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Overexpression of the human epidermal growth factor receptor
(HER) family has been implicated in cancer because of its partic-
ipation in signaling pathways regulating cellular proliferation, dif-
ferentiation, motility, and survival. In this work, we exploited the
extracellular binding property of trastuzumab, a clinically thera-
peutic monoclonal antibody to the second member of the HER
family (HER2), to design a diagnostic imaging agent, (111In-
DTPA)n-trastuzumab-(IRDye 800CW)m, that is dual labeled with
111In, a g-emitter, and a near-infrared (NIR) fluorescent dye,
IRDye 800CW, to detect HER2 overexpression in breast cancer
cells. The stoichiometric ratios ‘‘n’’ and ‘‘m’’ refer to the number
of diethylenetriaminepentaacetic acid dianhydride (DTPA) and
IRDye 800CW molecules bound per trastuzumab molecule, re-
spectively. Methods: Fluorescence microscopy and confocal
microscopy were used to determine the molecular specificity
of (DTPA)n-trastuzumab-(IRDye800)m in vitro in SKBr3 (HER2-
positive) and MDA-MB-231 (HER2-negative) breast cancer cells.
SKBr3 cells were incubated with (DTPA)n-trastuzumab-
(IRDye800)m or IRDye800CW or pretreated with trastuzumab or
human IgG followed by (DTPA)n-trastuzumab-(IRDye800)m and
examined under a fluorescence microscope. For in vivo charac-
terization, athymic nude mice bearing HER2-overexpressing
SKBr3-luc subcutaneous xenografts were injected intravenously
with (111In-DTPA)n-trastuzumab-(IRDye800)m and imaged with
SPECT and NIR fluorescence imaging at 48 h. Tumor-bearing
mice were also injected intravenously with trastuzumab 24 h be-
fore administration of (111In-DTPA)n-trastuzumab-(IRDye800)m.
Nonspecific uptake in the SKBr3-luc tumors was analyzed by
injecting the mice with IRDye 800CW and (111In-DTPA)p-IgG-
(IRDye800)q, where ‘‘p’’ and ‘‘q’’ are the stoichiometric ratios of
DTPA and IRDye 800CW bound per IgG antibody, respectively.
Results: (DTPA)n-trastuzumab-(IRDye800)m showed significantly
greater binding to SKBr3 cells than to MDA-MB-231 cells. Confo-
cal imaging revealed that this binding occurred predominantly
around the cell membrane. Competitive binding studies with ex-
cess trastuzumab before incubation with (DTPA)n-trastuzumab-
(IRDye800)m abolished this binding affinity, but pretreatment
with nonspecific IgG did not alter binding. In vivo nuclear and op-
tical imaging of SKBr3-luc xenografts injected with (111In-DTPA)n-

trastuzumab-(IRDye800)m revealed significantly more uptake in
the tumor region than in the contralateral muscle region. The tumor-
to-muscle ratio decreased in mice pretreated with trastuzumab and
in mice injected with IRDye 800CW and (111In-DTPA)p-IgG-
(IRDye800)q. Ex vivo imaging of dissected organs confirmed these
results. Finally, coregistration of histologic hematoxylin–eosin
stains with autoradiography signals from tumor and muscle tissue
slices indicated that (111In-DTPA)n-trastuzumab-(IRDye800)m
bound only in tumor tissue and not to muscle. Conclusion:
Dual-labeled (111In-DTPA)n-trastuzumab-(IRDye800)m may be an
effective diagnostic biomarker capable of tracking HER2 overex-
pression in breast cancer patients.
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Molecular imaging agents that are dual labeled with
nuclear and optical reporters provide unique opportunities
for noninvasive diagnostic imaging with PET or SPECT
radionuclides and for subsequent intraoperative guidance
with near-infrared (NIR) fluorophores. Although NIR fluores-
cence and nuclear reporters possess comparable sensitivities
for molecular imaging, each possesses complementary
advantages that outweigh the other’s limitations. For exam-
ple, whereas NIR fluorophores might be expected to be
limited in tissue penetration depth, nuclear reporters are not,
and whereas nuclear reporters have a physical half-life that
limits the period for imaging, NIR fluorescent agents have
no physical half-life. Consequently, NIR imaging agents
need to be based on biologic rather than both biologic and
physical half-lives.

Recently, Houston et al. (1) used imaging with dual-
labeled RGD peptides against avb3 integrin expression in
a subcutaneous xenograft model; they showed comparable
optical planar imaging and scintigraphy results but enhanced
signal-to-noise ratio with NIR fluorescence imaging relative
to nuclear imaging. For subcutaneous xenograft models,
which offer shallow penetration depths, these results might
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be expected and might be similar to what might be encoun-
tered in intraoperative guidance. In this work, we describe
preclinical imaging with a dual-labeled antibody that is
under development for noninvasive imaging and intraoper-
ative identification of metastases in human epidermal growth
factor receptor (HER)–positive breast cancer patients.

