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8.1 Introduction

Semiconductor nanocrystals or quantum dots (QDs or
qdots) are nanometer-size crystals, comprised of few hun-
dred to a few thousand atoms, exhibiting properties that are
markedly different from those of their bulk (macroscopic)
counterparts made of the same material. Because of quan-
tum confinement effects, their optical characteristics (light
absorption and emission spectra), in particular, are strongly
dependent on their size and shape. These features, used
unknowingly by stained-glass makers during the Middle
Ages, were first studied in metal oxide particles embedded in
a glass matrix (Ekimov and Onuschenko 1982). The work
was subsequently extended to many other types of semicon-
ductor materials, culminating recently in single-QD spectro-
scopic studies.

Current applications of quantum dots range from photo-
voltaic cells to biological labeling, and in the near future are
likely to include optoelectronic and laser applications.
Biological applications take advantage of their fluorescent
properties, and focus mainly on their use as probes for detec-
tion and diagnostics.

This chapter presents the physical basis of these fluores-
cent properties, describes the principle of the main synthesis
approach (colloidal synthesis) and briefly reviews the tech-
niques used to interface these inorganic materials to the bio-
logical world. It concludes with a short review of current
applications of quantum dots in biology.

8.2 Brief Overview of Quantum Dot Physics

A basic knowledge of the electronic structure of solids is
needed for an in-depth understanding of the differences
between bulk material and nanoparticle properties. We refer
the interested reader to standard textbooks on solid-state
physics for a thorough presentation (Ashcroft and Mermin
1987; Ziman 1979). This section provides, rather, a brief
introduction to the salient topics.

8.2.1 Conduction and Valence Bands

The electronic behavior of bulk crystalline material (infinite
crystals) may be described in terms of vast numbers of
extremely closely spaced electronic energy levels, E, that, in
effect, blend together to form continuous energy bands, sepa-
rated by forbidden energy level gaps, called bandgaps. Within
each band, the number of accessible energy levels n(E)
depends on E, usually decreasing to zero at the so-called
band edges. Knowing the number of available electrons per
unit volume, it is possible to compute the highest occupied
energy level at zero temperature, known as the Fermi energy,
EF. At non-zero temperature, the Fermi-Dirac statistics
defines the occupancy of each state and, in particular, which
energy levels higher than the Fermi energy can be occupied.

A crystalline material is said to be a conductor, a semi-
conductor, or an insulator, depending on the location of the
highest occupied energy state. In conductors, this state is well
within the boundaries of the highest occupied band. In the
presence of an electric field, electrons can acquire slightly
more energy, and move into slightly higher levels (still within
the band) that correspond to electron motion, hence electric
conduction; this justifies the designation of the highest occu-
pied band as the conduction band.

In insulators and semiconductors, the highest occupied
level is close to or at the top of the last occupied band. Very
few, if any, empty states are available for conduction, because
of which the band is designated the valence band; this is in
analogy to atomic electronic levels, for which only electrons
in the highest energy levels contribute to chemical reactivity
or optical activity. At absolute zero temperature, excitation
from the valence to the conduction band is completely pre-
vented by the presence of the energy gap. Even at finite tem-
peratures, current in insulators is almost entirely prevented
because of the broad bandgap between valence and conduc-
tion bands. In semiconductors, however, the bandgap happens
to be narrow enough such that at non-zero temperatures,
some electrons are promoted across the gap to the conduction
band, allowing weak electric conduction.

This elementary picture is greatly simplified. It assumes
the absence of dopant impurities in the material, and it
ignores the existence of multiple bands indexed by different
quantum numbers and of the main crystallographic direc-
tions of the crystal. But since the electronic properties of a
pure semiconductor are dominated by the highest partially
empty (valence) band and the lowest partially filled (conduc-
tion) band, a good approximation consists in considering
these two only.

The properties of the electrons in the valence and con-
duction bands are commonly described in terms of the few
electrons in the conduction band and the small number of
holes in the valence band. (The idea of holes arises because
rather than discussing the material’s properties, such as con-
ductivity, photon absorption, etc., in terms of the large num-
ber of electrons present in the almost-filled valence band, it is
more convenient to consider instead the effect of the far fewer
missing electrons, the holes, in it.)

In particular, holes (missing electrons in the valence
band) and electrons (in the conduction band) have different
effective masses, m*. The effective mass of band-edge holes
or electrons is defined by

(8.1)

where � = h/2π is the normalized Plank constant and k is the
wave vector used to parameterize the electron wave func-
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ciently large piece of semiconductor, excitons are free to dif-
fuse away indefinitely and/or to dissociate.

When one or more dimensions of a crystal become small
relative to the exciton Bohr radius, however, the infinite peri-
odicity approximation breaks down. The effect on the band
profile of increasing confinement, as more dimensions are
reduced below the exciton Bohr radius, is a progressive dis-
cretization of the energy spectrum (Figure 8–1). With tight
confinement in all three dimensions, the resulting object is
the entity called a quantum dot. A QD exhibits an atom-like
energy spectrum consisting of discrete levels, rather than a
band structure, as will be discussed in the next section.

The values of exciton Bohr radii for different materials
indicate that quantum dots correspond to crystals of nanome-
ter-length scale. Several synthesis routes are available to
obtain such nanocrystals: molecular beam epitaxy, lithogra-
phy, or colloidal synthesis. The colloidal synthesis approach,
which is relevant for biological use, will be described in
section 8.4.

The simple “particle-in-a-box” or “quantum well”
model of elementary quantum mechanics captures well the
qualitative aspects of confinement. In this approximation, a
nanocrystal is modeled as a sphere of radius a with a poten-
tial barrier at its boundary. In the particularly manageable
case of an infinite potential, with

V(r) = 0 for r < a
and (8.4a)

V(r) = ∞ for r > a,

the behavior of a particle of mass m may be described in terms
of a linear superposition of eigenstates of the Schrödinger
equation. The corresponding energy levels are parameterized
by two quantum numbers, n and L, and given by

(8.4b)

where jn,L is the nth zero of the Lth-order spherical Bessel func-
tion of the first kind (j 0,0 = p, j 1,0 = 4.49, j 0,1 = 2p, etc.).
Equation (8.4b) shows that the energy levels scale as the inverse
of square of the dimension of the sphere. In other words, a par-
ticle confined in a larger sphere has energy levels closer to one
another than a particle confined in a smaller sphere.

