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ABSTRACT

Semiconductor quantum dots (QD) are nanometer-sized
crystals with unique photochemical and photophysical proper-
ties that are not available from either isolated molecules or bulk
solids. In comparison with organic dyes and fluorescent
proteins, QD are emerging as a new class of fluorescent labels
with improved brightness, resistance against photobleaching
and multicolor fluorescence emission. These properties could
improve the sensitivity of biological detection and imaging by at
least 10- to 100-fold. Further development in high-quality near-
infrared—emitting QD should allow ultrasensitive and multi-
color imaging of molecular targets in deep tissue and living
animals. Here, we discuss recent developments in QD synthesis
and bioconjugation, applications in molecular and cellular
imaging as well as promising directions for future research.

INTRODUCTION

Quantum dots (QD) are nanometer-sized semiconductors with size-
tunable optical and electronic properties. Recent research has
shown that QD can be covalently linked with biorecognition
molecules such as peptides, antibodies, nucleic acids, and small
molecules for use as fluorescent probes (1-4). The results
demonstrate that bioconjugated QD probes are similar in size to
fluorescent proteins and do not suffer from major kinetic or steric
hindrance problems (5-7). In addition, QD-encoded beads have
been developed by incorporating multicolor QD into polymer
beads at precisely controlled ratios (8). With each embedded with a
spectroscopic signature or ‘‘bar code,”” these encoded beads are
being developed for applications in multiplexed bioassays, medical
diagnostics and combinatorial synthesis. Indeed, QD have enjoyed
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considerable academic and commercial success because of their
broad applications in biology and medicine.

QD research started with the realization that the optical and elec-
tronic properties of small semiconductor particles were strongly
dependent on particle size due to quantum confinement of the
charge carriers in small spaces. A theoretical framework for these
size-dependent properties was described by Al. L. Efros and A. L.
Efros (9) and Ekimov and Onushchenko (10) in 1982. During the
next 2 decades, extensive research was carried out for potential
applications in optoelectronic devices, quantum dot lasers and
high-density memory. In 1998 two groups, one led by Alivisatos at
UC-Berkeley and another led by Nie (then at Indiana University—
Bloomington), simultaneously demonstrated that semiconductor
QD could be made water soluble and could be conjugated with
biological molecules (2,4). However, their biological applications
were still limited by problems with surface chemistry and by the
lack of widely (commercially) available materials. In the past 2
years QD have finally come of age, thanks to major improvements
in surface modification and bioconjugation (11).

QUANTUM CONFINEMENT AND
SIZE-TUNABLE PROPERTIES

QD are somewhat spherical nanocrystals in the size range of
1-10 nm diameter (12,13). Semiconductor nanocrystals can also be
produced with other shapes such as rods and tetrapods (14), but
spherical QD are the most widely used for biological applications
and, therefore, will be the focus of this article. One of the most
intriguing features of QD is that the particle size determines many
of the QD properties, most importantly the wavelength of
fluorescence emission. By altering the QD size and its chemical
composition, fluorescence emission may be tuned from the near
ultraviolet, throughout the visible and into the near-infrared (NIR)
spectrum, spanning a broad wavelength range of 400-2000 nm
(15-19). To understand these properties, we briefly discuss the
photophysics of bulk phase semiconductors in the next section.

Bulk semiconductor physics

Solid state physics often divides materials into three categories based
on electrical conductivity: conductors, semiconductors and insu-
lators (see Fig. 1A). The conductivity of a solid is frequently
rationalized as the difference in energy between the valence and
conduction bands of the material. In solid state materials, discrete
electronic orbitals from individual atoms combine to form wide,
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Figure 1. Schematic diagrams showing bandgaps and charge carriers in
bulk materials. A: Solid state materials are classified as either electrical
insulators, semiconductors or conductors, depending on the bandgap energy
(Ey) between the valence and conduction bands. The valence bands are
below the conduction bands for each material type, and electron occupation
is represented by blue shading. At room temperature, electrons partially
occupy the conduction bands in semiconductors and conductors, but the
bandgap energy is too large for thermal electronic excitation in insulators.
B: Semiconductor photoluminescence is illustrated in three separate steps.
Absorption of a photon causes the excitation of an electron, generating
charge carriers, an electron in the conduction band and a hole in the valence
band. These two carriers quickly lose energy as they relax to the band
edges, and their recombination leads to the emission of a photon. The
energy relaxation process causes a Stokes shift, toward longer wavelengths
relative to the excitation light wavelength. This process is valid only for
direct bandgap semiconductors because indirect bandgap semiconductors
require phonon assistance for momentum conservation for each electronic
transition.

