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Abstract
Thirteen years after the demonstration of quantum dots as biological imaging agents, and nine
years after the initial commercial introduction of bioconjugated quantum dots, the brightness and
photostability of the quantum dots has enabled a range of investigations using single molecule
tracking. These materials are being routinely utilized by a number of groups to track the dynamics
of single molecules in reconstituted biophysical systems and on living cells, and are especially
powerful for investigations of single molecules over long timescales with short exposure times and
high pointing accuracy. New approaches are emerging where the quantum dots are used as “hard-
sphere” probes for intracellular compartments. Innovations in quantum dot surface modification
are poised to substantially expand the utility of these materials.

Introduction
Quantum dots are an alternative fluorescent material with unique spectral properties (broad
excitation, narrow emission) and substantially improved photostability compared to
conventional fluorescent molecules. These materials are based on inorganic semiconductor
particles, typically 2—10 nm in size. Because the quantum dots are based on inorganic
materials, they can be very bright, with extinction coefficients 10—50-fold higher than dye
molecules of comparable emission spectra. The inorganic basis of the materials also
accounts for the exceptional photostability, allowing observation of quantum dots over
timescales that are more biologically limited than probe limited.

Since the initial publications in 1998, the use of semiconductor nanocrystals (also known as
quantum dots, qdots or QDs) for biological detection has exploded [1,2]. As with many new
technologies, there was a gap of several years from the initial reports to the appearance of
robust biological applications using these new materials, due in part to the lack of
availability of standardized materials, and due to the difficulties inherent in reproducibly
synthesizing high-quality, luminescent, water-soluble quantum dots coupled to biological
molecules. Nevertheless, bioconjugated quantum dots were made available commercially in
2002, following our publication demonstrating a robust chemistry based on use of an
amphiphilic polymer to transfer the as-synthesized tri-octylphosphine oxide coated quantum
dots to water and aqueous buffer systems [3]. These materials provided a relatively
consistent starting point for biological researchers interested in the properties of the quantum
dots, and were quickly used for a range of applications in single-particle tracking, both on
living cells [4-7] and in reconstituted biophysical studies of single molecular motors [8-10].
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The cornerstones of these related methodologies are the quantum dot brightness, which
allows high signal-to-background detection and localization accuracy of <10 nm within a ~5
ms exposure, and the photostablity of the quantum dots, which allows tracking the position
in 3D over prolonged periods. These properties enabled the observation of dynamic
biological events that take place with rates up to ~100 s-1, over timescales from seconds to
minutes.

Because the quantum dots are substantially larger than typical fluorescent molecules, the
delivery across the plasma membrane to study intracellular protein dynamics remains a
significant challenge. In this review, I will discuss some recent applications of QDs in
reconstituted biophysical systems and the recent expansion of applications employing QDs
for single-particle tracking on and in living cells. In addition, I will review some highlights
of the recent literature on quantum dot surface chemistry and conjugation. Quantum dots are
now being used in a broad array of applications, including flow cytometry,
immunofluorescence, in-vivo imaging, and as direct and energy-transfer-based reporter
systems, the review of which is beyond the scope of this contribution.

Reconstituted biophysical systems—walking the line
A number of studies have made use of the QD properties to investigate processive enzymes
on immobilized tracks (Figure 1). The biophysical processes involved are well matched to
the optical properties of the quantum dots, as many of these systems move with velocities
near 1 μm/second, but with trajectories consisting of discrete steps (typically 30—80 nm
steps). The quantum dots have become a routine tool in a number of labs to investigate the
processivity of molecular motors on their pre-formed tracks. Some recent investigations
have even used the quantum dots to study the influence of the motors on the tracks
themselves. In addition to the study of typical molecular motors, recent work has
demonstrated the utility of quantum dots for the study of DNA-Protein interactions in DNA
replication and repair.

Motor proteins
One of the first motors studied using quantum dots was myosin V on actin. Early work by
Warshaw and Trybus [10] demonstrated that N-terminal biotinylation of the head domains
coupled with statistical labeling using a mixture of two spectrally distinct streptavidin
quantum dot conjugates produced functional motors, reporting the position of the two heads
relative to each other during myosin stepping. More recently, these investigators have
coupled the step-size analysis with resistive load analysis using a tail-coupled laser trap to
determine the correlations between the head-steps and tail-steps, providing additional
evidence for the hand-over-hand mechanism of myosin V motion [11]. In addition, these
investigators developed an approach that delivered labeled myosin Va motors into living
cells through osmotic lysis of pinosomes, and visualized the random walk behavior of single
motors in the cortical actin meshwork [12].

