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Integrin αvβ6, a member of the integrin family, is specifically expressed

in many malignancies but not in normal organs. Overexpression of

integrin αvβ6 is usually correlated with malignant potential and poor
prognosis. In this study, we describe the synthesis and evaluation of

a 99mTc-labeled integrin αvβ6–targeting peptide as a SPECT radio-

tracer for the in vivo imaging of integrin αvβ6 expression. Methods:
An integrin αvβ6–targeting peptide (denoted as the HK peptide) was
conjugated with 6-hydrazinonicotinyl (HYNIC) and radiolabeled with
99mTc using tricine and TPPTS (trisodium triphenylphosphine-3,3′,3″-

trisulfonate) as coligands. The in vitro and in vivo characteristics of
99mTc-HYNIC(tricine)(TPPTS)-HK (99mTc-HHK) were investigated in
BxPC-3 (integrin αvβ6–positive) and HEK293 (integrin αvβ6–nega-

tive) models. The ability of 99mTc-HHK to detect liver metastasis

of pancreatic cancer was evaluated using small-animal SPECT/CT.
Results: 99mTc-HHK showed high integrin αvβ6–binding specificity

both in vitro and in vivo. 99mTc-HHK was cleared rapidly from the

blood and normal organs except for the kidneys. The highest uptake

(0.88 ± 0.12 percentage injected dose per gram) of 99mTc-HHK in
BxPC-3 tumors was observed at 0.5 h after injection. High-contrast

images of integrin αvβ6–positive tumors were obtained using 99mTc-

HHK. The minimum nonspecific activity accumulation in normal liver

tissues rendered high-quality SPECT/CT images of metastatic
lesions. Conclusion: 99mTc-HHK is a promising SPECT radiotracer

for the noninvasive imaging of integrin αvβ6 expression in vivo. SPECT/

CT with 99mTc-HHK could provide an effective approach for the non-
invasive detection of primary and metastatic lesions of integrin

αvβ6–positive tumors.
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Pancreatic cancer is one of the most deadly cancers, ranking as
the fourth leading cause of cancer-related deaths in the United States

(1). Most pancreatic cancer patients are diagnosed with advanced

stages of this disease, for which curative operation is not a suitable

treatment option. Given that the 5-y survival rate after diagnosis is

generally below 5% (2), the best approach for improving the odds

of curing or controlling pancreatic cancer involves early detection

and accurate staging.
Advances in molecular imaging techniques have provided numer-

ous opportunities for making earlier and more accurate diagnosis,

determining the staging information of various cancers, and moni-

toring their treatment responses. The development of molecular

imaging agents that target specific tumor markers could provide

more sensitive and more specific cancer detection. Integrin avb6,

a member of the integrin protein family, is overexpressed in nu-

merous types of carcinomas, such as colon, lung, cervical, ovarian,

and pancreatic cancers, but is expressed at low or undetectable

levels in healthy organs (3). Pancreatic ductal adenocarcinomas

exhibit the highest integrin avb6 expression among gastroentero-

pancreatic adenocarcinomas (4). Moreover, the high expression of

integrin avb6 in carcinomas is a prognostic factor of the disease

and is correlated with poor patient survival (5,6). Thus, molecular

imaging agents that target integrin avb6 would be highly useful in

the receptor-targeted detection of pancreatic cancer and in the non-

invasive monitoring of tumor prognosis.
Pioneering studies have recently been conducted on the develop-

ment of PET radiotracers for in vivo integrin avb6 imaging (7–10).

