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Quantum Dots in Bioanalysis:
A Review of Applications Across

Various Platforms for
Fluorescence Spectroscopy

and Imaging

Semiconductor quantum dots (QDs) are bright-

ly luminescent nanoparticles that have found

numerous applications in bioanalysis and bio-

imaging. In this review, we highlight recent

developments in these areas in the context of

specific methods for fluorescence spectroscopy

and imaging. Following a primer on the

structure, properties, and biofunctionalization

of QDs, we describe select examples of how

QDs have been used in combination with

steady-state or time-resolved spectroscopic

techniques to develop a variety of assays,

bioprobes, and biosensors that function via

changes in QD photoluminescence intensity,

polarization, or lifetime. Some special attention

is paid to the use of Förster resonance energy

transfer–type methods in bioanalysis, including

those based on bioluminescence and chemilu-

minescence. Direct chemiluminescence, electro-

chemiluminescence, and charge transfer

quenching are similarly discussed. We further

describe the combination of QDs and flow

cytometry, including traditional cellular analy-

ses and spectrally encoded barcode-based assay

technologies, before turning our attention to

enhanced fluorescence techniques based on

photonic crystals or plasmon coupling. Finally,

we survey the use of QDs across different

platforms for biological fluorescence imaging,

including epifluorescence, confocal, and two-

photon excitation microscopy; single particle

tracking and fluorescence correlation spectros-

copy; super-resolution imaging; near-field scan-

ning optical microscopy; and fluorescence

lifetime imaging microscopy. In each of the

above-mentioned platforms, QDs provide the

brightness needed for highly sensitive detection,

the photostability needed for tracking dynamic

processes, or the multiplexing capacity needed

to elucidate complex systems. There is a clear

synergy between advances in QD materials and

spectroscopy and imaging techniques, as both

must be applied in concert to achieve their full

potential.

Index Headings: Quantum dot; Fluorescence;

Spectroscopy; Assay; Imaging; Microscopy;

Flow cytometry; Single molecule; Förster reso-

nance energy transfer (FRET); Multiplexing.

INTRODUCTION

I
n 2002, Applied Spectroscopy pub-
lished its first review on quantum
dots (QDs), ‘‘Quantum Dots: A

Primer,’’ by Murphy and Coffer.1 The
applications of these luminescent nano-
crystals have evolved tremendously
over the last decade, particularly in the
areas of bioimaging and bioanalysis.
Since the seminal first demonstration of
QDs for biological imaging in 1998,2,3

thousands of new research articles on
QDs have been published. Researchers
have exploited the brightness, photosta-
bility, size-dependent optoelectronic
properties, and superior multiplexing
capability of QDs for a myriad of
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applications.4–15 Some of the more
prominent applications include in vitro
diagnostics, energy transfer–based sens-
ing, cellular and in vivo imaging, and
drug delivery and theranostics.6,16,17 In
parallel with these advances in bioimag-
ing and bioanalysis, QD materials have
also evolved to provide greater flexibil-
ity and capability. A wider range of
nanocrystal materials, functional coat-
ings, and bioconjugate techniques are
available to facilitate new applications
of QDs. As we have noted previously,18

QDs have become bona fide multidis-
ciplinary tools in much the same way as
conventional fluorescent dyes, albeit not
yet with the same extent of use. There
has also been the realization that QDs
should not be viewed as wholesale
replacements for fluorescent dyes, but
rather that QDs can be advantageous in
many applications, disadvantageous in
others, and even complementary to dyes
in some cases.

The proliferation of QD materials
across disciplines has been accompanied
by a similar proliferation of more
advanced spectroscopic technologies,
as well as diminishing costs and greater
commercial availability of important
optical components (e.g., violet lasers,
QD-specific filter sets). Indeed, use of
the unique optical properties of QDs for
bioanalysis and bioimaging is moot
without a suitable measurement plat-
form. Fortunately, new developments in
applied spectroscopy and the biological
applications of QDs are often synergis-
tic. For example, the photoluminescence
(PL) properties of QDs are ideal for
maximizing the utility of spectral imag-
ing and vice versa. Even the well-known
blinking of QD PL, which can compli-
cate single molecule tracking, becomes
valuable for super-resolution imaging.19

In this focal point review, we provide an
expanded primer on QDs to complement
that written by Murphy and Coffer,1

briefly summarize the chemistry used to
biofunctionalize QDs, and highlight
some recent (2003–2012) biological
applications of QDs in the context of
specific spectroscopic techniques. These
techniques include ensemble fluores-
cence measurements based on intensity,
polarization, or lifetime; energy and
charge transfer methods; flow cytometry
and optical barcodes; enhanced fluores-

cence based on photonic crystals and
plasmon coupling; epifluorescence, con-
focal, and two-photon excitation (2PE)
microscopy; single particle tracking and
fluorescence correlation spectroscopy;
and super-resolution imaging and near-
field scanning optical microscopy. Each
example highlights how QDs help
enable the full capability of a given
spectroscopic or imaging technique, and
vice versa.

OPTICAL PROPERTIES OF
QUANTUM DOTS

What is a Quantum Dot? QDs are
colloidal semiconductor nanocrystals
with dimensions between about 1 and
10 nm. Excitons are generated in the
nanocrystals upon the absorption of
light, and electron-hole recombination
leads to luminescence. Although depict-
ed as spheres in most illustrations, QDs
are crystalline materials with facets and
a lattice structure analogous to the bulk
semiconductor material. Depending on
its size, each nanocrystal can comprise
hundreds to thousands of atoms, a large
fraction (.10%) of which are located at
the nanocrystal surface (i.e., a high
surface area-to-volume ratio). As de-
scribed in more detail below, most of the
QDs used in analytical applications are
synthesized as core/shell structures,
where the core nanocrystal is overcoated
with another semiconductor material to
protect and improve its optical proper-
ties. The ‘‘flagship’’ QD material is
undoubtedly core/shell CdSe/ZnS.

Absorption and Photolumines-
cence. It was the unique photophysical
properties of QDs that first generated
excitement for biological imaging and
analysis. QDs have become renowned
for eye-catching photographs (Fig. 1A)
of differentially sized QDs under ultra-
violet (UV) illumination that show a
bright rainbow of PL. The bright PL is
the result of high quantum yields (U =
0.1–0.9) combined with large molar
extinction coefficients (105–107 M-1

cm-1). As shown in Figs. 1C and 1D,
QDs have broad absorption spectra that
continuously increase in magnitude
from their first exciton peak to shorter
wavelengths in the near-UV. QD PL
spectra are shifted to slightly longer
wavelengths than the first exciton ab-
sorption peak, such that an effective

Stokes shift .100 nm can be achieved.
The PL is also spectrally narrow, with an
approximately Gaussian profile (full
width at half-maximum [FWHM] of
25–35 nm). The stunning rainbow of
QD PL arises from the fact that the peak
emission wavelength shifts as a function
of nanocrystal size and material. The
QD size and PL color can be selected by
controlling the temperature and duration
of crystal growth during synthesis.
Photographs of the type in Fig. 1A
exemplify the utility of QDs for multi-
plexed analyses and multicolor imaging:
a single light source can excite many
colors of QD simultaneously (broad
absorption), and each PL contribution
can be readily resolved or deconvolved
(narrow emission).

Other advantageous optical properties
of QDs include excited state lifetimes
that tend to be longer than those of
fluorescent dyes (.10 ns), superior
resistance to photobleaching and chem-
ical degradation (due to the inorganic
composition and confinement of the
exciton), and two-photon absorption
cross sections (103–104 GM) that are
orders of magnitude larger than those of
fluorescent dyes.20 QDs are thus excel-
lent probes for tracking dynamic pro-
cesses over time, and for two-photon
imaging of tissues or other complex
biological specimens where near-infra-
red (NIR) excitation mitigates challeng-
es associated with autofluorescence and
attenuation of excitation light by strong
protein absorbance (e.g., hemoglobin) in
the visible region.21,22

Quantum Confinement and Core/
Shell Structures. The size-dependence
of QD PL is the result of quantum
confinement. As a bulk material is
reduced to nanoscale dimensions, the
density of states decreases near the
conduction band and valence band
edges, resulting in the emergence of
discrete excitonic states. The band gap
energy further increases with decreasing
nanocrystal size as the exciton is
confined to smaller dimensions than its
Bohr radius. The PL emission wave-
length shifts since exciton recombina-
tion occurs between the band edge
states. For example, bulk CdSe has a
band gap energy of 1.76 eV and a Bohr
exciton diameter of 9.6 nm,23 whereas
the band gap energy of 2–7 nm CdSe
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nanocrystals decreases from 2.8 eV to
1.9 eV, with PL shifting between 450
and 650 nm. The range over which the
band gap energy and PL wavelength can
be tuned by quantum confinement
depends on the material of the nano-
crystal (vide infra) and its bulk band gap
energy. PL emission centered at wave-
lengths between 380 and 2000 nm can
be obtained with appropriate selection of
the semiconductor material and nano-
crystal size.13

Although a QD is approximately a
physical representation of the particle-
in-a-box concept, an important differ-
ence is that the core nanocrystal does not
provide an infinite potential barrier for
confinement of the exciton. Further-
more, the lattice structure of the nano-
crystal abruptly terminates at its surface
and can lead to localized ‘‘trap’’ states
within the quantum confined band gap.
Trap states can sometimes be observed
as band gap emission, showing up as a
broad peak on the bathochromic side of
the expected band edge emission. These

states, as well as leakage of the excitonic
wavefunction outside the core nano-
crystal, promote non-radiative pathways
for recombination of the exciton.23 To
improve PL efficiency, the core nano-
crystal can be coated with a few layers
of a structurally similar semiconductor
with a higher band gap energy, as is the
case with widely used CdSe/ZnS and
CdTe/ZnS QDs. Such an arrangement,
where the core band edge states are both
intermediate in energy to those of the
shell, is referred to as a Type I
heterostructure. This configuration is
the most common in bioanalytical ap-
plications since it offers the best con-
finement of the exciton (Fig. 2A) and the
highest rates of radiative recombination
(i.e., brighter PL). Confinement is not
complete, however, as shell growth is
typically accompanied by a 5–10 nm
bathochromic shift in the QD PL
spectrum.

