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Quantum Dots in Biological and Biomedical
Research: Recent Progress and Present
Challenges

By Jesse M. Klostranec and Warren C. W. Chan*

1. Introduction

Recent advances in the integration of colloidal nanostruc-
tures with biology and medicine have created tremendous
excitement.[1–4] Figure 1 shows an exponential increase in the
number of published reports on the use of nanostructures in
biology during the last ten years; data was obtained using
Medline. One major reason for this trend is the rapid progress
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The marriage of nanomaterials with biology has produced a new
generation of technologies that can profoundly impact biological and
biomedical research. Quantum dots (Qdots) are an archetype for this
hybrid research area and have gained popularity and interest from
diverse research communities because of their unique and tunable
optical properties. In this Review, we will describe their history and
development, optical and electronic properties, and applications in
biology and medicine. A critical evaluation of barriers impacting current Qdot technologies will
be discussed and insights into the future outlook of the field will be explored.
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Figure 1. Number of published manuscripts betweeen 1996 and 2004
that report the use of nanostructures (specifically, Qdots and metallic) in
biological applications. The data was compiled using the Medline data-
base. In all searches, a manuscript had to contain the nanostructure or
material term: semiconductor, quantum dots, metallic, magnetic, iron
oxide, gold, gold colloids, silver or metal colloids; and the biology or bio-
medical term: biology, biological application, diagnostics, therapy, cell,
DNA, or protein. A research manuscript was only counted if it met the
following criteria: i) use of semiconductor or metallic nanoparticles, and
ii) report or mention of biological or medical applications.



made by physical scientists in the development of synthetic
protocols for manipulating and characterizing nanostructure
size, shape, and composition, and another is the development
of chemistry to interface these nanostructures with biol-
ogy.[5–17] Nanostructures have now been exploited in biosen-
sing, cell labeling, animal imaging, and therapy. This hybrid
field has now been termed bionanotechnology, nanobiotech-
nology, or nanomedicine.

In this Review, we describe the advancements in quantum
dots (Qdots) for biological research. Qdots are defined as semi-
conductor structures with physical dimensions that are smaller
than the exciton Bohr radius (an exciton is an electron–hole
pair).[17–19] Usually, this occurs when the size of the semicon-
ductor is below 100 nm; within this size range, these nanome-
ter-sized structures have tunable properties. This gives biomed-
ical researchers a large set of precursors for building tools to
address important questions and to diagnose and treat diseases.
The story of Qdots—from development in chemistry and phys-
ics laboratories to applications in biology—will be described.
This story provides an excellent glimpse of how and why nano-
structures are important tools for biomedical research. Specifi-
cally, this Review describes the recent progress in Qdot design
and applications, but we also detail the major barriers that cur-
rently prevent Qdots from mainstream biomedical use. We re-
fer the interested reader to several excellent review articles on
Qdots for biology, which go into greater detail than this Review
in certain aspects of this technology.[3, 20–24]

2. Quantum-Dot Synthesis and Surface
Modification for Biomedical Research

In the 1970s and early 1980s, understanding the photophysi-
cal properties of semiconductor structures was important for a
broad range of computer and electronic applications. It was
theorized that the physical properties of structures in an inter-
mediate size range (between single atoms and bulk) could be
tuned by alteration of size and shape.[25–28] Since those inaugu-
ral manuscripts, research in the 1980s focused on the synthesis
of semiconductor nanostructures, which are now called quan-
tum dots (Qdots). These Qdots are zero-dimensional electron
systems with properties that are dependent on the spatial con-
finement of the electrons. For electronics and computer appli-
cations, such a system allows an engineer to synthesize a large
set of nanometer-sized building blocks for constructing faster
and smaller computer chips or more efficient light-emitting
devices. The first methods for synthesizing colloidal Qdots
were conducted by Henglein[27] and Rossetti et al.;[28] CdS
Qdots were formed by mixing cadmium and sulfide salts in an
aqueous buffer. Researchers in the late 1980s and early 1990s
attempted to improve the overall optical qualities of these
Qdots (e.g., improving particle monodispersity and size tun-
ability) by investigating the effect of reaction conditions (e.g.,
solvents, salts, pH, temperature) on their morphology and op-
tical properties.[29–31] These early fundamental research find-
ings provided the guide for the current state of the art in Qdot
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synthesis, an organometallic synthetic procedure
developed by Murray et al.[6] However, the
“Greener” method, which uses metallic salts and
organic stabilizing agents, is starting to gain popu-
larity.[32–34] Currently, these are the only two syn-
thetic procedures (or minor variations of these two
methods) to produce Qdots with the desired opti-
cal properties (i.e., high quantum yield, narrow
fluorescence emission, broad absorption profile,
and stability against photobleaching) for biomedi-
cal research and applications.