The second member of the HER family, HER2, is over-
expressed in approximately 20%–30% of breast cancer pa-
tients (2). This overexpression is often associated with a poor
prognosis. By blocking HER2 homo- or heterodimerization
with HER1 and HER3, downstream proliferative signaling
can be interrupted for a therapeutic advantage. Trastuzumab
(Herceptin; Genentech Inc.) is a humanized anti-HER2 anti-
body (3) that interferes with HER2 signaling and is approved
for therapeutic use in breast cancer (4,5). Apart from being an
excellent target for therapy, the extracellular domain of HER2
on the plasma membrane is also a potential target for diag-
nostic biomarkers. When HER2 is expressed in primary breast
lesions, it is also stably expressed in lymph node metastases
and distant metastases (6,7) and remains so throughout
therapy, indicating a lack of sensitization of HER2 levels to
therapy (8–10). The stability of HER2 expression with tumor
progression and therapy and the availability of an antibody
to target it suggest the use of HER2-targeted diagnostic
imaging for nodal staging. Several investigators have labeled
the intact and derived forms and fragments [Fab, F(ab9)2] of
trastuzumab antibody with nuclear agents, including 68Ga
(11), 90Y (12), 111In (12–14), and 99mTc (15), and with a red
fluorescent dye, Cy5.5 (16), to image HER2-overexpressing
breast cancer xenografts. Other trastuzumab-based imaging
methods or agents that have been reported include conjuga-
tion with quantum dots (17,18), nanocrystals (19), iron oxide
(20), and gold nanoparticles (21) to detect cancer. Recently,
111In-labeled trastuzumab was clinically translated for scin-
tigraphy to identify HER2-positive metastases (22).

In this study, we synthesized (111In-diethylenetriaminepen-
taacetic acid [DTPA])n-trastuzumab-(IRDye800)m, a dually
labeled conjugate that makes use of the following features:
the stable emission of an NIR fluorescent dye, IRDye 800CW,
which has no finite half-life; the g-emission of 111In for
scintigraphy for sentinel lymph node mapping; and the oppor-
tunity to cross-validate NIR and nuclear imaging modalities.
We validated the imaging conjugate by imaging standard ani-
mal models of subcutaneous HER2-positive human breast
tumors after intravenous administration of the conjugate; we
showed the ability to deliver the agent into the lymphatic
system for clearance within 24 h.

MATERIALS AND METHODS

Trastuzumab was purchased and stored at 4�C. IRDye 800CW
was provided by Li-Cor Biosciences, and DTPA dianhydride was
purchased from Sigma-Aldrich. Human IgG was obtained from
Invitrogen.

Synthesis of (DTPA)n-Trastuzumab
Trastuzumab was conjugated with DTPA by use of the protocol

described by Tang et al. (13). In brief, trastuzumab was dissolved in

aqueous NaHCO3 (50 mM, pH 8.0) at a concentration of 5 mg/mL
and mixed with a 100-fold molar excess of DTPA dianhydride. Af-
ter constant stirring for 30 min at room temperature, the reaction
mixture was purified from excess DTPA by passage through a
Sephadex G-25 (bead diameter, 50–150 mm; Sigma-Aldrich) mini-
column and elution with phosphate-buffered saline (PBS) (pH
7.4). The number of DTPA molecules per trastuzumab antibody
molecule (n) was determined by mass spectrometry. The synthe-
sized conjugate was analyzed on a model 4700 Proteomics Analyzer
matrix-assisted laser desorption/ionization tandem time-of-flight
(MALDI TOF/TOF) instrument (Applied Biosystems) with linear de-
tection and 3,5-dimethoxy-4-hydroxy-transcinnamic acid (sinapinic
acid) as a matrix.

Synthesis of (DTPA)n-Trastuzumab-(IRDye800)m
Conjugation with IRDye 800 was performed according to the

IRDye 800 antibody labeling kit protocol from Li-Cor Biosci-
ences. In brief, (DTPA)n-trastuzumab was reacted with IRDye 800
(dissolved in dimethyl sulfoxide [DMSO] [0.5 mg of dye/25 mL of
DMSO]) at a mass ratio of 1:10 in PBS (pH 7.4). The labeling
reaction was performed in the dark at 4�C for 2 h. To separate
excess unreacted IRDye 800, dialysis was performed with PBS (pH
7.4) for 16–24 h, with 3 buffer changes at regular intervals, by use
of a Slide-A-Lyzer dialysis kit (Pierce) with a molecular weight
cutoff of 10,000. Spectrophotometric (model DU-800 instrument;
Beckman Coulter) analysis was used to determine the dye-to-
protein ratio (m) from absorbance values at 280 and 774 nm and to
estimate the reaction yield of (DTPA)n-trastuzumab-(IRDye800)m.

Synthesis of (111In-DTPA)n-Trastuzumab-(IRDye800)m
111InCl3 (in 0.05 M HCl; 34.26 GBq/mL, 925.98 mCi/mL) was

obtained from Perkin-Elmer. 111InCl3 with 0.1N sodium acetate
(20 mL/37 MBq) was added to (DTPA)n-trastuzumab-(IRDye800)m

in PBS and mixed for 30 min. Serum stability was assessed over
a 24-h period after incubation of (111In-DTPA)n-trastuzumab-
(IRDye800)m in 1 mL of cell culture medium with 10% serum at
37�C. High-performance liquid chromatography analysis with an
Agilent 1100 series instrument (Agilent Technologies, Inc.) was
used to monitor for degradation products.