Other heterostructure configurations
are designed to localize the electron, the
holes, or both outside of the core

nanocrystal. For example, in Type II
heterostructures (e.g., CdTe/CdSe,
CdSe/ZnTe),24 the electron and hole
are localized in the shell and core,
respectively, or vice versa. This behav-
ior arises from an offset between the
band edge states of the core and shell
(Fig. 2C). The exciton recombines
across the core/shell interface and,
consequently, the emission wavelength
corresponds to an energy less than the
band gap of either the core or shell
material. The decreased overlap between
the electron and hole wavefunctions also
results in lower absorption coefficients
and longer PL decay times. Type II QDs
are potential NIR emitters and growth of
a second Type I shell (e.g., CdSe/CdTe/
ZnSe)25 can enhance quantum yields;
however, other Type I and alloyed NIR-
emitting QDs (e.g., InAs/ZnSe, InAs/
CdSe, InAs/InP, Cu:InP/ZnSe, InAsxP1–

x/InP/ZnSe) are also being actively
developed.26–28 Quasi Type II QDs have
only a small offset between, for exam-
ple, the conduction band edge states of

FIG. 1. (A) Size-tunable PL of CdSe QDs. The photograph was taken under UV illumination (365 nm). (B) Transmission electron microscopy
image of a CdSe/ZnS QD. [(A) and (B) reproduced with permission from Ref. 18. Copyright American Chemical Society 2011.] (C) Size-
dependent absorption and fluorescence spectra of CdSe QDs. [Reproduced with permission from Ref. 23. Copyright American Chemical
Society 2010.] (D) Absorption and PL spectra of ZnxCd1-xSe QDs with Zn mole fractions of (a) x = 0, (b) 0.28, (c) 0.44, (d) 0.55, and (e) 0.67.
[Reproduced with permission from Ref. 56. Copyright American Chemical Society 2003.]
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the core and shell, such that the electron
is delocalized over the whole nano-
crystal but the hole is confined to the
core (Fig. 2D).29 Inverse (or reverse)
Type I QDs (e.g., CdS/CdSe, ZnSe/
CdSe)30 are designed to localize both the
electron and hole into the shell. The
band edge states for the shell are both
intermediate to those of the core (Fig.
2E). These configurations also require a
secondary Type I shell (e.g., ZnSe/InP/
ZnS)31 to enhance PL emission. Finally,
lattice strain between the core and shell
can be used to tune the optical properties
of certain QDs. For example, growth of
epitaxial shells of ZnS, ZnSe, CdS, or
CdSe on small, soft CdTe cores can be
used to shift band energies and thus PL
emission. Compressive strain in the core
increases the energy of its band edge
states, whereas synergistic tensile strain
in the shell decreases the energy of its
band edge states.32 The effect of grow-
ing thicker shells can be large enough to
induce Type II band alignment in a Type
I heterostructure such as CdTe/ZnSe.32

To date, Type II QDs have not found

widespread use in bioanalytical applica-
tions.

Surface States and Effects. The
energies of band edge states are not the
only determinants of QD PL. Even with
growth of a Type I shell, surface states
can still affect the PL of real QDs (i.e.,
imperfect structures). For example, the
‘‘blinking’’ or fluorescence intermittency
of QDs, perhaps the second most
renowned property after their size-tun-
able emission, is associated with surface
states. Blinking can be observed at the
single particle level, has a power law
probability distribution, and is a conse-
quence of either (i) charging and
discharging of the core nanocrystal, or
(ii) trapping of carriers at surface states
before they can relax to emissive band
edge core states.33 Auger recombination
is the predominant relaxation mecha-
nism in charged QDs, resulting in very
efficient PL quenching until the QD core
is neutralized. Although detrimental in
some applications of QDs, the observa-
tion of blinking is useful to confirm
tracking of a single QD,34,35 and it has

enabled super-resolution imaging,36 as
described later in this review.

In addition to blinking, QDs some-
times exhibit other interesting optical
phenomena under high-intensity excita-
tion. These phenomena include bluing,
photobrightening, and photodarkening,
all of which are observable in the
ensemble.37 Bluing corresponds to an
irreversible hypsochromic shift in the
band edge emission and is the manifes-
tation of photooxidative etching of the
average nanocrystal size.38 Brightening,
or photoactivation, is an increase in the
QD PL intensity under irradiation and is
associated with changes in the properties
of the QD surface. These changes have
been suggested to include the passiv-
ation of defect states and dangling
bonds,37 or displacement of trapped
charges,39,40 each leading to a decrease
in a ‘‘dark fraction’’ of non-luminescent
QDs in the ensemble. The extent of
photobrightening, as well as the oppo-
site effect, photodarkening, depends on
the duration and intensity of irradiation,
although photodarkening seems to be
induced at higher irradiation intensities,

FIG. 2. Illustration of band gap engineering by selection of core and shell materials. The relative energy of conduction band and valence
band edge states between the core and shell determines the localization of the electron and hole, and the nature of the transition associated
with exciton recombination, offering an additional means of tuning the optical properties of QDs. (A) Type I QD with localization of both
carriers in the core. (B) Type II QD with localization of the electron in the shell. (C) Type II QD with localization of the hole in the shell. (D)
Quasi-Type II QD with localization of the electron in both and the core and shell. (E) Inverse-Type I QD with localization of both carriers in the
shell.
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above-gap excitation energies, and lon-
ger irradiation times. The competitive
kinetics of photobrightening and photo-
darkening have been investigated and
found to yield different steady-state QD
PL intensities for different irradiation
intensities.40

The aforementioned dark fraction,
which has been observed experimentally
via fluorescence coincidence analysis, is
inversely correlated to the ensemble
quantum yield.41,42 It has been suggest-
ed that the mechanism for formation of
the dark fraction is analogous to that for
blinking behavior,43 albeit that the dark
fraction is not a by-product of blinking
over extended timescales.41,42 Interest-
ingly, a decrease in the size of the dark
fraction is responsible for the apparent
increase in the ensemble QD quantum
yield that is frequently observed upon
‘‘passivation’’ with adsorbed macromol-
ecules such as proteins.44

The importance of the above-men-
tioned effects in analytical applications
of QDs is variable, depending on both
the characteristics of the batch of QDs
used and the spectroscopic parameters of
the experiment (e.g., laser power).
Ensemble assay methodologies based
on one-time measurements at low power
excitation tend to be relatively immune,
whereas single molecule tracking exper-
iments with high-intensity excitation are
the most susceptible to these effects. In
either case, good or poor quality QDs
can make a tremendous difference in the
outcome of an experiment. Maintaining
continuity in the properties of QD
materials is thus an ongoing challenge
in the field.

QUANTUM DOT MATERIALS

As alluded to above, QDs have been
synthesized from a broad range of
semiconductor materials. The most pop-
ular materials have been CdSe, CdTe,
and their core/shell analogs, CdSe/ZnS
and CdTe/ZnS. This popularity can be
attributed to well-established synthetic
protocols, emission that can be size-
tuned over the visible/NIR region, and,
not least of all, commercial availability.
Traditionally, emission has been tuned
on the basis of core nanocrystal size
with these materials, and the role of the
Type I shell has been to passivate
dangling bonds on the surface of the

core, better confine the exciton (vide
supra) and enhance the QD’s optical
properties (e.g., the quantum yield can
increase by 20–35%).45,46 For this
purpose, the growth of a thin shell is
important. For example, with CdSe/ZnS
QDs, the 12% lattice mismatch between
CdSe and ZnS necessitates that growth
of the ZnS shell be limited to a few
atomic layers before lattice strain detri-
mentally affects the PL properties.17

Thicker shells have been desirable to
render QDs more robust or prevent
blinking.47 Effective approaches for
growing thicker shells and relaxing
lattice mismatch have included incorpo-
rating a small amount of Cd into the
shell material,48 and synthesis of gradi-
ent or multi-shell structures (e.g., CdSe/
CdS/ZnS).47,49,50 As an alternative to
size-tuning of PL, QD core materials can
also be alloyed. The PL emission of
ternary alloyed QDs (e.g., CdSexTe1–x,
CdSxSe1–x, CdxZn1–xS, Cd1–xZnxSe) can
be varied while maintaining a constant
size (Fig. 1D),51–56 and these materials
are also commercially available.

In addition to II–VI semiconductors,
other materials used for QD synthesis
include III–V (e.g., InP)57,58 or group
IV (e.g., Si)59,60 semiconductors. To
some degree, the investigation of alter-
native materials to CdSe and CdTe has
been driven by the perceived toxicity of
Cd-based QDs (previous work61–63 pro-
vides discussions on the complex issue
of toxicity; QDs can be used in both
toxic and nontoxic capacities). Although
synthesis protocols for alternative mate-
rials are still being optimized to yield
optical properties that match those of
CdSe/ZnS and CdTe/ZnS QDs, there
has been considerable progress. For
example, InP/ZnS QDs64 (with emission
in the 480–750 nm range) and InP/
ZnSe/ZnS QDs65 have been reported
with U = 0.4–0.6 and a FWHM of 50–
60 nm. In addition to the benefits of
NIR emission for in vivo applications,
QD size plays an important role in
determining their fate in vivo. Renal
clearance and minimal accumulation in
organs (e.g., spleen, kidney, liver) are
observed with nanoparticles ,5.5 nm in
hydrodynamic diameter.66 Recently,
Park et al. reported the synthesis of
highly luminescent CuInxSey/ZnS core/
shell QDs (U = 0.6), with emission

within the NIR biological window at
741 nm, a FWHM of 175 nm, and an
average diameter of 5 nm.67 With the
exception of the large FWHM, these
QDs are almost ideal for prospective in
vivo applications. Some non–Cd QD
materials (e.g., InP/ZnS, InGaP/ZnS) are
currently available commercially.

Synthesis. Unfortunately, the labora-
tory synthesis of high-quality colloidal
QDs is still largely restricted to experi-
enced chemists. Despite numerous at-
tempts in the literature to synthesize
QDs in aqueous media by using conve-
nient air-stable precursors, QDs with
narrow FHWM (a function of the
distribution of particle size, i.e., mono-
dispersity) and high quantum yields
have been almost exclusively obtained
though solvothermal methods that use
organometallic precursors and nonpolar
organic solvents at high temperature and
under inert atmosphere (i.e., pyrolysis of
inorganic precursors).68–70 The possible
exception is the aqueous synthesis of
CdTe QDs, where quantum yields have
been reported to reach 82% but are
typically closer to 40%.71–73 These QDs
can also be relatively monodisperse,
with FWHM values typically in the
range of 30–60 nm.

Functionalization of QDs. Although
the optical properties of QD attract the
lion’s share of excitement, experts have
now come to realize that the surface area
of the QD is almost as valuable: A QD
can serve as a nanoscale scaffold with
physicochemical properties and biologi-
cal activity that can be tailored through
interfacial chemistry and bioconjugation.
Functionalization is done in multiple
steps, and the design and execution at
each step are critical to the efficacy of the
QD in its intended application.18,74–78

Interfacial Chemistry. Since most
biological applications use core/shell
QDs, the inorganic shell is generally
the first site for modification. In partic-
ular, high-quality QDs prepared by
solvothermal methods are coated with
hydrophobic surfactants and require
modification to render them water-solu-
ble for biological applications. As
shown in Figs. 3i to 3v, there are two
well established routes to water-soluble
QDs: (i) ligand exchange (i.e., replace-
ment of the native surfactants), yielding
more compact QDs; and (ii) encapsula-
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tion with an amphiphilic polymer (i.e.,
building around the native surfactants),
typically yielding brighter QDs. Ideally,
the core/shell QD PL properties are
insensitive to interfacial chemistry; how-
ever, the typical few-atom-thick Type I
shells do not fully isolate the nanocrystal
core, and the optical properties of QDs
are still somewhat affected by adsorbed
molecules, pH, temperature, and other
properties of the local environment.79

This sensitivity is a consequence of
imperfect confinement of the exciton,
nonuniform coverage of the shell mate-
rial on the core, or both.48 Other

important considerations for the hydro-
philic modification of QDs include the
net charge, colloidal stability (i.e.,
resistance to aggregation), long-term
coating stability (i.e., stable association
between the organic coating and inor-
ganic QD), compatibility with bioconju-
gate chemistries (i.e., for attaching
biomolecules of interest), and resistance
to the nonspecific adsorption of proteins
and other biomolecules in a sample
matrix (i.e., non-fouling). In the follow-
ing paragraphs, we describe the chemis-
try of coating QDs for aqueous
solubility in more detail, focusing first

on the interface exposed to bulk solution
and then discussing the interface be-
tween the organic coating and the
inorganic QD.

