ligands showed a similar biodistribution, with the exception
of a higher kidney uptake of 68Ga-HZ220 and a higher pancreas
uptake of 68Ga-DOTA-RM2.

68Ga-HZ220 fluorescence imaging (Fig. 4) demonstrated a high
intensity signal in PC-3 xenografts. Low-68Ga-HZ220-derived sig-
nals were recorded from the kidneys, probably due to light atten-
uation (Figs. 4A and 4B). In contrast, there was only background
intensity in the blocking study (Figs. 4C and 4D). The subsequent
ex vivo image (Fig. 5) confirmed the results from in vivo imaging
of PC-3 xenografts with 68Ga-HZ220. The 68Ga-HZ220 intensities
(unmixed fluorescent image) in PC-3 xenografts were significantly
higher than that of the blocked PC-3 xenografts and muscle
([6.98 6 0.61 vs. 1.73 6 0.93 vs. 0.27 6 0.01] · 108 p/s/cm2/sr
per mW/cm2, P , 0.005). The fluorescence intensity from the
muscle of blocked animals was slightly higher than that of the
nonblocked group ([0.576 0.18] · 108 p/s/cm2/sr per mW/cm2, P5
0.1584). Tumor-to-muscle ratios were 25.8 6 2.3 for nonblocked
PC-3 xenografts and 1.5 6 0.2 for blocked animals, which is con-
sistent with the higher radioactivity concentration observed in the
radioactive-based biodistribution study (Table 2).
The dissected PC-3 xenografts were used for in vitro autoradi-

ography and fluorescence microscopy (Fig. 6). On a macroscopic
level the fluorescent signal closely matched the radioactivity de-
tected on the autoradiograms (Fig. 6). Both showed uptake in
regions considered as viable by hematoxylin and eosin staining
and low uptake in areas of necrosis. However, fluorescent imaging
provides considerably higher spatial resolution and allowed visu-
alization of the imaging probe distribution down to the cellular
level (Fig. 6, lower row).

DISCUSSION

Optical molecular imaging has become an attractive modality
for intraoperative imaging of cancer resection and has improved
the survival rate in cancer patient care (18–20). This study shows
for the first time, to our knowledge, that dual-modality, optical and

nuclear imaging of GRPr expression is fea-
sible and that 68Ga-HZ220 is a promising
candidate for visualizing prostate cancer
with PET and fluorescence cameras. 68Ga-
HZ220 visualized prostate cancer xeno-
grafts with high tumor–to–normal-tissue
ratios on PET/CT and also provided high-
contrast fluorescence images. Moreover, we
could visualize the intratumoral distribution
of 68Ga-HZ220 after in vivo injection by
fluorescence microscopy.
Several fluorescently labeled bombesin

agonists have been designed previously and

evaluated for targeting GRPr (21–23). How-

ever, to our knowledge 68Ga-HZ220 is the

first dual-modality GRPr imaging agent.

The advantages of using the same imaging

probe for both PET and optical imaging are

many-fold. First, the regulator process for

clinical translation is simplified because

FIGURE 3. In vivo PET/CT imaging of GRPr-expressing PC-3 xeno-

grafts with 68Ga-labeled bombesin antagonists. PC-3 tumor–bearing

mice were imaged at 1 h after injection with 68Ga-DOTA-RM2 (n 5 3)

(A), 68Ga-DOTA-AR (n 5 3) (B), 68Ga-HZ220 (n 5 7) (D), and 68Ga-

HZ220, blocked (n 5 5) (E). Color threshold was optimized to visualize

tumor clearly on fusion image. Accurate color-intensity scale bar (%ID/

cm3) is precluded in these maximum-intensity-projection images

(region-of-interest measurements are provided in Figs. 3C and 3F). All

3 radiotracers PET-visualized PC-3 xenografts (solid arrow) with high

tumor-to-background contrast, except 68Ga-HZ220 had a high uptake

in kidneys.

FIGURE 4. In vivo IVIS imaging of GRPr-expressing PC-3 xenografts with 68Ga-HZ220. PC-3

tumor–bearing mice were imaged for 500 ms at 1 h after injection of 68Ga-HZ220 with IVIS

spectrum (n 5 4) (A and B) and 68Ga-HZ220 plus excess of unlabeled ligand (n 5 3, C and D).
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only 1 investigational agent is studied. Furthermore, the radio-

activity distribution in the preoperative PET imaging is identical to

the intraoperative distribution of the optical probe. With 2 different

imaging agents, tumor uptake and image contrast may be different,

limiting the ability of PET imaging to select patients who are likely

to benefit from intraoperative imaging with a GRPr-targeted optical

imaging agent. Scientifically, perhaps the most important advantage

is, however, that after surgery the distribution of the imaging probe

in the resected specimen can be studied immediately by fluores-

cence microscopy (Fig. 6). Because the optical and the nuclear

imaging probes are identical, it is possible to discriminate between

those cells that accumulate the PET imaging probes and those that

do not. This is of great interest in prostate cancer, which is fre-

quently multifocal and coexists with benign changes in the prostate

(i.e., prostatitis and benign prostate hyperplasia). Because benign

and malignant changes frequently occur in close spatial proximity, it

can be challenging to ensure that uptake of an imaging agent is due

to prostate cancer and not due to a neighboring benign finding.