The relation between this simple quantum mechanical
system and a quantum dot is not straightforward, but suffice
it to say that a formula similar to equation (8.4b) can be
obtained for the exciton’s energy levels of a spherical QD
after a series of approximations:
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tions. This equation is a quadratic approximation to the exact
dispersion relation. Optical properties of semiconductors
depend strongly on the band-edge dispersion relations, as
they involve interband transitions. A typical semiconductor
energy bandgap, Eg, is of the order of a few electron volts
(1 eV = 1.6 10−19 J), an energy which corresponds to a photon
of near-infrared to visible wavelength λ(~1 mm):

(8.2)

where c is the speed of light.
Absorption of a photon of sufficiently high energy can

result in the transfer of one electron from the valence band to
the conduction band, leaving a hole in the valence band. The
result of absorption of a photon is thus the creation of an
exciton (electron-hole pair), a concept that is central to the
photophysics of quantum dots. Conversely, the electron-hole
pair can recombine, either emitting a photon or transferring
its energy to phonons (vibrational modes of the crystal).

By analogy to the hydrogen atom, which consists of two
oppositely charged particles (an electron and a proton) bound
together by the electrostatic interaction but separated by a
typical size called the Bohr radius (a0 = 0.53 Å), bound elec-
tron-hole pairs are characterized by their exciton Bohr radii,
aexc, defined as

(8.3a)

e is the dielectric constant of the semiconductor material, me
is the rest mass of the electron, and m*

exc is the reduced mass
of the electron-hole pair,

(8.3b)

Here, m*
e (m*

h) is the effective mass of the electron (hole)
defined by its dispersion relation, equation (8.1).

Bulk exciton Bohr radii can differ widely among semi-
conductor materials. Indium arsenide (InAs) has a Bohr
radius of 36 nanometers (nm), for instance, whereas that of
copper chloride (CuCl) is 0.7 nm. Cadmium selenide (CdSe),
the material of most QDs used currently for biological appli-
cations, has an intermediate value of 6 nm.

8.2.2 Quantum Confinement

A crucial factor determining the properties of bulk semicon-
ductor material is the effectively infinite periodicity of the
semiconductor crystal structure along all three axes of the
crystal (Efros and Rosen 2000; Morris 2004). In a suffi-
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The states are labeled with four quantum numbers and the
effective masses of the hole and electron are defined by the
shape of the relevant valence and conduction bands disper-
sion relations according to equation (8.1). Here Eg is the
energy band-gap of the bulk material, and Ec is a Coulomb
interaction term that depends on the states occupied by the
hole and electron. For instance, for the lowest occupied
states, this term can be shown to be equal to (Efros and
Rosen 2000; Norris 2004):

(8.5b)

where e is the charge of the electron and e is the dielectric
constant of the material. Electrostatic interaction between the
electron and holes becomes noticeable for larger nanocrystals.

In summary, the simplest electronic model of a quantum
dot predicts that the energy of the first excited state of an
exciton scales as 1/a2. So the energy of the photon emitted
upon recombination of an electron-hole pair does, too; or,
equivalently, the wavelength of a photon emitted from it
scales as a2.

In other words, larger nanocrystals will emit photons of
longer wavelength. This relationship is employed widely in bio-
logical applications of quantum dots. It is born out by numer-
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ous experiments, and can be leveraged by the exquisite control
of QD sizes afforded by colloidal synthesis, section 8.4.

8.2.3 Electronic Structure

Even though the above picture accounts surprisingly well for
the basic features of quantum dots’ electronic behavior, a
more complex theoretical description is needed to capture the
fine details (Efros 2004; Efros and Rosen 2000; Norris
2004). In particular, the approximation of quadratic bands is
only valid for the edge of the conduction band. For the
valence band-edge, a multiband description is required,
whose characteristics depend on the crystal symmetry.
Transitions of larger energy require consideration of addi-
tional bands. Different models have been proposed and
solved to account for higher excited states spectroscopy; they
are in good agreement with experimental data, although a
number of details remain to be filled in.

One of the successes of the theory has been the explana-
tion of the long lifetime of the first excited state in nanocrys-
tals at cryogenic temperature, as observed in measurement of
the fluorescence decay. Whereas in bulk material, electron-
hole pairs recombine within a few nanoseconds (ns), the flu-
orescence lifetime of these nanocrystals is of the order of
microseconds (ms), but decreases significantly when in a
magnetic field. This behavior is explained by the value of the
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Figure 8–1. Schematic representation of the density of states n(E ) at the bottom of the conduction band (or, by symmetry, at the top of the
valence band) in semiconductor crystals, as a function of degrees of confinement (from left to right: no confinement to confinement in all
directions). (a) In the bulk material (3-D macroscopic crystal), the density of states is continuous and increases as the energy E increases
above the band-edge level. As the effective dimensionality decreases from 3 to 0, a progressive discretization of the energy levels is appar-
ent, (b) starting with the appearance of steps for a 2-D crystal (a layer of thickness smaller than the exciton Bohr radius, also called a quan-
tum well), (c) of narrowing bands for a 1-D crystal (or quantum wire), (d) to reach an atomic-like series of discrete levels for quantum dots
(effective dimensionality zero). (Adapted from Alivisatos, A. P., “Semiconductor clusters, nanocrystals, and quantum dots,” Science, vol.
271, pp. 933–937, © 1996, with permission from AAAS.)



total angular momentum projection |F | of the lowest energy
excited level, which is either 0 or 2, depending on the sym-
metry and overall shape of the nanocrystal. This value of |F |
forbids a direct transition to the ground state (|F | = 0), since a
photon carries an angular momentum of 1. The presence of a
magnetic field couples this state (the “dark exciton”) with
states of angular momentum |F | = 1, increasing the probabil-
ity of transition to the ground state, and decreasing the
excited state lifetime. At room temperature, thermal energy
suffices to significantly couple the dark exciton state to bright
states, resulting in much shorter lifetimes.

The theory also accounts well for the polarization of the
emission from spherical and elongated nanocrystals, the
Stokes shift of fluorescence emission (discussed in section
8.3), and other effects that go beyond the scope of this chap-
ter. But the main, take-home message is that a description of
quantum dots in terms of a few quantum numbers is possible,
justifying the view of these objects as artificial atoms. The
next section will summarize the similarity and differences
between their properties and those of more conventional flu-
orescent emitters such as organic dye molecules.

8.3 Optical Properties of Quantum Dots

Optical properties of quantum dots can be studied at the
ensemble level or at the single-molecule (i.e., single-QD)
level. Although more challenging, single-molecule measure-
ments have recently come to the forefront of biological imag-
ing and spectroscopy; they allow the study of heterogeneous
population of molecules, such as active versus inactive
enzymes, asynchronous and stochastic behaviors observed in
molecular motors, and diffusing receptors in cell membranes
(Michalet and Weiss 2002). From a purely physical point of
view, observations on single QDs have allowed the discovery
of several remarkable photo-physical phenomena, such as
blinking and spectral diffusion. Other properties, such as
absorption and emission spectra, are best studied at the
ensemble level.