One of the most widely used methods
for dispersing QDs in aqueous solution
is to modify their outer surface with
anionic carboxylate groups. At suffi-
ciently basic pH and low ionic strength,
electrostatic repulsion between QDs
affords a stable colloidal suspension;
however, efficient charge screening at
high ionic strength, neutralization of the
carboxylates at acidic pH, or both yield
insoluble aggregates of QDs.80,81 Car-

FIG. 3. Illustrative overview of the chemistry of core-shell QDs. Coatings for aqueous solubility are as follows: (i) amphiphilic polymer
coating with carboxyl(ate) groups; (ii) amphiphilic polymer coating with PEG oligomers; (iii) dithiol ligand with a distal PEG oligomer; (iv)
dithiol ligand with a distal zwitterionic functionality; and (v) dithiol ligand with a distal carboxyl(ate) group. Common R groups include
carboxyl, amine, and methoxy, although many others can be introduced (e.g., see vi, x, xi). Methods for conjugating biomolecules of interest
(BOI) are as follows: (vi) biotin-streptavidin binding; (vii) polyhistidine self-assembly to the inorganic shell of the QD; (viii) amide coupling
using EDC/s-NHS activation; (ix) heterobifunctional crosslinking using succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate
(SMCC; structure not shown); (x) aniline-catalyzed hydrazone ligation; and (xi) strain-promoted azide–alkyne cycloaddition. The double
arrows are intended to represent conjugation between the functional groups and, in principle, their interchangeability (not reaction
mechanisms or reversibility). Not drawn to scale.
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boxylate coatings (Figs. 3i and 3v) also
tend to be prone to the nonspecific
adsorption of proteins due to their
charges. Popular alternatives to carbox-
ylate coatings are those featuring poly-
(ethylene glycol) ([PEG]; Figs. 3ii and
3iii) oligomers or zwitterionic moieties
(Fig. 3iv). Both PEGylated and zwitter-
ionic coatings offer colloidal stability
over broad ranges of pH and ionic
strength, and minimal nonspecific ad-
sorption for improved biocompatibili-
ty.82,83 The advantage of zwitterionic
coatings over those based on PEG is
more compact size;84,85 however, PEG
oligomers can be modified with a variety
of terminal functional groups (e.g.,
carboxylic acids, amines, hydroxyl,
PEG, biotin) with minimal impact on
the overall colloidal stability of the
QDs.86

As noted above, there are two main
methods for modifying QDs with func-
tional groups such as carboxylic acids
and PEG oligomers. The first of these
methods is ligand exchange that in-
volves the replacement of hydrophobic
surfactants from QD synthesis with
higher affinity hydrophilic ligands via
mass action. The most common ligands
are bifunctional molecules with thiol
groups that coordinate to Zn2þ sites on
the surface of the QD at one end, and
display carboxylate or PEG groups at
the other (Figs. 3iii to 3v). Although
thiols will also coordinate to the Cd2þ at
the surface of a bare CdSe core, the ZnS
shell is less prone to oxidation and Zn2þ

has higher binding affinity with basic
ligands, improving the coating stability
of the final aqueous QDs.50 Coating
stability is also improved by using
bidentate ligands with two coordinating
thiol groups. For example, an extensive
library of bidentate ligands derived from
dihydrolipoic acid have been reported,
including those appended with function-
al group-terminated PEG oligomers81 or
compact zwitterionic moieties.85 The
major challenge of ligand exchange with
thiols is a reduction in the quantum yield
of the QD. Considerable efforts have
been made to refine ligand exchange
procedures to minimize such effects.87–

89 Commercially available QDs with
hydrophobic surfactants are often made
water soluble by ligand exchange with

commercially available thiol ligands
(e.g., 3-mercaptopropionic acid).3

Amphiphilic polymers are a second
type of coating that can be applied to
QDs, and that are designed to have a
mixture of hydrophilic groups and
hydrophobic alkyl side chains. The alkyl
side chains interdigitate with alkyl-
bearing surfactants from QD synthesis
(e.g., trioctylphosphine oxide), leaving
the hydrophilic groups at the surface of
the now water-soluble QDs (Figs. 3i and
3ii). Common chemical strategies for
preparing amphiphilic polymers include
partial grafting of polyacrylic acid or
poly(maleic anhydride) backbones with
alkyl amines, where the remaining sites
on the backbone are left as carboxylic
acids or appended with PEG chains.90–94

These polymer coatings better retain the
original brightness of synthesized QDs
since they build an additional layer onto
the surface of the QD without altering
coordination to the inorganic interface
(i.e., less opportunity for forming sur-
face traps). Polymer coatings also pro-
vide good long-term coating stability,
but typically larger hydrodynamic radii
than QDs coated with bifunctional
ligands.13 Water-soluble QDs with am-
phiphilic polymer coatings are available
commercially, as are QDs coated with
phospholipids that interact with the as-
synthesized QDs in an analogous man-
ner. Further details on the diversity of
possible coatings for QDs, including
those that are less widely used or still
emerging (e.g., coordinating poly-
mers95,96) can be found in several
reviews.6,18,86,97

Bioconjugation of Quantum Dots.
Bioconjugation strategies for QDs can
be broadly classified into (i) covalent
coupling and (ii) self-assembly/specific
recognition; both strategies have been
used to couple enzymes, proteins, pep-
tides, antibodies, and oligonucleotides to
QDs.6,75 It is critical to note that,
without suitable bioconjugation, the
utility of QDs in bioimaging and
bioanalysis will be greatly hindered,
regardless of their highly favorable
optical properties. Furthermore, irrepro-
ducibility in bioconjugation tends to
translate into irreproducibility in exper-
imental results. A key conceptual differ-
ence between QDs and fluorescent dyes
is that QDs are effectively surfaces that

can be modified with many biomole-
cules at many different sites, whereas
fluorescent dyes typically have one
reactive group that labels one of many
sites on a biomolecule. This difference
creates unique challenges for QDs and
other nanoparticles, and these challenges
have been thoroughly reviewed else-
where.75 Here, we briefly summarize
some of the most general and pragmatic
strategies for the bioconjugation of QDs,
a few of which are illustrated in Figs. 3vi
to 3xi.

Covalent conjugation methods pro-
vide a new chemical bond between a
biomolecule of interest and the ligand or
polymer coating of a QD. The robust-
ness of the linkage is a function of both
the bond stability and coating stability.
The most common chemistry is to
couple amine-bearing biomolecules to
carboxylated QDs (or the opposite
configuration) by using amide-bond
forming, water-soluble activating re-
agents such as N-(3-dimethylaminoprop-
yl)-N 0-ethylcarbodiimide (EDC) and
sulfo-N-hydroxysuccinimide (s-NHS)
(Fig. 3viii).10 This method is an effec-
tive ‘‘shotgun’’ method that works well
in some applications and poorly in
others. With many proteins, this chem-
istry neither provides good control over
the number of proteins conjugated per
QD nor their orientation (potentially
affecting biological activity). Another
common outcome is a fraction of cross-
linked aggregates that tend to result from
coupling between the large number of
amine and carboxyl groups present on
the surface of a protein. EDC chemistry
is often most effective with mono-
reactive biomolecules, as is the case
for many synthetic oligonucleotides and
peptides. As an alternative to EDC,
some commercial QD suppliers offer
bioconjugation kits that target either
amine or sulfhydryl groups on biomol-
ecules, and that couple via hydrazone
ligation (Fig. 3x) and heterobifunctional
crosslinkers with maleimide groups
(Fig. 3ix), respectively.98 These reac-
tions tend to offer somewhat better
control over the final bioconjugates.
The liabilities of conventional covalent
conjugation methods have generated
strong interest in developing highly
chemoselective ligation reactions that
provide excellent control over nanopar-
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ticle bioconjugation.75 The aforemen-
tioned hydrazone ligation99 is one such
example, as is copper-free strain-pro-
moted azide-alkyne cycloaddition (Fig.
3xi; often called ‘‘click chemis-
try’’).100,101 Both of these chemistries
have commercially available ‘‘chemical
handles’’ that can be used to modify
amine-bearing QDs and biomolecules
for subsequent ligation.102

Alternative bioconjugation strategies
based on self-assembly and specific
recognition take advantage of high-
affinity noncovalent interactions to as-
semble biomolecules of interest to QDs.
The best known example of specific
recognition is the tight-binding (femto-
molar dissociation constants) between
biotin and the avidin family of tetrava-
lent proteins (Fig. 3vi). Almost any
biomolecule can be biotinylated using
commercially available kits and re-
agents, assuming that it is not already
sold with a biotin modification. Strepta-
vidin-modified QDs are also available
commercially, permitting widespread
access to a diverse array of QD
bioconjugates. This strategy permits a
moderate level of control over the
number of biomolecules assembled per
QD (conjugate valence) and their orien-
tations; however, there are limitations
associated with the heterogeneous at-
tachment of the streptavidin to the
underlying QD coating.103 To date, the
bioconjugate method that has provided
the best overall control is self-assembly
between polyhistidine-appended bio-
molecules and the ZnS shell of ligand-
coated QDs (Fig. 3vii; nanomolar dis-
sociation constants), thereby providing
excellent control over conjugate valence
and orientation.104 Both expressed pro-
teins and commercially synthesized
peptides can be readily obtained with
polyhistidine tags. Relatively facile
methods have also been developed for
chemically ligating these tags to syn-
thetic oligonucleotides.105 Polyhistidine
assembly has also been extended to
commercial carboxylate polymer-coated
QDs.104 The primary advantage of
polyhistidine self-assembly and biotin-
streptavidin is that bioconjugation pro-
ceeds almost quantitatively without need
for excess reagents and purification. A
variety of other self-assembly/recogni-
tion methods have been developed, but

they do not yet enjoy the same wide-
spread use and accessibility; these
methods have been reviewed else-
where.75

Comparison of Luminescent Nano-
particles. The number of nanoparticle
materials with bioanalytical utility has
greatly increased. In the first half of the
decade, review articles typically com-
pared the optical properties of QDs with
those of conventional organic fluoro-
phores; however, it is now important to
compare the properties of QDs with
those of other luminescent nanoparti-
cles, including nanodiamonds (NDs),
carbon nanodots (C-dots), graphene
oxide (GO), carbon nanotubes (CNTs),
lanthanide-based upconversion nanopar-
ticles (UCNPs), and fluorescent dye–
doped silica nanoparticles (DSNPs). A
summary comparison of the physical
and optical properties of these lumines-
cent NPs is given in Fig. 4. Note that
each type of nanoparticle has its own
benefits and liabilities, and each appli-
cation will have its own ‘‘best’’ material.
We briefly elaborate on some of the
comparisons in Fig. 4 and note a recent
review article for each material below:

� Organic fluorophores: monoreactive;
prone to photobleaching, less facile
multiplexing.14

� DSNPs: very bright, good resistance
to photobleaching; much larger in
size, less facile multiplexing.106

� NDs: excellent resistance to photo-
bleaching, high quantum yield; emis-
sion is not easily tunable, low
extinction coefficient.107

� GO: resistant to photobleaching, in-
trinsic aqueous solubility; broad PL
emission is not easily tuned.108

� C-dots: non-blinking, excellent resis-
tance to photobleaching; emission
wavelength depends on excitation
wavelength, poorly understood mech-
anism of PL.109

� CNTs: excellent resistance to photo-
bleaching, NIR emission; challenging
to obtain pure samples, weak PL
intensity.110

� UCNPs: upconversion luminescence,
more narrow emission lines; currently
less developed coating and bioconju-
gate chemistry, multiple emission
lines, larger size.111

Noble metal clusters (NCs) are anoth-

er type of luminescent nanomaterial that
has been gaining significant interest and
deserves some special attention here.
These NCs are sometimes referred to as
‘‘fluorescent noble metal QDs’’ due to
their optical properties and discrete size-
evolved electronic states. NCs contain
between a few and a hundred atoms
(e.g., Au, Ag, Pt), are smaller than 2 nm,
exhibit no apparent plasmonic proper-
ties, and have excitation and emission
bands similar to those of molecular
dyes.112 Some very promising work
has been done toward the use of NCs
for biological imaging and analy-
sis.112,113 For the purpose of this review,
we treat NCs as a material distinct from
semiconductor QDs. There are many
practical reasons for this distinction,
even if both sets of optical properties
(e.g., size-dependent fluorescence) are
rooted in confinement phenomena. For
example, NCs are more akin to mole-
cules than nanoparticles,114 more sensi-
tive to local environment,115 synthesized
quite differently,112,113 and their proper-
ties cannot yet be rationally selected to
the degree of semiconductor QDs.113

Prospective biological applications of
NCs have been reviewed else-
where,112,113,116 and they are not yet as
developed as those with QDs.

BIOANALYSIS AND
BIOIMAGING WITH
QUANTUM DOTS

Spectrofluorometry. Most research
and clinical laboratories have access to
either a spectrofluorometer or fluores-
cence plate reader. These instruments
are stalwarts of assay development and
have been widely used with QDs. Here,
we highlight in vitro bioanalyses based
on simple fluorescence intensity mea-
surements, and, more prominently, För-
ster-type energy transfer mechanisms,
including fluorescence resonance energy
transfer (FRET), bioluminescence ener-
gy transfer (BRET), and chemilumines-
cence energy transfer (CRET). Other
transduction mechanisms include chemi-
luminescence (CL), electrochemilumi-
nescence (ECL) and charge transfer
(CT) quenching. In the following sec-
tions, we denote the peak PL wave-
length of QDs by using a subscript
number (e.g., QD525); if no material is
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mentioned explicitly, the reader should
assume the QD material is CdSe/ZnS.

Fluorescence Intensity. Compared
with conventional organic dyes, the
broad absorption and narrow emission
of QDs offer significant advantages in
multiplexed assays. Different colors of
QD label are generally associated with
different analytes of interest in a hetero-

geneous assay and are interrogated
simultaneously. For example, Goldman
et al. demonstrated the simultaneous
detection of four toxins—cholera, ricin,
shiga-like toxin 1, and staphylococcal
enterotoxin B—in a sandwich immuno-
assay with QD labels.117 The corre-
sponding reporter antibodies were
conjugated with QD510, QD555, QD590,

and QD610, and offered limits of detec-
tion (LODs) in the range of 3–300 ng
mL-1. The assay was done in a single
microtiter plate well with excitation at
330 nm. Many similar examples of
spectral multiplexing based on QD PL
intensity can be found in the literature.

Fluorescence Resonance Energy
Transfer. A majority of FRET-based

FIG. 4. Comparison of the physical and optical properties of luminescent nanoparticles and organic fluorophores. Check marks ([)
indicate the relative degree of favorability.
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bioanalyses use QDs as donors for
organic dye acceptors, and these config-
urations have several advantages over
more traditional dye–dye pairs. Strong
QD absorption in the UV-blue region of
the spectrum allows selection of an
excitation wavelength that minimizes
direct excitation of the acceptor dye.
Furthermore, the narrow and size-tun-
able QD PL permits optimization of the
spectral overlap integral with only
limited crosstalk between donor and
acceptor emission. The surface area of
the QD also supports modification with
multiple acceptor dyes, thus enhancing
the rate and efficiency of energy transfer
compared with a discrete donor–accep-
tor pair. A priori, the strong and broad
light absorption by QDs also suggests
that they would be ideal acceptors;
however, efficient and unavoidable di-
rect excitation of the QDs, coupled with
their relatively long excited state life-
time, largely negates this advantage
when paired with putative fluorescent
dye donors (an excited state QD is not a
good acceptor). The solution to this
challenge has been to pair QDs as FRET
acceptors with luminescent lanthanide
complexes as donors.12,118 Lanthanide
ions (e.g., Tb3þ, Eu3þ) typically have
excited state lifetimes on the order of
10-4–10-3 s (cf. 10-9–10-8 s for dyes
and 10-8–10-7 s for QDs). As such,
directly excited QDs return to their
ground state and become good acceptors
following a microsecond delay after
flash/pulsed excitation, whereas lantha-
nide ions remain in their excited state as
good donors.12,105 Förster distances can
reach ~10 nm with lanthanide-QD
FRET pairs and .7 nm with QD-dye
pairs,105 compared with ,6 nm with
conventional dye–dye pairs.

In bioanalytical applications, the great
advantage of FRET is the ability to turn
QD PL ‘‘on’’ or ‘‘off’’ in response to
biorecognition events (e.g., ligand-re-
ceptor binding, enzyme activity, DNA
hybridization) or other physicochemical
stimuli (e.g., pH). Since measured
signals are not strictly based on the
accumulation of QDs, FRET methods
can be applied in the ensemble and
down to the level of single particles.
Numerous configurations using QDs and
FRET have been reported for the
detection of metal ions,102,119 small

molecules,44,120,121 toxins,122 and
drugs;123 protease124,125 and nucle-
ase126,127 activity; hybridization as-
says;128,129 immunoassays;130 and
pH.131,132 In each case, the underlying
idea is that a donor/acceptor is added or
removed from the vicinity of a FRET-
paired QD, either physically (e.g., asso-
ciation or dissociation) or through a
change in its resonance (i.e., a large
spectral shift). FRET-based sensing has
been thoroughly reviewed elsewhere,4,16

and we have limited ourselves to a few
more recent examples here.

Lowe et al. devised a QD-based
method for the simultaneous detection
of protease and kinase activity.133 These
two important classes of enzymes are
frequently causative agents of disease,
points for therapeutic intervention, or
both. The method used a QD655-Alexa
Fluor 660 (A660) FRET-pair in combi-
nation with a QD525-gold nanoparticle
(Au NP) NSET-pair, as shown in Fig.
5A. Nano-surface energy transfer
(NSET) is a dipole–dipole mechanism
that is conceptually similar to FRET but
occurs over distances approaching 20
nm.134,135 A peptide substrate for uro-
kinase-type plasminogen activator
([uPA], a serine protease) was labeled
with a 1.4 nm Au NP at one terminus
and biotinylated at its other terminus for
binding with streptavidin-coated QD525.
The QD PL intensity was inversely
proportional to the amount of proteolytic
activity that cleaved the peptide sub-
strate to prevent association between the
Au NP and QD525 (i.e., loss of NSET).
Similarly, a peptide substrate for human
epidermal growth factor receptor 2
(HER2) kinase incorporated a terminal
polyhistidine tag for self-assembly to
ligand-coated QD655, and a tyrosine
residue that was phosphorylated by
HER2 kinase in the presence of ATP
as a cofactor. A660-labeled anti-phos-
photyrosine formed an immunocomplex
with the phosphorylated tyrosine and
provided the proximity for FRET. The
LOD was 50 ng mL-1 for uPA and 7.5
nM for HER2, values that were below
the 200 ng mL-1 and 15 nM, respec-
tively, clinical cutoffs for positive/neg-
ative breast cancer prognosis.

Although the current state-of-the-art
for QD multiplexing is to use N colors of
QD to detect N different analytes, Algar

et al. have recently shown that time-gated
FRET relays can be designed to detect
two different analytes by using a single
color of QD vector.105,136 The time-gated
relay comprised an approximately cen-
trosymmetric array of luminescent Tb3þ

complexes and fluorescent dyes (Alexa
Fluor 647 [A647]) around a central
QD620. Due to the millisecond excited
state lifetime of the Tb3þ complexes, two
modes of interrogation were possible:
prompt (~0 ls delay after flash excita-
tion; 20 ls integration time) and gated
(~55 ls delay after flash excitation; 1 ms
integration time). On the prompt time-
scale, energy was transferred directly
from the QD to the A647 and provided
one detection channel. On the gated
timescale, energy was transferred from
the Tb3þ to the QD and then to the A647,
with analysis of the overall gated PL data
yielding a second detection channel
based on Tb3þ-to-QD energy transfer.
The time-gated FRET relay was applied
in a model two-plex DNA hybridization
assay (Fig. 5B),105 and in two-plex
assays for protease activity.136 The latter
assay included tracking the activation of
an inactive pro-protease by another
protease, where the activity of both the
upstream activating protease and down-
stream activated protease were quantita-
tively measured. Although demonstrated
with trypsin and chymotrypsinogen, this
type of cascade occurs with many other
proteases, such as the caspases and
matrix metalloproteinases, which are
involved in important biological signal-
ing pathways and implicated in many
diseases. An additional non-multiplexed
application of the time-gated FRET relay
involved decoupling Tb3þ-to-QD energy
transfer from any biorecognition process,
so as to shift the QD-to-A647 energy
transfer from the nanosecond time do-
main to the microsecond time domain.105

Such a configuration is expected to
permit rejection of background scattering
and autofluorescence (lifetime ,20 ns)
from complex biological samples, and
proof-of-concept was demonstrated for
sensing DNA hybridization and protease
activity. Clearly, this configuration has
important ramifications for zero back-
ground in vivo imaging.