The immunoreactive fraction of the dual-labeled trastuzumab-
based imaging agent was determined by use of the assay described
by Lindmo et al. (23). When SKBr3 human breast cancer cells
reached 95% confluence in 10-cm tissue culture dishes, they were
treated with trypsin and washed with excess PBS. A 50-ng quantity
of (In-DTPA)n-trastuzumab-(IRDye800)m was added to increasing
concentrations of SKBr3 cells (0.2 · 106–6 · 106 cells per milliliter
of cell culture medium). Uptake was determined after the cell
suspensions were centrifuged and washed 3 times with PBS. Cells
were suspended in 100 mL of PBS and added to a microtiter plate,
and the NIR fluorescence signal was obtained by use of an Odyssey
infrared imaging system (Li-Cor Biosciences). The immunoreac-
tive fraction was determined by plotting the fluorescence signal
intensities versus increasing cell concentration. The maximum
fluorescence intensity value was divided by the intensity arising
from 50 ng of (In-DTPA)n-trastuzumab-(IRDye800)m added to 100
mL of PBS.

Synthesis of (111In-DTPA)p-IgG-(IRDye800)q
Human IgG was dual labeled with the DTPA chelating agent

and IRDye 800 in a manner similar to that described previously
for trastuzumab. The number of DTPA chelating molecules (p)
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was determined by mass spectrometry, and the dye-to-antibody
ratio (q) was calculated by spectrophotometric analysis.

Cell Lines
Human breast cancer cells that express high levels of HER2

(SKBr3) and human breast cancer cells that express negligible
levels of HER2 (MDA-MB-231) were used to conduct in vitro
experiments. For in vivo imaging of HER2 receptor levels in tumor
xenografts, we used a derivative SKBr3-luc cell line (provided by
Michael Barry, Mayo Clinic) that had been incorporated with the
firefly luciferase gene to aid in the monitoring of tumor growth by
bioluminescence imaging. The cells were cultured in Dulbecco
minimal essential medium–F-12 medium (Invitrogen) with 10%
fetal bovine serum (Hyclone) in a humidified incubator maintained
at 37�C with 5% CO2.

In Vitro Binding Studies
When the cells reached 95% confluence in 10-cm tissue culture

dishes, they were treated with trypsin, washed with excess PBS, and
resuspended in 100 mL of culture medium with IRDye 800CW
(1 mM) or (DTPA)n-trastuzumab-(IRDye800)m (0.1 mM, m 5

9.15; equivalent to 1 mM IRDye 800CW). For competitive binding
studies, SKBr3 cells were pretreated with trastuzumab (22 mM) or
human IgG (22 mM) for 30 min at 37�C and then treated with
(DTPA)n-trastuzumab-(IRDye800)m for 1 h at 37�C. At the end of
this incubation period, the cells were washed twice with PBS and
incubated in a solution of Sytox Green in 95% ethanol (1 mM; Mo-
lecular Probes) for 15 min to fix and stain cell nuclei.

In Vitro Microscopy
All images from the cell binding studies were recorded by use

of a Leica fluorescence microscope (model DM6000 B; Leica
Microsystems GmbH) equipped with a 100-W xenon lamp and
fluorescence filters. Confocal images of SKBr3 cells were obtained
by use of an Olympus confocal microscope outfitted with NIR diode
sources and filters (FluoView 1000; Olympus America).

Tumor Xenografts
Female athymic nude mice (3–4 wk old, 18–22 g; Harlan

Sprague–Dawley, Inc.) were housed 5 per cage and provided with
sterilized pellet chow and sterilized water. Animals were main-
tained in a pathogen-free mouse colony at the Frensley Center of
Imaging Research at Baylor College of Medicine. The facility is
accredited by the American Association for Laboratory Animal
Care, and all experiments were performed in accordance with the
guidelines of Baylor College of Medicine Institutional Animal Care
and Use Committee. SKBr3-luc cells were treated with trypsin
when near confluence and harvested. Cells were pelleted by
centrifugation at 1,200 rpm for 5 min and resuspended in sterile
culture medium. SKBr3-luc cells (2 · 106–3 · 106 per animal) were
implanted subcutaneously into the left flank of the mice. Initial
tumor growth was monitored by bioluminescence imaging. Nuclear
and optical imaging was performed once the tumors reached 0.5–
0.8 cm in diameter.

In Vivo Bioluminescence Imaging
Athymic mice inoculated subcutaneously with SKBr3-luc cells

were monitored for tumor growth by bioluminescence imaging.
Mice were injected intraperitoneally with 100 mL of 1 mM
D-luciferin (Marker Gene Technologies Inc.) 5 min before imaging.
To capture the photons that are emitted after the reaction between
luciferin and luciferase, we have designed an imaging system that
consists of a light-tight imaging chamber (UVP) fitted with an

electron-multiplying charge-coupled device (EMCCD) camera
(model PhotoMAX:512B; Princeton Instruments). Image acquisi-
tion was accomplished with V11 software (Digital Optics). Data
processing and analysis were accomplished with Image J software
(National Institutes of Health). The integration time for white-
light photographic images was 800 ms, whereas bioluminescence
images were acquired after integration for 5 min. The images were
overlaid to verify the location of the tumor.