8.3.1 Absorption and Emission Spectra

Absorption and emission spectra are the critical characteris-
tics of a material used as a fluorescent probe. The absorption
spectrum provides data on the allowed transitions from the
ground state to higher excited states, and defines which pho-
ton energy can be used to best excite quantum dots. Emission
involves transitions back down again from the lowest excited-
state level and its vibrational (phonon-related) sub-states; the
emission spectrum provides important information such as
the Stokes shift (the wavelength difference between the posi-
tion of emission maximum and that of either the absorption
maximum or the largest wavelength of absorption) and ther-
mal and inhomogeneous broadening of the spectrum.
Inhomogeneous broadening arises from the variability in

sizes of quantum dots which, according to equation (8.5a),
results in a corresponding spread in the energy of the first
excited state, leading to a spread in emission wavelength
according to equation (8.2).

Besides optical density (OD) measurements, a way of
capturing the absorption spectrum is by way of ensemble
photoluminescence excitation (PLE) spectroscopy. A nar-
row emission peak is selected, and emitted intensity is
recorded as a function of the excitation wavelength. The
approach selects a narrow subset of sizes in the nanocrystal
distr ibution, for which the photon energy corresponds
exactly to a transition to the first excited state, known as a
band-edge transition. At cryogenic temperatures (~10 °K),
spectra have sharper features than with a simple wavelength-
dependent OD measurement, and they can be precisely com-
pared with theoretical predictions of energy-level spacing
(Norris 2004; Norris and Bawendi 1996). At room tempera-
ture, most of these features except for the first exciton peak
are blurred by thermal broadening, and the absorption spec-
tra exhibit a continuous increase of absorption efficiency as
the excitation wavelength decreases (Figure 8–2a).

Similarly, the emission spectrum is usually featureless if
measured upon excitation with high-energy photons, because
of inhomogeneous broadening. At cryogenic temperatures
and using photons of energies closer to that of the bandgap,
the emission spectrum starts showing vibrational features
due to the excitation of only the largest dots in the sample
(the smallest dots are barely excited, and therefore can only
relax back by a direct transition). This effect, opposite to
inhomogeneous broadening, can be observed when measur-
ing the emission spectrum of single quantum dots at cryo-
genic or room temperature; it appears much narrower
(full-width at half maximum ~10 nm) than for the corre-
sponding ensemble sample (FWHM ~ 20 to 40 nm).

Both absorption and emission spectra of a quantum dot
are dependent on its size and composition, even if not exactly
as predicted by the simple model of equation (8.5a). The
size-dependence of the emission peak position of a represen-
tative sample of materials is shown in Figure 8–2b.

8.3.2 Fluorescence Intermittency

Fluorescence intermittency, or blinking, the random alterna-
tion of periods with and without emission while under con-
tinuous excitation, is a striking characteristic of most colloidal
semiconductor nanocrystals (Figure 8–3a) (Efros and Rosen
1997; Nirmal et al. 1996; Shimizu and Bawendi 2004). The
distributions of the “on” and “off” periods of time are power
laws, of the form

P(t) ~ tl, (8.6)

with a typical exponent of l = −1.5. This type of distribution
falls off much less rapidly than the standard exponential
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decay observed in many phenomena. In particular, it results
in the common observation of very long off-periods (several
seconds or more) while monitoring the emission of individual
quantum dots (Kuno et al. 2000).

A potential explanation of this phenomenon is provided
by a model in which the electron or hole of a photo-excited
exciton becomes trapped on a surface defect of the nanocrys-
tal by a so-called Auger ionization. In this process, a new
electron-hole pair is created in a quantum dot already con-
taining one. This electron-hole pair transfers its energy non-
radiatively to the pre-existing pair, ejecting one of the carriers
(electron or hole), which gets trapped (or potentially ejected
altogether). The whole process thus leaves a free carrier on
the quantum dot. This lone charge instantaneously recom-
bines nonradiatively with the opposite charge of any newly
created electron-hole pair, effectively resulting in a dark
quantum dot. Eventually, the release of the surface-trapped
charge neutralizes the lone charge, and therefore restores the
dot to its original state, resulting in a quantum dot capable of
emission (a bright quantum dot).

The power law distribution of on- and off-states can be
explained by various models describing the distribution of
available traps, and it remains the subject of debate. An
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exponential distribution of trap energy levels combined with
a temperature-dependent release probability, for instance,
predicts the observed behavior. But so also does a model
assuming that the trapped charge undergoes a random walk
in energy space and is released by a tunneling process (i.e.,
with a probability depending exponentially on its energy). In
practice, it appears that surface traps are certainly involved
in the blinking phenomenon. One of the best pieces of evi-
dence is that quantum dots that are over-coated with an addi-
tional layer of larger energy bandgap material, so-called
core/shell quantum dots, are brighter than their core-only
counterparts. This is due to the creation of a fully crystalline
environment for the outer atoms of the core by the shell mate-
rial, resulting in fewer crystalline defects acting as traps for
the electron or hole (passivation). The larger bandgap is sim-
ply used to prevent the electron-hole pair from expanding into
the shell material. A layer of passivating organic molecules
can also reduce the importance of blinking for similar rea-
sons (Hohng and Ha 2004). As the on-time distribution actu-
ally tapers off at large times upon increasing temperature or
excitation power, an additional mechanism of a temperature-
dependent photo-ionization probably also plays a role in the
blinking phenomenon (Shimizu and Bawendi 2004).

Figure 8–2. Spectra of quantum dots. (a) Absorption (upper curves) and emission (lower curves) spectra of four CdSe/ZnS quantum dot
samples of increasing diameters and emission wavelength. The vertical line indicates the 488 nm line of an argon ion laser, which can be
used to excite all four quantum dots efficiently and simultaneously. The absorption curves have been normalized to 1 at the first exciton peak
absorption. (b) Relation between emission wavelength and QD diameter for different semiconductor compositions. Quantum dots can be
synthesized from various semiconductor type materials (II−VI: CdS, CdSe, CdTe…, III−V: InP, InAs…, IV−VI: PbSe…), that are character-
ized by different bulk bandgap energies. The curves represent experimental data from the literature on the dependence of peak emission
wavelength on QD diameter. The range of emission wavelength is 400 nm to 1350 nm, with size varying from 2 to 9.5 nm (organic pas-
sivation/solubilization layer not included). FWHM values for all spectra are around 30 to 50 nm. Inset: Representative normalized emis-
sion spectra for CdSe, CdHgTe/ZnS, CdTe/CdSe, and InAs nanocrystals of various sizes. Quantum dots composed of a core and shell
are labeled as core material/shell material. (Adapted from Michalet, X., F. F. Pinaud, L. A. Bentolila, J. M. Tsay, S. Doose, J. J. Li,
G. Sundaresan, A. M. Wu, S. S. Gambhir, and S. Weiss. (2005). “Quantum dots for live cells, in vivo imaging, and diagnostics,”
Science, vol. 307, pp. 538–544, © 2005, with permission from AAAS and from Gerion, D., F. Pinaud, S. C. Williams, W. J. Parak,
D. Zanchet, S. Weiss, and A. P. Alivisatos, “Synthesis and properties of biocompatible water-soluble silica-coated CdSe/ZnS semiconductor
quantum dots" in J Phys Chem, vol. 105, pp. 8861–8871, © 2001 American Chemical Society.)