For organometallic CdSe Qdot synthesis, di-
methylcadmium and selenium are initially dis-
solved in the organic solvent tri-n-octylphosphine
at defined ratios (usually at a molar ratio of
1.4:1.0) and injected in a hot coordinating solvent of tri-n-oc-
tylphosphine oxide (TOPO; 350 °C) under Ar gas. Nucleation
and growth of CdSe Qdots are observed after injection and
lowering of the temperature from 350 to 300 °C by a change in
the color of the solution (from clear to light yellow to orange
to red). Since the growth of Qdots is dependent upon the pro-
cess of Ostwald ripening,[35,36] a specific size of Qdots can be
obtained by significant reduction in the reaction temperature.
For example, the rapid lowering of the temperature (e.g., from
300 to 200 °C) prevents the Qdots from growing further and
allows one to isolate the 4.0 nm Qdots.

To use Qdots in biology, it is extremely important to passi-
vate or cap the CdSe Qdots with a layer of ZnS or CdS. The
ZnS or CdS improves the fluorescence quantum yield of the
Qdots and protects them against photo-oxidation (which is
important for minimizing cytotoxicity and for enhancing
photostability).[8,9,37–40] To produce a ZnS capping layer, a so-
lution of dimethylzinc and hexamethyldisilathiane (in tri-n-oc-
tylphosphine) can be slowly dripped into the reaction vessel
after isolating or obtaining CdSe Qdots of a desired size. The
low temperature and slow drip rate prevents the nucleation of
ZnS Qdots. The thickness of the ZnS shell is mediated by the
amount of dimethylzinc and hexamethyldisilathiane injected
into the reaction vessel. The ZnS shell has a larger bandgap
energy than CdSe, eliminating the core’s surface defect states.
Also, the ZnS shell has a similar bond length to the CdSe,
minimizing crystal-lattice strain and allowing for epitaxial
growth. We show a schematic of CdSe/ZnS-capped core/shell
Qdots in Figure 2, along with their transmission electron and
optical fluorescence microscopy images.

Even with advances in synthesis, obtaining biomedically
useful Qdots is still an art; each synthetic batch of Qdots may
yield different optical qualities. From one synthesis to the
next, a researcher may produce Qdots with different quantum
yields and fluorescence spectra. As a result, many research
groups are continuing to investigate the effects of organic co-
ordinating agents (e.g., phosopholipids and aminoalkanes)
and temperature on improving the reproducibility of Qdot
synthesis.[6,37,41–43] Even microfluidic technology has been
employed for synthesizing Qdots; it has been suggested that
microfluidic technology will permit precise manipulation of

coordinating solvents, precursor reagent concentrations, and
temperature.[44,45]

So what other improvements in Qdot synthesis are still re-
quired? One major Qdot synthetic research goal is to prepare
large amounts of Qdots (>1 g) with a high quantum yield
(100 %) and a narrow fluorescence full-width at half maxi-
mum (<30 nm). Also, an effort toward preparing alloyed
Qdots, where the optical properties of the Qdots are tuned by
composition rather than size or shape, and doped Qdots,
where the Qdots have multiple properties, for example, opti-
cal and magnetic, are needed.[46–49]

Qdots synthesized by these methods are nonpolar and insol-
uble in aqueous solvents, and therefore, they are not compati-
ble with biological systems. Qdots are hydrophobic after syn-
thesis because of the coordinating agent. Hence, a polar Qdot
surface has to be created before their use in biology. Several
methods have been developed (see Fig. 3) but none of these
techniques appear to be ideal. An ideal coating should
A) prevent Qdots from flocculating during long-term storage,
B) efficiently convert the organic-soluble Qdots to water-sol-
uble, C) maintain the Qdot fluorescence quantum yield, and
D) maintain the sub-10 nm Qdot size. The current coating
strategies do not fulfill all of these requirements.

Current coating strategies are mediated either by chemical
exchange or hydrophobic–hydrophobic interaction. Alivisatos
and Nie and their co-workers were the first groups to use
chemical exchange for modifying the surface chemistry of
Qdots.[14,15] In the chemical-exchange method, a bifunctional
molecule, such as mercaptoacetic acid (MAA), competes with
TOPO (or another organic stabilizer) for binding to a metal
atom on the Qdot surface. With excess bifunctional molecules
in solution, the thiol functional groups (from the MAA) out-
compete the phosphonic oxides (from the TOPO) for binding
onto the metal atoms. If the bifunctional molecules contain a
polar functional group that is opposite to the thiol functional
group, the Qdots become highly polar and soluble in aqueous
solvents. Unfortunately, the disadvantages of this technique
are rapid flocculation and decrease in fluorescence quantum
yield of the Qdots. Libchaber and Wu and their co-workers
were the first groups to use the hydrophobic–hydrophobic
interactions to water-solubilize Qdots.[50,51] With this method,
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Figure 2. Schematic, transmission electron microscopy, and optical fluorescence mi-
croscopy images of the most commonly used Qdot (ZnS-capped CdSe) in biomedical
research and technology. A) Schematic depicting a core Qdot (CdSe) coated with a
thin inorganic shell (ZnS). B) Transmission electron microscopy image of 4.0 nm
core/shell Qdots (reprinted with permission from [8], Copyright 1996, American
Chemical Society). C) Fluorescence microscopy image of single Qdots.