In Vivo Fluorescence Imaging
In vivo fluorescence imaging was accomplished by illuminating

the animal with light from a laser diode (85 mA and 80 mW for
785-nm light; DL7140–201; Sanyo) that expanded to a circular area
approximately 8 cm in diameter. The reemitted fluorescent light
was collected with an EMCCD camera. Filter sets used in this study
included a band-pass filter with an 830-nm center wavelength and an
optical density of greater than 3 at 785 nm (ANDV8483; Andover
Corp.) for collecting IRDye 800CW fluorescence and a holographic
filter with an optical density of greater than 6 (HSP 785.0; Kaiser
Optical Systems) for rejecting backscattered and reflected excitation
light. Image acquisition was accomplished with V11 software,
and data processing and analysis were accomplished with Image J
software. The integration time for white-light and fluorescence
images was 800 ms.

Whole-body fluorescence images were obtained 24 and 48 h
after intravenous injection of (111In-DTPA)n-trastuzumab-
(IRDye800)m (0.43 nmol, 80 mg, m 5 7.6), (111In-DTPA)p-IgG-
(IRDye800)q (0.53 nmol, 80 mg, q 5 3), and free IRDye 800CW
(3.28 nmol, 3.8 mg). For competitive binding studies, animals were
preinjected with a 200-fold molar excess of trastuzumab (86 nmol,
16 mg) 24 h before the administration of (111In-DTPA)n-trastuzu-
mab-(IRDye800)m. At various time points, mice were sacrificed,
and images of the excised organs were obtained. For quantitative
comparisons, ratios of fluorescence signal intensities in the regions
of interest (ROIs) corresponding to the tumor and normal tissue
regions were determined.

In a subset of tumor-free animals, (In-DTPA)n-trastuzumab-
(IRDye800)m (16 pmol, 3 mg, m 5 7.6) was administered intrader-
mally into the footpad with a MicroCone catheter (BD Technologies).
NIR fluorescence imaging was performed immediately and at 24 h
to visualize the lymphatic delivery of the agent to the popliteal lymph
nodes and its subsequent clearance.

Small-Animal SPECT/CT
SPECT and CT images were acquired consecutively with a

MicroCAT II scanner (Siemens Medical Solutions) 48 h after
injection of (111In-DTPA)n-trastuzumab-(IRDye800)m (1 nmol,
200 mg, 7.4 MBq) into SKBr3-luc xenografts. The SPECT scan
was acquired for 20 projections over 360� for a scan time of 1 min
per frame. SPECT and CT tomographic images were coregistered
by geometric transformation and rendered to make the fused
images with Amira (version 3.1; Konrad-Zuse-Zentrum fur Infor-
mationstechnik). Planar scintigraphy was performed 24 h after the
mice were injected with (111In-DTPA)n-trastuzumab-(IRDye800)m

(0.22 nmol, 40 mg, ;2.8 MBq) by removing the 3-mm pinhole
collimator of the SPECT scanner, adding a 1.22-mm planar colli-
mator, and integrating for 10 min.

Scintillation counts per minute from excised organs of SKBr3-luc
tumor–bearing mice preinjected with (111In-DTPA)n-trastuzumab-
(IRDye800)m (0.22 nmol, 40 mg, ;2.8 MBq) and sacrificed at
various time points were acquired with a MicroBeta TriLux
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(Perkin-Elmer) detection system. The integration time used for
acquisition ranged from 1 to 3 min.

Autoradiography and Histologic Staining
Frozen sections of tissue slices from the tumor region were

prepared to correlate the radioactive signal obtained from (111In-
DTPA)n-trastuzumab-(IRDye800)m with hematoxylin–eosin (H&E)
staining to demonstrate the stability and specificity of the dye
conjugate.

Statistical Analysis
Statistical analysis was performed with SAS software (version

9.1; SAS Institute Inc.) for Microsoft Windows. The data were
analyzed with one-way analysis of variance and general linear
models. The significance level was set at 0.05, and statistical anal-
ysis of the tumor-to-muscle ratio (TMR) was performed with fluo-
rescence images obtained at various time points. In this study, TMR
was calculated as follows:

TMR 5 ðsum of fluorescence counts in tumor

region=number of pixelsÞ=ðsum of fluorescence

counts in muscle region=number of pixelsÞ: Eq. 1

To determine TMR from whole-body fluorescence images, an ROI
was drawn around the tumor region, and the total fluorescence
signal intensity associated with the region was computed. For in
vivo analysis, the same ROI was used for the contralateral muscle
to compute the fluorescence signal intensity.

In excised tissue, TMR was computed by determining the total
fluorescence signal intensity observed in the tumor and muscle
regions by drawing an ROI around each tissue independently.
Because Equation 1 includes normalization by area or number of
pixels, it was used to compute TMR in excised tissue.

To calculate TMR from SPECT/CT images, tumor volume was
computed from the SPECT data, and the signal intensities were
recorded. The same volume was used to compute the signal in-
tensity from the muscle region. Analysis of TMR was done with
Inveon Research Workplace (Siemens Medical Solutions).