8.3.3 Spectral Diffusion

Another distinctive photo-physical signature of individual quan-
tum dots is the existence of intermittent shifts in their emission
spectrum peaks, both at cryogenic (Neuhauser et al. 2000) and
room temperature (Michalet et al. 2001) (Figure 8–3b). The
choice of the term “intermittent” to describe this phenome-
non refers to the observed correlation between blinking and
this spectral diffusion. A likely mechanism for these changes
of emission spectrum is a modification of the QD energy lev-
els due to the presence of a strong electric field (quantum-
enhanced Stark effect), as demonstrated on single quantum
dots at cryogenic temperatures with controlled applied fields
(Empedocles and Bawendi 1997). Due to the small size of a
quantum dot, the presence of random charge on its surface or
in its vicinity can cause spontaneous spectral diffusion. The
relation with blinking comes from the fact that, upon return-
ing to an on-state, the recombination of the lone electron or
hole with a trapped surface charge results in a redistribution
of the surface charges, and therefore affects the local electric
field around the nanocrystal (Shimizu and Bawendi 2004).

8.3.4 Polarization

As discussed above, a detailed theory of QD energy levels
needs to consider the specific properties of the semiconduc-
tor material, including the crystal symmetry. For quasi-
spherical CdSe quantum dots, for instance, group (symmetry)
theory predicts that the lowest-lying states that participate
in the emission process are doubly degenerate in the plane
perpendicular to the main symmetry c-axis of the hexago-
nal lattice. This degeneracy results in an effective two-
dimensional (2-D) emission dipole (Efros 2004; Efros and
Rosen 2000) perpendicular to the c-axis. This property
departs from the traditional linear dipole of, say, an organic
dye, and can be used advantageously to determine the three-
dimensional (3-D) orientation of individual quantum dots
(Figure 8–3c) (Chung et al. 2003). For elongated quantum
dots (also known as quantum rods), this dipole loses its pla-
nar degeneracy and becomes a linear dipole along the
nanorod axis (Hu et al. 2001), a property of potential biolog-
ical applications.

8.3.5 Fluorescence Lifetime and Antibunching

The ensemble fluorescence decay of quantum dots appears as
a complex superposition of multiple exponential decays, with
the longest component in the tens of nanoseconds. This is sig-
nificantly larger than the typical lifetime of protein autofluo-
rescence observed in live cells, and it has been proposed as a
way of distinguishing QD fluorescence from “background”
fluorescence in cell imaging. By rejecting photons arriving
shortly after laser excitation pulses, for instance, and keeping
only late-arriving photons (time-gating), better fluorescence
imaging contrast can be obtained (Dahan et al. 2001).

Although a complex distribution of lifetimes can be
expected from a non-uniform size distribution of quantum
dots, it turns out that this dispersion is also observed at the
single particle level (Figure 8–3d). A detailed analysis exhibits
fluctuations in fluorescence lifetime that, as with spectral dif-
fusion, could be due to a surface-charge-induced Stark effect
(Biericher et al. 2006).

Despite this complexity of the fluorescence emission of
individual quantum dots, time-resolved studies of single
quantum dots have shown that they can be considered as sin-
gle-photon emitters. In other words, in most cases, at most a
single exciton is present at any time within the nanocrystal,
resulting in at most a single photon emission upon recombi-
nation. This was verified by measuring the distribution of
time intervals between successive photons emitted by an
individual quantum dot. This distribution falls off to zero at
zero-time intervals, a phenomenon called anti-bunching and
characteristic of a single-emitter (Lounis et al. 2000). If two
or more excitons were present simultaneously, there would be
a non-negligible probability for them to emit a photon at very
short time intervals, contrary to the experimental observa-
tion. However, this property is true only at the relatively low
excitation rates used in most biological applications. At high
excitation rates, the probability of multi-exciton creation is
increased, making their observation and characterization
possible even at the single-QD level (Fisher et al. 2005).

8.3.6 Lasers, LED, and Photovoltaic Cells

Besides biomedical applications discussed in the following
sections, quantum dots, and in particular colloidal quantum
dots, offer great promises in two unrelated fields, namely
laser and photovoltaic light-energy conversion (Klimov
2006). These applications have contributed to the rapid
development of QD research, the biological imaging applica-
tions discussed in this chapter being only one of its serendip-
itous by-products.

Semiconductor materials are already used in commer-
cial diode lasers. But currently, only quantum-well lasers
(2-D structure in Figure 8–1) are taking advantage of the
quantum confinement effect, which enhances the density of
states at the band-edge. This higher density allows easier
population inversion and therefore a lower lasing threshold.
This effect should be further enhanced in QD-based lasers.
Also, the variation of the bandgap as a function of size prom-
ises a simple route to the fabrication of tunable lasers.
Although still at an experimental level, quantum dot lasing
has been demonstrated in various geometries, and it remains
an active research field (Klimov 2004; Klimov et al. 2007).