an amphiphilic molecule, such as 1,2-dipalmitoyl-sn-glycero-
3-phosphoethanolamine-N-[methoxy(poly(ethylene glycol))-
2000], interacts with a TOPO molecule through hydrophobic–
hydrophobic interactions on the Qdot surface. The amphiphil-
ic molecule can then be crosslinked to prevent desorption
from the surface. The Qdots become polar because of the pro-
truding polar functional groups. Disadvantages of this tech-
nique are the procedural complexity of the method, the high
cost of coating reagents, and an increase in the overall size of
the Qdots after coating.

For most biomedical applications, a mechanism to attach
biorecognition molecules (e.g., oligonucleotides, antibodies,
or peptides) onto the Qdot surface is needed. The additional
purpose of the coating molecule on the Qdots surface (besides
improving the polarity) is to provide organic functional
groups (–COOH, NH3) for conjugation to biorecognition
molecules. These groups permit the linkage of biorecognition
molecules with Qdots via the popular EDC (1-ethyl-3-(3-di-
methylamino propyl)carbodiimide) assisted crosslinking
method.[15,51] In this reaction, the carboxylic acid functional
groups on the surface of the Qdots can covalently couple to
primary amino groups on proteins or oligonucleotides. An
amide bond joins these two entities. A drawback of this tech-
nique is that EDC-mediated conjugation can lead to aggrega-

tion of Qdots if the Qdot-to-protein-to-EDC concentrations
are not optimized. As a result, several groups have developed
other strategies to coat Qdots with biorecognition molecules.
Akerman et al. used a chemical exchange method, where
MAA on Qdot surfaces is exchanged with thiolated pep-
tides via chemical equilibria.[52] Mattoussi et al. used adaptor
amino acid sequences (via electrostatic interactions) to link
proteins to the Qdot surfaces.[53,54] Furthermore, Qdot compa-
nies sell streptavidin-coated Qdots, where a streptavidin–bio-
tin interaction mediates the linkage between Qdots and bio-
recognition molecules. The optical properties and size should
be monitored at each step, from the modification of the Qdot
surface coating to the coupling of biorecognition molecules
onto the Qdots. The inability to characterize these two factors
can have a significant impact on their use in biomedical ex-
periments and their results.

3. Optical Properties of Qdots

The optical properties of Qdots can be described by con-
ventional semiconductor physics and quantum mechanics. In
semiconductor systems, energy bands called valence and con-
duction bands exist; the energy difference between the two

R
EV

IE
W

J. M. Klostranec, W. C. W. Chan/Quantum Dots in Biological and Biomedical Research

1956 www.advmat.de © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2006, 18, 1953–1964

Figure 3. Schematic of current Qdot surface coatings that permit Qdots to interface with biological systems and biorecognition molecules. We call
these surface coatings: A) bifunctionalization, B) silanization, C) hydrophobic–hydrophobic interaction, D) electrostatic interaction, E) micelle encap-
sulation, F) amphiphilic polymer, G) hydroxylation. In the schematic, the thicknesses of the surface coatings with respect to the size of Qdots are not
drawn to scale.



bands is called the bandgap energy. When a semiconductor is
optically or electrically excited, static electrons (electrons lo-
cated in the valence band) become mobile (electrons located
in the conduction band) within the semiconductor matrix.
When it becomes mobile, an electron leaves behind a hole
and after a certain period of time (called the lifetime, ≈20 ns),
the electrons and holes recombine. In some cases, the elec-
tron–hole recombination causes the Qdots to emit photons at
a rate of 8 × 106 photons per second (assuming a quantum
yield of 30 %). The amount of energy required to induce the
electrons to become mobile (and in effect, produce Qdot fluo-
rescence emission) is dependent upon the bandgap energy;
bandgap energy is related to the Qdot’s size, shape, and com-
position. This dependence is due to the quantum confinement
effect and will only occur when the size of the nanostructure
is on the order of the exciton Bohr radius.[55,56] Figure 4 shows
several vials of different-sized Qdots and their fluorescence
emission upon excitation with a hand-held UV lamp. The tun-
able emission is attractive to many biomedical researchers
since fluorescence is commonly used in cell, tissue, and animal
experiments.