nearly continuous bands of electronic energy states. The valence
band is the highest electronic energy level that is occupied with
electrons at room temperature. Likewise, the conduction band is the
lowest energy electronic state that is not occupied by electrons,
although thermal excitation may allow it to be partially occupied. An
electron in the valence band may gain energy (thermally or by the
absorption of a photon) to enter the conduction band, thus leaving
behind a positively charged hole in the valence band. Electron-hole
pairs are charge carriers and may be mobilized in opposite directions
by an applied voltage bias. The difference in energy between the
valence and conduction bands, called the bandgap energy (E,, typi-
cally expressed in electron volts [eV]), determines the energy that
must be gained for an electron to enter the conduction band. Thus,
insulators are characterized by a wide bandgap, such that electrons do
not have enough thermal energy at room temperature to overcome
the energy barrier to occupy the conduction band, thus making
conductivity extremely low. The bandgaps of semiconductors are
small enough that some electrons may be thermally excited at room
temperature to form charge carriers. The conduction and valence
bands overlap in conductors, forming a continuous band, so that
there is little resistance to current flow with an applied voltage.

To generate mobile charge carriers in a semiconducting material,
electrons must gain energy greater than or equal to the bandgap
energy. Once in the excited state, a conduction-band electron may
relax back to its ground state in the valence band through radiative
recombination with a hole, resulting in the emission of a photon with
the same energy as the bandgap (see Fig. 1B). Light emission is only
one of the many possible decay processes, but it is of both funda-
mental and practical importance. Because the bandgap dictates the
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fluorescence emission wavelength, considerable effort has been
devoted to engineer semiconductor materials and alloys with pre-
cisely tuned bandgaps for use in lasers, photodiodes and other
optoelectronic devices.

QD photophysics

A fascinating property of semiconductors is that the bandgap is not
only dependent on composition but also on the particle size.
Typically referred to as the ‘‘quantum confinement effect,”” this size
dependence is readily observed when one or more dimensions of a
semiconductor are reduced to the nanometer regime. Confinement of
one dimension can be accomplished through the fabrication of thin
sheets of semiconductors called quantum wells. Two-dimensional
confinement leads to quantum wires that conduct electricity along
only one axis. If all three dimensions are confined to the nanometer
scale, the semiconductor is called a QD, which has properties in
between bulk phase crystals and individual isolated atoms.

The change in bandgap energy with crystal size is most accurately
described by using quantum mechanical models, but a qualitative
““particle in a box’’ analogy is useful to understand the main princi-
ples (20-22). An important concept of quantum mechanics is that
matter may behave like a wave, such that single particles, like
electrons and holes, may be described mathematically using wave
functions. An electron that is free to move infinitely in all directions
would have a wave function defined at all points in space, and the
electron would theoretically occupy all points simultaneously. Re-
stricting its position between barriers of infinite height would cause
the electron to have a zero probability of occupying positions outside
of this ““box.”” A result of this restriction is that the ground state
kinetic energy of the particle must increase to satisty the Heisenberg
uncertainty principle. This rule states that if the position of a particle
is well defined (such as in a box), then the momentum cannot be zero,
thus giving the particle nonzero kinetic energy. As the size of the box
decreases, the ground state energy must increase to accommodate
this additional restriction in position. A QD is like a spherical box
containing two particles, an electron and a hole. Much like a particle
in a box, the kinetic energies of these two carriers increase as the size
of the QD decreases, so more energy is required to create these
particles, and more energy is released when these two particles
annihilate one another through recombination. As a result, both the
excitation and emission spectra shift to shorter wavelengths (higher
energies) with decreasing particle size. The quantitative descriptions
for the quantum confinement effect are more complex because of the
noninfinite nature of the potential well and other factors such as
reduced carrier masses and electrostatic attractions between the
electron and hole (22-24).

This dependence of light emission on particle size allows the
development of new fluorescence emitters with precisely tuned
emission wavelengths. For example, the semiconductor cadmium
selenide (CdSe) has a bulk bandgap of 1.7 eV (corresponding to
730 nm light emission). QD of this material can be tuned to emit
between 450-650 nm by changing the nanocrystal diameter from
2 to 7 nm (Fig. 2A). The composition of the material may also be
used as a parameter to alter the bandgap of a semiconductor. QD
with a diameter of 5 nm can be tuned to emit between 610-800 nm
by changing the composition of the alloy CdSe,Te,_ (Fig. 2B).