Light-emitting diodes (LED) and photovoltaic cells
(PVC) work in complementary ways. An LED converts elec-
tricity into light emission, while a PVC converts solar energy
into electricity. Both rely on two crucial steps: (i) efficient
conversion of charge carrier energy into photons (LED), or
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Figure 8–3. Optical properties of quantum dots. (a) Blinking. Time trace of a single ~2.9 nm radius CdSe quantum dot showing blinking
over a sequence of three expanded time scales. Clearly evident are rapid fluctuations in the fluorescence intensity between on- and off-
states, defined respectively as periods of sustained emission above a given threshold and periods of weak or no emission. The three panes
illustrate the self-similarity of the blinking pattern over different time scales. (Reprinted with permission from Kuno, M., D. P. Fromm, H. F.
Hamann, A. Gallagher, and D. J. Nesbitt. (2000). “Nonexponential ‘blinking’ kinetics of single CdSe quantum dots: A universal power
law behavior,” J Chem Phys, vol. 112, pp. 3117–3120, © 2000, American Institute of Physics.) (b) Spectral diffusion. Low temperature
emission spectrum time traces of three CdSe/ZnS quantum dots taken at the same time (T = 10 °K, bin width = 100 ms, 200 W/cm2).
(a)–(c) The resulting averaged spectrum is plotted to the left for each dot. Although all three dots originate from the same well-defined sam-
ple, they show completely different spectral diffusion patterns. The marked areas in time traces (b) and (c) are shown on an enlarged scale
in the original publication. (Reprinted with permission from Neuhauser, R. G., K. T. Shimizu, K. T. Shimizu, W. K. Woo, S. A. Empedocles,
and M. G. Bawendi. “Correlation between fluorescence intermittency and spectral diffusion in single semiconductor quantum dots,” Phys
Rev Lett, vol. 85, pp. 3301–3304, © 2000 National Academy of Sciences, U.S.A.) (c) Polarization. Theoretical histograms of the prob-
ability density, p(r), of polarization anisotropy values, r, for 1-D (a) and 2-D (b) transition dipoles, assuming that the emitters are oriented
randomly. These histograms demonstrate good agreement with experimental results for DiI (1-D dipole) (c) and CdSe QDs (2-D dipole) (d).
(Reprinted with permission from Chung, I., K. T. Shimizu, and M. Bawendi. (2003). “Room temperature measurements of the 3D orienta-
tion of single CdSe quantum dots using polarization microscopy,” Proc Natl Acad Sci USA, vol. 100, pp. 405–408, © 2003 National
Academy of Sciences, U.S.A.) (d) Lifetime. (Upper) Photoluminescence (PL) intensity trajectory from single QD with four intensity ranges
defined by the three threshold levels of 10 (squares), 60 (dots), and 90% (triangles). (Lower) PL decay curves generated by using only pho-
tons from time bins of the upper plot whose emission intensity falls within one of the four ranges shown. For instance, the black PL decay is
generated only by photons from bins whose average emission intensity was above the 60% line (dots) and below the 90% line (triangles)
in the upper plot. (Reprinted in part and with permission from Fisher, B. R., H.-J. Eisler, N. E. Stott, and M. G. Bawendi. (2004). “Emission
intensity dependence and single-exponential behavior in single colloidal quantum dot fluorescence lifetimes,” J Phys Chem B, vol. 108,
pp. 143–148, © 2004 American Chemical Society.)



the converse (PVC), and (ii) efficient transport of the carriers
from and to electrodes. In devices based on thin films of
quantum dots, the limiting process is the electron transfer of
charge between nanocrystals (Ginger and Greenham 2004).
Electron transfer is, however, one among many possible
processes (including radiative decay, i.e., fluorescence) through
which a quantum dot can relax back to its original state.

A significant advantage of quantum dots is that the fine
tuning of their composition, size, and surface coatings allows
for a delicate control of their energy levels, hence of their
absorption and emission spectra; it also offers the possibility
to improve the yield of charge transfer. Research is active in
both domains and, although current performances are far
from reaching those of devices made with standard solid
solid-state technologies, there is great prospect that these
nanomaterials will allow a better blending between the com-
ponents responsible for photoconversion and those responsi-
ble for charge transfer (Huynh et al. 2003).

8.4 Synthesis of Colloidal Nanocrystals

8.4.1 Synthesis

Fluorescent quantum dots used for biological imaging are
usually obtained by colloidal synthesis involving the chemi-
cal reaction of inorganic precursors at high temperature. This
thermolysis approach induces the constituent atoms to
rearrange and re-anneal during growth to form crystalline
solid nanoparticles. Colloidal synthesis typically involves
three main components: one or several organo-metallic pre-
cursors, some organic surfactants, and a solvent, all mixed
together in a single vessel. Upon reaching a temperature in
the range of 200 °C to 400 °C, the precursors undergo chem-
ical transformation into active monomers that suddenly satu-
rate the reaction medium. These monomers then react and
spark a nucleation burst which forms the initial “seeds.”
These nuclei then grow into nanocrystals by incorporating
additional monomers that are still present in the reaction.
The role of the organic surfactant present in the growth
medium is to adhere to the growing core particles. It helps sta-
bilize them by preventing both their aggregation and the dis-
solution of smaller nanocrystals in favor of larger ones (an
effect known as Ostwald ripening). The paradigm of this
process, illustrated in Figure 8–4, is CdSe nanocrystal synthe-
sis, which involves injection of dimethyl cadmium and trialkyl
phosphine selenide precursors into a hot solution containing
trioctylphosphine oxide (TOPO) (Murray et al. 1993).

The key feature of this “bottom-up” approach is the abil-
ity to control precisely the final size of the quantum dots,
hence the optical properties, so as to suit any specific imaging
application. An intricate interplay of the duration, tempera-
ture range, relative concentration of precursor monomers,
choice of ligand molecules, and other factors all contribute to

the kinetic control of nanocrystal size (Alivisatos 1996; Yin
and Alivisatos 2005). Increasing the temperature of the reac-
tion, for example, will displace the surfactant molecules from
the surface of the growing crystal cores, which will favor the
transient nucleation and growth of nanocrystals. Too high a
temperature, however, will destabilize the complexes and
result in uncontrolled growth and a broad distr ibution
nanocrystal sizes.

Nanocrystal growth is also dependent upon the concen-
tration of monomers present in the reaction. Two different
kinetic regimes can be distinguished. At high monomer con-
centration, the growth of smaller particles is favored; at low
monomer concentration, the Ostwald ripening effect pre-
dominates, and leads to larger particles and a broad size dis-
tribution. Given these simple rules, it is possible to prepare
nanocrystals of nearly identical sizes by arresting their
growth while a large concentration of monomers is still pres-
ent. The synthesis is usually stopped simply by rapidly cool-
ing the reaction vial. The size of quantum dots is inferred
from the position of the first exciton peak of the absorption
spectrum, which can be rapidly measured from small aliquot
samples. Various shapes (rod, tetrapod, etc.) can also be
grown by careful modulation of one or more of the previous
parameters (Davide et al. 2006).

After synthesis, the size distribution of the quantum dots
cores can be further improved through successive “size-
selective precipitation” and purification (Murray et al. 1993;
Vossmeyer et al. 1994).

The resulting surfactant-coated nanocrystals, comprised
of an inorganic core surrounded by a layer of organic mole-
cules (such as TOPO), can be stored in nonpolar solvents
such as butanol or toluene for years, without significant loss
of photoluminescence or aggregation. High-resolution trans-
mission electron microscopy (TEM) indicates that the cores
(such as the one shown in Figure 8–4) obtained by these
methods are made of a few hundreds to a few thousand atoms
and are perfectly crystalline (Kadavanich et al. 2001;
Murray et al. 1993). Their quantum yield (QY) is a conven-
ient measure of the fluorescence emission efficiency; it can be
defined in this situation as the ratio of the number of photons
emitted to the number absorbed, and here it is generally only
a few percent. It can be increased significantly by adding a
shell of a few atomic layers of larger-bandgap material with
similar lattice parameter to the original (core) nanocrystal.
The shell leads to QY values close to unity (Peng et al. 1997),
and it also both protects the naked core from photo-oxidation
and reduces the core surface’s structural defects that act as
electron traps. Protective shell materials include zinc sulfate
(ZnS) and/or cadmium sulfate (CdS), which traditionally
have been applied as overcoats on CdSe cores (Dabbousi et
al. 1997; Hines and Guyot-Sionnest 1996). The shell typi-
cally increases the size of the particle by ~1 to 2 nm.
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8.4.2 Solubilization

Colloidal quantum dots synthesized at high temperature in a
mixture of organic solvent/surfactant are hydrophobic and
intrinsically insoluble in water, and for that matter, in any
buffers used in biological applications. Two main strategies
have been developed to circumvent this problem, and to ren-
der colloidal QDs quantum dots soluble (Figure 8–5).