Other biomedically attractive properties of Qdots include
their continuous absorption profile (this allows different Qdot
emissions to be excited simultaneously using a single wave-
length), 20 ns fluorescence lifetime (this permits Qdots to be
used in time-resolved fluorescence bioimaging[57]), stability

against photobleaching[58] (this permits Qdots to be used in
monitoring biological events, such as protein tracking), large
Stokes shift (this prevents spectral cross talk, enhancing the
detection signal), and their inherent brightness (this permits a
single Qdot to be imaged). Table 1 compares the optical prop-
erties of Qdots with organic fluorophores. Since there are
already several excellent review articles that provide full de-
scriptions of these optical properties, we refer the interested
reader to these articles.[17–19,59–62]

Alivisatos, Nie, and their co-workers convincingly described
many optical advantages of Qdots over organic fluorophores
for biomedical research.[14,15,63] At the time, the impact of bio-
logical environments and coating molecules on Qdot optical
properties was not described or even perceived. Hines and
Guyot-Sionnest reported that environment did not appear to
impact ZnS-capped CdSe Qdot fluorescence.[8] However, bio-
logical environments are far more complicated than organic
solvents; hence, some of the complications of using Qdots in
biology is the limited understanding of how surface-coating
molecules, biorecognition molecules, salt concentrations, pH,
and temperature affect the overall optical and electronic
properties of Qdots. These conditions can impact the fluores-
cence signal of the Qdots. For example, we have observed
Qdots becoming brighter after surface modification in stan-
dard room conditions.[64] Silver and Ou reported the fluores-
cence of Qdots in endocytic cellular vesicles became markedly

brighter after photoactivation, followed
by slow photobleaching.[65] For many
biomedical experiments, the ability to
predict changes in the optical property
of a probe in different biological condi-
tions is important. The optical emissions
of probes are used for detection of bio-
logical events or for quantitive analysis,
and unexplained fluctuations (that can-
not be standardized) can lead to false
interpretation of results.

Finally, we want to mention the inter-
mittent blinking behavior of Qdots.[66–68]

It has been suggested that the blinking
behavior of Qdots may impair their
use in biodetection and single-molecule
tracking studies because the camera will
not detect the Qdot signal when they
are in a dark state (or off state). The off
signal of Qdots can range from 1 ms to
1 s. For bulk measurements, this may
not be a problem since camera acquisi-
tion times could be longer than the
Qdot off time. There might be a prob-
lem for single-molecule studies if the
biological event occurs at a faster rate
than the blinking off time. However,
many biological events (e.g., receptor–
ligand complexation) are longer than
1 s.[69] Dahan et al. did not report any
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Figure 4. Tunable optical properties of Qdots. A) Schematic of the size-dependent optical proper-
ties of Qdots (not drawn to scale). As the Qdot becomes larger, the optical emission shifts from
blue to red. The size range of the Qdots is 2–10 nm. B) Corresponding to (A), real-color emission
of vials filled with different-sized Qdots suspended in chloroform, excited by a hand-held UV lamp
(adapted from [80] with permission, copyright 2001, Nature Publishing Group). C) The corre-
sponding bandgap energies for the Qdots shown in (A) and (B).



problems with imaging the kinetic activities of single glycine
receptors (labelled with Qdots) in the membrane of live
neurons.[70]

4. In Vitro Applications of Qdots

We will now describe some of the challenges that
must be overcome before Qdots advance toward
mainstream biological applications. Qdots were
initially considered as potential optical probes to
replace organic fluorophores for biological applica-
tions because of their advantageous properties.
However, due to some limitations (e.g., size of par-
ticles after coating, difficulty in working with
them), many researchers in the field would con-
clude that after seven years, Qdots are more likely
to complement existing organic fluorophores in
many applications rather than replace them.
Nevertheless, a diverse range of reported biologi-
cal applications of Qdots have been demonstrated.
Some of them are depicted in Figure 5. Thus
far, researchers have demonstrated the use of
Qdots for cell labelling,[51,58,71–73] tracking cell
migration,[74,75] flow cytometry,[76–78] fluorescence
in situ hybridization,[74,79] whole-animal contrast

agents,[1,80,81] pathogen detection,[82,83] genomic and proteomic
detection,[84,85] fluorescence resonance energy transfer
(FRET) sensors,[86,87] and high-throughput screening of bio-
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Table 1. Comparison of the typical optical properties of green-emitting CdSe/ZnS
Qdots, the organic fluorophore rhodamine 6G, and the green fluorescent protein (S65T
mutant). Data was compiled from the following references: [6, 15, 34, 37, 57, 119–129].