Comparison with organic dyes

Organic fluorophores are widely used as biological labels for
fluorescence imaging and detection. Because the spectroscopic
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Figure 2. Size and composition tuning of optical emission for binary CdSe
and ternary CdSeTe quantum dots. A: CdSe QD with various sizes (given
as diameter) may be tuned to emit throughout the visible region by
changing the nanoparticle size while keeping the composition constant. B:
The size of QD may also be held constant, and the composition may be
used to alter the emission wavelength. In the above example, 5 nm diameter
quantum dots of the ternary alloy CdSe,Te;_, may be tuned to emit at
longer wavelengths than either of the binary compounds CdSe and CdTe
because of a nonlinear relationship between the alloy bandgap energy and
composition (17).

properties of QD are fundamentally different from that of organic
dyes, QD could open new possibilities in a number of research areas.
As shown in Fig. 3, QD have broad excitation profiles and narrow/
symmetric emission peaks (commonly 25-35 nm full width at half
maximum) (25). Therefore, multicolored QD could be simulta-
neously excited with a single light source, with minimal spectral
overlap, providing significant advantages for multiplexed detection
of molecular targets. Furthermore, QD have been shown to remain
brightly emissive after long periods of excitation, whereas organic
dyes are photobleached quickly (2,4,5). For these reasons, QD
provide the possibility of continuous, real-time imaging of single
molecules and single cells over an extended period of time.

QD can be tuned to emit in arange of wavelengths by changing the
nanoparticle size and composition, whereas new organic dyes must
be developed to shift their emission wavelengths. This tunability
allows the synthesis of QD that emit in the NIR spectrum, which is
optimal for deep fluorescence imaging in living organisms (26,27).
Most organic dyes with NIR emission suffer from low quantum
yields, rapid photobleaching, poor stability/aggregation or a com-
bination of these problems (28,29). It is worth noting, however, that
QD may not be suitable for applications in which the probe size must
be minimized, such as intermolecular interaction studies where steric
hindrance could interfere with biomolecular function. Dyes are
typically an order of magnitude smaller than QD and will continue to
be useful in these studies (Fig. 3). Organic fluorophores have other
properties (e.g. self-quenching) that could be problems in some cases
but could be valuable for other applications such as activatable
molecular beacon probes (see Future Directions for further discus-
sion on QD biosensors and activatable probes).

SYNTHESIS AND BIOCONJUGATION
Synthesis and capping

The prototypical QD is CdSe because colloidal syntheses for mo-
nodispersed nanocrystals of this semiconductor are well established.
CdSe is most often synthesized through the combination of cadmium
and selenium precursors in the presence of a QD-binding ligand that
stabilizes the growing QD particles and prevents their aggregation
into bulk semiconductors. Among various synthetic methods
reported in the literature, high-temperature synthesis in coordinating
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Figure 3. Comparison of absorbance (blue) and fluorescence (green)
spectra between organic dyes (fluorescein isothiocyanate [FITC]) and CdSe
quantum dots with the same emission wavelength. Note that the emission
peak is more narrow and symmetric for the QD spectrum, and the
absorption band extends far into the ultraviolet region. The size differences
of FITC and QD are also shown.

solvents has yielded the best-size monodispersity and fluorescence
efficiencies. A coordinating solvent serves as a solvent and as a
ligand and is most commonly a mixture of trioctylphosphine,
trioctylphosphine oxide (TOPO) and hexadecylamine (15,30). The
basic functional groups of these ligands (phosphines, phosphine
oxides and amines) attach to the QD surface during synthesis, leav-
ing the ligand alkyl chains directed away from the surface. The
resulting QD are highly hydrophobic and only soluble in nonpolar
solvents such as chloroform and hexane.

The CdSe core is often capped with a thin layer of a higher
bandgap material such as ZnS or CdS. This “‘shell”” removes surface
defects and prevents nonradiative decay, leading to a significant
improvement in fluorescence quantum yields (from 5% to more than
50%) (31). As mentioned above, many different processes are avail-
able for an electron to relax to its ground state after excitation. These
include nonradiative recombination events that decrease the effi-
ciency of optoelectronic devices and decrease the fluorescence effi-
ciency of QD. For QD, the surface atoms constitute a large
percentage of the total atoms of the crystal due to the high surface
area-to-volume ratio of small colloidal particles. Therefore, surface-
related recombination due to localized trapping of carriers is thought
to be one of the main factors that reduce the emission efficiencies of
QD (32). These surface-related recombinations may be minimized
by confining the electron and hole to the core of the crystal through
surface passivation. The use of a higher bandgap semiconductor
confines the charge carriers to the core QD, thus minimizing surface
recombination. CdSe is normally passivated with zinc sulfide,
resulting in a structure referred to as (CdSe)ZnS or CdSe/ZnS, but
zinc selenide and cadmium sulfide are also commonly used
(31,33,34).