TMR for scintillation counts obtained from excised tissue was
computed with the following equation:

TMR 5 ðscintillation counts per minute in tumor

region=gram of tumorÞ=ðscintillation counts per

minute in muscle region=gram of muscleÞ: Eq. 2

RESULTS

Synthesis and Characterization of (111In-DTPA)n-
Trastuzumab-(IRDye800)m

Mass spectrometry determined that the number of DTPA
molecules conjugated with trastuzumab was 10. The yield
was typically 98%. The absorption and fluorescence
emission characteristics of (111In-DTPA)n-trastuzumab-
(IRDye800)m were similar to those of free IRDye 800CW
when measured in the spectrophotometer (data not shown
for brevity). This finding suggests that the fluorescence prop-
erties of IRDye 800CW were not altered on conjugation with
the antibody. The molar ratio of IRDye 800 to trastuzumab
was between 7 and 10. The yield was typically 90%. Although
(111In-DTPA)n-trastuzumab-(IRDye800)m is stable at 4�C
over 14 d, serum-based degradation of the agent at 37�C
was determined from high-performance liquid chromatog-
raphy to be approximately 6%/d. The immunoreactive frac-
tion estimated by the assay of Lindmo et al. (23) was found
to be 0.95.

Synthesis and Characterization of (111In-DTPA)p-IgG-
(IRDye800)q

Human IgG was conjugated with 111In and IRDye 800CW
in a procedure similar to that outlined for trastuzumab.
Because IRDye 800CW binds to the lysine residues on the
antibody, we would expect a range of dye-to-protein ratios
like those obtained for trastuzumab. For the single batch

FIGURE 1. (A and B) Fluorescence mi-
croscopy imaging shows significant bind-
ing of (DTPA)n-trastuzumab-(IRDye800)m
in HER2-overexpressing SKBr3 cells (A) in
comparison with MDA-MB-231 cells,
which express low levels of HER2 (B).
Reduction in apparent ‘‘brightness’’
arises because of overlay of red and
green channels when agent binding oc-
curs. (C) Confocal imaging of SKBr3 cells
incubated with imaging agent reveals
extracellular membrane binding. (D) Mag-
nified view of representative cell. (E and F)
Pretreatment with trastuzumab signifi-
cantly reduced binding of imaging agent
by competition (E), whereas pretreatment
of cells with human IgG did not alter
binding of imaging agent significantly (F).
(G) IRDye 800CW did not exhibit nonspe-
cific binding. (DTPA)n-trastuzumab-
(IRDye800)m is represented in red,
whereas cell nuclei stained with Sytox
Green are represented in green.
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of (111In-DTPA)p-IgG-(IRDye800)q, the molar ratio of
IRDye800 to IgG (q) was approximately 3, and the yield
was 90%.

In Vitro Binding Studies

Figure 1 compares the fluorescence images of SKBr3 cells
(overexpressing HER2) and MDA-MB-231 cells (expressing
low levels of HER2) incubated with (DTPA)n-trastuzumab-
(IRDye800)m. The imaging agent bound with high specific-
ity to SKBr3 cells but not to MDA-MB-231 cells (Figs. 1A
and 1B). Confocal microscopy imaging of SKBr3 cells con-
firmed that the agent bound to the extracellular domain of the
cells (Fig. 1C) and appeared as spots or clusters on the surface
membrane, as shown by a higher magnification (Fig. 1D). Fur-
thermore, the binding of (DTPA)n-trastuzumab-(IRDye800)m

was abolished when SKBr3 cells were pretreated with a 200-
fold molar excess of trastuzumab (Fig. 1E) but not when the
cells were pretreated with the same amount of nonspecific
human IgG (Fig. 1F). As a measure of control to ensure the
absence of nonspecific binding, SKBr3 cells incubated with

an equivalent dose of free IRDye 800CW showed negligible
binding (Fig. 1G).

In Vivo Nuclear and Optical Imaging

Figure 2 shows a series of whole-body fluorescence images
of mice inoculated with SKBr3-luc tumors; the images were
obtained 48 h after the administration of (111In-DTPA)n-
trastuzumab-(IRDye800)m (Fig. 2C). The corresponding
white-light image is shown in Figure 2B. A bioluminescence
image was overlaid on a white-light image for easy identifi-
cation of the tumor location (Fig. 2A). The fluorescence signal
intensities observed in the tumor region of these mice were
significantly higher than those in the rest of the body.

Three standard tubes were placed beside each mouse
during fluorescence imaging. These included (111In-DTPA)n-
trastuzumab-(IRDye800)m (5.44 mM; dye equivalent, 0.22
mM) (Fig. 2B, location 1), (111In-DTPA)p-IgG-(IRDye800)q

(6.35 mM; dye equivalent, 0.12 mM) (Fig. 2B, location 2), and
IRDye 800CW (0.16 mM) (Fig. 2B, location 3). In vivo
blocking studies indicated a decrease in fluorescence signal
intensity in the tumor region and an increase in the liver in

FIGURE 2. SKBr3-luc cancer cells were
inoculated into left flank of athymic nu/nu
mice. (A) Bioluminescence image over-
laid on white-light image helps confirm
presence of SKBr3-luc tumor xenograft
near left flank of nu/nu mouse. (B–F)
White-light image (B) of mouse taken
before fluorescence imaging of (111In-
DTPA)n-trastuzumab-(IRDye800)m (C),
200-fold molar excess of trastuzumab
followed by (111In-DTPA)n-trastuzumab-
(IRDye800)m (D), (111In-DTPA)p-IgG-
(IRDye800)q (E), or equivalent dose of
IRDye 800CW (F) 48 h after administra-
tion. Standards placed on side include
(111In-DTPA)n-trastuzumab-(IRDye800)m
(1), (111In-DTPA)p-IgG-(IRDye800)q (2),
and IRDye 800CW (3). Notched box-and-
whisker statistical comparisons of TMRs
among 4 groups are also shown. Mice
injected with (111In-DTPA)n-trastuzumab-
(IRDye800)m had significantly higher TMRs
than all other groups—trastuzumab fol-
lowed by (111In-DTPA)n-trastuzumab-(IR-
Dye800)m (P 5 0.0048), (111In-DTPA)p-
IgG-(IRDye800)q (P 5 0.0001), and
IRDye 800CW (P 5 0.0011). However,
difference between preblocking with tras-
tuzumab and treatment with nonspecific
(111In-DTPA)p-IgG-(IRDye800)q or IRDye
800CW was not statistically significant
(P 5 0.1806).
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mice that were preinjected with trastuzumab 24 h before the
administration of (111In-DTPA)n-trastuzumab-(IRDye800)m