Properties Green-emitting Qdots Rhodamine 6G

organic fluorophore

Green fluorescent

protein

Emission wavelength

[nm]

550 555 509

Full-width at half

maximum [nm]

20–40 40–55 35–45

Absorbance profile

[nm]

<520 530 487

Quantum yield [%] 20–65 50–90 68

Molar absorptivity

[M–1cm–1]

10 000–100 000 80 000 39 200

Fluorescence lifetime

[ns]

15–20 1–5 3

Other properties Tuneable emission

Photostable

Large surface area

Continuous

absorbance profile

Small

Spectral tail

Tuneable emission

Genetic incorporation

Spectral tail

B)

D)

C)

A)

M
B
P

M
B
P

Emission

Emission

Excitation Excitation

FRET 1
FRET 1

FRET 2

Maltose

β-cyclodextrin-Cy3.5

5
H
IS

5
H
IS

530QD 530QD

Figure 5. Examples of in vitro and in vivo applications of Qdot probes. A) Example of the design of a fluorescence resonance energy transfer (FRET)
sensor. Shown on the left is a 530 Qdot-MBP-Cy3-b-CD-Cy3.5 maltose sensor. Addition of more maltose releases many b-CD-Cy3.5 from the complex,
increasing Cy3 emission. Abbreviations: MBP: maltose binding protein; b-CD: b-cyclodextrin (reproduced from [86] with permission, copyright 2003,
Nature Publishing Group). B) Multicolor staining of HeLa cell with red-light-emitting EGF-Qdots and green-light-emitting Qdots (reproduced from
[72]). C) In vivo labeling of a Xenopus embryo with green-micelle-coated Qdots, showing the migration pattern of neural crest cells; scale bar is
0.5 mm (reproduced from [50] with permission, copyright 2002, American Association for the Advancement of Science). D) Image of Qdots targeting
prostate cancer in vivo in a mouse bearing a xenograft tumor. The tumor was targeted using orange-red-emitting Qdot probes. A control (no tumor)
mouse is shown on the left (reproduced from [81] with permission, copyright 2004, Nature Publishing Group).



molecules.[84,88] These demonstrated applications show the
broad utility of Qdots.

In the near future, we envision Qdots will have a major im-
pact in systems biology research. An important emphasis in
biology is the elucidation and mapping of biomolecule net-
works that dictate the function and viability of a cell.[89–93]

This will impact many research fields, from molecular diag-
nostics to tissue engineering to molecular biology. There has
been a lack of available tools for analyzing biomolecules in
real time and at the single-molecule level. Qdots and other
nanostructures are expected to play an immense role in these
studies; the main reason for this is Qdots are similar in size to
proteins and have tunable emission. In living cells, Qdots can
be designed to color-code the biomolecules of interest, and,
because of their brightness and photostability, they can be im-
aged and monitored for long periods of time. The patterns of
movement of Qdots can indicate biomolecule activity. Image
analysis can show 1) families of molecules interacting with
one another, 2) the duration of binding interactions, and
3) rates of molecular assemblies.

Combining Qdots with discoveries from systems biology re-
search can also lead to improvements in molecular diagnos-
tics. The detection of multiple molecules (markers) in serum,
cells, or tissues by Qdot color emission can improve diagnostic
efficiency since interpretation of a diagnosis will be based on
multiple targets. The current state of the art in molecular diag-
nostics relies only on the detection of a single protein or gene,
which can lead to false positive diagnosis.[94,95] However, for
cell- and tissue-imaging applications, only three-to-four Qdot
colors for protein labeling of cells have been demonstrated in
peer-reviewed publications. In contrast, up to nine organic
fluorophores have been used for labelling cells (although this
requires a special optical setup for analysis).[96] Why?

What are the major challenges of using Qdots for cell biol-
ogy? There are several limitations associated with using
Qdots. These include 1) lack of availability of Qdots (only re-
cently have more than five colors of Qdots been made com-
mercially available), 2) variability in surface chemistry that
has prevented effective coating with biorecognition mole-
cules, 3) lack of fundamental research on the optical proper-
ties of Qdots in biological environments, 4) nonspecific bind-
ing that may reduce the detection sensitivity of Qdots, and
5) instrumentation limitation (detectors have optimum detec-
tion at specific wavelength regions).