Hausner et al. (7) prepared an 18F-radiolabeled 20-mer integrin

avb6–targeting peptide (18F-FBA-A20FMDV2) using a sequence

derived from the G-H loop of an envelope protein of the foot-and-

mouth disease virus. 18F-FBA-A20FMDV2 exhibited specific integrin

avb6 targeting in vivo. However, low tumor uptake and poor tumor

retention limit the general application of this peptide. To increase the

tumor uptake and improve the pharmacokinetics of 18F-FBA-

A20FMDV2, 2 new radiotracers with polyethylene glycol (PEG)

spacers were developed. Small-animal PET imaging results revealed

that the modified compounds show significantly improved tumor

retention (8). Kimura et al. engineered several highly stable cysteine

knot peptides, and the 64Cu- (9) and 18F- (10) labeled compounds

proved to be potentially useful for the PET imaging of integrin avb6.
Although 18F-FDG has been widely used in clinical settings, several

drawbacks are associated with 18F-labeled peptide radiotracers. For
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example, 18F labeling of peptides typically requires an in-house
cyclotron system, a complex infrastructure, and a time-consuming
synthesis procedure and tedious postlabeling purification. 64Cu-la-
beled peptides have been extensively investigated for PET imaging
in animal models. However, studies on the clinical application of
64Cu-based radiotracers are limited. In addition, 64Cu-DOTA con-
jugates generally exhibit high liver accumulation because of the
possible dissociation of 64Cu from the chelator (11). Compared
with PET radiotracers, 99mTc-labeled SPECT tracers have attracted
increased attention because of their high availability and low cost.
The high labeling yield of 99mTc chelator systems allows the
formulation of kits for the rapid preparation of radiotracers for
nuclear medicine applications. 99mTc labeling can be accomplished
by simply adding 99mTcO4

2 to a freeze-dried formulation kit with or
without short-period heating (12). In this respect, we are particularly
interested in the development of 99mTc-labeled SPECT radiotracers.
Using a phage display approach, the Brown group at University

of Texas Southwestern Medical Center isolated a 20-mer peptide
from a panning peptide library on the lung adenocarcinoma cell
line H2009 (13). The peptide, called TP H2009.1, has the sequence
RGDLATLRQLAQEDGVVGVR. In subsequent studies, TP H2009.1
was shown to deliver a chemotherapeutic agent specifically to tumor
cells in vitro by targeting integrin avb6 (14,15). Previous reports
suggested that TP H2009.1 has high potential application in the
imaging of integrin avb6–positive tumors in vivo.
In this study, we designed a peptide sequence, RGDLATLRQLA-

QEDGVVGVRK (denoted as the HK peptide; H means TP H2009.1),
by adding a lysine (K) residue to the TP H2009.1 peptide to provide
a C-terminal NH2 group for chelator conjugation. The HK peptide
was conjugated with 6-hydrazinonicotinyl (HYNIC) and then
radiolabeled with 99mTc. The resulting radiotracer RGDLATL-
RQLAQEDGVVGVRK-HYNIC(tricine)(TPPTS)-99mTc (99mTc-
HHK; Supplemental Fig. 1 [supplemental materials are available at
http://jnm.snmjournals.org]) was evaluated both in vitro and in vivo
as a SPECT radiotracer for the in vivo imaging of integrin avb6–
positive pancreatic cancer.

MATERIALS AND METHODS

General

The peptides Fmoc-RGDLATLRQLAQEDGVVGVRK (Fmoc-HK),
RGDLATLRQLAQEDGVVGVRYK (HYK), and a scrambled peptide

RATGLRQALDQEDGLVVGVRK were synthesized by ChinaPeptides
Co., Ltd. The reversed-phase high-performance liquid chromatography

(HPLC) system was the same as previously reported (16,17).

Preparation of 99mTc-HHK

Detailed procedures for HYNIC conjugation of the HK peptide are

described in the Supplemental “Materials and Methods” section.
HYNIC-conjugated HK peptide (HHK) was labeled with 99mTc using

tricine and trisodium triphenylphosphine-3,39,3$-trisulfonate (TPPTS)
as the coligands and then purified with Sep-Pak C18 cartridges

(Waters) as previously described (16). After purification, the radio-
chemical purity of 99mTc-HHK was determined to be more than 98%

as analyzed by radio-HPLC.