(Fig. 2D). The increase may have occurred because of
the reduction of specific binding sites for (111In-DTPA)n-
trastuzumab-(IRDye800)m, which may have been occupied
by trastuzumab. Nonspecific (111In-DTPA)p-IgG-(IRDye800)q

and IRDye 800CWappeared to show some uptake in the tumor
region (Figs. 2E and 2F), but this uptake was significantly
lower than that seen after the administration of (111In-DTPA)n-
trastuzumab-(IRDye800)m.

A quantitative analysis of the in vivo whole-body fluores-
cence imaging data is represented by the notched box-and-
whisker plots in Figure 2. The statistical results demonstrated
that the dual-labeled agent, (111In-DTPA)n-trastuzumab-
(IRDye800)m, had the highest TMR (2.25 6 0.2) when com-
pared with (111In-DTPA)p-IgG-(IRDye800)q (1.35 6 0.1)
and IRDye 800CW (1.44 6 0.18), indicating its superior
specificity in binding to HER2-overexpressing SKBr3-luc
xenografts. The TMR for mice preinjected with trastuzumab
was significantly lower than that for the control (P 5 0.0048)
but was not statistically different from those obtained with
(111In-DTPA)p-IgG-(IRDye800)q and IRDye 800CW (P 5

0.1806). The decrease in signal intensity after pretreatment
was attributable to the decrease in the number of unbound
receptors.

SPECT also revealed significant uptake of (111In-DTPA)n-
trastuzumab-(IRDye800)m in the tumor region compared
with the muscle region (Fig. 3A). The observed TMR was
2.66. Whole-body planar scintigraphy images also indicated
significant uptake in the tumor region (Fig. 3B), with a TMR
of 2.17.

Ex Vivo Nuclear and Optical Imaging

Dissection of major organs 48 h after injection of the
imaging agents confirmed that the fluorescence signal in-
tensities observed in the chest and pelvic regions of the
mouse, in addition to the tumor region, were mainly attrib-
utable to the liver and kidneys. The liver region exhibited
significant fluorescence activity in the mice injected with
the antibody-based imaging agents (trastuzumab and IgG)
(Figs. 4B–4D). The high liver uptake can be attributed to the
interaction of the Fc receptors present on the antibody with
hepatocytes, whereas the fluorescence signal intensities in
the kidneys reflect the clearance of IRDye 800CW after
degradation in the liver. In contrast, mice injected with free
IRDye 800CW did not show accumulation in the liver (Fig.
4E) but rather showed clearance through the kidneys.
Excised tumor tissue had a significantly higher fluorescence
signal intensity than muscle in each of the 4 groups, but the
TMR for mice treated with (111In-DTPA)n-trastuzumab-
(IRDye800)m was statistically higher than that for mice
treated with nonspecific (111In-DTPA)p-IgG-(IRDye800)q

and free IRDye 800CW (P 5 0.0304 and P 5 0.0482,
respectively). These results are consistent with what was
observed with in vivo imaging. Moreover, pretreatment with
trastuzumab reduced the binding affinity of (111In-DTPA)n-
trastuzumab-(IRDye800)m significantly (P 5 0.0354).

Figure 5A compares the ex vivo TMRs between nuclear
and optical modalities at various time points after intravenous
administration of (111In-DTPA)n-trastuzumab-(IRDye800)m.
No statistically significant differences between the TMRs
were observed between time points within each modality, but
the TMRs observed with optical imaging were statistically
higher compared to observed with nuclear imaging (P ,

0.0001) at each time point. This result was expected because
the TMRs computed for optical imaging were normalized by
area (or pixel number), whereas those computed for nuclear
imaging were normalized by tissue weight. An R value of
0.9476 suggests a statistically high (P , 0.0001) degree of
correlation between the optical imaging and nuclear imaging
TMRs (Fig. 5B), as would be expected for a dual-labeled
imaging agent. When TMRs were reported on a consistent
basis (i.e., tissue weight), the statistical differences between
optical imaging and nuclear imaging TMRs were lost, as
shown in Figure 5C. In addition, when the TMRs were
reported on a consistent basis, the SE bars for optical imag-
ing were smaller than those for nuclear imaging, a result that
we previously reported for a dual-labeled peptide agent (1).
Besides the tumor and muscle tissues, we conducted similar
preliminary biodistribution studies of other excised tissues
and found that although there was a one-to-one correspon-
dence of organ-to-muscle ratios from optical and nuclear
signals, the routes for clearance, namely, the kidneys and
bladder, exhibited statistically significant differences in the
ratios derived from IRDye 800 and 111In. Although prelim-
inary, these results indicate differences in the clearance and
degradation of IRDye 800 and 111In-DTPA 48 h after

FIGURE 3. (A) Three-dimensional SPECT integrated for 20
min shows accumulation of dually labeled (111In-DTPA)n-
trastuzumab-(IRDye800)m (1 nmol, 200 mg, 7.4 MBq) in
SKBr3-luc xenograft after 48 h. (B) Two-dimensional scintigra-
phy was performed 24 h after injection of (111In-DTPA)n-
trastuzumab-(IRDye800)m (0.22 nmol, 40 mg, ;2.8 MBq) and
integration for 10 min. These experiments were performed on
different mice.
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processing in the liver, where antibody or agent degradation
occurs.