Phase-sensitive detection and lock-in
amplifiers are a well known tools of the
spectroscopy trade and permit resolution
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of weak signals in very noisy environ-
ments. These benefits of lock-in detection
have been extended to fluorescence
imaging.137 Diaz et al. have suggested
that photochromic FRET with QD donors
are a means by which to reversibly
modulate QD PL and reject background
signals (Fig. 6).138 To this end, QD540

were coated with an amphiphilic polymer
functionalized with pendant diheteroary-
lethene photochromic dye molecules.
The dyes were situated in the hydropho-
bic microenvironment around the QDs to
facilitate optimal photoconversion upon
modulation of excitation light (green vs.
UV). Outer functional groups on the
polymer were coupled with A647, which
had constant fluorescence emission and
was used as an internal standard. Under
UV irradiation, the photochromic dye
switched from an open to closed molec-
ular form that was accompanied by the
appearance of an absorption band in
resonance with the QD PL. Consequent-
ly, the QD PL was quenched by 52% due
to FRET. Under irradiation with green
light, the closed form photochromic dye
reverted to an open form with loss of the
resonant absorption band and FRET. QD
PL lifetimes decreased or increased
commensurately with the FRET efficien-
cy. Cyclic photomodulation of QD PL by
alternating UV and visible excitation was
reproducible over 15 cycles. Beyond
intensity-based lock-in detection, these
photoswitchable QDs may have applica-
tions in fluorescence lifetime imaging
and super-resolution imaging.

FIG. 5. (A) FRET/NSET-based two-plex detection of enzyme activity via two orthogonal
self-assembly strategies with QDs (biotin-streptavidin and polyhistidine coordination). (i)
Enzyme activity of uPA and HER2 kinase was monitored via the degree of retention of QD

3

PL, which was quenched by the Au NP
(NSET) or dye-labeled anti-phosphotyro-
sine antibody (FRET) in the absence of
activity. (ii) QD PL in the absence or
presence of each type of enzyme activity.
[Reproduced with permission from Ref.
133. Copyright American Chemical Society
2012.] (B) Time-gated FRET relay for the
two-plex detection of DNA hybridization
using one QD vector. (i) Schematic of the
time-gated FRET relay concept, showing
energy transfer from a luminescent Tb3þ

complex (Tb) to the QD, and from the QD to
a fluorescent dye (A647). (ii) QD-probe
oligonucleotide conjugates and hybridiza-
tion to assemble the FRET relay. (iii)
Orthogonal calibration curves for detection
of the two DNA targets. [Reproduced with
permission from Ref. 105. Copyright Amer-
ican Chemical Society 2012.]
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Bioluminescence Resonance Energy
Transfer. Bioluminescence is the emis-
sion of light from an excited state product
of a biochemical reaction; for example,
via the luciferase enzyme–catalyzed ox-
idation of a luciferin substrate. This
transient excited state can serve as a
donor for Förster-type energy transfer
provided that an acceptor is in sufficient
proximity. The two most common BRET
donors include Renilla luciferase (Rluc),
which catalyzes the oxidation of coelen-
terazine with emission at ~480 nm; and
Firefly luciferase, which catalyzes the
oxidation of D-luciferin, with emission at
~560–580 nm.139 Since these emission
processes do not require incident light, it
is possible to use QDs as efficient BRET
acceptors. The broad absorption of QDs
provides resonance with the blue-yellow
emission of a BRET donor, and the
tunable QD PL permits selection of a red
or NIR acceptor emission that can be
completely resolved from the BRET
donor emission. This spectral separation
is in contrast to organic fluorophores and
fluorescent proteins that, due to their

small Stokes shifts, tend to have nontriv-
ial emission overlap with BRET donors.

Rao’s group has done extensive work
with QD-BRET, including developing
Rluc-QD bioconjugates for multicolor,
‘‘self-illuminating’’ imaging in vivo,140

and for multiplexed sensing of the
proteolytic activity of matrix metallo-
proteinase-7 (MMP-7) and uPA in
complex biological samples such as
mouse serum and tumor secretions.141

In the latter, two mutant Rluc enzymes
were engineered with C-terminal amino
acid sequences that were both a sub-
strate for either uPA or MMP-7 and a
linker for conjugation to QDs.141 Con-
jugation of the Rluc to the QD provided
the proximity necessary for efficient
BRET (Fig. 7A). Hydrolysis of the
substrate sequences by MMP-7 or uPA
disrupted this proximity, resulting in a
loss of BRET-sensitized QD emission.
The LODs for multiplexed detection
using QD655-Rluc (MMP-7 substrate)
and QD705-Rluc (uPA substrate) conju-
gates were 1 and 500 ng mL-1,
respectively. QD-BRET is generally
expected to provide a multiplexing

capacity of two to four QD acceptors
when paired with a given biolumines-
cent donor system.

Chemiluminescence Resonance En-
ergy Transfer. Chemiluminescence is
analogous to bioluminescence, except-
ing that no enzyme is involved in the
chemical reaction that produces an
excited state emitter. Also analogous to
BRET, QDs are good CRET acceptors
when in close proximity to a chemilu-
minogenic reaction (e.g., luminol/hydro-
gen peroxide [H2O2]) and can
potentially offer multiplexing capacity
of two to four acceptors. Willner’s group
has exploited catalytic hemin/G-quad-
ruplex DNAzymes for the detection of
DNA, metal ions, aptamer–substrate
complexes, thrombin, glucose oxidase,
and ATP by using QD-CRET.142–145

The hemin/G-quadruplex DNAzyme ex-
hibits peroxidase-like activity that can
catalyze the chemiluminescent reaction
between luminol and H2O2. For DNA
detection, three different colors of QDs
(PL at 490, 560, and 620 nm) were
functionalized with three different hair-
pin oligonucleotide probes that were

FIG. 6. (A) A photoswitchable QD that transfers energy via FRET to a photochromic acceptor and that uses A647 as an internal standard.
(B) Fluorescence emission upon excitation at 400 nm after photoconversion with either UV or visible light. (C) Dual-color excitation at 400
nm and 600 nm to use A647 emission as an internal standard. [Reproduced with permission from Ref. 138. Copyright American Chemical
Society 2012.]
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complementary to three target oligonu-
cleotide sequences of interest.144 The
stem segment contained a horseradish
peroxidase–mimicking DNAzyme se-
quence, and the loop segment was
complementary to the target. Hybridiza-
tion caused opening of the hairpin
structure such that self-assembly of the
hemin/G-quadruplex DNAzyme was
possible with evolution of chemilumi-
nescence and CRET-sensitized QD
emission. The three colors of QD
provided three resolvable signals for
the three targets of interest. Figure 7B
illustrates this transduction strategy. A
similar construct was developed for the
detection of vascular endothelial growth
factor (VEGF), a signaling protein
overexpressed in cancer cells.146 The
VEGF induced assembly of the QD-
hemin/G-quadruplex structure and
CRET evolution. When compared with
other transduction methods based on
FRET (12 nM) and chemiluminescence
(2.6 nM), detection of VEGF via CRET
offered an improved LOD (875 pM).146

Chemiluminescence. In addition to
serving as CRET acceptors, QDs can
directly participate in CL reactions as

the emitter. QD CL is generally obtained
using H2O2 systems (e.g., H2O2,
NaHCO3-H2O2, pyrogallol-H2O2) that
generate superoxide, �O2

–, and hydroxyl
radicals, �OH, that inject an electron into
the QD 1Se quantum confined state and
a hole into the 1Sh state, respectively.
Subsequent electron–hole recombination
generates QD luminescence. The QD
CL intensity has been found to depend
on the QD size and concentration, the
oxidant and its concentration, surfactant,
pH, and radical scavengers.147,148 De-
spite the numerous advantages of CL-
based biosensing (e.g., low background,
low LOD, and a wide dynamic range),
the use of QD CL remains limited with
only a few proof-of-principle studies for
the detection of metal ions,149 phenolic
compounds,150 and immunoglobulin
G.150 Chen et al. demonstrated the
detection of L-ascorbic acid, a CL
inhibitor, in human serum by using
CdSe/CdS QDs with a NaHCO3–H2O2

system that forms peroxymonocarbon-
ate, HOOCO2

–, a reactive oxygen spe-
cies.151 Despite these proof-of-concept
examples, the origin of QD CL (e.g.,
band gap states or band edge emission)

is not entirely clear, and further study is
needed to elucidate the mechanism
before this transduction method can be
used to its full potential.

Electrochemiluminescence. In ECL,
a chemiluminescent reaction is initiated
at the surface of an electrode. QDs can
generate light under an alternating
applied potential through an annihilation
ECL mechanism where cationic and
anionic QDs neutralize one another to
yield a luminescent excited state.152

However, QDs are more frequently
combined with a coreactant to generate
ECL. Common coreactants include sul-
fite (SO3

2–) or O2 for anodic ECL,153–155

and H2O2 or peroxydisulfate (S2O8
2–)

for cathodic ECL.156,157 Under the
applied potential, the coreactants are
converted into radicals that transfer an
electron or hole to the electrochemically
generated QDs to yield ECL. In most
applications, QDs are cast onto or
composited with other materials at the
surface of an electrode. The incorpora-
tion with other nanomaterials (e.g.,
carbon nanotubes, nanoflowers, gra-
phene oxide, gold nanoparticles) is
often observed to enhance ECL intensi-

FIG. 7. (A) Example of QD-BRET: (i) construct with conjugated luciferase protein (Luc8) and (ii) BRET-sensitized PL from QD605, QD655,
QD705, and QD800 that can be combined for multiplexed bioanalysis and imaging. The scissors in (i) indicate how a peptidyl linker on the
luciferase can be used for sensing protease activity. [Reproduced with permission from Ref. 141. Copyright American Chemical Society
2008 (i) and from Ref. 140. Copyright Macmillan Publishers Ltd: Nature Biotechnology 2006.] (B) Example of a QD-CRET construct for
multiplexed detection of DNA: (i) QDs emitting at 620, 560, and 490 nm were functionalized with nucleic acid hairpin probe that, after
hybridization with target, formed a catalytic hemin–G-quadruplex that (ii) oxidized luminol to generate CRET; (iii) the luminescence spectrum
of a mixture of the three colors of QD conjugates after hybridization with varying amounts of their DNA targets. [Reproduced with permission
from Ref. 144. Copyright American Chemical Society 2011.]
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ties.158–161 The origin of ECL from QDs
is strongly sensitive to surface chemistry
and surface states. For example, in initial
reports, ECL from CdSe QDs was
observed from band gap states,162

whereas ECL from CdSe/ZnS QDs
corresponded to band-edge emission.163

However, band-edge ECL has also been
observed from CdSe and CdTe QDs
lacking shell structures.164–166 Further
study is needed to gain better insight
into the charge transfer reactions at the
QD interface and the resulting ECL.