Cell Culture and Animal Models

The BxPC-3 human pancreatic cancer cell line was obtained from
American Type Culture Collection. Human embryonic kidney HEK293

cells were kindly provided by Professor Tao Xu (Institute of Biophysics,
China Academy of Science). BxPC-3 cells were grown in RPMI-1640

medium, and HEK293 cells were grown in high-glucose Dulbecco modified
Eagle medium. Both cell lines were cultured in medium supplemented

with 10% fetal bovine serum at 37�C in humidified atmosphere con-

taining 5% CO2.
All animal experiments were performed in accordance with the

guidelines of Peking University Animal Care and Use Committee. To

obtain BxPC-3 and HEK293 subcutaneous tumor models, BxPC-3

cells (1 · 107 in 100 mL of phosphate-buffered saline) or HEK293

cells (5 · 106 in 100 mL of phosphate-buffered saline) were inoculated

subcutaneously into the right front flanks of female BALB/c nude

mice. The animals were used for in vivo studies when the tumor size

reached 200–300 mm3 (3–4 wk after inoculation). A mouse model of

liver metastasis (18) was established by direct intrahepatic injection of

1 · 107 BxPC-3 cells (in 50 mL of phosphate-buffered saline) in

female BALB/c nude mice. The mice were used for small-animal im-

aging studies 25 d after cell injection (based on pilot data).

In Vitro Integrin αvβ6 Specificity

The expression status of integrin avb6 in BxPC-3 and HEK293 cells

was tested by fluorescence-activated cell sorting analysis as described

in the Supplemental “Materials and Methods” section.

The in vitro integrin avb6–binding affinity and specificity of the HK

peptide and its HYNIC-conjugate (HHK) were assessed via a cellular

displacement assay using 125I-HYK as the integrin avb6–specific radio-

ligand. 125I-HYK was prepared by labeling HYK with Na125I using the

IODO-GEN (Sigma) method (19). The experiments were performed

on BxPC-3 cells (integrin avb6–positive) using a previously described

method (16). The best-fit 50% inhibitory concentration (IC50) values

were calculated by fitting the data with nonlinear regression using

Prism software (version 4.0; GraphPad Software).

The integrin avb6–binding specificity of 99mTc-HHK was tested

using BxPC-3 (integrin avb6–positive) and HEK293 (integrin avb6–

negative) cells. About 5.55 kBq of 99mTc-HHK were added to cells

grown in 6-well plates with or without an excess amount (5 mg) of the

cold HK peptide. After incubation at 4�C for 2 h, the cells were

washed and collected. Cell-associated radioactivity was measured using

a g counter. Results were expressed as a percentage of the total added

dose per 105 cells.

Biodistribution

Female nude mice bearing BxPC-3 or HEK293 tumor xenografts

were injected with 0.37 MBq of 99mTc-HHK to evaluate the distribu-

tion of this radiotracer in tumor tissues and major organs (n 5 4 per

group). The mice were sacrificed and dissected at 0.5, 1, 2, and 4 h

after injection. Blood, tumor, major organs, and tissues were collected

and weighed. The radioactivity in the tissue was measured using a g

counter. The results are presented as percentage injected dose per

gram of tissue (%ID/g). Two blocking studies were also performed

in 8 nude mice bearing BxPC-3 tumor xenografts (n 5 4 mice per

group). For the HK peptide–blocking group, each mouse was coin-

jected with 500 mg of unlabeled HK peptide and 0.37 MBq of 99mTc-

HHK. For the scrambled peptide–blocking group, each mouse was

coinjected with 500 mg of the scrambled peptide (RATGLRQALD-

QEDGLVVGVRK) and 0.37 MBq of 99mTc-HHK. At 1 h after injec-

tion, all mice were sacrificed, and organ biodistribution of 99mTc-HHK

was determined.

Planar γ and Small-Animal PET Imaging

Each BxPC-3 or HEK293 tumor–bearing nude mouse was injected

via the tail vein with 18.5 MBq of 99mTc-HHK (n 5 4 per group). A

blocking study was also performed in 4 BxPC-3–bearing mice by

coinjecting 18.5 MBq of 99mTc-HHK with an excess dose (500 mg)

of the HK peptide. Animals were placed prone on a 2-head g camera

(Millennium VG; GE Healthcare) equipped with a parallel-hole, low-

energy, and high-resolution collimator. Planar images were acquired at

1 h after injection and stored digitally in a 128 · 128 matrix.
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PET scans and image analysis were performed using a microPET