To determine the specificity of the trastuzumab-based
imaging agent at a molecular level, 5-mm tissue slices from
the tumor region of mice injected with (111In-DTPA)n-
trastuzumab-(IRDye800)m were obtained 48 h after agent
administration. Autoradiography was performed on these
slices because of the presence of 111In (Fig. 6A). H&E stain-
ing was performed subsequently on the same slices to show
tumor morphology (Fig. 6B). By overlaying the autoradi-
ography signal on H&E staining, we were able to determine
the locations of uptake of (111In-DTPA)n-trastuzumab-
(IRDye800)m in the tissues (Fig. 6C). Our results indicated
that the imaging agent showed specific uptake in the tumor
region.

Autoradiography signals and H&E staining were also
analyzed for the liver, kidneys, and muscle (data not shown).
Autoradiography signals from the liver and kidneys were
consistent with the fluorescence observed with both in vivo

imaging and ex vivo imaging, but H&E staining revealed
no aberrant pathology in these tissues, indicating liver-
specific antibody uptake and clearance of degraded fragments
through the kidneys. Muscle showed negligible radioactivity,
a result that is consistent with data obtained from fluores-
cence imaging and SPECT.

Figure 7 depicts a typical image of a tumor-free athymic
mouse after intradermal delivery of (In-DTPA)n-
trastuzumab-(IRDye800)m. The results indicated immediate
uptake of the agent into the lymphatic channels that drain
into the popliteal nodes (Fig. 7B). An alternate view of the
same mouse is shown in Figure 7C. Within 24 h, the agent
was cleared from the lymph nodes, and the signal intensity
at the injection site was dramatically reduced (Fig. 7D). The
accumulation of the agent in the liver after 24 h is consis-
tent with the mode of antibody degradation and clearance
illustrated by the in vivo imaging data. Nuclear imaging was
not performed because of the inability to distinguish between
low signal counts at the time of imaging and actual clearance.

FIGURE 4. (A–E) White-light image (A)
and ex vivo organ images of mice sac-
rificed 48 h after injection with (111In-
DTPA)n-trastuzumab-(IRDye800)m (B),
trastuzumab followed by (111In-DTPA)n-
trastuzumab-(IRDye800)m (C), (111In-
DTPA)p-IgG-(IRDye800)q (D), or equivalent
dose of IRDye 800CW (E). Tissues dis-
sected include heart and lungs (H/L), liver
(Li), spleen (S), kidneys (K), muscle (M),
tumor (T), and blood (B). Notched box-
and-whisker statistical comparisons of
TMR among 4 groups are also shown.
TMRs were calculated by marking ROIs
around tumor and muscle tissues that
had been dissected and measuring fluo-
rescence signal intensities. Mice injected
wi th ( 1 1 1 In-DTPA)n- t rastuzumab-
(IRDye800)m had significantly higher
TMRs than all other groups—trastuzumab
followed by (111In-DTPA)n-trastuzumab-
(IRDye800)m (P 5 0.0354), (111In-DTPA)p-
IgG-(IRDye800)q (P 5 0.0304), and
IRDye 800CW (P 5 0.0482). However,
difference between preblocking with
trastuzumab and treatment with nonspe-
cific (111In-DTPA)p-IgG-(IRDye800)q or
IRDye 800CW was not statistically signif-
icant (P 5 0.0531).
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DISCUSSION

The first human uses of trastuzumab administered system-
ically as an imaging agent were reported by Behr et al. (24)
and Lub-de Hooge et al. (25). After preclinical work show-
ing targeting capabilities (25), Lub-de Hooge et al. recently
administered 111In-DTPA-trastuzumab systemically in pa-
tients with HER2-overexpressing metastatic breast cancer
(25). In 13 of the 15 patients, late-stage metastases that were
not previously identified were identified by SPECT/CT.

