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Abstract
Multimodality molecular imaging should have potential for compensating the disadvantages and
enhancing the advantages of each modality. Nuclear imaging is superior to optical imaging in whole
body imaging and in quantification due to good tissue penetration of gamma rays. However, target
specificity can be compromised by high background signal due to the always signal ON feature of
nuclear probes. In contrast, optical imaging can be superior in target specific imaging by employing
target-specific signal activation systems, although it is not quantitative because of signal attenuation.
In this study, to take advantage of the mutual cooperation of each modality, multimodality imaging
was performed by a combination of quantitative radiolabeled probe and an activatable optical probe.
The monoclonal antibodies, panitumumab (anti-HER1) and trastuzumab (anti-HER2) were labeled
with 111In and ICG, and tested in both HER1 and HER2 tumor bearing mice by the cocktail injection
of radiolabeled and optical probes, and by the single injection of a dual-labeled probe. The optical
and nuclear images were obtained over 6 days after the conjugates injection. The fluorescence
activation properties of ICG labeled antibodies were also investigated by in vitro microscopy. In
vitro microscopy demonstrated that there was no fluorescence signal with either panitumumab-ICG
or trastuzumab-ICG, when the probes were bound to cell surface antigens but were not yet
internalized. After the conjugates were internalized into the cells, both conjugates showed bright
fluorescence signal only in the target cells. These results show both conjugates work as activatable
probes. In vivo multimodality imaging by injection of a cocktail of radio-optical probes, only the
target specific tumor was visualized by optical imaging. Meanwhile, the biodistribution profile of
the injected antibody was provided by nuclear imaging. Similar results were obtained with radio and
optical dual labeled probe, and it is confirmed that pharmacokinetic properties did not affect the
results above.

Here, we could characterize the molecular targets by activatable optical probes, and visualize the
delivery of targeting molecules quantitatively by radioactive probes. Multimodality molecular
imaging combining activatable optical and radioactive probe has great potential for simultaneous
visualization, characterization, and measurement of biological processes.

INTRODUCTION
To date, in vivo molecular imaging techniques have made great progress due to improvements
in imaging technology and the design of novel imaging probes. Several modalities are now
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utilized for molecular imaging, including nuclear imaging, optical imaging, MRI and
ultrasound (1-3). Based on the physical characteristics of the emitted signals and the signal
detection systems, each modality has both advantages and disadvantages. As a result,
multimodality imaging should have the potential for overcoming the disadvantages of a single
modality by combining the advantages of more than one modality.

Both nuclear imaging and optical imaging have comparable high sensitivities, however, nuclear
imaging is superior for quantification due to good tissue penetration of gamma rays and the
ability to accurately measure count rate in tissue, which permits whole body quantitative
imaging not only in small animals but also in humans. However, it is impossible to control or
“switch off” ionizing radiation in vivo because there are no bioavailable materials to quench
gamma rays. Therefore, target specificity can be compromised by the high background signals
originating from unbound or nonspecifically bound probes due to the “always on” feature of
nuclear imaging probes, especially when slow clearing probes including monoclonal antibodies
are employed (4,5).

In contrast, optical imaging can be superior to nuclear imaging for target-specificity because
it can employ target-specific activatable systems. In these activatable systems, the fluorescent
signal can be quenched by one of several mechanisms, and the quenched signal can
subsequently be turned on in particular biological environments such as lowered pH. We and
other groups have developed a number of target-specific activatable optical probes using
several mechanisms, e.g. FRET-quenching, pH activation, self-quenching and H-dimer
formation (6-13). The fluorescent signals of these activatable probes are designed to be
switched on only in the target cells or tissues. As a result, the background and non-specific
signal is dramatically reduced. However, optical imaging techniques are not quantitative,
especially when the object is located deep to the skin because of significant signal attenuation
in tissue. Near-infrared (NIR, emission spectra ~700-850 nm) fluorescence is one of the
potential solutions for overcoming this limitation, although the penetration of NIR is still lower
than gamma rays (14-16). Among the NIR dyes, indocyanine green (ICG) is a fluorescence
dye that has long been approved by the FDA for clinical use in retinal angiography and for
intraoperative assessment of liver function (17,18). However, ICG-conjugated antibodies were
considered not useful for molecular imaging, because all ICG-conjugated antibodies examined
in the literature yielded faint fluorescent signals and were not successful even in in vitro assays
(19,20). Recently, we demonstrated that ICG-conjugated monoclonal antibodies are able to
target cells expressing the receptor, during in vivo molecular imaging (21). The fluorescent
signal of an ICG-conjugated monoclonal antibody is quenched when the probe is unbound or
located outside of the target cell, however, it activates, when the probe is bound and internalized
into the target cells. Therefore, an ICG-conjugated antibody can specifically visualize the target
tumor with minimal background signal.

