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Abstract

Revealing the behavior of single molecules in living cells is very useful for understanding cel-
lular events. Quantum dot probes are particularly promising tools for revealing how biological
events occur at the single molecule level both in vitro and in vivo. In this review, we will in-
troduce how single quantum dot applications are used for single molecule tracking. We will
discuss how single quantum dot tracking has been used in several examples of complex bi-
ological processes, including membrane dynamics, neuronal function, selective transport
mechanisms of the nuclear pore complex, and in vivo real-time observation. We also briefly
discuss the prospects for single molecule tracking using advanced probes.

Key words: single molecule tracking, quantum dot, membrane dynamics, neuroscience, nuclear

pore complex, in vivo real-time tracking.

1. Introduction

The ability to selectively detect a single molecule
or small number of molecules in living cells is a very
powerful way to understand the dynamics of cellular
organization. Many key cellular processes are medi-
ated by a small number of molecules, and can be re-
garded as single-molecule events [1]. Therefore, mon-
itoring the behavior of a single molecule, e.g. a single
protein, in living cells is a powerful approach for in-
vestigating the details of cellular events.

Conventional in vivo imaging methods such as
magnetic resonance imaging, computed tomography
and positron emission tomography do not have a suf-
ficient resolution level to reveal bioactivity at the sin-
gle molecule in vivo. Although the use of organic flu-
orescence or luminescence imaging provides reliable
results, the data obtained are mean values from mul-
tiple molecular events at a particular point in time.
Therefore, such techniques do not provide infor-
mation about how the activities of single molecules,

including proteins, fluctuate within different parts of
living cells at different points in time [2-4].

Single particle methods have been under devel-
opment since the late 1980s in order to enable the
imaging of single molecules in cells [5]. Initially, mi-
cron-sized latex beads and gold nanoparticles (40-100
nm in size), which could be detected by interference
contrast microscopy, were used to follow the move-
ment of single molecules in living cells. Following the
demonstration by Shera in the 1990s that single mol-
ecules of fluorescent dyes could be detected in solu-
tion, single fluorescent dye-based imaging has be-
come a useful and common tool in biophysics [6].
Subsequently, these methods were extended to track
single dyes and Green Fluorescent Protein (GFP) in
living cells [2]. Following the introduction of GFP, it
became possible to monitor the expression and local-
ization of a GFP-tagged protein in living organisms
[7-8]. Nowadays, fluorescent proteins (derivatives of
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GFP) are available with several different excita-
tion/emission spectra that allow for simultaneous
observation of more than one protein [9]. Because the
fusion of GFP with the protein of interest is achieved
at the genetic level, the staining is highly specific and
the stoichiometry is well defined at one GFP per pro-
tein. For instance, it is possible to observe the relative
amount of an expressed protein and its localization
throughout the cell’s life cycle within a population of
cells. In addition, protein translocation within the cell
can be tracked by following the movement of a single
fluorescent molecule.

However, analysis of the properties of single
molecules in living cells using latex beads, gold na-
noparticles, fluorescent dyes, and GFP is restricted by
either the size of the probe (40 nm gold nanoparticles
or 500 nm latex spheres) or the photobleaching of
small fluorescent labels (fluorescent dyes and GFP).
These restrictions reduce the duration of the meas-
urements and limit the observation of complex dy-
namics [10]. Although non-fluorescent particle track-
ing is not limited by such issues, it is not easily ame-
nable to signal multiplexing. Therefore, the correla-
tion of multiple parameters by such techniques is not
possible [11].

Quantum dots (QDs) do not possess the limita-
tions of conventional probes (latex beads, gold nano-
particles, fluorescent dyes, GFP). They have therefore
become of increasing interest as luminescent tracers in
biological applications such as molecular histo-
pathology, disease diagnosis and biological imaging
[12-15], including in vivo tumor detection [16-19], stem
cell imaging [20-22], and drug delivery [23-25]. In-
deed, QDs, which are intermediary in size (2 to 10
nm), are substantially more photostable than conven-
tional fluorophores, and have been vaunted as prom-
ising fluorescent probes [26-27].

Recently, the number of research reports relating
to single molecule tracking using quantum dots has
gradually increased. From 1985 to 2010, the total
number of reports containing the two key terms,
“single molecule tracking” and “quantum dot”, was
156. The number of reports containing only one of
these key terms was 1,348 for “single molecule track-
ing” and 53,424 for “quantum dot” (data from Web of
Science). Single molecule tracking using QDs is
therefore at the frontiers of research into bioimaging.