However, to date, diagnostic imaging for early-stage
metastases has not involved molecular imaging approaches.
Typically, early nodal staging is performed with intrader-
mal and subcutaneous administration of nonspecific 99mTc-
radiocolloid to identify lymph nodes for resection and
subsequent evaluation for cancer through touch preparation
cytology or H&E staining. Recently, the accuracy of nodal
staging was challenged by the observed heterogeneity of
outcomes for diagnosed node-negative (pN0) breast cancer
patients and the demonstrated improvement in the patho-
logic screening of resected nodes with molecularly specific
immunohistochemistry as opposed to conventional cytol-
ogy or frozen-section examination (26). Unfortunately,
immunohistochemistry is time-consuming and often im-
practical for use in surgical pathology, in which immediate
evaluation of the resected lymph nodes is required for
surgical decision making. In addition, the supraclavicular
nodes and internal mammary nodes that drain upper- and
inner-quadrant lesions are not evaluated because of diffi-
culties and complications in the surgical resection required
for ex vivo pathology. For advanced disease, complete
axillary lymph node dissection is automatically undertaken,
because it is assumed that metastasis to the axillary lymph
nodes has taken place even if no diagnostic evaluations
were performed on internal mammary and supraclavicular
nodes. Enhancing the accuracy of nodal staging with dually
labeled, molecularly specific NIR and nuclear agents may
offer opportunities to noninvasively stage early disease
(inclusive of internal mammary and supraclavicular nodes),
to enable longer times for clearance from normal, noncan-
cerous tissues, to intraoperatively guide the resection of
occult cancer-positive nodes and, finally, to accurately
evaluate resected cancer-positive tissue through NIR fluo-
rescence microscopy and g-counting. In the present study,
we demonstrated the targeting capabilities of dual-labeled
(111In-DTPA)n-trastuzumab-(IRDye800)m with in vitro mi-
croscopy and with standard in vivo models of subcutaneous
xenografts after intravenous administration.

Although systemic intravenous administration may en-
able the detection of metastases, as suggested by the results
obtained with standard subcutaneous tumor models, the
assessment of occult lymph node metastases after intrave-
nous administration requires either efficient extravasation
into interstitial tissues and uptake into the lymphatics or
direct extravasation into the lymph capsule. Unfortunately,
antibody size prevents the former, and diagnostic doses

FIGURE 5. Athymic mice bearing SKBr3-luc xenografts were
sacrificed at 5, 24, 48, and 72 h after intravenous injection of
(111In-DTPA)n-trastuzumab-(IRDye800)m, and major organs
were dissected. (A) Notched box-and-whisker statistical plots
compare TMRs obtained with g-scintillation counting for
nuclear counts and NIR fluorescence imaging for optical counts
at various time points. There was no statistical significance in
TMRs observed at various time points within each imaging
modality, but TMRs obtained with optical imaging were statis-
tically higher than those obtained with nuclear imaging (P ,

0.0001) at each time point. (B) Plots of nuclear versus optical
TMRs obtained with nuclear imaging and optical imaging for
these mice yielded an R value of 0.9476 (P , 0.0001),
suggesting that results obtained from nuclear imaging and
optical imaging are highly correlated. (C) When TMRs were
compared on a consistent basis with respect to tissue weight
(g), the statistical differences between optical and nuclear
imaging are abolished.
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would have to be significantly elevated to account for limi-
tations of transport of occult lymph node metastases from
the vascular space. Figure 7 shows that intradermal injec-
tion of the imaging agent resulted in lymphatic uptake and,
most importantly, clearance from the sentinel or nearest
lymph nodes relative to the injection sites (popliteal lymph
nodes). The intradermal administration of labeled anti-
bodies may enable efficient delivery to the lymphatic space
for the noninvasive detection of metastases, as first pro-
posed by Weinstein et al. (27,28) and Steller et al. (29).
With the addition of NIR technology to the armamentarium
of nuclear imaging techniques, the opportunity for molec-
ular imaging for surgical guidance and noninvasive imaging
of cancer-positive nodes could be realized. Recently, using
a swine model, Sharma et al. demonstrated the ability to
image lymph propulsion after intradermal delivery of a non-
specific NIR agent, indocyanine green (30). More recently,
we similarly imaged lymph propulsion from the site of

intradermal administration of 10–100 mg of indocyanine
green to the axillary lymph node basin in breast cancer
patients (31). Although the preclinical animal models dem-
onstrated the potential efficacy of (111In-DTPA)n-trastuzumab-
(IRDye800)m, human trials will need to be conducted to prove
benefit. However, the opportunity for molecular reporting of
occult micro- and nanometastases in HER2-overexpressing
breast cancer patients through both optical imaging and nu-
clear imaging might increase the accuracy of TNM staging.

CONCLUSION

In this study, we demonstrated the molecular specificity of
an antibody-based, dual-labeled imaging agent targeting
HER2 in cell lines as well as in a standard subcutaneous
animal model of human breast cancer. In vitro and in vivo
results confirmed the molecular specificity of targeting, and
there was a statistical correlation between nuclear and optical
imaging results, confirming the stability of the dual-labeled

FIGURE 6. (A and B) Autoradiography
signal from tumor tissue section of
SKBr3-luc tumor–bearing mouse injected
wi th ( 1 1 1 In-DTPA)n- t rastuzumab-
(IRDye800)m (A) overlaid on pathologic
H&E staining (B) of same tissue section.
(C) Coregistration of 2 images revealed
that imaging agent bound specifically to
tumor.

FIGURE 7. (A) White-light image shown
for reference. (B and C) (111In-DTPA)n-
trastuzumab-(IRDye800CW)m was in-
jected intradermally (i.d.) into footpad of
tumor-free mouse. Imaging agent imme-
diately traveled through lymphatic chan-
nels and drained into popliteal lymph
nodes. (D) Within 24 h, agent was shown
to be cleared from lymph nodes and
footpad injection site. Accumulation in
liver suggested antibody degradation for
clearance.
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agent. Finally, we showed the ability to deliver the anti-
body-based agent into the lymphatics through intradermal
injection as well as clearance from the regional lymphatic
space after 24 h.
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