In this study, multimodality imaging was performed by the use of a radiolabeled antibody and
a target cell-specific activatable NIR fluorescence-labeled antibody. We employed FDA
approved monoclonal antibodies, panitumumab (anti-HER1) and trastuzumab (anti-HER2) as
internalizing targeting ligands. These antibodies were labeled with 111In and ICG for radio-
optical imaging, and tested in both HER1 and HER2 tumor bearing mice using an injection of
a cocktail of radiolabeled and optical antibodies, and by the single injection of a dual-labeled
antibody.

MATERIALS AND METHODS
Reagents

Panitumumab, a human anti-HER1 antibody, was purchased from AMGEN Inc. (Thousand
Oaks, CA). Trastuzumab, a humanized anti-HER-2 antibody, was purchased from Genentech
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Inc. (South San Francisco, CA). ICG-sulfo-OSu was purchased from Dojindo Molecular
Technologies (Rockville, MD). 2-(4-Isothiocyanatobenzyl)-diethylenetriamine pentaacetic
acid (p-SCN-BzDTPA) was purchased from Macrocyclics (Dallas, TX). Carrier-
free 111InCl3 was purchased from Perkin-Elmer Health Sciences, Inc. (North Billerica, MA).
All other chemicals used were of reagent grade.

Cell culture
The HER1 positive cell lines, A431 and MDA-MB468 were used for HER1 targeting studies
with panitumumab conjugates. For HER2 targeting studies by trastuzumab conjugates, the
HER2 gene transfected NIH3T3 (3T3/HER2) cell line was used. The cell lines were grown in
RPMI 1640 (Life Technologies, Gaithersburg, MD) containing 10% fetal bovine serum (Life
Technologies), 0.03% L-glutamine, 100 units/mL penicillin, and 100 μg/mL streptomycin in
5% CO2 at 37°C.

Synthesis of ICG conjugated antibodies
Panitumumab or trastuzumab (1 mg, 6.8 nmol) was incubated with ICG-sulfo-OSu (68 nmol)
in 0.1M Na2HPO4 (pH 8.5) at room temperature for 30 min. Then, the mixture was purified
with a Sephadex™ G50 column (PD-10; GE Healthcare, Piscataway, NJ). The concentration
of ICG was measured by absorption with the UV-Vis system to confirm the number of
fluorophore molecules conjugated to each antibody molecule under conditions of 5% SDS and
2-mercapto ethanol (2-ME) which diminish intermolecular interaction among ICG molecules
and between ICG and the antibody. The number of ICG per antibody was ~4-5.

Radiolabeling of antibodies
Panitumumab or trastuzumab was reacted with 15-fold molecular excess of p-SCN-Bn-DTPA
at pH 8.5 in sodium hydrogen carbonate buffer for 1 hr at 25°C. The Bn-DTPA conjugated
antibodies were purified by dialysis using 1xPBS on an Amicon® Ultra-4 centrifugal device
with Ultracel-30 (Millipore, Danvers, MA). Indium-111 chloride (3.5 μL of 295 MBq stock
in 0.05M HCl) is added to the Bn-DTPA a ntibody conjugate (100 μg) in 25 μL 0.15 M NH
4OAc pH ~7 and incubated for 1 hr at room temperature. EDTA (5 μL of 0.1 M) was then
added to quench the react ion mixture. The radiolabeled antibody was then purified using a
Sephadex™ G-25 column (PD 10; GE Healthcare) eluted with 1xPBS. The radiolabeled
antibody fraction was collected and the specific activities of the radiolabeled antibodies were
211 and 210 MBq/mg for 111In-panitumumab and 111In-trastuzumab, respectively.
Radiochemical purities were assessed by radio-ITLC and were 81% and 88% for the 111In-
panitumumab and 111In-trastuzumab, respectively.