Prostate tissue shrinks during fixation for histology, and the spheric

shape of the prostates makes coregistering the imaging findings and

histologic sections challenging, because internal landmarks to as-

sess the quality of the coregistration process are lacking. Thus,

being able to visualize the distribution of an imaging agent with

high spatial resolution with fluorescence microcopy is extremely

valuable to validate its accuracy for prostate cancer imaging.
To radiolabel HZ220 with 68Ga, we had to modify the routine

conditions for labeling DOTA with radiogallium. We observed
that at a pH of 4 or less the fluorescence of IRDye 650 was lost
within seconds, even at room temperature. Azhdarinia et al. (3)
reported that the labeling condition for 68Ga, 111In, 64Cu, and
99mTc resulted in a decreased brightness of different NIRF dyes.
The low pH of a 99mTc solution caused a loss of fluorescent
properties of indocyanine green (24). When the pH was between

TABLE 2
Biodistribution of 68Ga-Labeled HZ220, DOTA-AR, and DOTA-RM2 in PC-3 Xenografts After PET Imaging

68Ga-HZ220

Organ 1 h (n 5 7) 1 h, blocked (n 5 5) 68Ga-DOTA-RM2, 1 h (n 5 3) 68Ga-DOTA-AR, 1 h (n 5 3)

PC-3 5.50 ± 1.03 1.20 ± 0.30 9.14 ± 0.49 4.53 ± 1.11

Blood 0.78 ± 0.62 0.93 ± 0.31 0.20 ± 0.03 0.24 ± 0.06

Muscle 0.15 ± 0.06 0.25 ± 0.14 0.05 ± 0.01 0.19 ± 0.24

Heart 0.28 ± 0.10 0.43 ± 0.17 0.09 ± 0.01 0.11 ± 0.01

Lung 1.93 ± 1.56 1.85 ± 0.51 0.19 ± 0.08 0.61 ± 0.21

Liver 1.03 ± 0.42 1.35 ± 0.46 0.27 ± 0.02 0.81 ± 0.16

Pancreas 2.70 ± 1.51 0.69 ± 0.22 8.67 ± 3.01 3.76 ± 0.66

Spleen 0.49 ± 0.46 0.46 ± 0.14 0.45 ± 0.26 0.19 ± 0.05

Stomach 0.46 ± 0.22 0.44 ± 0.18 1.01 ± 0.07 0.61 ± 0.15

Small intestine 0.50 ± 0.28 0.48 ± 0.21 0.87 ± 0.23 0.89 ± 0.65

Large intestine 0.29 ± 0.08 0.29 ± 0.13 0.81 ± 0.09 0.35 ± 0.07

Bone 0.34 ± 0.24 0.35 ± 0.15 0.12 ± 0.03 0.23 ± 0.19

Kidney 16.9 ± 6.5 20.1 ± 6.1 5.01 ± 2.29 4.58 ± 1.63

Brain 0.03 ± 0.01 0.04 ± 0.01 0.03 ± 0.01 0.03 ± 0.02

Tumor-to-organ ratios

PC-3 to blood 9.0 ± 2.9 1.4 ± 0.6 33 ± 22 20 ± 10

PC-3 to muscle 40 ± 11 6.4 ± 4.4 211 ± 47 103 ± 63

PC-3 to pancreas 3.0 ± 2.7 1.9 ± 0.8 1.2 ± 0.5 1.2 ± 0.3

PC-3 to kidney 0.4 ± 0.1 0.1 ± 0.0 2.1 ± 0.8 1.1 ± 0.5

FIGURE 5. Ex vivo fluorescence imaging of GRPr-expressing PC-3 xe-

nografts with 68Ga-HZ220. (A) White light images (top), fluorescence im-

aging (middle), and fused white light/fluorescence images (bottom) of

tissue samples taken from mice who did (blocked) or did not (NB) receive

blocking dose of natGa-DOTA-RM2. (B) Quantitative analysis of corre-

sponding fluorescence images of tissue samples (n 5 4 for nonblocked

group; n 5 3 for blocked group). Intensity of fluorescence signal was

expressed as average radiant efficiency of p/s/cm2/sr (number of photons

[p] per second [s] per surface area [cm2] per steradian [sr]) per μW/cm2.
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5 and 5.5, the fluorescence of HZ220 remained intact during 68Ga
complexation. Under these optimized conditions, 68Ga-HZ220
was prepared successfully, with a radiochemical purity of
greater than 95%, and its specific activities were greater than
19.0 GBq/mmole at the end of radiosynthesis. When 740 MBq
of eluted 68Ga(OH)42 in 0.5 mL of KOH were used for radiolabel-
ing, we obtained 477 MBq of 68Ga-HZ220 (highest dose) in our
radiosynthesis, which would therefore be sufficient for 2 patient stud-
ies (assuming 144–185 MBq per patient).
During 68Ga labeling of peptides, only a small fraction of the

total peptide is actually radiolabeled (;1%). The radiolabeled
and the nonradiolabeled peptide do not necessarily show the