In this review, we first introduce the fundamen-
tal physicochemical properties of QDs that enable
single molecule tracking via a single QD. We then
discuss several examples of QD-based single molecule
tracking, including membrane dynamics, neuronal
function, selective transport mechanisms of the nu-
clear pore complex, and in vivo real-time observation.
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Figure |. Number of research report from 1985 to 2010 containing
the key words (a) “single molecule tracking” and “quantum dot”, (b)
“single molecule tracking”, and (c) “quantum dot”. The data are from
WEB of KNOWLEDGES" by THOMSON REUTERS (201 I).

2. Physicochemical properties of QDs

QDs are semiconductor nanocrystals comprising
elements from the periodic groups II-IV, IV-VI, or
III-V, which act as a semiconductor core (e.g., CdTe,
CdSe, PbSe, GaAs, GaN, InP, and InAs) [28]. In order
to minimize the surface defect and increase the
quantum yield, the core is surrounded by a semi-
conductor shell such as ZnS that has wide-bandgap
energy [29]. Because the lattice constants of CdSe and
ZnS in bulk crystals are 4.30A (a-axis) and 5.42A, re-
spectively (Table 1), the lattice mismatch between
them is quite large [30]. However, the relatively large
surface curvature in the quantum dot enables epitax-
ial shell growth on the core. The size of QDs ranges
between 2 and 10 nm in diameter, which is close to or
smaller than the dimensions of the excitation Bohr
radius. As a result, the mobility of the elec-
tron-charged carrier is restricted in the range of na-
noscale dimensions, and this quantum confinement
effect provides the QDs with unique optical and elec-
trical properties [31]. The optical properties of QDs
include high quantum yields, high molar extinction
coefficients (ca. 10-100 times higher than that of or-
ganic dyes), broad absorption with narrow (25-40 nm
half width), symmetric photoluminescence spectra
between UV to near-infrared regions, large effective
Stock shifts, and high resistance against photo-
bleaching and photo- and chemical-degradation
[32-33].
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Table 1. Lattice constant and bandgap energy of semi-
conductor.

Material crystal structure lattice constant® (A) Eg* (eV)

Cds Wourtzite a=416(c=6.76) 242

CdSe Wourtzite a=430(c=7.01) 1.74
CdTe Zinc blend 6.48 1.56
ZnS Zinc blend 5.42 3.54
ZnSe Zinc blend 5.67 2.67
ZnTe Zinc blend 6.1 224
GaAs Zinc blend 5.65 143
GaP Zinc blend 5.45 2.26 (indirect)
InAs Zinc blend 6.06 0.36
InP Zinc blend 5.87 1.29
PbS Rock salt 6.1 0.27
PbTe Rock salt 6.46 0.32
Si Diamond 543 1.11 (indirect)
Ge Diamond 5.65 0.66 (indirect)

Note: the data of Table 1 is obtained from reference 30: Maenosono
S. In: Yamamoto S, ed. Application of Quantum Dot in Life Science,
1st ed. Tokyo: CMC International Co., Ltd.; Table 1, 2007: 15-26.

Because QDs are mostly synthesized in the or-
ganic solvent phase, the resulting QDs are wa-
ter-insoluble [12, 34]. Therefore, to make use of their
optical properties in biological systems, the surface
has to be modified by a hydrophilic coating. QDs ob-
tained in the organic phase are transferred to the
aqueous phase by a ligand exchange method [12, 35].
Alternatively, a polymer and lipid coating is another
efficient method of providing QDs with good water
solubility. Recently, several studies relating to QD
surface coating methods that have increased water
dispersion have been reported [36]. For instance, QDs
(CdTe/ZnTe; core/shell) from a direct one-pot syn-
thesis in the aqueous phase exhibited low toxicity
with high quantum yield (52%), and underwent bio-
conjugation (cystein-capped) with a small particle size
(3-5 nm) [37]. To improve their in vitro and in vivo
imaging performance, recent efforts have focused
mainly on the functionalization of QDs to accommo-
date the demands of imaging sensitivity and specific-

ity.
3. Preparation and usage of bioconjugated

QDs

The method used for bioconjugation of QDs is
important for subsequent QD-based target delivery,
cellular entrance, and single molecule tracking [38].
QDs used for bioimaging applications are prepared
by a variety of steps, including synthesis of core QDs
and their shell coating, surface modification, and bi-