Various ECL-based assays have been
developed for the detection of metal
ions, small molecules, drugs, enzymes,
and DNA hybridization and to monitor
cell surface carbohydrate expression, as
thoroughly reviewed elsewhere.16,167,168

Transduction has primarily relied on
analytes exerting a quenching effect on
ECL, for example, via competitive
charge transfer or resonance energy
transfer (ECL-RET).169,170 A critical
limitation in QD-ECL–based transduc-
tion—and one that has persisted for
more than a decade since the first
observation of QD-ECL171—is the ab-
sence of spectrally multiplexed assays.
If QDs are to ever replace conventional
ECL reagents (e.g., luminol), it is
essential that they provide a multiplex-
ing advantage. The absence of multi-
plexed QD-ECL–based assays may
reflect the limited understanding of the
QD-ECL mechanism compared with, for
example, well understood QD-FRET, an
assay format increasingly used for
multiplexed detection. Nonetheless,
QD-ECL assays are making strides
forward, particularly in the area of
potential point-of-care devices. Shi and
coworkers172 recently reported QD-
modified carbon tape electrodes on a
low cost, paper-based platform for the

"

FIG. 8. ECL detection of dopamine using
CdS QDs on carbon tape electrodes. (A)
Instrument schematic. (B) ECL-potential
curve and corresponding cyclic voltam-
mogram of the CdS QD-modified carbon
tape electrode. (C) ECL intensity as a
function of dopamine concentration. Five
cycles of detection are shown for each
concentration. The inset shows the corre-
sponding calibration curve. [Reproduced
with permission from Ref. 172. Copyright
American Chemical Society 2012.]
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detection of dopamine (Fig. 8). The
simple approach of drop casting CdS
QDs on adhesive carbon tape provided
reproducible ECL over 31 cycles of
alternating cathodic and anodic potential
(annihilation mechanism). Dopamine
quenched the QD ECL and quantifica-
tion was possible between 1 lM and 10
mM. Another recent study by Wu et al.
described a multiplexed immunoassay
for three cancer antigens—caricinoem-
bryonic antigen, a-fetoproten, and pros-
tate specific antigen—using ECL-RET
on a microchip device with a 64-
electrode array.173 Although simulta-
neous detection of the three antigens
was demonstrated, multiplexing was
achieved on the basis of spatial registra-
tion rather than the spectral multiplexing
capabilities of QDs. CdS nanorods and
antigens were spotted on the electrode
array within the microfluidic platform
and generated cathodic ECL in the
presence of S2O8

2– coreactant. The
electrochemically generated CdS excited
state was able to transfer its energy to a
tris(bipyridine)ruthenium(II) complex
[Ru(bpy)3

2þ] acceptor that was a label
on an antibody bound to the co-immo-
bilized antigen. Any antigen present in a
sample was detected via the increase in
QD ECL intensity due to competitive
binding with the Ru(bpy)3

2þ-labeled
antibodies. The method was successful
in identifying target cells from a com-
plex cell mixture, and the amount of
antigen detected on the cell surface was
in good agreement with expectations.

Charge Transfer and Quantum
Dots. Many redox-active dyes, metal
complexes, and other molecules have a
demonstrated ability to engage in charge
transfer with QDs and quench their PL.
These molecules have included Ru2þ-
phenanthroline174,175 and Ru2þ–poly-
pyridine complexes,176 ferrocene,177,178

bipyridinium dyes,179–182 and qui-
nones,183–185 among others.186,187 As
we discuss below, the modulation of
CT quenching, like the modulation of
FRET, can be used as an analytical
signal in bioanalyses. Unlike FRET,
however, the mechanism of PL quench-
ing in these systems is not wholly
understood. In general, quenching is
thought to be due to photoinduced
electron transfer (PET) between an
excited state QD and a proximal mole-

cule with an occupied or unoccupied
state intermediate in energy to the
valence and conduction band edge states
of the QD, but many mechanistic details
remain unclear. A significant challenge
is reconciling analytically applied QD-
CT systems that generally comprise
aqueous core/shell QDs and redox active
moieties as labels on biomolecules, with
physical studies of QD-CT dynamics
that use hydrophobic core-only QDs
with adsorbed redox active moieties in
organic solvent. Although the latter are
important for applications of QDs in, for
example, solar energy conversion,188 the
studies bypass much of the complexity
inherent to bioanalytical systems.

In general, spectroscopic measure-
ments (e.g., transient absorption) of
nonaqueous, abiotic QD-CT systems
support a PET mechanism, but there
are many interesting observations that
suggest more complex determinants of
CT rates and PL quenching efficiencies.
For example, electron transfer is typi-
cally faster with smaller QDs,174,182,187

and this result has been attributed to a
decrease in the free energy change for
the CT reaction (i.e., energy gap be-
tween the QD conduction band state and
proximal LUMO of the quencher) as the
size of the QD increases.182 However,
other studies suggest a role for surface
states in the CT mechanism: blinking
dynamics and electron transfer rates
have been correlated;189 so-called
‘‘gray’’ states (quenched, but not non-
emissive) have been observed with hole
transfer to proximal dye molecules189

and with hole-trapping during blink-
ing;190 and some of the core only QDs
used in CT studies exhibit band gap
PL181 (for example). Stationary absorp-
tion spectra of a biotic QD-CT system,
CdSe/ZnS QDs assembled with Ru2þ-
phenanthroline (Ru-phen)–labeled pep-
tides, have suggested hole transfer to
surface states with one type of water-
soluble ligand coating (negatively
charged) and transfer to both surface
and core states with another type of
coating (neutral).174 Here, PL quenching
was attributed to charging-induced non-
radiative relaxation pathways (e.g., Au-
ger recombination or hole-trapping)191

that became more efficient with decreas-
ing nanocrystal size due to greater
spatial overlap between the transferred

charge and the exciton. Studies of
abiotic QD-CT systems have begun to
address the effect of ligands (e.g.,
length)192 and the binding mode193 of
adsorbed redox active dyes to the QD
surface; however, it is unclear how
much insight abiotic studies will provide
given the significantly different condi-
tions of the experiments. Indeed, one
study with hydrophobic CdSe/ZnS QDs
found an electrochemical band gap (via
cyclic voltammetry) that corresponded
to the measured optical band gap, and
observed efficient CT quenching of the
QD PL by ferrocene;194 another study
with aqueous CdSe/ZnS QDs found
only electrochemically active oxidation
levels within the band gap and observed
no apparent quenching by ferrocene.174

There is clearly a need for more
fundamental studies of the CT dynamics
associated with QD bioconjugates.

The limited understanding of QD-CT
systems notwithstanding, there is strong
potential for the use of redox active
molecules as dark quenchers for QDs.
Compared with FRET, CT quenching is
beneficial in that is does not have the
requirement of spectral overlap and may
offer greater ability to probe redox
active biological processes. Another
expected advantage of charge transfer
is an exponential dependence of the
quenching efficiency on the distance
between the QD and redox-active moi-
ety.175 This sensitivity has been borne
out in several unimolecular sensing
constructs developed by Benson’s group
for the detection of maltose,195,196

palmitate,197 lead,198 and thrombin.175

These constructs have been reviewed
elsewhere16 and were based on confor-
mational changes associated with recep-
tor proteins or oligonucleotides/
aptamers upon binding with their cog-
nate target. The proteins and oligonu-
cleotides were labeled with Ru-phen and
conjugated to CdSe/ZnS QDs such that
their conformational changes altered the
separation between the QD and Ru-
phen, resulting in changes in QD PL
intensity. Unimolecular sensing config-
urations of this type cannot be so readily
designed with FRET-based transduction,
which is less sensitive to small changes
in donor-acceptor separation (inverse
sixth power-dependence). CT quenching
can also be used in more conventional
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on-off formats common with FRET-
based detection; for example, Medintz
et al. self-assembled Ru-phen–labeled
peptide substrates to CdSe/ZnS QDs as
probes for the detection of the proteases
chymotrypsin and thrombin.174 Initially
quenched due to the proximal Ru-phen,
QD PL was recovered with proteolytic
activity that cleaved the Ru-phen from
the QD. Enzyme kinetic parameters
were obtained by fitting the assay data
with the Michaelis–Menten equation.
Medintz et al. further demonstrated
proof-of-concept for highly multiplexed
CT quenching with eight colors of QDs
(PL maxima at 510, 537, 555, 565, 581,
590, 610, and 635 nm), including a
Gaussian deconvolution algorithm for
resolution of each PL signal and their
modulation by Ru-phen (Fig. 9A).11

In addition to sensing configurations
that use hole accepting metal complexes
to quench QD PL, there are examples
that use electron accepting molecules,
such as quinones, to monitor enzyme
activity199,200 and intracellular pH,183 or
bipyridinium, to monitor receptor–sub-
strate interactions.180 Initially, Yildiz et
al. electrostatically adsorbed a bipyridi-
nium dye to the surface of QDs and
found that a macrocyclic receptor,
cucurbit[7]uril, could disrupt the CT
quenching interaction through competi-
tive host–guest interactions.180 Cui et al.
reversed this approach by modifying
CdTe QDs with thiolated cucurbit[6]uril
(CB[6]) via self-assembly.201 The CB[6]
improved the colloidal stability of the
QDs and, more pertinently, bound a
nitrobenzene amine electron acceptor
through a host–guest interaction, pro-
viding the proximity needed for CT

FIG. 9. (A) Resolution of six QD PL signals in a mixture where each QD was quenched to a
different degree by Ru-phen. The measured composite spectrum is shown in green, and the
best fit to the data is shown in black. Up to eight QD PL signals can be resolved. The inset is

3

a cartoon representation of a Ru-phen–
labeled peptide undergoing CT with a QD.
[Reproduced with permission from Ref. 11.
Copyright American Chemical Society
2009.] (B) A QD-CT pH sensor: (i) mecha-
nism of CT quenching via electron transfer
between the QD an a dopamine modified
peptide; (ii) intracellular pH sensing over
time via the microinjection of QD550-dopa-
mine conjugates (progressive quenching)
and red fluorescent nanospheres (FLX;
invariant) into COS-1 cells. [Adapted with
permission from Ref. 183. Copyright Mac-
millan Publishers Ltd: Nature Materials
2010.]
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quenching. Both of the above-men-
tioned approaches are expected to be
useful for monitoring molecular recog-
nition processes or the dynamics of
protein–ligand interactions.