R4 rodent model scanner (Siemens Medical Solutions). Each BxPC-3
or HEK293 tumor–bearing nude mouse was injected via the tail vein

with 3.7 MBq of 18F-FDG under 2% isoflurane anesthesia (n 5 4 per
group). Five-minute static PET scans were acquired at 1 h after injection,

and the region-of-interests–derived %ID/g values were calculated as
previously described (17). As a control experiment, 3.7 MBq of 18F-FDG

was coinjected with 500 mg of the cold HK peptide into a group of 4
BxPC-3–bearing mice, and small-animal PET scans were then obtained.

Small-Animal SPECT/CT Imaging

Small-animal SPECT/CT scans of the BxPC-3 mouse model of

liver metastasis were obtained using a NanoSPECT/CT tomograph
(Bioscan Inc.) as previously described (17). Briefly, each mouse was

injected via the tail vein with 37 MBq of 99mTc-HHK. At 1 h after
injection, the mice were anesthetized by inhalation of 2% isoflurane

and imaged using the NanoSPECT/CT camera. The SPECT and CT
fusion images were obtained using the automatic fusion feature of the

InVivoScope program (Bioscan Inc.). After SPECT/CT imaging,
BxPC-3 mice with liver metastasis were sacrificed. Livers were ex-

cised and macroscopically surveyed to detect tumor lesions. For fur-
ther confirmation of the tumor lesions, metastatic liver lesions were

fixed in 5% buffered formalin, embedded in paraffin, cut into sections,
and then subjected to hematoxylin and eosin (H&E) staining.

Statistical Analysis

Quantitative data were expressed as mean 6 SD. Means were com-

pared using the Student t test. P values of less than 0.05 were considered
statistically significant.

RESULTS

Chemistry and Radiochemistry

Fmoc-HK-HYNIC was prepared by direct conjugation of Fmoc-HK
peptide with HYNIC-NHS. After the removal of the Fmoc group,
the final product HK-HYNIC (HHK) was confirmed by HPLC and
mass spectrometry. The 99mTc-labeling procedure was done within
30 min, with a yield of 94.8%6 1.1% (n5 16). The radiochemical
purity was greater than 98%, and the specific activity of 99mTc-
HHK (Supplemental Fig. 1) was greater than 180 GBq/mmol.

In Vitro Integrin αvβ6 Specificity

Fluorescence-activated cell sorting analysis clearly showed that
BxPC-3 tumor cells were integrin avb6–positive, whereas HEK293
cells were integrin avb6–negative (Fig. 1A). Both HK and HHK in-
hibited the binding of 125I-HYK to integrin avb6–expressing BxPC-3
cells in a concentration-dependent manner. The IC50 values for HK
and HHKwere 2.166 0.11 and 2.726 0.15 nM, respectively (Fig. 1B).
We also investigated the cell-binding properties of 99mTc-HHK

in both integrin avb6–positive BxPC-3 and integrin avb6–negative
HEK293 cells. As shown in Figure 1C, the binding values (percentage
of the total added dose per 105 cells) of 99mTc-HHK for BxPC-3
and HEK293 cells were 4.906 0.31 and 0.186 0.05, respectively
(P , 0.001). The binding of 99mTc-HHK to BxPC-3 cells was
significantly inhibited by the addition of an excess dose of the
HK peptide (from 4.90 6 0.31 to 0.09 6 0.01, P , 0.001).

Biodistribution

As shown in Figure 2A, the uptake values of 99mTc-HHK in
BxPC-3 tumors were 0.88 6 0.12, 0.52 6 0.03, 0.36 6 0.06, and
0.32 6 0.04 %ID/g at 0.5, 1, 2, and 4 h after injection, respectively.
The tumor uptake of 99mTc-HHK was significantly higher than that
in the blood and normal organs, such as the heart, pancreas, bone,
and muscle, at almost all time points examined (P , 0.05).