Dual-labeling of antibody with ICG and 111 In
Trastuzumab (1 mg, 6.8 nmol) was incubated with ICG-sulfo-OSu (13.6 nmol) in 0.1M
Na2HPO4 (pH 8.5) at room temperature for 30 min. Then, the mixture was purified as described
above. The number of ICG per antibody was ~1. Trastuzumab-ICG was then treated with 15-
fold molecular excess of p-SCN-BzDTPA. The resulted ICG and BzDTPA conjugated
trastuzumab was labeled with 111In and purified in the same manner as above. The specific
activity was 404 MBq/mg and the radiochemical purity was 89 %.

Immunoreactivity of radiolabeled conjugates
Immunoreactivity of 111In-panitumumab, 111In-trastuzumab or 111In-trastuzumab-ICG was
determined using a previously described method in cultured cell lines (22,23). In brief, aliquots
of the radiolabeled antibodies (2.6 ng) were incubated for 1 hr at 4°C with 2 × 106 A431 or
3T3/HER2 for panitumumab or trastuzumab conjugates, respectively. The cell binding fraction
was collected by centrifuge, and the radioactivity of the cell and supernatant fractions were
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counted in a gamma-counter. Non-specific binding to the cells was determined by adding
excess unlabeled antibody.

Investigation of fluorescence characteristics of ICG conjugated antibodies in vitro
The fluorescence characteristics of ICG conjugated antibodies were investigated by treating
the conjugates with 5% SDS and 2-ME to diminish the hydrophobic interactions and separate
the IgG chains. The change in fluorescence intensity for each conjugate was investigated with
an in vivo imaging system (Maestro™, CRi Inc., Woburn, MA) using 710 to 760 nm excitation
and 800 nm long-pass emission filters.

Fluorescence microscopy studies
3T3/HER2 or A431 cells were plated on a cover glass-bottomed culture well and incubated
for 16 h. Then, trastuzumab-ICG or panitumumab-ICG was added to the medium (10 μg/mL),
and the cells were incubated for either 1 or 8 hrs. Cells were washed once with PBS, and
fluorescence microscopy was performed using an Olympus BX61 microscope (Olympus
America, Inc., Melville, NY) equipped with the following filters: excitation wavelength 672.5
to 747.5 nm, emission wavelength 765 to 855 nm. Transmitted light differential interference
contrast images were also acquired.

Animal Tumor Model
All procedures were carried out in compliance with the Guide for the Care and Use of
Laboratory Animal Resources (1996), National Research Council, and approved by the local
Animal Care and Use Committee. A431 cells (HER1+, HER2−, 2 × 106 cells) were injected
subcutaneously in the left dorsum of the female nude mice (National Cancer Institute Animal
Production Facility, Frederick, MD), and 3T3/HER2 cells (HER1−, HER2+, 2 × 106 cells)
were injected subcutaneously into the right dorsum. The experiments were performed at 10 -
17 days after cell injection. For dual labeled antibody studies by 111In-trastuzumab-ICG, the
following cells, MDA-MB468 (HER1+, HER2−, 2 × 106 cells), A431 (HER1+, HER2−, 2 ×
106 cells) and 3T3/HER2 (HER1−, HER2+, 2 × 106 cells), were injected subcutaneously into
the left flank, right buttock and right flank, respectively.

In vivo multimodal imaging studies by fluorescent and radioactive antibodies
A cocktail of panitumumab-ICG (50 μg) and 111In-panitumumab (4.2 MBq/10 μg) or
trastuzumab-ICG (50 μg) and 111In-trastuzumab (4.2 MBq/10 μg) was injected intravenously
into A431 and 3T3/HER2 tumor bearing mice (n = 4, each). The optical and nuclear images
were obtained by Maestro™ (CRi Inc., Woburn, MA) and an in-house built flat panel gamma
gamera (Mobile Nuclear Imaging Camera, MONICA) imaging system, respectively, over 6
days after the injection.

For fluorescence imaging, a 710-760 nm band-pass filter was used for excitation and a long-
pass filter over 700 nm was used for emission. The spectral fluorescence images consisting of
autofluorescence spectra and the spectra from ICG were then unmixed based on their spectral
patterns using commercial software (Maestro software, CRi, Inc., Woburn, MA). The regions
of interest were placed on the ICG spectral images to measure the fluorescence intensities of
the A431 and 3T3/HER2 tumors.