Water solubilization

For use in biological labeling, QD must be rendered hydrophilic so
that they are soluble in aqueous buffers. Two general strategies have
been developed for phase transfer of QD to aqueous solution
(Fig. 4). In the first approach, hydrophobic surface ligands are
replaced with bifunctional ligands such as mercaptoacetic acid,
which contains a thiol group that binds strongly to the QD surface as
well as a carboxylic acid group that is hydrophilic (2). Other
functional groups may also be used; for example, silane groups can
be polymerized into a silane shell around the QD after ligand
exchange (4). In the second method, coordinating ligands (e.g.
TOPO) on the QD surface are used to interact with an amphiphilic
polymer (5,35) such as octylamine-modified polyacrylic acid.
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Figure 4. Diagram of two general strategies for phase transfer of TOPO-
coated QD into aqueous solution. Ligands are drawn disproportionately
large for detail, but the ligand—polymer coatings are usually only 1-2 nm in
thickness. A: TOPO ligands may be exchanged for heterobifunctional
ligands for dispersion in aqueous solution. This scheme can be used to
generate hydrophilic QD with carboxylic acids or a shell of silica on the QD
surfaces. B: The hydrophobic ligands may be retained on the QD surface
and rendered water soluble through micelle-like interactions with an
amphiphilic polymer-like octylamine-modified polyacrylic acid.

These polymers contain alkyl chains that are thought to interdigitate
with hydrophobic TOPO ligands, leaving the hydrophilic carbox-
ylic acid groups directed away from the QD surface. This later
method is more effective than ligand exchange at maintaining the
QD optical properties and storage stability in aqueous buffer, but it
increases the overall size of QD probes.

Bioconjugation

Most solubilization methods result in a QD covered with carboxylic
acid groups, and QD in aqueous buffers are regarded as negatively
charged colloids. Many schemes used to prepare QD bioconjugates
rely on covalent bond formation between carboxylic acids and
biomolecules such as peptides, proteins and nucleic acids. Because
the QD surface has a net negative charge, positively charged mole-
cules could also be used for electrostatic conjugation, a technique
that has been used to coat QD with cationic avidin proteins or
recombinant maltose-binding proteins fused with positively charged
peptides (36,37). Alternatively, biomolecules containing basic
functional groups such as amines and thiols may interact directly
with the surface of QD as ligands (25). If biomolecules do not
contain groups for direct QD binding, they may be altered to add
these functionalities; for example, nucleic acids and peptides can be
modified with a thiol group for binding to QD (1,38). Surface
modification has also become modular through high-affinity
streptavidin—biotin binding (5). QD-streptavidin provides a conve-
nient and indirect approach for linking to a broad range of
biotinylated biomolecules.
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APPLICATIONS IN MOLECULAR AND
CELLULAR IMAGING

Fluorescence is a sensitive and routine method for monitoring
biological events using fluorescent dyes and fluorescent proteins.
During the past 5 years, QD have also been used as biological
labels in a variety of bioassays, some of which would not have
been possible with conventional fluorophores. In vitro bioanalyt-
ical assays were developed by using QD-tagged antibodies (39),
fluorescence resonance energy transfer (FRET)-QD biosensors (7)
as well as by using QD-encoded microbeads (8,40). In addition to
solution-based assays, the spectroscopic advantages of QD should
also benefit sensitive optical imaging in living cells and animal
models (see Discussion below).

Imaging of fixed cells and tissues

Many methods are currently available to detect and characterize
biomolecules and to monitor biological events in vitro. However, in
vitro data can only yield a simplified model of what might actually
occur within a complex living system. For example, current
molecular profiling technologies such as biochips and mass
spectrometry involve lysing cells or tissues into a homogeneous
solution. This necessitates a loss of the cellular spatial information
that describes where biological events occur within a cell or a
heterogeneous cell population. This spatial information can be
maintained through in situ staining of fixed cells and tissues. QD may
be used to improve the sensitivity and multiplexing abilities of in situ
staining due to their emission brightness and narrow fluorescence
spectra. The feasibility of using QD for antigen detection in fixed
cellular monolayers was first demonstrated by Bruchez and co-
workers in 1998 (4). By labeling nuclear antigens with green silica-
coated (CdSe)ZnS QD and F-actin filaments with red QD in fixed
mouse fibroblasts, these two spatially distinct intracellular antigens
were simultaneously detected. This article and others (2,5) have
demonstrated that QD are brighter and dramatically more photo-
stable than organic fluorophores when used for cellular labeling.

