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In vivo Real-time Tracking of Single Quantum Dots Conjugated
with Monoclonal Anti-HER2 Antibody in Tumors of Mice

Hiroshi Tada,' Hideo Higuchi,2 Tomonobu M. Wanatabe,” and Noriaki Ohuchi'

‘Division of Surgical Oncology, Graduate School of Medicine and *Biomedical Engineering Research, Organization,

Tohoku University, Sendai, Japan

Abstract

Studies with tracking of single nanoparticles are providing
new insights into the interactions and processes involved in
the transport of drug carriers in living mice. Here, we report
the tracking of a single particle quantum dot (Qdot)
conjugated with tumor-targeting antibody in tumors of living
mice using a dorsal skinfold chamber and a high-speed
confocal microscope with a high-sensitivity camera. Qdot
labeled with the monoclonal anti-HER2 antibody was injected
into mice with HER2-overexpressing breast cancer to analyze
the molecular processes of its mechanistic delivery to the
tumor. Movement of single complexes of the Qdot-antibody
could be clearly observed at 30 frames/s inside the tumor
through a dorsal skinfold chamber. We successfully identified
six processes of delivery: initially in the circulation within a
blood vessel, during extravasation, in the extracelullar region,
binding to HER2 on the cell membrane, moving from the cell
membrane to the perinuclear region, and in the perinuclear
region. The six processes were quantitatively analyzed to
understand the rate-limiting constraints on Qdot-antibody
delivery. The movement of the complexes at each stage was
“stop-and-go.” The image analysis of the delivery processes of
single particles in vivo provides valuable information on
antibody-conjugated therapeutic nanoparticles, which will
be useful in increasing therapeutic efficacy. [Cancer Res
2007;67(3):1138-44]

Introduction

Recent anticancer therapeutics based on active tumor targeting
by conjugating tumor-specific antibodies has become of great
interest in oncology, pharmacology, and nanomedicine. This
approach will allow to increase therapeutic efficacy and to
decrease systemic toxicity (1-3). Quantitative investigation of the
dynamics of such delivery in vivo is crucial in enabling the
development of more effective drug delivery systems. One of
the best ways to do this is to apply a new technology in biophysics
wherein the positions of proteins are detected quantitatively at the
single molecule or particle level with nanometer precision (4).
However, the specific processes of its delivery in vivo postinjection
are not known at the single particle level. Conventional modalities
of in vivo imaging such as computed tomography, magnetic

Note: Supplementary data for this article are available at Cancer Research Online
(bttp://cancerres.aacrjournals.org/).
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resonance imaging, positron emission tomography, and organic
fluorescence or luminescence imaging have insufficient resolution
to analyze the pharmacokinetics of drugs at the single particle level
in vivo (5).

To address the issue, real-time single particle tracking using
quantum dots (Qdots) has been applied to the study of drug
delivery. Qdots, fluorescence nanocrystals, were thought to be as a
suitable marker because of their intense brightness and stability, in
contrast to organic dyes and green fluorescent protein (6-8). In
cultured cells, single particle tracking has yielded invaluable
information on the function of purified proteins (9-11). Recent
work shows that the antibody-conjugated Qdots have allowed real-
time tracking of single receptor molecules on the surface of live
cells (12). However, no real-time single particle tracking in live
animals has been reported, and it is uncertain that single particles
of Qdots could be observed and tracked in live animals. The
analysis of single molecules and particles in living animals is
crucial to the understanding of the molecular mechanism of
proteins in vivo.

This study was designed to analyze the movement of single
functional Qdots in tumors of mice from a capillary vessel to
cancer cells. To observe single Qdot particles in tumor tissue, we
used a dorsal skinfold chamber model (13) and a high-resolution
intravital imaging system. The imaging system, which consists of a
confocal scanner unit with a Nipkow type disk and an electron
multiplying charge coupled device (EMCCD) camera (14), facili-
tates the high-resolution in vivo single particle tracking at a video
rate with a high spatial resolution of 30 nm. In addition,
quantitative and qualitative information such as velocity, direc-
tionality, and transport mode was obtained using time-resolved
trajectories of particles. As a result, we successfully identified the
processes of delivery; these were quantitatively analyzed to
understand the rate-limiting constraints on single Qdot-antibody
delivery in vivo.

Materials and Methods

Qdot-antibody conjugation. Qdot was conjugated to trastuzumab
(Herceptin, Chugai Pharmaceuticals Co., Ltd., Tokyo, Japan) with a Qdot 800
Antibody Conjugation Kit (Quantum Dot Corp., Hayward, CA) coated with
polyethylene glycol (PEG) amine (MW 2,000) according to the manufac-
turer’s instruction. Briefly, Qdots are activated with the heterobifunctional
cross-linker 4-(maleimidomethyl)-1-cyclohexanecarboxylic acid N-hydrox-
ysuccinimide ester (SMCC), yielding a maleimide-nanocrystal surface.
Excess SMCC is removed by size exclusion chromatography. Antibody is
then reduced and fragmented by DTT to expose free sulfhydryls, and excess
DTT is removed by size exclusion chromatography. Then, activated Qdots
are covalently coupled with reduced antibody and reaction is quenched
with R-mercaptoethanol. The molar ratio of trastuzumab fragments to the
Qdots at mixing is ~ 3:1. Conjugates are concentrated by ultrafiltration and
purified by size exclusion chromatography. This active ester maleimide-
mediated amine and sulfhydryl coupling (by SMCC) is a popular cross-
linking reaction for various antibody conjugations. After this reduction,
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