The scintigram of each mouse was obtained by 5min scan with MONICA, (see above) (24).
Then, the images were processed using Image-J software (National Institutes of Health,
Bethesda, MD, http://rsb.info.nih.gov/ij/). The regions of interest were placed on the
scintigram, and the accumulated radioactivity was measured.
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After the imaging on day 6, the mice were sacrificed with carbon dioxide and ex vivo images
of the resected organs were obtained with both modalities as with the in vivo imaging. Then,
the organs were weighed and counted in a gamma counter to calculate %ID/g. For histological
validation, the dissected lesions were embedded in paraffin and stained with Hematoxylin and
Eosin (H&E).

In vivo multimodal imaging studies with dual labeled antibodies
To investigate the effect of pharmacokinetic properties on imaging by radio-optical labeled
antibodies, 111In-trastuzumab-ICG (3.8 MBq/60 μg) was injected intravenously into the 3-
tumor bearing mice (A431 (HER1+), MDA-MB468 (HER1+), 3T3/HER2 (HER2+)). The
optical and nuclear images were obtained over time and processed in the same manner as above.

RESULTS
Immunoreactivity of radiolabeled antibodies

The immumoreactivity of the 111In-panitumumab and 111In-trastuzumab were 64% and 69%,
respectively. The immunoreactivity of the dual-labeled probe, 111In-trastuzumab-ICG was
75%.

The fluorescence quenching of ICG conjugated antibodies
The fluorescence quenching capacity was measured by treating the conjugates with SDS and
2-ME to dissociate the interactions between ICG molecules, and between ICG and its antibody.
The fluorescence intensity was very low before the SDS and 2-ME treatment (Figure 1). Intense
fluorescence was detected after dissociation and the quenching capacities were calculated at
17.4, 19.1 and 7.3 fold, for panitumumab-ICG, trastuzumab-ICG and BzDTPA-trastuzumab-
ICG, respectively.

In vitro fluorescence microscopic studies
To investigate the fluorescence activation in the target cells, microscopy was performed. The
results are summarized in Figure 2. Fluorescence was not observed for either panitumumab-
ICG or trastuzumab-ICG after 0.5 hr incubation, when the conjugates were still outside the
cells and bound to cell surface receptors. After the conjugates were internalized into the cells
after 8 hr incubation, both conjugates showed bright fluorescence signal within the target cells.
These results demonstrate that both panitumumab-ICG and trastuzumab-ICG are capable of
activation, that is, the signal is switched on only within target cancer cells.

In vivo multimodality imaging studies
The results of the cocktail injection of radio- and fluorescently-labeled probes are summarized
in Figure 3 and Figure 4. With 111In-panitumumab, radioactivity gradually accumulated in the
target tumor (A431, HER1+), while the non-target tumor (3T3/HER2) was not
detected. 111In-Trastuzumab showed both target specific (3T3/HER2) and non-specific (A431,
HER1+) tumors. A high liver signal was observed in both antibodies. The biodistribution
results were consistent with gamma scintigraphy (Figure 5). In contrast, fluorescent signal from
both antibodies was activated beginning one day after the injection, although the background
signal was detected just after the conjugate injections. Images of the dissected organs by both
modalities confirmed these observations. That is, only the target specific tumors were
visualized with optical imaging, while, the biodistribution profile of the injected antibodies
were provided by nuclear imaging.

To confirm that pharmacokinetic properties did not affect the results above, radio-optical dual
labeled trastuzumab was injected in mice bearing 3 tumors. The nuclear images showed A431
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(HER1+) and liver uptake as well as 3T3/HER2 tumor uptake. MDA-MB468 (HER1+) tumor
was not detected (Figure 3C). In contrast, fluorescent imaging only detected 3T3/HER2 tumor.

The H&E staining showed that the A431 tumor (HER1) had greater vascular density than 3T3/
HER2 (HER2) tumor (Figure 3D).