The first issue has already been addressed; multiple compa-
nies are currently selling Qdots. As of June 2006, at least eight
different colored, biocompatible Qdots are commercially
available. However, the fluorescence full-width at half maxi-
mum and quantum yields appear to vary from one color emis-
sion to another (and this may be a limitation for multicolor
applications of Qdots). Many researchers are addressing the
second issue. The current coatings are far from ideal for using
Qdots for cellular imaging. Current coatings are large (can
add >10 nm), adding bulk to the Qdot; this may interfere with
the binding of Qdots to biomolecules and may also impact the
overall detection signal (in the event of labeling proteins

being in close proximity to each other). The third issue has al-
ready been described in Section 2. The fourth issue is a major
drawback because nonspecific binding of Qdots to surfaces
can limit detection sensitivity and, more importantly, lead to
false signals. The degree of nonspecific binding appears to
vary from surface coating to surface coating and cell type to
cell type. Currently, the answer to preventing Qdot nonspeci-
fic binding is to coat poly(ethylene glycol) (PEG) onto the
Qdots surface;[52] PEG has been a popular polymer in the
pharmaceutical industry for reducing nonspecific uptake of
drugs and drug-delivery systems.[97] Since PEG can degrade
under long-term storage, it may not be the final answer to
address all of the nonspecific binding requirements, and there-
fore, further research efforts will be needed. The fifth and
final issue is also another important problem. With the ad-
vancement of Qdot probes, the design of specialized instru-
mentation for optimal Qdot detection has been lacking. The
variable quantum efficiency of charge-coupled device (CCD)
cameras in a broad emission range does not provide optimal
optical-signal sensitivity for Qdots with different emission col-
ors (i.e., the signal may be higher for green-emitting in com-
parison to red-emitting Qdots because of the quantum effi-
ciency of the camera, even if the concentrations of green- and
red-emitting Qdots are the same on or in a cell). Another
issue may be the optical excitation; if Qdots of different emis-
sion are excited with the same wavelength, the molar-absorp-
tivity value is different between the two different colors (and
therefore, this will affect the overall fluorescence emission in-
tensity). Lastly, we want to mention that cytotoxicity does not
appear to be a major issue for using Qdots for long-term cell-
tracking studies. Derfus et al.[39] and Kirchner et al.[40] showed
that coating chemistry could prevent cytotoxicity in culture.
Jaiswal et al. and Derfus et al. have shown the use of Qdots
for long-term tracking of cells in culture.[58,72] For in vivo
applications, toxicity will be more important; we will discuss
this further in section 5. If Qdots are to fulfill the promise of
multicolor labelling at the single-molecule level to study bio-
molecular events in living cells and enhance diagnosis of dis-
eases, these issues must be addressed.

Some of these issues are also pertinent to using Qdots in
biosensor applications. Some of the first-reported biosensor
systems involved FRET,[86,87] where Qdots acted as donors
and organic fluorophores acted as acceptors (see Fig. 5). In
FRET, biomolecular sensing or detection occurs when the
Qdot-donor emission signal decreases while the organic-fluo-
rophore emission signal enhances. These FRET experiments
have only been demonstrated in solution. For these homoge-
neous assays, understanding how different surface molecules
affect their fluorescence emission is vital to their use. Signal
variations (that indicates detection) must be derived from de-
tecting the molecule of interest and not from other factors.

Biologists commonly analyze complex samples of protein,
DNA, and carbohydrates using heterogeneous or surface-
based assays. Examples include dot-blotting and enzyme-
linked immunoassays. Multiplexed analysis, where multiple
molecules are detected simultaneously, is extremely important
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since it can provide rapid detection and analysis. An example
is DNA and protein microarrays, where thousands of biomol-
ecules are detected within one day of analysis. For Qdots, ex-
ploitation of the multicolor emission may one day permit their
use in the same fashion as the microarrays. Surface-based
multicolor detection using different emitting Qdots has been
demonstrated for detection of toxins. Goldman et al. used five
different-colored Qdots to detect five different toxins simulta-
neously.[85] Design of Qdot optical barcodes have also been
demonstrated for multiplex analysis. Nie and co-workers
placed different colored Qdots inside polystyrene beads to
make barcodes for rapid detection (having similar analytical
capability to the microarray).[84] A depiction of such micro-
beads is given in Figure 6. However, with surface-based tech-
niques, nonspecific-binding effects can be a major problem
since they can influence the noise of the detection scheme, de-
creasing the signal-to-noise (SNR) ratio.

5. In Vivo Applications of QDots

A new and exciting avenue of research for Qdots is their ap-
plication as a contrast agent for in vivo imaging. Organic fluo-
rophores and chemiluminescence probes are currently the
most commonly used optical probes for animal imag-
ing.[91,98,99] However, a limitation of optical contrast agents is
the lack of available probes that emit in the near-IR (NIR)
emission range (> 650 nm). The NIR emitting window is ap-
pealing for biological optical imaging because of the low
tissue absorption and scattering effects in this emission
range.[100,101] The bounds of the NIR optical window for ani-

mal imaging are typically set at 650–900 nm (Fig. 7). Recently,
Frangioni and co-workers showed other NIR emission win-
dows (1025–1150 nm, 1225–1370 nm, and 1610–1710 nm) for
maximum in vivo optical imaging.[102] A limited amount of or-
ganic fluorophores emitting in the NIR are commercially

available, the most popular ones being the cya-
nine-dye series. Since the optical properties of
Qdots can be tuned by size and composition, it
should be possible to prepare a series of NIR-emit-
ting Qdots for animal imaging. CdTe, CdTeSe,
InPAs, PbS, and PbSe have been successfully
synthesized with NIR emission.[46,47,80,103] Only the
CdTe, CdTeSe, and InPAs Qdots have been dem-
onstrated for animal imaging.