In recent research, many different cellular antigens in fixed cells
and tissues have been labeled using QD, including specific geno-
mic sequences (41,42) and antigens within paraffin-embedded tis-
sue sections (43—45). Plasma membrane proteins, cytoplasmic
proteins and nuclear proteins have all been labeled in fixed cells
using QD, and it is apparent that they can function as both primary
and secondary antibody stains (4,5,43,46,47). In addition, high-
resolution actin filament imaging has been demonstrated using QD
(5), and the fluorescence can be correlated directly to electron
micrograph contrast due to the high electron density of QD (47). It
has now become clear that QD can perform just as well and for
many applications can perform better than organic fluorophores for
fixed cell labeling.

Live cell imaging

In comparison with fixed cells and tissues, live cell labeling is a
more difficult task because of care that must be taken to keep cells
alive and because of the challenge of delivering probes across the
plasma membrane for studying intracellular targets. The number of
available probes for monitoring in vivo systems in real time is very
limited. This may be one area of biology in which QD could make a
significant impact because they have already shown promise as
in vitro biosensors and live cell labels. The first study of using QD
for live cell labeling was reported by Chan and Nie in 1998 (2). By
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covalently conjugating mercaptoacetic acid—coated (CdSe)ZnS QD
to the transferrin protein, QD were spontaneously endocytosed by
cancer cells. This work demonstrated that QD retained their bright
fluorescence in vivo and could be used as intracellular labels.

In vivo applications of QD have been slow to develop because of
the technical difficulties associated with living cell studies. None-
theless, it has been found that cellular surface antigens can be labeled
using techniques like those used for fixed cells by means of
antibody—antigen interactions or receptor—ligand interactions (Fig.
5) (5,6,48-50). For intracellular staining of cells, polyethylene
glycol (PEG)—coated (CdSe)ZnS QD with green emission were
microinjected into single cells of a Xenopus embryo (35). Micro-
scopic fluorescence imaging allowed real-time monitoring of cell
lineage and differentiation. Remarkably, most of the embryos ex-
hibited normal development, and there was no evidence of toxicity,
even with the injection of over 1 billion QD particles per cell (see the
next section for a more detailed discussion on QD toxicity). Focusing
on a simple multicellular organism, this report demonstrated the
potential of QD in tagging and tracking living systems.

Recent work has highlighted the true advantages of QD for live
cell imaging: the potential for real-time tracking of biomarkers due to
minimal photobleaching and the sensitivity to image single mole-
cules. Dahan et al. 1abeled the plasma membrane glycine receptor on
neuronal cells using primary antibodies bound to QD with red
emission (50). Real-time observation of the diffusion of single
receptors was achieved for more than 20 min, with greater photo-
stability and signal-to-noise ratios than the organic dye Cy3. In
another report, Lidke er al. labeled erbB/HER receptors on the
membranes of various cell types with QD conjugated to epidermal
growth factor (EGF) (6). QD enabled the authors to watch EGF-
receptor binding in real time and to observe the subsequent inter-
nalization of the receptor conjugate. By combining this labeling
approach with fluorescent receptor fusion proteins, the data provided
new insights into the mechanism of ligand—receptor interactions and
also enabled the observation of a previously unidentified transport
mechanism in filopodia.

For intracellular studies of living cells, four different mecha-
nisms have been used to circumvent the plasma membrane barrier:
microinjection, nonspecific uptake, protein- or peptide-specific
uptake, and receptor-ligand uptake. Intracellular microinjection of
probes is obviously useful for studying single cells, but it is
difficult to obtain statistically relevant data because of the small
number of cells that could be realistically injected. It has been
found that the addition of water-soluble QD to the medium of
cultured cells causes the nonspecific uptake of QD through an
endocytotic mechanism (51). This is the basis for a cellular motility
assay, in which the movement of cells over a substrate covered
with silica-coated QD was measured in real time through the
increase in fluorescence from the cells and the nonfluorescent
“dark™ path that they left behind (52). The third mechanism
involves the conjugation of QD to either translocating proteins,
such as transferrin, or cationic peptides, which cause cellular
uptake through a mechanism that is still not clear (2,53). These first
three mechanisms allow uptake from a wide variety of cell types.
The fourth mechanism uses the induced uptake of ligand—QD
conjugates through specific membrane receptor binding, like the
aforementioned EGF ligand and erbB/HER receptor interaction
(6,51). All four of these techniques have successfully delivered QD
into cells, although it seems that the peptide mechanism may be the
most efficient (Fig. 5). Targeting of these QD to specific
intracellular locations for monitoring biological events will be a