DISCUSSION
Multimodality molecular imaging can provide molecular information in vivo using two more
imaging technologies. Some investigators have already reported radio-optical labeling of
probes and have succeeded in yielding nearly identical signals from both modalities despite
differences in the physical characteristics of radiation and fluorescence signals (25-30). These
imaging results reflect the biodistribution of the labeled probe because researchers generally
have used “always on” optical probes, which yield signals similar to radionuclides. However,
by acquiring different signals i.e. “always on” and target-specific activatable probes
(“conditionally on”), additional information could be obtained.

In this study, we showed that activatable fluorescence imaging was capable of cell specific
signal activation and thus highly specific imaging, while radioactive antibodies were more
quantitative. The humanized antibodies, panitumumab (anti-HER1) and trastuzumab (anti-
HER2) were selected as targeting moieties for molecular imaging in this study, because cancer-
specific antigens are attractive “theragnostic” targets, and antibodies for these antigens are
promising for seeing and treating cancers. Specific visualization of the target molecule is an
important goal for accurate cancer characterization. At the same time, it is also important to
visualize the delivery of targeted therapeutic molecules quantitatively for the effective
treatment.

As expected, ICG-conjugated antibodies functioned as activatable optical probes emitting in
the NIR and the baseline (non-internalized) fluorescence signal was vanishingly low in vitro
(Figure 1). This was confirmed with microscopy of cultured cells as shown in Figure 2. When
the probe is binding to the cell surface antigen (1hr of incubation), no fluorescence signal could
be detected, however, when the conjugate was internalized (8hrs of incubation), fluorescent
signal was easily detectable. If the always-on fluorescent probe was used for this investigation,
the surface fluorescent signal can be clearly detected by 1hr incubation (Supplemental figure
1). Although the mechanism is still under investigation, we suggest that the strong negative
charge due to the ICG's sulfonate groups might facilitate the interaction between the ICG and
basic amino acid sequences on the IgG cause loss of fluorescence from ICG. By combination
with the classic self-quenching system, ICG conjugated antibody might be able to produce high
quenching capacities. In fact, the other NIR dye, cypate, which has a similar chemical structure
to ICG with carboxylic acid groups instead of sulfonate groups, can label the peptides without
the fluorescence quenching (31,32).

Since sulfonate is a stronger acid than carboxylate, the negative charge effect should be weaker
for cypate than ICG. Unlike to other near infrared dyes with carboxyl substitutes for sulfonate
groups, free ICG is strongly incorporated with albumin probably the similar reason. The
lipophilicity might be another cause for fluorescence quenching by the hydrophobic interaction
between dye molecule and hydrophobic amino acid sequences. However, DMSO did not affect
the fluorescence de-quenching of the ICG conjugated antibody (Supplemental figure 2) that
suggests the minimal contribution of the hydrophobicity.

This unique feature of this ICG-conjugated antibody contributed to achieve fluorescence
imaging with minimal background signal, when bound to the target and internalized into the
living cells. In contrast, other researchers reported a few limited successes in the literatures.
Only a weak fluorescence was observed, when ICG-conjugated antibodies were applied for in
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vitro assays using sliced tissue samples, although the fluorescence yield of the ICG-conjugates
were slightly improved by changing the chemical linkage (20). Withrow et al. applied an ICG-
conjugated antibody (cetuximab, anti-EGFR antibody) for imaging xenografted tumors in
mice, however, they concluded that the sensitivity of this probe for cancer detection was low.
This might be due to the smaller target numbers on the tumor cells or less efficient
internalization process of the ICG-antibody conjugates than the cells, which we used in this
study. Although their ICG-conjugated antibody appeared to be brighter than our quenched
conjugate, 7-fold larger amount of the ICG-conjugated antibody (350 μg) was injected t o the
mice, therefore, they might detect fluorescence signal not only from tumor but also from the
background normal tissues because large amount of unbound probes remaining in the body
could yield the fluorescence signal (33).

Then, we tested our multimodality imaging strategy by injecting radio-optically labeled
antibody cocktails into the HER1+ and HER2+ tumor bearing mice. As expected, only the
target specific tumor was visualized by optical imaging (Figure 3, 4). The observed background
signal just after the ICG-conjugated antibodies injection might be due to the physiological
excretion of non-covalently bound or catabolized ICG, which was dissociated from the
antibody immediately after the injection and complexed with albumin. The ICG-albumin
complex is highly fluorescent but it is rapidly eliminated from the body of normal subjects
through the liver (34).