oconjugation. In particular, appropriate surface mod-
ification enables the successful conjugation of bio-
molecules with QDs. Reactive functional groups and
molecules suitable for the surface coating of
core/shell QDs to facilitate subsequent bioconjuga-
tion include thiol, streptavidin, biotin, primary
amines, maleimide, succinimide, carboxylic acid, or
biocompatible polymer [26, 39]. Biomolecules, in-
cluding antibodies, peptides, proteins, aptamers, nu-
cleic acids, small molecules, and liposomes, are all
candidates for bioconjugation to QDs [29, 39]. These
biomolecules can be covalently coated onto the sur-
face of QDs if they contain a functional group, other-
wise non-covalent coating on the QDs surface is per-
formed. These bioconjugated QDs are extensively
used for direct and indirect labeling of extracellular
proteins and subcellular organelles. Therefore, bio-
conjugated QDs are classified as (i) nonspecific ex-
tracellular labeling, (ii) nonspecific intracellular de-
livery, (iii) targeted extracellular labeling, and (iv)
targeted intracellular delivery [39]. Several excellent
reviews that discuss the various methods of QD bio-
conjugation have been published [39-43]. Bioconju-
gated QDs are essential for effective single molecule
tracking using QDs.

4. Confirmation of single QD tracking
using the antibunching measurement

Generally, the antibunching measurement con-
firms whether the single molecule tracking of single
fluorescent molecules is real or not. Also, evidence of
single molecule tracking using a single QD is obtained
from an antibunching measurement. Indeed, several
studies have confirmed that antibunching was ob-
served in single QDs [44-49]. Very recently, an-
tibunching was detected from a single QD that was
excited by a multiphoton excitation wavelength (two
photon excitation) (Fig. 2) [50]. The multiphoton ex-
citation of QDs has advantages for single molecule
tracking. For instance, the excitation wavelength (e.g.
using an 800 nm wavelength amplified by Ti:sapphire
laser) attains deep tissue penetration, where the light
in the range of the so called “transparent window”
(700-900 nm) is absorbed less by water and tissues in
the in vivo environment. This enables deep tissue im-
aging with low photodamage to cells, and is thus
suitable for long-term tracking studies. Therefore,
single QDs excited by the multiphoton excitation
wavelength are strong candidates for imaging by sin-
gle molecule tracking in the near future.

In the following sections, we will describe the
measurement and analysis techniques used in single
QD-based single molecule tracking.
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Figure 2. Measurement of QD antibunching. (a) Photoluminescence intensity image of quantum dots via two-photon excitation at room tem-
perature (scale bar | um); (b) corresponding photoluminescence life time information image; and (c) coincidence measurement of PL photon pairs
of a single quantum dot (arrow in (a)). Reprinted figure with permission from Matthias D. Wissert, Birgit Rudat, Uli Lemmer, and Hans-Jirgen
Eisler, Quantum dots as single-photon sources: Antibunching via two-photon excitation, Fig. 3, Physical Review B Vol 83, 113304 (201 1). Cop-
yright (201 1) by the American Physical Society. http://link.aps.org/doi/10.1103/PhysRevB.83.1 13304. Readers may view, browse, and/or download
material for temporary copying purposes only, provided these uses are for noncommercial personal purposes. Except as provided by law, this
material may not be further reproduced, distributed, transmitted, modified, adapted, performed, displayed, published, or sold in whole or part,

without prior written permission from the American Physical Society.

5. Measurement techniques for single
molecule tracking

Many current bioimaging technologies have
been developed using GFP. GFP enables real-time
observation of the movements of proteins in cells. In
particular, endocytosis, endosome tracking and vari-
ous infective processes have been revealed by means
of single molecule measurement techniques using
scanning near-field optical microscopy [51-52]. Re-
cently, because GFP has weak fluorescence and a
short fluorescent lifetime (a few seconds to tens of
seconds), QDs have begun to replace GFP. Compared
with GFP, QDs have ~10-100 times higher fluores-
cence than GFP, and are ~100-1000 times more stable
against photobleaching [53].

For single molecule tracking, three-dimensional
(3D) observation of proteins is both important and
necessary to enable a precise understanding of their
movements. However, conventional microscopic ob-
servations only obtain two-dimensional (2D) infor-
mation. To overcome this problem, the superposition

of 2D pictures obtained by confocal microscopy has
been used to reconstruct 3D images. However, the
low resolution time (a few seconds) of conventional
microscopy makes it difficult to reveal protein
movements that occur within the order of millisec-
onds. Tracking the movements of single molecules
through three dimensions presents a difficult and,
until recently, unsolved technical problem [45, 54-60].