Thus far, there are only a handful of manuscripts
demonstrating Qdots as in vivo contrast agents.
Akerman et al.[52] conjugated Qdots to peptides
that can target tumors in tumor-bearing mice and
they observed tumor-tissue sections stained with
Qdots under epifluorescence microscopy. Gao
et al.[81] demonstrated whole-animal imaging of
prostate cancer in mice using Qdots conjugated to
antibodies. Kim et al.[80] demonstrated the use of
Qdots for sentinel-lymph-node mapping in pigs,
which helps guide surgeons in the removal of tu-
mor cells. Voura et al. tracked Qdot-labelled tu-
mor cells as they extravasated into lung tissue.[104]

Finally, Rao et al. showed the use of biolumines-
cence resonance energy transfer (similar to FRET)
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Figure 6. The incorporation of Qdots in high-throughput molecular screening. Qdot
spectral signatures are encoded into microbeads for the design of optical molecular
barcodes. A) A blank polystyrene bead is placed in solution with Qdots. B) In an equi-
librating process, Qdots diffuse into the beads and are stabilized inside the beads by
hydrophobic–hydrophobic interactions. C) By varying the number and colors of Qdots
encoding the microbeads, a set of spectrally distinct probes can be produced that can
identify surface-recognition molecules.

Figure 7. Near-IR (NIR) in vivo imaging window. For in vivo imaging, the
ideal optical probe will require in vivo excitation and emission. In the
NIR region, the absorbance spectra of interfering biological molecules
(e.g., water and hemoglobin) are minimal compared to the visible region.
Design of high-quality NIR-emitting Qdots may yield novel contrast
agents for in vivo imaging and detection (adapted from [100] with per-
mission, copyright 2001, Nature Publishing Group).



to excite Qdots for in vivo imaging without the use of a laser
excitation source.[105]

For advancing Qdots toward clinical in vivo applications,
there are challenges ahead. Although these studies demon-
strate the use of Qdots in vivo, several fundamental questions
must be addressed: 1) What are the proper doses of Qdots for
optimal in vivo imaging? 2) What are the kinetics of Qdots
in vivo? 3) How to prevent uptake of Qdots by the reticuloen-
dothelial cells? 4) Are the Qdots toxic to the animal? Dosing
requirements have not been properly addressed. The reported
Qdot doses have ranged from 1 nmol to upwards of 300 nmol.
The dosing concentration will affect the overall signal of the
Qdots fluorescing from the tumor. Nie and co-workers showed
that a higher concentration of Qdots is required for detection
of tumors when the mechanism of tissue accumulation is pas-
sive versus active diffusion.[81] Kinetic studies, the study of
Qdot distribution in vivo with respect to Qdot accumulation
in tumors, have not been thoroughly investigated. Thus far,
images and videos of Qdots traversing the blood stream and
accumulating in organs have been shown,[106] but there have
been very few reports of quantitative measurements. Quanti-
tative studies will permit one to determine the degree of non-
specific binding in vivo, the degree of uptake in diseased sites,
the degree of metabolism and clearance of Qdots, and provide
information that can assist in the identification of the proper
dose for optimum detection. All of these parameters are
important in advancing Qdots toward clinical applications. A
study by Fischer et al. monitored CdSe/ZnS in vivo pharmaco-
kinetics in Sprague-Dawley rats.[107] The experiments showed
mercaptoundecanoic acid-coated and lysine-crosslinked
Qdots and bovine serum albumin (BSA)-conjugated Qdots
were both cleared from plasma and predominantly seques-
tered by the liver, with notable uptake also occurring in the
spleen, kidneys, and bone marrow (organs that are part of the
reticuloendothelial system, RES). In both cases, however, neg-
ligible clearance in the urine and feces was observed. Finally,
to maximize the use of Qdots as contrast agents, it is important
to design Qdots that can escape the cells of the reticuloen-
dothelial system (RES). RES is a defensive mechanism of the
body that uptakes nanostructures in vivo and most likely de-
grades them. If Qdots are trapped in the RES, they will not be
able to reach their target site(s), and therefore, their utility as
a contrast agent may be compromised. Akerman et al.[52] and
Ballou et al.[106] demonstrated that coating Qdot surfaces with
PEG could alleviate some of these problems but not com-
pletely. A deeper qualitative and quantitative understanding
of Qdot surface chemistry, and their relationship to in vivo ki-
netics and accumulation, will be necessary.