In the exchange strategy, the initial surfactant molecules
can be substituted with amphiphilic ligands, in which a
hydrophobic end (e.g., thiol groups) binds to the inorganic QD
surface while, at the other end, a hydrophilic moiety (e.g.,
hydroxyl and carboxyl groups) provides aqueous solubility
and allows further derivatization. Examples of this exchange
strategy include ligand exchange with short thiol-containing
carboxylic acids (Chan et al. 1998; Pathak et al. 2001) or
more sophisticated ones such as dihydrolipoic acid (DHLA)
and polyethelene glycol terminated DHLA (DHLA-PEG)
(Mattoussi et al. 2000; Uyeda et al. 2005), oligomeric phos-
phines (Kim and Bawendi 2003), dendrons (Guo et al. 2003),
and peptides (Akerman et al. 2002; Pinaud et al. 2004).

The second approach consists of over-coating the
hydrophobic surfactant layer with an additional layer of
amphiphilic molecules. These include encapsulation by a layer
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of amphiphilic diblock polymer (Wu et al. 2003), or triblock
copolymers (Gao et al. 2004), encapsulation in silica shells
(Bruchez et al. 1998; Gerion et al. 2001), phospholipid
micelles (Dubertret et al. 2002), polymer beads (Gao et al.
2002), polymer shells (Pellegrino et al. 2004), and amphiphilic
polysaccharides (Osaki et al. 2004).

None of these solubilization strategies is truly universal,
as most of them have been developed to address the require-
ments of specific applications. In particular, different strate-
gies result in water-soluble quantum dots that exhibit
different shelf lives and long-term stability, pH solubility and
stability range, overall charge or/and final particle size. This
latter characteristic can vary drastically between approaches,
with a small-molecule coating such as mercapto-acetic acid
(MAA) resulting in a minor size increase, versus a peptide
coating adding 2 to 3 nm to the particle diameters, and other
techniques even yielding particles with diameters up to 20 to
30 nm (Doose et al. 2005).

Some researchers have recently tried to get around the
solubilization step and its associated issues by developing
water-based synthesis of nanocrystals (Gaponik et al. 2002;
Rogach et al. 2001). This yields particles emitting from the
visible to the near-infrared (NIR) that are intrinsically water-
soluble. Although promising, the resulting particles have gen-

Figure 8–4. Quantum dot colloidal synthesis. The synthesis of semiconductor nanocrystals with a very narrow size distribution is easily per-
formed by mixing organo-metallic precursor in the presence of a surfactant at high temperature and under inert atmosphere (oxygen-free,
e.g., in a nitrogen atmosphere). For instance, the synthesis of CdSe nanocrystals can be easily accomplished starting from highly reactive
Cd and Se precursors (illustrated here: dimethyl-cadmium and tributyl phosphine selenium) in the presence of trioctylphosphine oxide
(TOPO), resulting in small CdSe core nanocrystals with surface atomic sites passivated by TOPO molecules. A high-resolution TEM image
of such a nanocrystal shows a perfect crystalline, faceted structure comprising a few thousand atoms (each bright spot in the image corre-
sponds to a row of atoms seen head-on).



erally lower QY and stability than quantum dots synthesized
in organic solvents.

8.4.3 Functionalization

Surface functionalization with hydrophilic ligands generally
provides chemical groups to which biomolecules can be
attached (dashed arrows in Figure 8–5). QD ligands contain-
ing either an amine or a carboxyl group offer the possibility
to crosslink molecules containing a thiol group (Akerman et
al. 2002; Dubertret et al. 2002; Mitchell et al. 1999) or an N-
hydroxysuccinimyl-ester moiety (Bruchez et al.; Pinaud et al.
2004) using standard bioconjugation reactions. Another
approach uses electrostatic interactions between quantum
dots and charged adapter molecules, or proteins modified to
incorporate charged domains (Goldman et al. 2002). These
functionalization steps can be repeated to add or to change
functionality. For instance, streptavidin-coated quantum dots
can be combined with biotinylated proteins, antibodies, or

nucleic acids (Bentolila and Weiss 2006; Chang et al. 2005;
Dahan et al. 2003; Jaiswal et al. 2003; Mansson et al. 2004;
Pinaud et al. 2004; Wu et al. 2003).

8.5 Applications of Quantum Dot
in Biological Imaging

Since their first introduction in 1998 (Bruchez et al. 1998;
Chan and Nie 1998), quantum dots have been systematically
tried in virtually all in vitro fluorescent-based assays and in
vivo imaging procedures (reviews: Alivisatos 2004; Medintz
et al. 2005; Michalet et al. 2005). Their increasing popular-
ity stems principally from their brightness, high resistance to
photo-bleaching, and ability to multiplex different fluorescent
signals in a single exposure. This last property results from
their broad absorption spectrum, which, as illustrated in
Figure 8–2a, allows the excitation of quantum dots that emit
different colors with a single absorption wavelength. In the
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Figure 8–5. Quantum dot solubilization and functionalization. TOPO (trioctylphosphine oxide)-passivated QDs can be solubilized in aqueous
buffer by (A) addition of a layer of amphiphilic molecules containing hydrophilic (w+) and hydrophobic (w�) moieties, or (B) exchange of TOPO
with molecules possessing a Zn coordinating end (usually a thiol group, SH) and a hydrophilic end. Examples of additions include a) formation
of a cross-linked polymer shell, b) coating with a layer of amphiphilic triblock copolymer, c) encapsulation in phospholipid micelles. Example of
exchange include: a) mercaptoacetic acid (MAA), b) dithiothreitol (DTT), c) dihydrolipoic acid (DHLA), d) oligomeric phosphines, e) cross-linked
dendrons, or f ) peptides. Dashed arrows indicate sites available for further functionalization by standard chemistry protocols. (Adapted from
Michalet, X., F. F. Pinaud, L. A. Bentolila, J. M. Tsay, S. Doose, J. J. Li, G. Sundaresan, A. M. Wu, S. S. Gambhir, and S. Weiss, “Quantum
dots for live cells, in vivo imaging, and diagnostics,” Science, vol. 307:538–544, © 2005, with permission from AAAS)



quantum dot FISH probes with different emission spectra
could be used in a one-step hybridization/detection experi-
ment to visualize in situ two sub-chromosomal regions of
highly condensed chromatin structure within the centromere
(Figure 8–6) (Bentotila and Weiss 2006). QD-based FISH
probes penetrated both intact interphase nuclei and metaphase
chromosomes and showed good targeting of dense chromatin
domains. QD broad excitation spectrum allowed the two dif-
ferent color probes to be simultaneously excited by a single
excitation wavelength and distinguished in a single exposure
using standard far-field optics and imaged in a single exposure.