Figure 5. Fluorescent staining of living cancer cells using (CdSe)ZnS QD.
Left: Cells were incubated with QD conjugated to an antibody against the
uPAR cell surface receptor. Right: Cells were incubated with QD-TAT
peptide conjugates. The cationic TAT peptide induced efficient internal-
ization of the QD conjugates as well as QD localization in the cell nucleus.

more difficult task, requiring both membrane permeability and
biomolecular targeting.

In vivo animal imaging

Fluorescent proteins and small organic dyes have been used as
fluorescent contrast agents for living animal imaging (54). The
ideal fluorescent probe would contain a targeting domain with high
affinity for a specific tissue after systemic delivery and a fluorescent
domain that emits light on target binding. Preferably, the targeting
domain would be modular so that any tissue could be imaged. As
well, the probe must minimize nonspecific interactions, it must
have long-term stability, and it should either be thoroughly
excreted from the body or degraded with minimal toxicity. To
benefit from the advantageous photophysical properties of QD as
in vivo labels, a number of issues must be considered. First, the
relatively large size and surface area of QD allow the attachment of
multiple targeting probes to each label for enhanced binding
specificity. However, this size (perhaps 4-20 nm diameter after
bioconjugation) also has the disadvantage of being too large to
penetrate through the vascular endothelium and too large to be
excreted in the urine. The accessible targets for systemically
administrated QD probes could be limited to those of vascular
exposure, such as endothelial receptors. Also, nanoparticles are
nonspecifically uptaken by phagocytic cells in the organs of the
reticuloendothelial system (RES, most notably by the liver and
spleen). This nonspecific targeting can be reduced by coating
nanoparticles with hydrophilic polymers such as PEG to allow
greater vascular circulation time, but nonspecific uptake cannot be
eliminated completely (1,55,56).

The first report of systemic QD injection was by Akerman et al.
in 2002, which demonstrated the targeting problems and non-
specific uptake associated with nanoparticle probes (1). In this ex
vivo study, (CdSe)ZnS QD with either green or red emission were
injected intravenously into mice. By attaching tissue-specific
peptides to the QD, these nanoparticles were targeted to the lung
vasculature, tumor vasculature or tumor lymphatic vessels. Fluo-
rescence observation of mouse tissue sections showed uptake in the
target tissue, but nonspecific uptake by the RES was also observed.
This uptake is not a problem if the target organ is part of the RES,
such as a lymph node. In 2003 Kim et al. fluorescently imaged
murine and porcine sentinel lymph nodes after intradermal
injection of NIR (CdTe)CdSe QD (29). Dendritic cells non-
specifically phagocytosed the injected QD, and then migrated to
sentinel lymph nodes that could then be fluorescently detected even
1 cm under the skin surface. Nonspecific uptake is also not a
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Figure 6. Spectral imaging of QD-prostate-specific membrane antigen
(PSMA) Ab conjugates in live animals harbored with C4-2 tumor
xenografts. Orange-red fluorescence signals indicate a prostate tumor
growing in a live mouse (right). Control studies using a healthy mouse (no
tumor) and the same amount of QD injection showed no localized
fluorescence signals (left). (a) Original image, (b) unmixed autofluor-
escence image, (c) unmixed QD image, and (d) superimposed image. After
in vivo imaging, histological and immunocytochemical examinations
confirmed that the QD signals came from an underlying tumor. Note that
QD in deep organs such as liver and spleen were not detected because of the
limited penetration depth of visible light.

problem if imaging of the target tissue can be achieved before RES
clearance becomes significant. To this end, QD were used as
contrast agents for angiography after intravenous injection, first for
imaging the coronary vasculature of rats (26) and later for imaging
capillaries within skin and adipose tissue in mice (57).