Nishikawa, Yanagida and colleagues demonstrated that fusion of a Halo-tag domain at the
N-terminus of myosin VI allowed attachment of quantum dots to the head by a biotin-
streptavidin quantum dot labeling approach. These motors displayed evidence of step-
switching behavior, alternating between a hand-over-hand stepping motion and a shorter
inchworm step [13].

Dahan's initial work with kinesin motors demonstrated that biotin-streptavidin mediated QD
coupling could produce a functionally labeled motor, and proved that osmotic lysis of
pinosomes could deliver the QD labeled motors into the cell [14]. These motors were not
site-specifically labeled, so while the motors could be tracked within the cell, more
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quantitative biophysical analysis of the step size and motor dynamics was not possible.
Recent studies from the collaboration between Warshaw and Trybus revealed that labeling
of various kinesin-1 constructs by QDs using anti-His6 QD conjugates, streptavidin
conjugates, or carboxylated quantum dots resulted in different dynamics in contact with
microtubules. This analysis revealed a diffusive motion, where the kinesin remained
microtubule bound, moving along the microtubule undirected, but without ATP hydrolysis.
In addition, this study revealed that QD binding can serve as an active regulator, not just as a
passive fluorescent label, depending on the mode of binding[15].

Two groups in particular have turned these problems upside down, and used the quantum
dots to label the track (microtubules). This allows independent assessment of the influence
of specific motor domains on their cellular routes. Coupled with sensitive 3D molecular
localization, Nishizaka[16] and Diez[17] were able to visualize the rotation of single
microtubules by immobilized motor domains.

DNA-Protein interactions
Two groups in particular have extended the use of QDs in reconstituted biophysical analysis
in a fruitful new direction: the study of DNA-protein interactions. These groups used
innovative approaches to orient and capture DNA, either as hydrodynamically stretched
curtains[18-20] which can be extended and released on-demand, or as hydrodynamically
stretched tightropes[21], where the DNA extends between two beads, providing a free-
floating double-stranded DNA that can be accessed by labeled proteins. Both approaches
allow for facile labeling of the DNA structures with intercalating dyes, simultaneous with
the localization of QD-tagged proteins. This has provided new insights into the interactions
of these proteins with their DNA substrates. These studies have been applied to DNA repair
complexes [20-22], DNA translocases [19] and nucleosome-DNA assemblies [18]. In these
experiments, the long-term stability of the quantum dots allows detailed measurements of
the sequential timing of protein interactions with the DNA and DNA-bound proteins at
particular sites.

Cellular single particle tracking
The unique stability and brightness of the quantum dots, coupled with the relatively large
size, has proven to be a natural fit for tracking proteins and molecules at the cell surface.
Because the viscosity of the membrane is substantially higher than that of the media, the
diffusional slowing induced by a quantum dot is insignificant even for measurements of
lipid diffusion. These experiments have used a variety of labeling and targeting approaches
to deliver QDs to the cellular target including metabolic biotinylation, biotin labeling of a
physiological ligand, antibody sandwich labeling and genetic targeting of avidin constructs.
This experimental framework has been applied to a range of biological targets, such as GPI-
anchored proteins [23], AMPA-receptors [24], voltage gated ion channels such as BK [25],
complex receptor assemblies such as the high-affinity IgE receptor [26], and receptor
tyrosine kinases, such as the insulin receptor [27]. While most of these approaches involve
analysis of several trajectories, typically in two-dimensions, a new approach by Wells et al.
that uses a 4-position sensor to lock-in to a particle position based on maximal intensity has
allowed 3D tracking of a single quantum dot through surface labeling, diffusion, and
subsequent internalization throughout the volume of the cell [28].

The size of the quantum dots has sometimes posed problems in these tracking experiments,
for example by limiting access to synaptic sites as reported by Groc and colleagues [5].
However, a trio of papers have used the hard-sphere properties of quantum dots to assess
exclusion cutoffs in biological systems, establishing size-cutoffs for Kiss-and-Run vesicle
fusion [29], organization of nuclear chromatin [30], and the porosity of the actin meshwork
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in rapidly migrating cells [31]. Clearly, combining the hard-sphere properties of QDs with
single-particle tracking methods could emerge as a powerful approach to address questions
such as the influence of cellular sieving on motors, or on the sorting of receptors in living,
crowded systems.