99mTc-HHK showed similar biodistribution patterns in the normal
organs of integrin avb6–negative HEK293 mice, compared with
those in integrin avb6–positive BxPC-3 tumor–bearing mice (Fig.
2B). However, the uptake of 99mTc-HHK in BxPC-3 tumors was
significantly higher than that in HEK293 tumors (0.88 6 0.12 vs.
0.32 6 0.07 %ID/g, P , 0.01, and 0.52 6 0.03 vs. 0.16 6 0.03
%ID/g, P, 0.001, at 0.5 and 1 h after injection, respectively). The
coinjection of an excess dose of the cold HK peptide with 99mTc-
HHK resulted in a significantly reduced tumor uptake at 1 h after
injection (from 0.52 6 0.03 to 0.28 6 0.08 %ID/g, n 5 4, P ,
0.01). In contrast, the coinjection of an excess dose of a scrambled
peptide with 99mTc-HHK did not reduce the tumor uptake (0.52 6
0.03 vs. 0.60 6 0.17 %ID/g, n 5 4, P . 0.05; Fig. 2B).

Planar γ Imaging and Small-Animal PET Imaging

Three groups of tumor-bearing mice (BxPC-3, BxPC-3/HK block-
ing, and HEK293) were subjected to both 99mTc-HHK and 18F-FDG
imaging at 1 h after injection. As shown in Figure 3A, the BxPC-3
tumor was clearly visible, with high contrast in relation to the con-
tralateral background after 99mTc-HHK injection. The tumor-to-blood
and tumor-to-muscle ratios were both greater than 2 (Fig. 3C). The
BxPC-3 tumor uptake of 99mTc-HHK was significantly inhibited
(Figs. 3A and 3D) in the HK blocking group. 99mTc-HHK was
unable to detect HEK293 tumors because of the negative expres-
sion of integrin avb6 in this tumor. For direct comparison, the 18F-
FDG PET scan of the same mice was obtained before the 99mTc-
HHK scan. As shown in Figure 3B, all of the tumors in the 3 groups
can be clearly visualized by 18F-FDG PET. The accumulation of

FIGURE 1. (A) Representative flow cytometry histograms of BxPC-3

and HEK293 cells without (black-outlined spectrum) and with (red-outlined

spectrum) addition of antiintegrin αvβ3 antibody. (B) Inhibition of 125I-HYK

binding to integrin αvβ6 on BxPC-3 cells by HK and HHK peptides. (C) Binding

of 99mTc-HHK to BxPC-3 (without or with 5 μg of HK peptide blocking)

and HEK293 cells. %AD/105 cells 5 percentage of total added dose per

105 cells.
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18F-FDG activity in the integrin avb6–positive BxPC-3 (with and
without cold HK peptide blocking) and integrin avb6–negative

HEK293 tumors was not significantly different (Fig. 3E).

Small-Animal SPECT/CT Imaging

As shown in Figure 4A, a liver metastatic BxPC-3 tumor lesion

was clearly detected by 99mTc-HHK with high contrast in the ab-

dominal region of the mouse. Supplemental Video 1 better shows

the in vivo pharmacokinetics and tumor-targeting efficiency of
99mTc-HHK at 1 h after injection. After SPECT imaging, the

mouse was sacrificed, and the presence of the well-established

tumor growth in the liver was verified by anatomic visualization

after dissection. The liver showed an extensive tumor burden

(Figs. 4B and 4C) in the mouse that had a positive 99mTc-HHK

imaging signal (Fig. 4A). The H&E staining results of the dis-

sected tumor lesion further confirmed the 99mTc-HHK SPECT/CT

findings (Fig. 4D).

DISCUSSION

Accumulated evidence shows the vital function of integrin avb6

in cancer progression, invasion, and metastasis. Integrin avb6 is

significantly upregulated in many carcinomas, including approxi-

mately 100% of pancreatic cancers, whereas it is undetectable or

is not expressed in the corresponding normal tissues (3). Blockade

of integrin avb6 by a specific antibody inhibits tumor progression in

animal models (20). Thus, integrin avb6 is a promising biomarker

for cancer diagnosis and therapy. Conse-
quently, several peptides and antibodies have
been developed for integrin avb6 targeting.
A high-affinity 20-mer peptide antagonist