In contrast, radioactive signal could be detected from whole body (blood pool), the liver and
the spleen as well as the target tumor. The non-target tumor was also imaged in HER2 targeting
studies. Since the vascularity of A431 tumor (HER1) was higher than 3T3/HER2 (HER2+)
tumor (Figure 3D), the reason for the visualization of A431 tumor with 111In-trastuzumab is
thought to be due to its high blood supply and enhanced permeability and retention (EPR) effect
(35, 36). As indicated in Figure5, a certain level of radioactivity remained in the blood
especially for 111In-trastuzumab even 6 days after the injection. The EPR effect depends only
on the physical characteristics of the macromolecules injected and not on their binding
characteristics and thus, it often leads to non-specific tumor uptake.

Thus, target specific images were successfully obtained with activatable optical probes, while
quantitative antibody biodistribution was provided by the “always on” radioactive probes. The
difference between optical and nuclear imaging was not caused by differences in their
pharmacokinetic properties, because the same results were obtained with the dual-labeled
antibody (Figure 3C).

A limitation of optical imaging is difficulty in deep tissue detection. NIR fluorescence is one
solution for this problem because of the better tissue penetration of NIR light in tissue (14).
Recently, diffuse optical tomography has improved the deep tissue sensitivity (37). This
technique can visualize the target at ~50mm depth volumetrically using NIR probes, and it
might be applicable for human breast cancer imaging as well as small animal imaging. At the
same time, optical imaging can make a significant contribution when it is utilized during
endoscopy or surgery, because activatable optical probes can achieve fairly low background
signals (7,8). Thus, whole body imaging with radionuclides followed by optically guided
surgery is a promising direction for multimodality imaging. Furthermore, optical imaging has
the potential to add more functional information, for example, by using multicolor imaging or
fluorescence lifetime imaging (38-42).

In conclusion, we characterized molecular targets with activatable optical probes, and
visualized and quantified the delivery of targeted antibodies using radioactive labeling.
Recently, the Molecular Imaging Center of Excellence stated that “Molecular imaging is the
visualization, characterization, and measurement of biological processes at the molecular and
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cellular levels in humans and other living systems” (43). Multimodality molecular imaging,
by combining activatable optical probes with radioactive probes, has great potential for
achieving this definition.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The fluorescence and white light images of antibody-ICG conjugates. a: panitumumab-ICG,
b: trastuzumab-ICG, c: BzDTPA-trastuzumab-ICG. A: in PBS, B: SDS and 2-ME added
condition. In PBS, the conjugates have no fluorescence. Fluorescence is activated by SDS and
2-ME treatment.
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Figure 2.
Fluorescence microscopy and differential interference contrast (DIC) images. A431 cells were
incubated with panitumumab-ICG (a) and 3T3/HER2 cells were incubated with trastuzumab-
ICG (b) for either 1hr or 8hrs. The fluorescent signal was detected after internalization into the
cells by 8hr incubation.
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Figure 3.
Multimodality imaging results after a cocktail injection of panitumumab-ICG and
111Inpanitumumab (a) or trastuzumab-ICG and 111In-trastuzumab (b), and the results with
dual-labeled probe, 111In-trastuzumab-ICG (c). Only the target tumor was visualized by
optical imaging, in contrast, antibody distribution could be determined by nuclear imaging. d:
HE staining of dissected tumors. The vascularity was higher in A431 tumor than 3T3/HER2
tumor. H; Heart, Lg; Lung, P; Pancreas, Sp; Spleen, Lv; Liver, K; Kidney, St; Stomach, B;
Bone, I; Intestine
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Figure 4.
Time course of radioactivity (a) and fluorescence (b) intensities after the injection of a cocktail
of panitumumab-ICG and 111In-panitumumab or trastuzumab-ICG and 111In-trastuzumab.
High liver uptake was observed on radionuclide scans. The fluorescent signals were increased
only in the target tumors, but the signal intensities of target and non-target tumor were identical
in 111Intrastuzumab treated mice.
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Figure 5.
Biodistribution of 111In-panitumumab and 111In-trastuzumab immediately after obtaining 6
day images was shown. The biodistribution results were consistent with images obtained 6 day
after injection taken with the MONICA dual camera system.
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