Recently, a method for tracking single proteins
labeled with a single QD in living cells was reported,
where the 3D molecular movements were followed by
active feedback once every 5 ms by using four over-
lapping confocal volume elements (Fig. 3) [61]. This
method has several advantages compared to conven-
tional 3D molecular tracking methods based upon
charge-coupled device cameras, including increased
Z-tracking range (ca. 10 pm), substantially lower ex-
citation energy (ca. 15 pW), and the ability to perform
time-resolved spectroscopy (e.g. fluorescence correla-
tion spectroscopy or fluorescence lifetime measure-
ments) on the molecules being tracked. In particular,
fluorescence photon antibunching from the individual
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QD-labeled proteins in living cells was successfully
demonstrated, which showed the tracking of an indi-
vidual dye-labeled nucleotide (Cy5-dUTP) at biolog-
ically relevant transport rates. The trajectories of re-
ceptors on the cell membrane revealed the
three-dimensional and nanoscale features of cell sur-
face topology. During the later stages of the signal
transduction cascade, assembles of QD labeled
IgE-FceRl were captured in the course of lig-
and-meditated endocytosis and were tracked during
vesicular transit through the cell at the rapid speed of
~950 nm/s. In addition to the substantial kinetic data
obtained from these three-dimensional trajectories,
the individual photon arrival time was recorded with
about 400 ps accuracy, thus enabling the implementa-
tion of a number of time-resolved analysis methods
impossible with camera-based tracking methods.

6. Analysis of single QD tracking data

Single molecule experiments suffer from a lack
of statistical data, and single molecule tracking in the
cell is no exception. It is necessary to identify the ap-
propriate parameters required to automatically clas-
sify and analyze the data. As a result, various analyt-
ical techniques have been developed to extract
meaningful properties from the trajectories of single
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Delay between Photons (ns)

molecules. Generally, computing the mean square
displacement (MSD) as a function of time can rapidly
determine the model of motion and yields associated
parameters (diffusion coefficient, transport velocity,
size of confinement domains, etc) [4-5, 62-63]. How-
ever, this method only gives the averaged motion
parameters of the whole trajectory. Thus, MSD analy-
sis might be inadequate to describe transient behav-
iors when a molecule dynamically interacts with spe-
cific molecular partners or directly with its environ-
ment. Therefore, it is important to determine how
precisely single particle tracking can be performed,
and what information can be obtained from the data
and how accurately, remain active research topics.
Michalet et al used MSD analysis to study simple
Brownian diffusion in an isotropic medium [64]. The
ability of MSD analysis to extract reliable diffusion
coefficient (D) values for a single particle with
Brownian motion in an isotropic medium was con-
firmed, even though its precise localization was un-
certain. As a result of simulation-supported theoreti-
cal analysis, a simple unweighted least-squares fit of
the MSD curve provided the best estimation of the D
value, thus enabling an optimal number of MSD
points to be used for the fitting.
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Figure 3. (A) Three-dimensional trajectory of a single QD-labeled IgE-FceRI on an unstimulated mast cell at 37°C. A rainbow color scheme is
used to denote the passage of time. (B) Counts used for 3D tracking and feedback. (C) CCD image showing the receptor location relative to the
mast cell (arrow points to the QD). (D) Z-position of this receptor, showing over 4 pm of Z-motion that would be missed in CCD-based tracking
methods. (E) Mean-squared displacement (blue) and fit (red). The motion is highly compartmentalized. (F) Photon pair correlation measurement
derived from this ~14 s long trajectory that shows fluorescence photon antibunching. Reprinted with permission from Nathan P. Wells, Guillaume
A. Lessard, Peter M. Goodwin, Mary E. Phipps, Patrick J. Cutler, Diane S. Lidke, Bridget S. Wilson, and James H. Werner, Fig.3, Nano Letters Vol

10, 4732—4737 (2010). Copyright (2010) American Chemical Society.
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An alternative approach using image correlation
spectroscopy was demonstrated, which did not rely
on the formation and analysis of individual trajecto-
ries [65]. This method is quicker, but potentially less
informative because only the population-average
values of the kinetic parameters (diffusion coefficient,
velocity and others) are obtained.

Furthermore, in long duration QD tracking ex-
periments, very rare events in the tracks must be
spotted from thousands of frames. The increasing
amount of data and the low probability of spotting
rare events necessitate the development of adapted
tools to classify the trajectories. Therefore, finding the
right thresholds and the right parameters to discrim-
inate between the physics of the different trajectories
are important. These include the time dependent dif-
fusion coefficient, deviation from linearity in the
MSD, and asymmetry of the trajectory [66-67].