(TP H2009.1) of integrin avb6 was previ-
ously developed by phage display (13,15).
The integrin avb6–binding region of the
20-mer peptide is the DLXXL motif (21),
where X indicates a nonspecific amino acid.
This region is also conserved in many other
integrin avb6–targeting ligands (7–10,22,23).
We synthesized a SPECT radiotracer (99mTc-
HHK) based on the TP H2009.1 peptide
and evaluated the potential of this radio-
tracer in integrin avb6–targeted cancer de-
tection. Using the integrin avb6–positive
BxPC-3 cell line (Fig. 1A), we found that
introduction of the HYNIC chelator to the
HK peptide did not significantly affect re-
ceptor binding (Fig. 1B). Similar to that of
125I-HYK, the binding of 99mTc-HHK on
integrin avb6–positive BxPC-3 cells also
exhibited a dose-dependent inhibition in
the presence of cold HK peptide, and the
IC50 value was calculated to be 0.65 6
0.15 nM (Supplemental Fig. 2). Taken to-
gether, in vitro studies suggest that 99mTc-
HHK maintains high receptor-binding af-
finity and specificity and could thus be
tested for in vivo applications.
The in vivo integrin avb6–binding spec-

ificity of 99mTc-HHK was clearly demon-
strated by the biodistribution and imaging
studies. 99mTc-HHK showed rapid tumor

accumulation in the BxPC-3 tumor model, and the radiotracer
showed maximum tumor uptake values at 0.5 h after injection.
As predicted, 99mTc-HHK uptake in the integrin avb6–negative
HEK293 tumors remained close to background levels. Moreover,
the tumor uptake of 99mTc-HHK was almost completely blocked
by the coinjection of excess HK peptide (integrin avb6–specific
(15)) but not by the coinjection of excess scrambled peptide (in-
tegrin avb6–nonspecific) (Fig. 2). These results further confirm
that the tumor location is receptor-mediated. 99mTc-HHK was
relatively stable in human serum in vitro (Supplemental Fig. 3).
However, the metabolism study indicated that it was nearly com-
pletely metabolized in the blood, kidneys, and urine at 1 h after
injection (Supplemental Fig. 4). These results are consistent with
those of other studies on linear peptide-based radiotracers (24,25).
The metabolic instability of 99mTc-HHK possibly contributes par-
tially to its rapid clearance from tumor and normal organs. The
metabolized small fractions of the radiotracer were cleared mainly
via the renal route, which may be the main reason for the high
kidney uptake. Although the absolute tumor uptake of 99mTc-HHK
was relatively low (,1 %ID/g), the radiotracer was also rapidly
cleared from nontargeting normal organs. As a result, the specific
tumor targeting of 99mTc-HHK resulted in favorable tumor-to-
nontumor ratios and tumor imaging contrast. The imaging study
clearly demonstrated that the BxPC-3 pancreatic cancer xenografts
can be visualized with high contrast using 99mTc-HHK, and the
integrin avb6 expression was confirmed by ex vivo immunofluores-
cence staining (Supplemental Fig. 5).

FIGURE 2. (A) Biodistribution of 99mTc-HHK in BxPC-3 tumor–bearing nude mice at 0.5, 1, 2,

and 4 h after injection. (B) Biodistribution of 99mTc-HHK in BxPC-3 and HEK293 tumor–bearing

nude mice at 0.5 and 1 h after injection and in BxPC-3 tumor–bearing nude mice coinjected with

cold HK peptide or with scrambled peptide as blocking agent at 1 h after injection. Inset: 99mTc-