These results demonstrate that quantum dots can be very
effective in multicolor FISH applications down to the sub-
chromosomal level, while providing a simpler and signifi-
cantly faster procedure with a potential for high-throughput
automation. Importantly, despite the quite large size of the
quantum dots compared to their organic dye counterparts,
quantum dot FISH probes showed reasonable targeting of
dense chromatin structures with minimal steric hindrances
under standard experimental FISH conditions.
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following section, we discuss a few selected imaging applica-
tions where quantum dots have demonstrated real advantages
over genetically encoded fluorescent proteins or conventional
organic fluorophores, limiting ourselves to imaging applica-
tions. In particular, we will not discuss the use of QDs quan-
tum dots in DNA-array technology or high-sensitivity
detection of DNA, proteins or pathogens, etc., domains
where they have successfully been used and compared with
standard fluorophores-based techniques. The interested
reader will find references to this type of applications in the
reviews cited above.
8.5.1 Immuno-Cytochemistry and Fluorescence
in situ Hybridization

Immuno-cytochemistry (IC) utilizes the biological affinity
between antigens and fluorescently labeled-antibodies,
whereas fluorescence in situ hybridization (FISH) uses fluo-
rescent nucleic acids to stain complementary sequences by
hybridization. These techniques provide a direct visualiza-
tion of the spatial location of specific cellular molecules or
nucleic acid sequences. Both IC and FISH can simultane-
ously visualize different targets labeled with distinct colors.
Because of the significant spectral overlap of commonly used
organic fluorophores, however, the number of different tar-
gets simultaneously identifiable on the basis of their separa-
ble fluorescence emission, without sophisticated image
analysis, is intrinsically limited to a handful.

QD-based fluorescent reporter technologies have allowed
significant progress in this area while providing better resolu-
tion, sensitivity, specificity, and versatility. For instance, the
unique spectral properties of quantum dots have been used to
extend the capabilities of polychromatic flow cytometry to
resolve 17 fluorescence probes when conventional flow cytome-
try (based on organic fluorophores) has classically been limited
to 12 colors (Chattopadhyay et al. 2006). This technical
improvement was achieved by simultaneously detecting quan-
tum dots in conjunction with conventional organic fluo-
rophores. Because of their narrow and symmetrical emission
spectra, at least five quantum dot colors could be used simulta-
neously with only minimal (<6%) compensation between the
different QD channels, when excited with a single 408 nm laser
line. The other common fluorophores, which are not excited at
408 nm, did not overlap in the quantum dot emission channels.

The incorporation of quantum dots in conjunction with
conventional fluorophores into standard multicolor immuno-
phenotyping flow cytometry protocols thus promises to be
invaluable for both fundamental and applied research. It
should allow the identification, enumeration and characteri-
zation of many complex cell types expressing unique combi-
nations of multiple cell-surface proteins that would other
wise remain undetected.

Another example of the potential of quantum dots multi-
plexing is provided by FISH. We have shown that multiple

Figure 8–6. Fluorescence in situ hybridization applications of
quantum dots. Dual-target detection of repeated sequences in
murine chromosomes, using two different color QD probes and a
single wavelength excitation at 405 nm. (a) Spectral analysis of
the QD592 and QD655 probe hybridization mixture used in that
study. Boxes at the bottom mark the spectral detection windows
used. From left to right: auto-fluorescence (460 nm±30 nm);
QD592 (592±10 nm); QD655 (655±10 nm). (b) Fluorescence
of acrocentric mouse chromosome stained with DAPI. (c) g –, and
(d) minor satellite probes (green QD592 and red QD655 quan-
tum dots). (e) Overlay: Color images were acquired simultaneously
using a Leica SP2 AOBS confocal microscope. Scale bar: 4 mm.
(Adapted from Bentolila, L. A., and S. Weiss, “Single-step multi-
color fluorescent in situ hybridization analysis using semiconductor
quantum dot-DNA conjugates,” Cell Biochem Biophys, vol. 45,
pp. 59–70. © 2006, with kind permission from Springer Science
and Business Media.)



Finally, the fact that single quantum dots could be visu-
alized within FISH signals suggests that ultrasensitive micro-
scope instrumentations will allow the use of quantum
dot-FISH probes for ultra-high resolution co-localization of
multicolor fluorescent probes with nanometer accuracy,
down to the single nucleic acid molecule and/or single-QD
detection level (Lacoste et al. 2000).
8.5.2 Live Cell Imaging

QD-enhanced brightness and photo-stability have been
exploited in long-term cell tracking in multi-cellular organ-
isms such as the mold Dictyostelium discoideum (Jaiswal et
al. 2003) and in Xenopus (African clawed frog) embryos
(Dubertret et al. 2002). In these experiments, the authors
were able to follow the progeny of a single cell injected with
quantum dots for several days through the course of complex
embryologic patterns with negligible photo-bleaching.

Another significant contribution has been in the applica-
tion of quantum dots in single-molecule imaging. Because
quantum dots are significantly brighter than dyes (Doose et
al. 2005) and relatively immune to photo-bleaching (Ballou
et al. 2004; Dubertret et al. 2002), single quantum dots can
be detected, using simple epifluorescence microscopy, with
sufficient signal-to-noise ratio (SNR) to distinguish them
from typical biological sample background fluorescence.
This makes it practical to detect individual biological mole-
cules labeled with a single quantum dot (Dahan et al. 2003;
Lidke et al. 2005). In the first example of this application,
Dahan et al., studied the diffusion and transport of glycine
receptor proteins in the plasma membrane of cultured spinal
neurons (Dahan et al. 2003). As illustrated in Figure 8–7,
individual glycine receptors could be tracked for extended
periods of time (several minutes) at the surface of living neu-
rons using antibody-conjugated quantum dots (Dahan et al.
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Figure 8–7. Single quantum dot tracking, seen in part on the back cover. Example of QD-labeled glycine receptor (GlyR) motion over the
neuritic surface of a cultured spinal neuron. (a) Images extracted from a sequence of 850 frames (acquisition time: 75 ms/frame). Figures a1
to a8 correspond to frames 6, 118, 150, 267, 333, 515, 629, and 850, respectively. QD fluorescence spots (spots tracked by arrows)
and FM4-64–labeled axonal synaptic contacts—or boutons—(b1 to b3, red). One QD (arrow pointing down), first located at bouton b1,
diffuses in the extrasynaptic membrane [a2 to a5] and associates with bouton b2 [a6 to a8]. Another QD (arrow pointing up) remains
associated with bouton b3 and blinks at image a7. The last frame a8 shows the whole trajectories followed by both QDs. Scale bar: 2 mm.
(b) Diffusion coefficient vs. time. The upper line denotes the frames on which the QD is fluorescent with interruptions corresponding to blink-
ing processes. (c) Mean-square displacement (MSD) vs. time, reporting on the diffusion velocity, calculated for a continuous sequence of
images between frames 54 and 161, which show the extrasynaptic motion. (d) MSD vs. time, calculated for a continuous sequence of images
between frames 503 and 597, when the QD is located at the periphery of bouton b2, demonstrating confinement. Error bars show mean
± standard deviation. (Adapted from Dahan, M., S. Levi, C. Luccardini, P. Rostaing, B. Riveau, and A. Triller, “Diffusion dynamics of glycine
receptors revealed by single-quantum dot tracking,” Science, vol. 302, pp. 442–445, © 2003, with permission from AAAS.)