7. Applications of single molecule track-
ing in living cells

The direct observation of the movements of in-
dividual biological molecules can transform our un-
derstanding of important biophysical and cellular
processes. For instance, single molecule tracking has
enabled an understanding of cellular membrane dy-
namics [10, 68-69], gene regulation [70], and motor
protein kinetics [71-72]. In particular, revealing the
activation of molecules and proteins on the membrane
is very important in relation to cell signaling. QDs
give a reasonable compromise between large beads
and small fluorophores for the tracking of single
molecules in living cells, and QDs will be useful tools
for ultrasensitive studies of the dynamics of cellular
processes.

The technical difficulty of QDs diffusing through
membranes and into the cytosol is a general concern.
QDs can be delivered into the cytosol by physical de-
livery techniques such as microinjection [73-74] and
electroporation [73, 75]. It is difficult to deliver QDs to
a number of cells at the same time using microinjec-
tion, which is more suited to specifically targeting
individual cells. However, microinjection is unique in
being able to deliver the QDs directly into nuclei [76].
In the following sections, several interesting topics
that demonstrate the attractiveness of single
QD-based single molecule tracking, such as mem-
brane dynamics, neuronal function, selective
transport mechanisms of the nuclear pore complex,
and in vivo real time observation, are introduced.

Membrane dynamics

Recent research developments have required us
to revise the classical fluid mosaic model of the plas-

ma membrane proposed by Singer and Nicholoson
more than 35 years ago [77]. In particular, it is now
known that lipids and proteins diffuse heterogene-
ously in plasma membranes. A current challenge for
cell signaling and its regulation is understanding how
the structural organization of plasma membranes af-
fects individual proteins.

Pinaud et al demonstrated that QD labeling en-
abled the high resolution and long-term tracking of
individual glycosyl-phosphatidyl-inositol anchored
avidin test probes (Av-GPI) and their various diffu-
sion behaviors [11]. It was revealed that cholester-
ol-/sphingolipid-rich microdomains can segment the
diffusion of GPl-anchored proteins in living cells, and
the dynamic partitioning raft model can precisely
describe the diffusive behavior of some raft-associated
proteins across the plasma membrane (Fig. 4).

Another example involves G protein-coupled
receptors (GPCRs). GPCRs are the largest protein su-
perfamily in the human genome, comprising 30% of
recent drug targets, and they regulate several cellular
signaling responses [78]. However, it is very difficult
to research the function of GPCRs because it is im-
possible to distinguish among the trafficking of many
individual receptors at the same time in multiple en-
dosomal pathways. Therefore, single molecule imag-
ing of endosomal trafficking enables cellular signaling
to be understood, and provides powerful tools for
revealing the movements of GPCR targeted thera-
peutics.

Accurate measurement of the endosomal traf-
ficking  and  internalization = of  serotonin
(5-hydroxytryptamine, 5-HT) receptors was achieved
by using single QD probes and quantitative localiza-
tion [79]. These results emphasize the future im-
portance of determining the downstream effectors
within cells that mediate cell signaling and guide re-
ceptor fate. QDs present attractive opportunities for
investigating the role of such effectors in receptor
regulation. Such single molecule studies of endosomal
GPCR tracking will provide unique insights into how
receptor targeted therapeutics regulate cellular sig-
naling.

Regarding G protein-coupled receptors [80-81],
adenosine-5'-triphosphate  (ATP) signaling acts
through the membrane-bound purinergic receptor
(P2Y). ATP, which is the universal fuel inside cells,
also plays a critical role as a singling molecule in a
spectrum of cellular functions, including hormone
secretion, neurotransmission, proliferation, differen-
tiation, and apoptosis [82]. The physiology of ATP
receptors is not fully understood, despite their in-
creased importance in cell biology and disease
mechanisms such as inflammation, cardiovascular
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disease and pain. ATP-conjugated quantum dots
(QDATP) were used to specifically and readily label
ATP receptors on living neuroendocrine PC12 cells,
thus enabling their characterization [83]. This was the
first study in which dynamic data on P2Y receptor
trafficking with sub-second resolution, in the context
of neuronal differentiation and apoptosis, had been
obtained. This study demonstrates the potential of
QDs as a novel tool to study the physiology of P2Y
receptors in relation to various critical diseases and
cellular functions.

Application of QDs in neuroscience

In the neuroscience field, the issue of lateral mo-
bility of neurotransmitter receptors has become cen-
tral to understanding the development and plasticity
of synapses. Therefore, the membrane dynamics of
glycine receptors have been investigated in trans-
fected neurons by using latex beads. However, be-
cause these measurements use beads with 500 nm in
size, the analysis of receptor dynamics in the synaptic
cleft is restricted [5]. Single QD tracking has success-
fully allowed the direct measurement of the mobility
and entry-exit kinetics of a variety of neuroreceptors
in synapses [10]. For example, the peculiarity of QDs
enables the recording of individual molecule mobility
at the neuron surface, even in confined cellular com-
partments. The QDs were used to track individual
GlyRs and to analyze their lateral dynamics in the
membrane of living neurons for periods ranging from
milliseconds to minutes. The direct measurement of
the mobility and entry-exit kinetics at synapses for
several neuroreceptors [84] including NMDA [85],
AMPA [86-87], glycine [10, 88-89], cannabinoid [90],
GABA [89], and acetyl choline receptors [91] has been
reported.