Innovations in quantum dot chemistry
The commercially available quantum dots, which make up the bulk of materials being used
for biological investigations, are based on minor modifications of the amphiphilic polymer
chemistry reported in 2002 [3]. These materials are relatively large, with hydrodynamic
diameters near 20—30 nm, limiting the utility of these materials to problems where the size
is either a benefit or a limited liability. A number of groups have developed alternative
approaches to reduce the quantum dot size in solution, as outlined in Figure 2. There have
been a large number of innovations in quantum dot chemistry. These are highlighted as a
representative, rather than a comprehensive list.

These chemical improvements have focused on reducing the size and increasing the
chemical stability of the water-soluble quantum dots. Generally, the approach that has
proven most fruitful at addressing these issues is the use of multivalent ligands. Multivalent
thiols [32-34], imidazoles [35] and combinations of amines and thiols [36] have been used to
produce materials with long-term stability, retained luminescence, and smaller sizes
(roughly half the size). Introduction of PEG, hydroxyl, and sulfobetaine capping groups
have produced quantum dots with reduced non-specific binding [35,37,38]. One innovative
chemical approach introduced photoconvertible molecules into an amphiphilic stabilizer,
producing quantum dots that can be robustly and reversibly photo-activated [39].

To simplify the use of QDs in biological experiments, a number of groups have developed
straightforward conjugation and targeting strategies. The commercial streptavidin conjugates
(Invitrogen) have 2—80 binding sites per quantum dot [40]. Because this multivalency can
have significant biological influence, approaches that simplify conjugation or that robustly
prepare mono-functional conjugates have been pursued. The available suite of coupling
chemistries used to prepare various quantum dot conjugates now includes bioorthogonal
chemistry [41], metal-affinity binding [42], intein-mediated coupling [43,44], scFv binding
[45] and split protein complementation [46]. This flexibility allows quantum dots to be more
seamlessly integrated into conventional cell-biology measurements.

Conclusions
Quantum dots represent an unusual addition to the toolkit for biological detection. Unlike
conventional fluorescent dyes, the engineering aspects of QDs will allow significant
improvements to accumulate over time, as innovations developed in motivated academic
and commercial labs find their way into widely available materials and garner broader
adoption. The use of QDs in biophysical studies and single particle tracking has provided a
critical initial application where the benefits outweigh the liabilities. In addition, the
investigators advancing these methods have clearly articulated the limits and advantages of
the materials. Collaborations with the chemists developing the materials are giving rise to
alternative modifications of QDs with improved properties for next-generation experiments.
We can hope that the material improvements we are seeing in the literature are quickly
translated into robust products to ensure that a broader community is able to use the
advantages of QD-based detection. Personally, I am glad to see that quantum dots are now
rarely referred to as a “novel” fluorophore in papers where they are used to address
important biological problems.
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Highlights

Quantum dots are bright, stable probes with many uses in single particle tracking.

QD labeled molecular motors have established important biophysical mechanisms.

QDs have been used recently in studies of DNA-protein interactions.

QDs remain a standard tool in single particle tracking on living cells.

Innovations in QD chemistry have improved the biophysics and usability as probes.

Bruchez Page 8

Curr Opin Chem Biol. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. Single Particle Tracking in reconstituted biophysical systems and living cells
A. The investigation of motor proteins involves quantum dot labeling of the motor domain,
and subsequently measuring the trajectory of the QD labeled motor along the cytoskeletal
track. B. DNA-Protein interactions can be probed with one or multiple QD labeled proteins,
where the DNA is immobilized, and the interactions or disruptions of one labeled protein
with another can be ascertained by dynamic imaging. C. Single receptors can be easily
labeled and tracked at the surface of the cell or during internalization (not illustrated).
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Figure 2. Variations of QD surface chemistry
Over the past thirteen years, quantum dot surface chemistry has progressed substantially.
Some of the initial coatings (A, B, C) were of limited stability and reproducibility. The
amphiphilic polymer stabilization (D) developed in 2002, was implemented in the
commercially available materials from Invitrogen. More recent chemistries developed to
improve the stability and size of quantum dots use multiple attachment groups in RAFT
synthesized polymers (E), modified polyacrylic acid (F) or discrete multivalent ligands (G).
These final 3 alternatives result in a roughly 50% decrease in the overall hydrodynamic
diameter of the aqueous quantum dots.
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