In the previous example of mouse capillary imaging, the authors
made use of two-photon excitation for in vivo QD imaging (57).
Two-photon excitation allows greater tissue penetration due to
excitation within the NIR spectral range, but the QD were fluores-
cent in the visible region. Near-UV and visible light have poor
penetration through biological tissue more than 1 cm thick (27).
This attenuation is due to scattering, absorption by water and
absorption by biological chromophores such as hemoglobin.
However, NIR light (>650 nm) is known to be attenuated less
by biological tissue and, therefore, could serve as an optical win-
dow for fluorescent imaging. One of the main problems in NIR
medical imaging has been the lack of fluorophores that are brightly
emissive in the NIR, and can also be excited in the far red or NIR.
Few organic fluorophores exist with both excitation and emission
bands above 650 nm. Many types of QD have recently been
developed with bright emission within this range (CdTe, CdSeTe,
(CdTe)CdSe, PbS, PbSe QD) and, therefore, could propel the
development of this field (17-19,58,59). Two of the aforemen-
tioned experiments made use of NIR QD, but so far there have
been no experimental reports of the advantages of NIR vs visible
QD, although a theoretical model has been described (26).

Before QD clinical applications become possible, the biocompat-
ibility of these nanoparticles must be thoroughly investigated. For
cell culture studies, a biocompatible particle must be nontoxic and
must be inert and stable over the course of an assay. For studying
organisms, a biocompatible particle must also be nonthrombogenic
and nonimmunogenic. In short, this means making the particle as
inert as possible, allowing its specific and intended function to be its
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only activity. PEG and other biologically inert polymers may be
useful for rendering QD biocompatible. The long-term fate of QD
injected into live animals must be studied if animal experiments are
to become more than proof-of-principle projects. So far, nearly all the
publications on the in vivo use of QD have reported normal organism
development and no detectable toxicity (35,51,52,56,57,60).
However, long-term stability has not been investigated, and it is
unlikely that systemically administered QD will be completely
cleared from the body before degradation. Recently, Derfus et al.
used cultured liver cells to determine the cytotoxicity of (CdSe)ZnS
QD with various surface coatings (61). The results suggested that
surface coatings must be sufficiently stable to prevent oxidation of
the QD surface, which results in the release of divalent cadmium,
a known toxin and suspected carcinogen. For stability in vivo, the
amphiphilic polymer approach for water solubility results in a robust
hydrocarbon double layer and is a better choice than the ligand
exchange method. If QD could be used clinically, much more
cytotoxicity data is needed, especially in living animals, and QD
surface-coating technologies must be well understood.

In vivo tumor targeting and imaging

The current gold standard to determine whether or not cells are
cancerous is to test if they will grow as transplants in a nude mouse
(lacking a thymus and functional immune system). This is also an
excellent system for studying nanoparticle targeting and imaging in
vivo. An implanted subdermal human tumor in a nude mouse is a
controlled targeting system due to the presentation of highly
specific xenograft antigens. As well, subdermal tumors only re-
quire a shallow penetration depth for imaging. Importantly, the
vasculature of most cancer tissue is highly disordered, causing
exposed interstitial tissue, so that tumor antigens are in direct
contact with blood. Using such a model system, Gao et al. (62)
recently succeeded in targeting and imaging human prostate tumors
in mice after intravenous injection of PEG-coated QD that were
conjugated to an antibody against the prostate-specific membrane
antigen (Fig. 6). QD accumulation in the tumor was primarily due
to antibody—antigen binding but was also aided by the enhanced
permeability and retention (EPR) effect characteristic of many
angiogenic tumors. The EPR effect is due to the inherent vascular
permeability of the microenvironment of cancerous tissue, com-
bined with a lack of lymphatic drainage, caused by the absence of a
regional lymphatic network. Because of the EPR effect alone, it
was found that nonconjugated PEG-QD accumulated in induced
mouse tumors, demonstrating tumor contrast, but much less effi-
ciently than actively targeted probes. This work was the first
demonstration of targeted molecular imaging using QD in a living
organism. Molecular imaging is the generation of image contrast
due to the molecular differences in tissue, rather than the differ-
ences in tissue-induced radiation attenuation. Also in this work,
multicolor imaging of QD-tagged cancer cells and QD-encoded
microbeads was demonstrated. These results open new possibilities
for ultrasensitive and simultaneous imaging of multiple biomarkers
involved in cancer metastasis and invasion.