An alternative example of the use of QDs in
neuroscience involves their contribution to revealing
intractable disease mechanisms in ophthalmology.
Coupling QDs to antibodies that recognize molecules
associated with age-related macular degeneration
(AMD)-induced changes in the Bruch membrane
[92-93] might provide a means to image the biochem-
ical and/or structural abnormalities associated with
AMD [94]. This data is not obtained at the single
molecule tracking level; however, this approach may
be crucial for the development of AMD treatments
that target early molecular changes and early stages of
the disease. Therefore, AMD and other intractable
ophthalmology diseases will benefit from QD-based
technologies, particularly at the single molecule
tracking level, in the near feature.

Characterization of the nuclear pore complex

In an exciting recent development, QDs enabled
tracking measurements across the nuclear membrane
via nuclear pore complexes to be obtained (Fig. 5) [95].
In the cell, proteins required by the nucleus need to be
transported through the nuclear membrane in a
highly selective manner. The cargo is covered with a
class of proteins, the importins/karyopherins, which
interact with a steep gradient of RanGTP (a GTPase)
across the nuclear envelope to allow passage through
the membrane. The diffusive trajectories of im-
portin-coated QDs through the nuclear pore were
reported. As a result, it was revealed that cytoplasmic
filaments  increased the capture area for
transport-competent cargoes, although lengthy cyto-
plasmic docking is not essential. The cargoes encoun-
ter size-selective barriers inside the channel; that is,
the transport-competent cargos diffuse extraordinar-
ily within the central channels, with more free diffu-
sion of cargoes at higher receptor density, and the
central channel is functionally asymmetric. In another
example, mRNAs tagged with QDs were mi-
croinjected into the nucleus to study their anomalous
diffusion through a physical barrier to study pro-
tein-DNA interactions in living cells [76].

In vivo real-time tracking of single quantum
dots

Quantitative analysis relating to the dynamics of
nanoparticle delivery in vivo is very important to the
development of more efficient drug delivery systems.
Until recently, the specific processes of nanoparticle
delivery in vivo post-injection had not been revealed at
the single particle level. To address this issue,
QD-based real-time tracking of single particles was
used for the study of a drug delivery system [96]. The
specific delivery of single QD-complexes to the peri-
nuclear region of cancer cells following their injection
into the tail vein of living mice was successfully
demonstrated. The in vivo QD imaging system enables
single particle tracking with a 30 nm high resolution
video rate. Additionally, quantitative and qualitative
information relating to the velocity, directionality,
and transportation mode of nanoparticles is available
from time-resolved tracking. Therefore, this method
may provide new insight into the behavior of particles
in complex biological environments, and in turn will
enable rational progress in particle design to increase
the therapeutic index of nanocarriers that target tu-
mors.
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Figure 4. Single QD tracking of Av-GPI by total internal reflection fluorescence (TIRF) microscopy. (A) First frame from a dual-color TIRF movie
of a Hela cell. Av-GPIs in the ventral plasma membrane are labeled with QDs (red) and GMI molecules are labeled with Alexa-488 CTxB (green).
(B) Selected frames from a region of interest (white square in (A)) in which diffusing Av-GPls are tracked. Diffusion trajectories are determined by
the series of fitted positions, connected by a straight line. Notice that Alexa-488 CTxB bleaches fast compared to QDs and the signal was nearly
completely lost after 10 s. To facilitate visualization, the QD point-spread-function size was intentionally expanded. Tracking was performed on
raw images. (C) Overlay of Av-GPI trajectories with the mean intensity projection image (2Imean) for the Alexa-488 CTxB channel. This approach
allows colocalization studies of Av-GPIs within fixed/slow diffusing GMI-rich domains despite the fast photobleaching of Alexa-488 CTxB.
Reprinted with permission from Fabien Pinaud, Xavier Michalet, Gopal lyer, Emmanuel Margeat, Hsiao-Ping Moore, and Shimon Weiss, Fig.2,
Traffic Vol 10, 691-712 (2009). Copyright (2009) John Wiley and Sons.
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orescent QD. The three helix Z-domain acts as a spacer to correctly present the importin-f binding for biological function. Not to scale. (b)
Dynamic light scattering size distributions of QD- IBB cargos in the presence and absence of IBB. (c) Dwell time distribution of all QD interactions
with the nuclear pore complex. The time axis is truncated at 300 s. (d) Bright-field image of a nucleus with a QD fluorescence image (with
background subtraction applied) overlaid in red. A single QD cargo at the nuclear envelope is boxed. (e) Individual consecutive frames from a
single-molecule experiment showing the arrival (first frame) from the cytoplasm and departure (final frame) of the cargo into the nucleus. The
centroids determined from fitting of the PSF (point spread function) are overlaid as red crosses. Frame numbers are in the bottom left hand corner
of each frame. Movies were captured at 40 Hz. Reprinted with permission from Alan R. Lowe, Jake . Siegel, Petr Kalab, Merek Siu, Karsten Weis,
and Jan T. Liphardt, Fig.I, Nature Vol 467, 600-603 (2010). Copyright (2010) Nature Publishing Group.
http://www.nature.com/nature/journal/v467/n7315/full/nature09285.html.
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8. Challenges and prospects