2003). QD photo-stability allowed the observation of the tra-
jectory of an individual receptor with a position accuracy of
~5 to 10 nm for at least 20 min, compared to ~5 s with Cy3-
labeled antibodies. The analysis of the diffusion properties of
individual receptors demonstrated the existence of three dif-
ferent domains in the neuronal somatodendritic membrane
(extrasynaptic, perisynaptic, and synaptic), characterized by
distinct diffusion properties, without any noticeable influence
of the size of the quantum dot/antibody conjugate on this
behavior. This and similar studies should help understand the
role of lateral mobility of receptors for neurotransmitters in
the development and plasticity of synapses.

8.5.3 Molecular Imaging

Molecular imaging in living subjects is a rapidly developing
field that has the potential both to bring about earlier diagno-
sis and to markedly enhance management of disease and to
accelerate the drug discovery and validation process. In the
search for better in vivo tracers, quantum dots have naturally
emerged as powerful new fluorescent, non-isotopic labels
and have been used as intravascular probes for both diagnos-
tic (biological imaging) and therapeutic purposes (drug
delivery); in particular, quantum dot emitting in the biologi-
cally relevant NIR region of the spectrum (700 to 900 nm),
where autofluorescence is considerably reduced and organic
fluorophores are rare. In recent live animal studies, NIR
quantum dots were injected and imaged through animal skin
(Gao et al. 2004) and used as a background-free reporter for
sentinel lymph node assisted surgery (Ballou et al. 2004,
2007; Kim and Bawendi 2003).

Despite the advantages of NIR emission, the complex
nature of animal tissues, which are semi-transparent scatter-
ing media, limits the efficiency of excitation light penetration
deep into the body and the precise localization of the source
of emitted fluorescence (Rice et al. 2001; Tromberg et al.
2000). Bioluminescence conveniently removes the first
source of uncertainty, that is, the precise determination of the
amount of excitation reaching a particular organ, by eliminat-
ing the need to excite the sample, fluorescence being gener-
ated by an enzymatic process. A new approach has cleverly
combined this concept with a quantum dot’s bright emission
by using the principle of bioluminescence resonance energy
transfer (BRET), which converts chemical energy into light
energy (Xu et al. 1999).

BRET is analogous to fluorescence resonance energy
transfer (FRET), but the donor energy comes from a chemi-
cal reaction catalyzed by the donor enzyme (such as Renilla
reniformis [the sea pansy, a primitive invertebrate] luciferase-
mediated oxidation of its substrate coelenterazine) rather
from absorption of excitation photons. As illustrated in
Figure 8–8, the surfaces of quantum dots were decorated with
luciferase molecules to obtain self-illuminating nanoparticles
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that fluoresce without the need of an external illumination
source (So et al. 2006). When luciferase binds its substrate, it
emits broad-spectrum blue light that can, in turn, excite the
attached quantum dot. As a result, and because no excitation
light is required, tissue autofluorescence is virtually elimi-
nated, while the NIR fluorescence emission of quantum dots
is efficiently transmitted and detected through layers of tissue.
This represents a major improvement in in vivo imaging com-
pared with existing quantum dots and NIR dyes (Figure 8–8).

Metal-chelators have also been attached to quantum dots
to provide additional contrast by addition of metal radioiso-
topes and allow simultaneous fluorescence and micro-
positron emission tomography (microPET) imaging (Michalet
et al. 2005). The unique high electronic density of quantum
dots can also be used to combine fluorescence detection with
electron microscopy and tomography on the same sample,
allowing structural information to be obtained from the
macroscale to the nanoscale using a single probe.

The potential use of quantum dots in the clinic for imag-
ing of patients is limited by the possible toxicity of existing
QD formulations (they all contain heavy metals) and by their
size, which is larger than the renal filtration threshold, pre-
venting their clearance from the body. It is quite possible that
if toxicity and size issues are resolved (many groups are
actively addressing this challenge), multiplexed molecular
imaging with quantum dots would offer an alternative to PET
and single photon emission computed tomography (SPECT).

8.6 Conclusion

Ten years after their introduction as biological probes, fluo-
rescent quantum dots are already looking like credible alter-
natives to commonly used fluorophores and genetically
encoded fluorescent proteins. They have proven their worth
in challenging applications requiring better photo-stability,
emission in the NIR region of the spectrum, multicolor capa-
bilities, or single-molecule sensitivity over long periods of
time.

A number of technical issues remain to be solved before
their widespread adoption by the biomedical research com-
munity. For instance, their large size compared to organic
dyes and, related to that, their large surface (a potential
source of nonspecific interactions), may prevent their use in
very crowded cellular compartments, or limit the number of
animal-imaging applications because of their faster elimina-
tion from the blood circulation.

Their very attractive photophysical properties (large
Stokes shift, narrow emission spectrum, photostability) must
always be balanced against their large size and complex
chemistry. As QD chemistry remains an area of active
research, future progresses will undoubtedly transform them
into an integral part of our imaging toolbox.
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(I) QD800-Luc8, (II) QD705-Luc8, (III) mixture of QD655/705/800-Luc8, and (IV) QD655-Luc8. Images were collected (c) without
any filter, (d) with a 575−650 nm bandpass (BP) filter, (e) with a 680−720 nm BP, and (f) with a 810−875 nm BP. (Reprinted by per-
mission from Macmillan Publishers Ltd: Nature Biotechnology, vol. 24, pp. 339–343, “Self-illuminating quantum dot conjugates for in vivo
imaging,” So, M. K., C. Xu, A. M. Loening, S. S. Gambhir, and J. Rao. © 2006.)
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