Quinones are another potent electron
acceptor for QDs.183,199,200,202 Freeman
et al. functionalized QD620 with peptides
containing a phosphotyrosine residue (8
6 2 per QD) to monitor the activity of
alkaline phosphatase (ALP).200 Initially,
QDs were unquenched and retained their
PL upon hydrolysis of the phosophotyr-
osine residue by ALP. However, in the
presence of a reporter enzyme, tyrosi-
nase, the resultant tyrosine residue is
oxidized to a dopaquinone residue that
quenched QD PL via CT. Quantification
of ALP was demonstrated over the range
0.05–0.5 units in the presence of 25
units of tyrosinase. Similarly, direct
modification of the QD surface with
phosphotyrosine afforded detection of
ALP over a range of 0.01–0.13 units.
Medintz et al. developed an intracellular
pH sensor by taking advantage of the
pH-dependent conversion of dopamine
from its hydroquinone form (acidic pH)
to its quinone form (basic pH).183 The
quinone form efficiently quenches QDs
via electron transfer. PEG-coated QD550

were functionalized with peptides mod-
ified at their N terminus with dopamine,
resulting in progressive quenching of
QD PL as the number of labeled
peptides increased and the pH increased
(pH 6–12). For more robust pH mea-
surements, the dopamine-peptide–QD
conjugates were mixed with pH-insen-
sitive red fluorescent nanospheres to
provide a reference signal. The mixture
was microinjected into cells and by
measuring the QD PL intensity relative
to the red fluorescence nanospheres, it
was possible to quantitatively track the
gradual (60 min) increase in cytosolic
pH after acidic extracellular medium
(pH 6.5) was exchanged for basic
extracellular medium (pH 11.5) in the
presence of a cell-permeabilizing drug
(Fig. 9B). Naturally, this QD-CT assem-
bly also functions as an in vitro pH
sensor, and can be interrogated on the
basis of pH dependent changes in QD
PL lifetime (measured relative to a pH
insensitive dye such as Cy5).183

Fluorescence Polarization (FP). FP
provides information about the Brow-

nian motion-driven rotational dynamics
of emitting fluorophores. These dynam-
ics are a function of the size of a
fluorophore bioconjugate, such that po-
larization increases as the molecular
weight of the labeled biomolecule in-
creases and rotation slows. Increases in
polarization can thus signal biomolecu-
lar interactions (e.g., ligand-receptor
binding) when one of the components
is fluorescently labeled. The narrow
size-tunable QD PL is also potentially
ideal for developing multiplexed FP
assays. For example, Tian et al. demon-
strated an FP-based competitive immu-
noassay for the simultaneous detection
of two tumor markers in human serum,
carcinoembryonic antigen (CEA) and a-
fetoprotein (AFP), by using CdTe/CdS
QD520 and QD620 conjugated with these
proteins.203 Binding of the correspond-
ing antibodies increased the effective
size of the QD conjugates and increased
the emission polarization. Notably, there
are only a few examples of QD-based
FP assays reported in the literature. This
scarcity may be due to the intrinsically
low polarization of QD emission: QDs
have a so-called ‘‘bright plane’’ (emis-
sion orientated in any direction along
this plane) and a ‘‘dark axis’’ (the c-axis)
rather than a linear transition dipole like
organic dyes.204,205 Another potential
challenge is the large geometric size
(comparable to most proteins) and high
molecular weight of QDs, which reduce
the relative effect of individual binding
events on rotational dynamics. The work
by Tian et al. suggests that this short-
coming can be addressed by taking
advantage of the multivalent nature of
QD conjugates. Since multiple CEA or
AFP proteins were conjugated per QD,
multiple antibodies were bound per QD
to provide a much larger change in
rotational dynamics. Such formats may
hold promise for further FP assays based
on QDs.

Flow Cytometry and Optical Barc-
odes. In flow cytometry, single cells (or
particles) are optically interrogated in an
ordered flow stream, including side-
scatter intensity; forward-scatter intensi-
ty; and, most pertinently, fluorescence
intensity. The parallel detection of
multiple fluorescent tags associated with
cellular biomarkers (i.e., multiplexing) is
critical to the utility of flow cytometry in

high-throughput biomedical research
and clinical diagnosis. In particular, this
capability allows for complex studies
that correlate the presence or absence of
multiple cellular markers with specific
immunophenotypes, responses to certain
stimuli, or other investigations where
distinct subpopulations of cells need to
be resolved. By virtue of their brightness
and multiplexing capability, QDs are a
natural fit with flow cytometry. Indeed,
the addition of QDs to the repertoire of
fluorescent labels has increased the
multiplexing capacity of flow cytometry
to 17, as demonstrated by Roederer’s
laboratory.206 Using a combination of
nine organic fluorophores and eight
colors of QD, antigen-specific T cells
from a human immunodeficiency virus
(HIV)-positive individual were immu-
nophenotyped. The fluorescent probes
consisted of QDs functionalized with
either peptide-major histocompatibility
complexes or antibodies, and organic
fluorophores conjugated to antibodies.
QD PL was detected using an octagonal
array of photomultiplier tubes and
dichroic/bandpass filters with laser exci-
tation at 408 nm (Fig. 10A). The study
found that T cells specific for a given
pathogen, or even a particular epitope on
that pathogen, can have different phe-
notypes, suggesting that the properties
of individual T-cell clones could play a
role in cell differentiation.206 Kovtun et
al. conjugated QD655 with agonists for
dopamine transporter (DAT) to measure
DAT activity and regulation in live cells
with a flow-cytometric method.207 Cells
cultured in a microtiter plate were
exposed to agonist candidates, incubated
with a biotinylated reference agonist
(competitive assay), washed, and incu-
bated with QD655-streptavidin conju-
gates. The cells were then collected
from each well in the plate and analyzed
via flow cytometry. The assay was able
to determine half maximal inhibitory
concentration values for agonists and
indicate downregulation of DAT expres-
sion demonstrating direct pharmaceuti-
cal relevance.207

In addition to traditional flow cytom-
etry applications, high-throughput mul-
tiplexed screening assays have been
developed around flow cytometry in-
strumentation by using optically encod-
ed bead technology.208 Although
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possible (and commercialized) using
fluorescent dyes,209 QDs are a superior
platform for optical encoding and mul-
tiplexed analysis by virtue of their
spectrally narrow PL and the ability to
excite multiple colors of QDs by using a
single laser line.210,211 QD-based barc-
odes are read using a combination of
color and PL intensity; a barcode system
with N resolvable levels of PL intensity
and m different colors can theoretically
provide (Nm – 1) unique codes. For
example, QD-barcodes designed with
six colors and six intensity levels have a
coding capacity .45 000, and these
codes can be read with 99.7% accuracy
by using data processing algorithms.212

Chan’s group recently characterized a
QD-barcode–based DNA hybridization
assay, identifying optimal probe oligo-
nucleotide and target sequence lengths
for fast hybridization kinetics and good
hybridization efficiency.213 A model
three-plex hybridization assay was de-
signed using microbeads encoded with
QD500 and QD600 at different ratios to
obtain three unique codes, and the
targets were non-purified, non-amplified
DNA sequences from a restriction digest
of plasmid DNA. The total sample
preparation and analysis time was ,1
h and the dynamic range was 0.02–100
fmol.213 Chan’s group also reported a
similar flow cytometric method for rapid
(,10 min), sensitive (femtomole level),
and parallel detection of genetic markers
for the infectious diseases HIV, hepatitis
B, hepatitis C, syphilis, and malaria
(Fig. 10B).214 In another related study,

FIG. 10. (A) Schematic of an octagonal photomultiplier tube (PMT) array for eight-color
flow cytometry using QD labels. (i) QD PL spectra and selection of optical components. Blue
diamonds indicate the cut-on wavelengths of long-pass dichroic filters; gray bars indicate

3

the transmission range of band pass filters.
The colored bars above the spectra indi-
cate the spectral detection range for each
QD. (ii) Geometry of the detector array,
illustrating the dichroic mirrors (gray) and
bandpass filters (colored). [Adapted with
permission from Ref. 206. Copyright Mac-
millan Publishers Ltd: Nature Medicine
2006.] (B) Example of a spectrally encoded
barcode-based assay using QDs and a flow
cytometer: (i) sandwich assay format with
barcoded probe and universal reporter
(A647); (ii) assay methodology; (iii) map-
ping of three different spectral barcodes
based on the relative PL of QD500 and
QD600. The insets show color images of the
three different barcodes. [Reproduced with
permission from Ref. 214. Copyright Amer-
ican Chemical Society 2011.]
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Xu et al. demonstrated a flow cytometric
QD-barcode method for the simulta-
neous analysis of 10 single-nucleotide
polymorphisims.215 Continued develop-
ment of QD-barcode assays is expected
to result in improved methods for
sensitive, high-throughput assays for
broad panels of pathogen and disease
markers.

Enhanced Fluorescence Tech-
niques. Photonic Crystals. Photonic
crystals (PCs) are structures that have
sub-wavelength periodicity between two
materials with different dielectric con-
stants, resulting in a ‘‘photonic band
gap’’ that does not allow propagation of
certain wavelengths of light in some (or
all) directions within the PC.216 Cun-
ningham’s group has extensively devel-

oped PC slabs as substrates for a variety
of assays with enhanced fluorescent
detection capabilities.217 The slabs com-
prise one- or two-dimensional (2D)
grating patterns of titanium dioxide
(TiO2) on a quartz (SiO2) substrate,
and they can be engineered to have two
optical resonances. For a given fluoro-
phore, one of these resonances can be
tuned to its excitation wavelength, thus
permitting amplification of the electric
near-field intensity at the surface of the
PC (enhanced excitation); the second
resonance can be tuned to the emission
wavelength and redirect emitted fluores-
cence along the PC toward the optical
detector via Bragg scattering (enhanced
extraction). These two enhancement
mechanisms are multiplicative and can
increase fluorescence signals by 2–3
orders of magnitude.217 For example,
2D PC slabs with resonances close to
488 nm (excitation) and 616 nm (emis-
sion) have been used to enhance the PL
of red-emitting CdSe/ZnS QDs by a
factor of 108 (Fig. 11).218 The use of
QDs in PC-based biosensing applica-
tions is underdeveloped. The potential
challenge for spectral multiplexing is
engineering multiple PC resonances for
enhanced extraction of several colors of
QD PL, although the broad QD absorp-
tion will permit effective use of the
excitation enhancement across multiple
colors. However, considering the well-
established protocols for QD-based im-
munoassays,219 and the ability to fabri-
cate microtiter plates with embedded
photonic crystals,220 the future develop-
ment of high-sensitivity, high-through-
put screening methods with PCs and
QDs can be anticipated.

Plasmon-Coupled Fluorescence.
The immobilization of QDs on metallic
heterostructures or thin films with plas-
mon resonances can provide significant
enhancements in PL intensity.221 These
enhancements are a consequence of
more intense local electric fields for
excitation, increased radiative rates, and
coupling to plasmon modes to yield
directional, rather than isotropic, emis-
sion.222,223 The magnitude of the en-
hancement depends on the size, shape,
and type of metal substrate, as well as
the distance between the emitter and the
metal surface: short distances (e.g., ,5
nm) induce fluorescence quenching

through new non-radiative pathways,
whereas intermediate distances (e.g.,
10–20 nm) permit enhancement via the
above-mentioned processes. The study
and optimization of metal nanostructures
to enhance fluorescence and other scat-
tering processes are very active areas of
research and have included investiga-
tions of QD PL enhancement. In one of
the earliest reports, Kulakovich et al.
used layer-by-layer assembly (LBL) to
controllably place CdSe/ZnS QDs at
fixed distances from Au NPs (12–15
nm diameter).224 When the QDs were
located 11 nm from the Au NPs, a PL
enhancement factor of 5 was ob-
served.224 In a separate study, Chen et
al. found an ~two-fold PL enhancement
when two colors of QD were LBL-
assembled onto ~100 nm Ag NPs at the
optimum separation distance (Fig.
12A).225 Subsequently, Song et al.
fabricated a periodic silver nano-island
(~100 nm) array that produced a 50-fold
PL enhancement when the plasmonic
features of the substrate were resonant
with QD655 PL emission.226 Pompa et
al. observed a similar 30-fold enhance-
ment in QD550,598,625 PL when coupled
to a periodic nano-pattern of gold
triangles,227 and Leong et al. observed
a 15-fold enhancement when QD were
sandwiched between a 2D array of gold
nanodisks and colloidal Au NPs with
controlled spacing.228 The current un-
derstanding of plasmon enhanced fluo-
rescence and the best methods for its
implementation are far from complete;
however, very sensitive assay methods
with QD labels will undoubtedly be built
around such plasmonic nanostructures
and arrays. For example, a fluorescent
dye–based immunoassay on a plasmonic
nanostructure array has recently been
reported to provide an ~106-fold im-
provement in the achievable LOD com-
pared with a planar glass substrate.229

Ultrasensitive multiplexed assays will be
possible if similar enhancements can be
obtained with QDs.