Overcoming the toxicity and blinking prob-
lems associated with QDs

Despite the many advantages of QDs described
above, they have several disadvantages that restrict
their widespread use. The major concerns of the po-
tential toxicity of II-IV QDs restrict their practical use
in biological and medical applications. Certainly,
several studies have reported that charge, size, coat-
ing ligands, and oxidative, photolytic and mechanical
stability can contribute to the cytotoxicity of cadmi-
um-containing QDs [97-104]. Another critical factor
that determines the cytotoxicity of QDs is the leakage
of heavy metal ions from the core that is caused by
photolysis and oxidation. [97, 100]. To overcome the
potential toxicities of QDs caused by cadmium, sev-
eral approaches have been implemented. Although
covering the CdSe or CdTe core with a shell layer
such as ZnS reduced the cadmium toxicity, the re-
duction is not yet sufficient. Su et al reported that
covering the CdTe core with both CdS and ZnS shell
layers (i.e. core-shell-shell structure) reduced the tox-
icity of QDs, resulting in improved cell viability at
high concentrations of QDs during long-term culture
of several cell lines in vitro [105]. Alternatively, silica
coating of QDs was successful in reducing the toxicity
of cadmium [106]. Recently, cadmium-free InP and
CulnS; have become attractive candidates for
non-toxic QDs [17, 107-109]. Even though some re-
markable progress to overcome the toxicity problems
of QDs has been made, there remains no perfect solu-
tion for all QDs. This is because a wide range of QDs
are made by differing methods, and are used in a va-
riety of cell systems, models and animals. Therefore, it
is difficult to evaluate the toxicity of QDs at the uni-
versal level. However, continued development of ap-
proaches such as coating and the use of cadmium-free
compounds should overcome the problems of QD
toxicity.

Another problem of using QDs for single mole-
cule imaging is their blinking phenomenon [110-114].
The photoluminescence from individual QDs is de-
fined by the large intensity fluctuations known as
blinking, whereby their photoluminescence repeats
on and off intermittently, even with successive pho-
toexcitation. Blinking is thought to be an inescapable
property of individual QD fluorescence. The high
efficiency of non-radiative recombination processes
(e.g. Auger ionization) between the extra charge and a
subsequently excited electron-hole pair can produce a
charged QD whose photoluminescence is temporarily
quenched, and which recovers only after the QD be-

comes neutralized again. The theoretical origins of
blinking remain equivocal, and many research models
attribute the charging of QDs to their off-state. This
blinking phenomenon of individual QDs is not suita-
ble for single molecule tracking. The blinking phe-
nomenon continues from a few milliseconds to sever-
al hours [115]. During this period, one will lose the
trajectory of QD-based single molecule movements.

To overcome these problems, the suppression of
blinking was recently demonstrated by passivation of
the surface of QDs with thiol moieties, whereby an
emission duty cycle of nearly 100% maintained their
biocompatibility. However, the use of thiol in biolog-
ical systems is not ideal because of its toxicity [116].
Numerous reports agree with the opinion that the
accurate control of the inorganic shell will greatly
suppress the blinking of QDs. The critical steps to
reduce the blinking are to create very thick shells of
CdS or CdZnS approaching 20 monolayers, and to
reduce the lattice mismatch between the CdSe core
and the shell materials [117-119]. This results in fewer
charge carrier trap states and limits blinking. Alt-
hough the blinking probability can be decreased by
these approaches, the disadvantage of using this type
of single quantum dot tracking is that the final diam-
eter of the inorganic material is 15-20 nm. Such larg-
er-sized QD particles are not suitable for single mol-
ecule imaging because of steric hindrance, and the
reduced diffusion velocity caused by the QD may
affect the intrinsic activation of proteins and mole-
cules in wvivo. Recently however, completely
non-blinking CdSe-ZnSe QDs with a size of 8 nm
were reported, where Zn was gradually alloyed into
the core [120]. The small size of these QDs is suitable
for single molecule tracking. However, these
non-blinking QDs have multi-emission peaks, thus
the multicolor imaging experiments may be restricted;
in other words, the advantages of QDs with narrow
emission spectra may be lost. Nevertheless, this new
type of QD represents an attractive option for single
QD tracking because it would no longer be necessary
to account for blinking during image processing and
analysis.