A major development is a new class of multifunctional QD
probes with both tumor targeting and drug-delivery functions. As
shown in Fig. 7, core-shell CdSe/ZnS QD are protected by both a
coordinating ligand (TOPO) and an amphiphilic polymer coating.
Because of strong hydrophobic interactions between TOPO and the
polymer hydrocarbon, these two layers ““bond” to each other and
form a hydrophobic protection structure that is resistant against
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hydrolysis and enzymatic degradation even under complex in vivo
conditions. In contrast to simple polymers and amphiphilic lipids
used in previous studies (5,35), Gao et al. (62) used a high
molecular weight (100 kD) copolymer with an elaborate ABC
triblock structure and a grafted 8-carbon (C-8) alkyl side chain. This
triblock polymer consists of a polybutylacrylate segment (hydro-
phobic), a polyethylacrylate segment (hydrophobic), a polymetha-
crylic acid segment (hydrophilic) and a hydrophobic hydrocarbon
side chain. A key finding is that this polymer can disperse and
encapsulate single TOPO-capped QD by means of a spontaneous
self-assembly process. As a result, the QD are protected to such
a degree that their optical properties (e.g. absorption spectra,
emission spectra and fluorescence quantum yields) did not change
in a broad range of pH (1-14) and salt conditions (0.01-1 M) or after
harsh treatment with 1.0 M hydrochloric acid (PEG-linked QD).

FUTURE DIRECTIONS

Despite a recent burst in research and development activities, the
use of QD for biological applications is much closer to its begin-
ning than to its end. For example, few reports have made use of QD
for NIR molecular imaging, although this should be one avenue
that will make great advances because of the greater sensitivity and
deeper tissue penetration that is possible in this spectral region.
Another direction is to take advantage of the longer excited-state
lifetimes (20-50 ns) of QD. Because most organic fluorophores
and fluorescent proteins have fluorescent lifetimes on the order of
1-10 ns, the extended lifetimes of QD fluorescence could allow
separation of QD fluorescence from background fluorescence for
enhanced contrast.

A further promising area is the development of QD-based bio-
sensors. Recently, Medintz ez al. coated QD with maltose-binding
protein for use as a maltose sugar sensor (7). By adding maltose
conjugated to a nonemissive quenching dye to a solution of these
QD, the dye quenched the fluorescence of the QD. Addition of a
solution of maltose caused dissociation of the sugar—dye conjugate
from the protein on the QD surface due to binding of native
maltose. The maltose concentration was quantitatively determined
from the QD fluorescence intensity. The mechanism of quenching
in this case was due to FRET from the excited QD (the energy
donor) to the dye (energy acceptor). The use of these sensing QD in
living systems could provide information that is difficult or impos-
sible to obtain without killing the cells or organisms. However, one
of the barriers to making successful QD ‘‘molecular beacons” is
the penetration of QD into cells and then targeting them to specific
intracellular locations for sensing of specific events.

As research in nanoscience and nanotechnology continues to
generate nanomaterials with novel properties, it should become
possible to assemble miniscule particles or objects into complex,
multifunctional devices, much in the same way that biological
systems combine simple organic molecules to make complex struc-
tures (63). It has been suggested that the future of medicine lies
within the nanometer regime and that nanometer-scale devices could
be used to find a diseased tissue within a human and cure the disease
while monitoring progress (64,65). Researchers have already begun
building QD into larger biological structures for multifunctional use.
One of the more practical endeavors has been the creation of multi-
modal imaging contrast agents, specifically by combining a QD for
fluorescence imaging and a magnetic resonance imaging (MRI)
contrast agent. Researchers have attached QD to Fe,O3 and FePt
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Figure 7. Structure of a multifunctional QD probe, showing the capping
ligand TOPO, an encapsulating copolymer layer, tumor-targeting ligands
(such as peptides, antibodies or small-molecule inhibitors) and polyethylene
glycol (PEG).

nanoparticles (66,67) and even to lanthanide chelates (X. Gao and
S. Nie, unpublished). These composite particles could allow deep-
tissue imaging using MRI for diagnosis and could be a fluorescent
guide for a surgeon’s scalpel during surgery. Another goal is the
combination of a therapeutic drug with an imaging agent. This
combination could be used to study the pharmacokinetics of drugs
and also for monitoring of a therapy and diseased tissue during
treatment, without the administration of a separate contrast agent.
These combinations are only a few possible achievements for the
future. Practical applications of these multifunctional nanodevices
will not come without careful research but the multidisciplinary
nature of nanotechnology may expedite these goals by combining the
great minds of many different fields. The success seen so far with QD
points toward the success of QD in biological systems and also
predicts the success of other avenues of bionanotechnology.
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