same target binding affinity. As a consequence, tumor uptake
and biodistribution of the radiolabeled and the nonradiolabeled
peptide may be different. Therefore, it is important that our bio-
distribution studies and autoradiographic images demonstrate
that HZ220 and 68Ga show the same biodistribution on a mac-
roscopic and microscopic level.
Ga-HZ220 competitively inhibited binding of the GRPr agonist

[125I-Tyr4] bombesin to PC-3 cells (IC50 5 21.4 6 7.4 nM). This
indicates a lower affinity than that of non–fluorescent-conjugated
ligands (Table 1), including natGa-DOTA-RM2 (BAY 86-7548),
which has been used for clinical trials (11,25). Thus, the relatively
bulky IRDye 650 interfered to some extent with the binding of the

peptide to GRPr. It is known that the spacer between the affinity
sequence and radiometal chelator can improve binding profile and
change biodistribution of radiolabeled GRPr ligands (26). A sim-
ilar phenomenon was also observed when a fluorescent dye was
conjugated at the N terminus of the affinity peptide (21). Thus,
modification of HZ220 with different spacers may improve affinity.
Recently, other novel strategies have been introduced to construct
dual-modality scaffolds (12,13); it will also be interesting to inves-
tigate how these scaffolds influence the ligand affinity and in vivo
pharmacologic behavior.
In cell culture, approximately 50% of the total cell-bound 67Ga-

HZ220 was internalized in a receptor-dependent manner. This is
different from DOTA-RM2, which has shown only a low internal-
ization rate (15). Thus, integration of IRDye 650 at the N terminus
appears to improve internalization of receptor-bound 68Ga-HZ220,
but future studies are necessary to understand the mechanisms for
this observation.
In vivo radiotracer uptake of 68Ga-HZ220 in PC-3 xenografts

and pancreas (GRPr-positive) was similar to the structurally
similar 68Ga-DOTA-AR, despite the fact that 68Ga-DOTA-AR
has a markedly higher affinity for GRPr (Tables 1 and 2).
However, uptake of 68Ga-H220 was lower than that of 68Ga-
DOTA-RM2, which has a lower affinity than 68Ga-DOTA-AR
but a higher affinity than 68Ga-HZ220. This result empha-
sizes that receptor affinity is only 1 factor determining tumor
uptake of GRPr ligands as has been shown in prior studies (27).
It is also interesting to find out that the integration of IRDye 650
might not influence the tumor accumulation but increased the
retention of 67/68Ga-HZ220 in kidney and blood. The reasons
for the enhanced kidney uptake are not obvious and are still being
investigated. However, the reduced affinity of HZ220 for GRPr
might have reduced the accumulation in the intestine and pan-
creas, leading to a higher tumor-to-tissue ratio (contrast) when
compared with 68Ga-DOTA-RM2, which is actually an improve-
ment in terms of PET imaging contrast. The tumor-to-muscle ratio
of 68Ga-HZ220 from the calculation of fluorescent signals was
25.8 6 2.3, which was higher than other fluorescent-conjugated
bombesin agonists (22).

CONCLUSION

We designed and biologically characterized 68Ga-HZ220,
the first bimodal ligand for PET imaging of GRPr expression.
The high image contrast achieved with 68Ga-HZ220 for both
PET and optical imaging is promising for the clinical trans-
lation of GRPr-targeting bimodal imaging agents for prostate
cancer imaging.
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FIGURE 6. Ex vivo hematoxylin and eosin staining (left), fluorescence

microscopy (middle), and autoradiography (right) of PC-3 xenografts

after administration of 68Ga-HZ220. The 3 rows show 3 levels of mag-

nification as indicated by black scale bar.
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