Prospects for single molecule tracking using
advanced probes

It was reported recently that heavily doped
semiconductor nanocrystal quantum dots were suc-
cessfully synthesized [121-122]. The method to dope
semiconductor nanocrystals with metal impurities
enabled control of the band gap and Fermi energy,
which enhances their performance in electronic de-
vices. The yielded n- and p-doped semiconductor
nanocrystals may now potentially be applied in solar
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cells, thin-film transistors and optoelectronic devices.
They may also be applied as effective single molecule
tracking tools in the near future.

Recently, silicon QDs have also attracted con-
siderable attention [123-126]. The main advantages of
silicon QDs are low toxicity compared with cadmi-
um-based QDs, and full color with water dispersion.
Furthermore, two-photon excitation emission in the
aqueous phase, and three-photon excitation emission
in the chloroform phase, were successfully observed
in silicon QDs [127]. Because silicon QD-based cell
imaging has already been reported, safe and effective
single molecule tracking using single QDs in vivo is
likely to be described in the near future. Additionally,
InP and CulnS; are promising candidate for imaging
because they possess several advantageous properties
required by bioimaging probes [17, 107-109]. One
advantage is the absence of toxic elements such as
cadmium, lead, mercury, tellurium, and arsenic. The
other advantage regards photoluminescence, in that
InP and CulnS; emit from the visible to near-infrared
(NIR) region, with high quantum yield. Bioconjugated
InP and CulnS; that emit at multiphoton excitation
(two-photon) wavelengths have already been re-
ported, which will enable deep tissue imaging be-
cause of the long wavelength. Bioconjugated InP- and
CulnS; -based QDs are acceptable for single molecule
tracking in the near future.

In addition to QDs, organic nanocrystals have
also successfully demonstrated their usefulness in
both in vitro live cell imaging [128] and in vivo drug
delivery systems [129]. Organic nanocrystals are be-
tween the size ranges of molecular and bulk crystals
(ca. 100 nm), and have unique size-dependent optical
properties [130]. This size range is one order of mag-
nitude compared to QDs, where the so-called quan-
tum size confinement effect is observed (2-10 nm).
Antibunching was observed in single fluorescent or-
ganic nanocrystals [131]. This suggests that single
molecule tracking using organic nanocrystals will be
demonstrated in the near future, if the organic nano-
crystals have the requisite particle size (2-5 nm) and
high fluorescence intensity for single molecule track-
ing in vitro and in vivo.

It was recently reported that nanodiamonds with
nitrogen vacancy centers were found to be highly
photoluminescent while exhibiting no photobleaching
and photoblinking [132-133]. As such, nanodiamonds
may be useful as imaging probes for super-resolution
optical microscopy. Antibunching and multiphoton
excitation emission were demonstrated for nanodia-
monds. The smallest nanodiamond particle size is 5
nm [134], and unlike semiconductor QDs they do not
present heavy metal ion toxicity. The surface modifi-

cation of nanodiamonds will allow single molecule
tracking by the binding of a single diamond nano-
crystal. Therefore, single molecule imaging tech-
niques using nanodiamonds will be developed to-
gether with QD techniques.

9. Conclusion

In this review, we have introduced single quan-
tum dot-based single molecule tracking. First, the
physicochemical properties of QDs were discussed.
QDs have several properties that enable long-lasting
single molecule tracking in living cells. We have dis-
cussed several examples of how QDs have been used
to effectively reveal single molecule tracking in
membrane dynamics, neuronal function, selective
transport mechanisms of the nuclear pore complex,
and in vivo real-time observation. We also briefly
discussed the prospects for single molecule tracking
using advanced probes. Continued development of
the physicochemical properties of QDs, together with
imaging techniques and data analysis methods, will
provide much insight into the dynamics of molecular
processes in live cells. QDs will thus play a key role in
the future of cell biology research.
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