The extent of cytotoxicity of Qdot probes in vivo still needs
to be determined and is currently an open-ended question.
Heavy metals have known toxicity and Qdots used for biologi-
cal applications are currently composed of Cd, Zn, Hg, or Pb.
Toxicity studies to date have only been done with in vitro cul-
ture models. Derfus et al.[39] showed that CdSe Qdots are toxic
to primary hepatocyte cells, the main cells in the liver involved
in metal detoxification, when illuminated with UV light or ex-

posed to excess hydrogen peroxide. However, when the CdSe
Qdots were coated with ZnS, which reduces Qdot photo-oxida-
tion, they observed minimal cytotoxicity. It was concluded that
UV light or hydrogen peroxide cause Qdots to photo-oxidize
and to release metal ions into cells. The metal ions, in effect,
cause cell death. Kirchner et al. extended this study and showed
that a different coating chemistry can impact the degree of cyto-
toxic effects.[40] For example, conjugation of Qdots with the
polymer PEG can increase the critical concentration of Qdots
before cytotoxicity. Hence, many factors, such as surface chem-
istry, passivation coatings, water-solubilization coatings, and cell
type, determine the cytotoxic effects of Qdots. Although these
conclusions came from in vitro experiments, they may be im-
portant factors to consider when evaluating the in vivo whole-
animal Qdot kinetics and their toxicity. Ballou et al.[106] qualita-
tively showed the Qdot kinetics are dependent upon surface
coatings, but their data do not clearly indicate in vivo Qdot me-
tabolism or clearance. A strong understanding of these mecha-
nisms (in cells and in animals) will be required long before
Qdots become useful for in vivo clinical applications.

6. Future Outlook

In the last ten years, Qdots have been extremely important
to the field of bionanotechnology. Because of the unique and
beautiful emission of Qdots, researchers had envisioned many
applications of Qdots that are not possible using organic fluo-
rophores. Along with Qdots, other nanostructures, such as me-
tallic and carbon-based nanoparticles, were added to the mix
as precursors that can accelerate both fundamental and ap-
plied biological research. As with any new field, problems
arise, such as the fluctuations of the Qdots emission in differ-
ent solvents, cytotoxicity, etc., that were not initially consid-
ered when demonstrating the application principle. In order
to advance bionanotechnology, attention to studying the fun-
damental properties of nanostructures in biological systems is
essential so that the results obtained from their use in biology
are predictive and quantitative.

As Qdots begin to mature, there will be an increasing trend
on converging Qdots with other nano- and biotechnologies.
Qdots will only be one part of the bionanotechnology story.
Novel properties of metallic nanostructures have been discov-
ered (e.g., the fluorescence emission of gold nanoparticles
when they are encapsulated in dendrimers,[108] the surface-en-
hanced Raman effect of molecules adsorbed on metallic sur-
faces,[109] their size-dependent uptake by cells,[110] and coop-
erative affinity for target biomolecules with increased packing
density of targeting molecules on the metallic nanoparticle
surface[111]). There is research emphasis on integration of
these nanostructures to construct functional units that can, for
example, detect and treat diseases.[112,113] The new “buzz”
word for these structures is multifunctional nanostructures.
Some recent reports have described how to assemble nano-
structures and characterize the effect of integrating nanostruc-
tures on the individual nanostructure’s optical and electronic
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properties.[4,114–116] Eventually, the goal is to be able to assem-
ble and program functions into a structure with dimensions
similar to a standard virus (< 150 nm).

Other converging areas of research will be to incorporate
nanostructures into analytical devices. Such devices would
ideally have multiplexing capabilities (i.e., screening of large
amounts of proteins and genes simultaneously) with single-
molecule detection capabilities (the ultimate level of detec-
tion). Additionally, multimodal imaging probes and detection
systems should be areas of increased interest. Already Qdots
have been used as part of bimodal imaging probes, pairing
their light microscopy capabilities with magnetic resonance
imaging (MRI)[117] and electron microscopy (EM)[118] modal-
ities. Areas of applications can be broad—from clinical detec-
tion of HIV, to screening of agricultural diseases, to tracking
pharmaceutical agents in vivo.

7. Concluding Remarks

Based on recent activities in the field of bionanotechnology,
there appears to be a general paradigm underlying bionano-
technology research. In the paradigm, researchers develop
and characterize nanostructures, understand and manipulate
their surface chemistry for biological applications, and dem-
onstrate their ability to solve biological problems or integrate
them into systems or devices for clinical diagnostics. Figure 8
shows a schematic of this sequence. The development and ma-
turity of Qdots in the last twenty years is a good example of
this paradigm. In this Review, we have summarized the recent

progress of Qdots in biology and offered perspective on the
needs of the Qdot field for it to advance toward everyday bio-
logical research and applications.
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