HHK tumor uptake values from B. **P , 0.01. ***P , 0.001.
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18F-FDG is currently the most commonly used radiotracer for
cancer detection and monitoring of treatment efficacy in clinical
settings. However, 18F-FDG is not tumor receptor–specific. 99mTc-
HHK failed to detect tumors in the integrin avb6–blockade and
integrin avb6–negative tumor models. By contrast, 18F-FDG PET
was unable to differentiate between tumors with integrin avb6 ex-
pression and those without such expression. These results demon-
strate that 99mTc-HHK SPECT is superior to 18F-FDG PET for the
noninvasive imaging of integrin avb6 expression during tumor
growth and for monitoring changes in integrin avb6 levels after
anticancer treatment.
SPECT/CT imaging combines the high sensitivity of SPECT

and the high spatial resolution of CT and provides both anatomic
and functional information on the imaged cancer tissue. Metastasis
to the liver is a common clinical finding for advanced pancreatic
cancer (26,27); thus, we determined the performance of 99mTc-
HHK SPECT/CT in the noninvasive detection of liver metastasis
of pancreatic cancer using high-sensitivity and high-resolution small-
animal SPECT/CT imaging. The high-resolution CT scan provides
anatomic information, whereas SPECT imaging with 99mTc-HHK
provides the integrin avb6 expression level of the metastasis.
SPECT/CT imaging allows the identification and localization of
small metastatic liver lesions (,5 mm in diameter) with high sen-
sitivity and accuracy (Fig. 4), suggesting that 99mTc-HHK–based

SPECT/CT has potential applications in many clinical scenarios,
including early detection of small metastatic lesions and noninva-
sive imaging of residual or recurrent lesions after cancer surgery.
The liver metastatic model used in this study is that of late-stage
metastatic formation. The early stages of pancreatic cancer metas-
tasis, such as local invasion at the primary lesion site and local
lymphatic metastasis, are bypassed by direct injection of pancre-
atic tumor cells into the liver. Future studies using more suitable
models of early spontaneous metastatic formation phases may
further validate the capability of 99mTc-HHK for integrin avb6–
targeted detection of early pancreatic cancer metastasis.
Compared with other integrin avb6–targeting radiotracers, 99mTc-

HHK is more readily available (Supplemental Table 1). The high
labeling yield of 99mTc-HHK allows the formulation of kits that
can be extensively used in preclinical and clinical applications. How-
ever, a major drawback of 99mTc-HHK is its relatively low tumor
uptake, which may be partly due to its in vivo metabolic instability.
Optimization strategies (e.g., cyclization, PEGylation, and multi-
merization) (28) that have been successfully used to modify Arg-Gly-
Asp (RGD)–based radiotracers may be required to further increase
the receptor-binding affinity and improve the in vivo pharmacoki-
netics of 99mTc-HHK. With improved in vivo behaviors, the integrin

FIGURE 3. (A–B) Representative planar γ (A) and small-animal PET (B)

images obtained at 1 h after injection of 99mTc-HHK or 18F-FDG in BxPC-3

and HEK293 tumor–bearing mice without or with blocking dose of cold

HK peptide. Arrows indicate tumor location. (C) Tumor-to-blood and

tumor-to-muscle ratios of 99mTc-HHK at 1 h after injection of 99mTc-

HHK in BxPC-3 tumor–bearing mice. (D–E) Comparison of tumor uptake

of 99mTc-HHK (D) and 18F-FDG (E) in BxPC-3 tumors, HEK293 tumors,

and BxPC-3 tumors (cold HK peptide blocking) at 1 h after injection.

**P , 0.01. ***P , 0.001.

FIGURE 4. (A) Representative whole-body posterior and right lateral

NanoSPECT/CT images of nude mice with liver metastasis of BxPC-3

tumors obtained at 1 h after 99mTc-HHK injection. (B) Mouse from A was

sacrificed and dissected to verify liver metastasis. (C) Gross picture of

liver from B. Metastatic liver lesions are indicated by white arrows. (D)

H&E staining of metastatic liver tumor.
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avb6–targeted SPECT tracer may be used in clinical trials for cancer
screening, micrometastasis detection, and treatment monitoring.

CONCLUSION

99mTc-HHK exhibited specific integrin avb6 binding both in vitro
and in vivo. 99mTc-HHK was successfully used in the specific de-
tection of subcutaneous pancreatic tumor xenografts and liver me-
tastases. Further optimization of 99mTc-HHK may eventually yield
a suitable radiotracer for the detection of integrin avb6–positive
tumors and for monitoring of the receptor expression during integ-
rin avb6–targeted cancer treatment in clinical settings.
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