Traditional planar metal films, well
known for surface plasmon resonance
(SPR) assays and imaging, can also
support plasmon enhanced QD PL. One
of the first such examples was reported
by Robelek et al., who demonstrated a
multiplexed DNA hybridization assay
by using SPR-enhanced fluorescence

FIG. 11. (A) Scanning electron microsco-
py image of PC slab. The scale bars are 500
nm. (B) Enhancement of QD PL intensity: (i)
108-fold when the PC is resonant with the
excitation light; (ii) 13-fold enhancement
when the PC is not resonant with the
excitation light. The circle on the left of
each image shows the QD PL without a PC
structure. [Adapted with permission from
Ref. 218. Copyright Macmillan Publishers
Ltd: Nature Nanotechnology 2007.]
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(Fig. 12B).230 Two target oligonucleo-

tide sequences, complementary to two

different capture probes immobilized on

the gold film, were labeled with QD565

and QD655. Maximum PL intensity from

the QDs was observed at the SPR angle

(618, 543 nm laser excitation), where

excitation of surface plasmons was most

efficient. Jin et al. reported an SPR-

based immunoassay for prostate specific

membrane antigens.231 Plasmon-cou-

pled PL provided a 7-fold enhancement

in the measured PL compared with far-

field excitation of PL, and this enhance-

ment was attributed to directional emis-

sion at the SPR angle (478, 405 nm laser

excitation). Malic et al. also demonstrat-

ed SPR-based DNA hybridization as-

says and immunoassays by using NIR-

emitting QDs as reporters.232 However,

in this work, the reflectivity was used as

the analytical parameter (as in traditional

SPR) rather than PL. The QDs provided

a 25-fold signal amplification due to a

putative combination of its optical mass

(large size and high dielectric constant)

and coupling of its emission into

propagating surface plasmons. The min-

imum detectable DNA concentration

was 100 fM. This type of experiment

FIG. 12. (A) Plasmonic enhancement of QD PL. (i) Change in QD PL as a function of distance (controlled by LBL assembly of polymer
layers) from a cross-hatched patterned array of Au (black squares) and Ag (blue triangles) NPs. (ii) False-colored QD PL image collected with
488 nm excitation, showing enhancement of QD PL on a cross-hatched pattern of Ag NPs. (iii) Image of the Ag NP pattern via reflection of the
488 nm excitation light, showing strong absorption by the Ag NPs. The white dot is a region with Ag NPs; the green dot is a region without.
[Reproduced with permission from Ref. 225. Copyright American Chemical Society 2009.] (B) Surface plasmon–enhanced fluorescence
imaging of a DNA array: (i) instrument schematic; (ii) images obtained from sequential hybridization of DNA targets labeled with green (left)
and red (right) QDs; (iii) correlation between the SPR reflectivity (solid line) and QD PL intensity (dotted line) as a function of angle of
incidence. [Reproduced with permission from Ref. 230. Copyright American Chemical Society 2004.]
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must rely on spatial registration (i.e.,
discrete spots) and SPR imaging for
multiplexing and thus does not take full
advantage of the optical properties of
QDs, but it is interesting from the
perspective of multimodal detection
(SPR and PL).

Microscopy and Imaging. Since the
two seminal breakthroughs in 1998,
when Bruchez et al. demonstrated mul-
ticolor imaging of fixed cells by using
QDs (staining F-actin filaments and the
nucleus),2 and Chan and Nie demon-
strated live cell imaging with receptor-
mediated endocytosis of transferrin-QD
conjugates,3 QDs have steadily become
a more prominent player in the micros-
copist’s toolbox. In this section, we
describe the utility of QDs in several
microscopy techniques.

Epifluorescence Microscopy. Immu-
nocytochemical (ICC) and immunohis-
tochemical (IHC) labeling have been
two of the most widespread applications
of QDs in microscopy. Primary or
secondary antibody-QD conjugates can
be used for direct and indirect staining,
respectively, albeit that the latter is often
preferred due to the high cost of primary
antibodies and the potential loss of
activity upon conjugation. Several
groups have reported labeling of fixed
cells and tissue with QD-antibody con-
jugates. For example, Wu et al. demon-
strated the use of QD probes for ICC
labeling of different subcellular targets,
including cell surface receptors (HER2),
cytoskeletal components (actin and mi-
crotubules), and nuclear antigens asso-
ciated with SK-BR-3 (human breast
cancer) or 3T3 cells (mouse fibro-
blast).10 QD-secondary antibody conju-
gates, or a combination of QD-
streptavidin conjugates with biotinylated
secondary antibody (or phalloidin for
actin), were used for labeling. Turning
to IHC, Chen et al. detected caveolin-1
and proliferating cell nuclear agent
(PCNA) in a lung cancer tissue micro-
array.233 Compared with conventional
IHC, QD-based labeling improved de-
tection rates from 47% to 57% for
caveolin-1 and from 77% to 86% for
PCNA. Similarly, QD-IHC has been
shown to improve the sensitivity of
quantitative detection of the HER2
breast cancer marker in formalin-fixed
paraffin-embedded tissue specimens.234

Ruan et al. found that QDs also provided
excellent long-term stability (PL re-
mained after 2–4 weeks) in addition to
better sensitivity for IHC labeling of
prostate stem cell antigen in specimens
from prostate resections or prostatecto-
mies.235 QDs are also well suited to
multiplexed staining of tissue biopsy
specimens. Five-color molecular profil-
ing of human prostate cancer cells by
using QD-IHC has been described by
Xing et al.,236 who used one color of QD
as an internal standard to target a
housekeeping gene product that was
expressed at a constant level. Four
biomarkers—vimentin, N-cadherin, re-
ceptor activator of nuclear factor jB
ligand, and E-cadherin—were labeled
with secondary antibody conjugates of
QD525, QD565, QD605, and QD655,
respectively. An internal standard, elon-
gation factor-1a, was labeled with
QD705 (Fig. 13A). Here, epifluorescence
was used in combination with spectral
imaging (vide infra). In general, more
insight can be obtained from the detec-
tion of more biomarkers in parallel,
suggesting a key role for the multiplex-
ing advantages of QDs in diagnostic
pathology.

In addition to labeling fixed cells and
tissues, epifluorescence microscopy and
QDs have been widely applied for live
cell labeling and imaging.237 A report by
Delehanty et al. demonstrated spatio-
temporal multicolor labeling of live
A594 cells (human alveolar adenocarci-
noma) by using mixed delivery tech-
niques over several days (Fig. 13B).238

Initially, QD520 were delivered to cells
by using a cationic polymer, and the
cells were cultured for 3 days so that the
QD520 were largely within late endo-
somes. QD635-cell–penetrating peptide
conjugates were then delivered to cells
so as to label early endosomes, followed
by cytosolic microinjection of QD550-
cyanine 3 (Cy3) conjugates and subse-
quent incubation with Cy5-QD635-Arg-
Gly-Asp (RGD) peptide conjugates to
label aVb3 integrins on the cell mem-
brane. When combined with four narrow
bandpass filters, these QD probes pro-
vided four distinct spectral windows for
imaging each of the aforementioned
cellular components with excitation at
457 nm. The QD550-Cy3 and Cy5-
QD635-RDG conjugates were FRET

pairs where the QDs were used as
antennae to enable observation of Cy3/
Cy5 PL with excitation at 457 nm
(nonresonant with the dye absorption)
and a reduction of dye photobleaching
rates (indirect excitation via FRET).238

QDs with emission wavelengths analo-
gous to those of Cy3/Cy5 can also be
used directly, as demonstrated with
QD580 instead of Cy3. Additional ex-
amples of live cell imaging are discussed
below in the context of other microsco-
py techniques.

Confocal Microscopy. Confocal mi-
croscopy is a high-resolution imaging
technique that is capable of axial
sectioning. It particularly benefits from
the brightness of QDs due to its reduced
light throughput compared with epi-
fluorescence microscopy (the trade-off
for higher resolution). Although less
important for the spinning disk confocal
format, the enhanced photostability of
QDs is another significant advantage in
the laser scanning format. Matsuno et al.
used QDs and confocal laser scanning
microscopy to generate three-dimen-
sional (3D) images of the intracellular
localization of either growth hormone or
prolactin, along with its corresponding
mRNA, by using combined immunohis-
tochemical labeling (QD655-antibody
conjugates) and in situ hybridization
(QD605-oligonucleotide conjugates).239

The spatial distributions of mRNA and
its encoded protein provide insight into
cellular protein synthesis. Chan et al.
used similar methodology to simulta-
neously visualize vesicular monoamine
transporter 2 mRNA and tyrosine hy-
droxylase protein within the cytoplasm
of dopaminergic neurons.240 Lee and
coworkers used confocal imaging with
QDs to observe agonist-induced endo-
cytosis of two types of tagged G protein-
coupled receptors (GPCRs): (i) influenza
hemagglutinin (HA) peptide-tagged k-
OR and (ii) green fluorescent protein
(GFP)-tagged A3AR (adenosine recep-
tors).241 These GPCRs are overex-
pressed on the membrane of human
osteosarcoma cells. The k-OR receptor
was labeled with QD-anti-HA (anti-
body) conjugates, and the QD and GFP
PL signals allowed real-time parallel
visualization (Fig. 13C) of the internal-
ization of both GPCR types when
stimulated with agonists. This format is
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potentially useful for high-throughput
screening of agonists for drug discovery
(GPCRs are involved in several major
diseases).241

Spectral Imaging. Spectral imaging
includes both the hyperspectral and
multispectral varieties, and offers supe-
rior informing power compared with
conventional optical filter–based imag-
ing. Image cubes (x, y, k) are collected
and comprise a stack of planar images
acquired across a series of wavelengths,
k, or bands thereof (e.g., a PL spectrum
at each image pixel). Even with emis-
sion overlap between different fluoro-
phores, the use of spectral unmixing
(i.e., deconvolution) and a library of
reference spectra permits quantitative
resolution of the unique fluorescence
contribution from each emitter and
discrimination of background autofluo-
rescence. This technical capability is
ideal for pairing with the multiplexing
advantages of QDs to facilitate detection
and visualization of multiple biomarkers
in complex biological specimens. Re-
cent studies have highlighted the utility
of QD-based spectral imaging for study-
ing human cancers. Li’s group used
multispectral imaging and IHC labeling
with QD605-streptavidin conjugates (via
biotinylated secondary antibodies) to
identify three molecular markers in
breast cancer tissue: HER2, estrogen
receptor, and progesterone recep-
tor.242,243 Five different molecular sub-
types of breast cancer cell heterogeneity
were identified and corresponded to
different 5-year patient prognoses.243

Spectral imaging was largely used to
separate out tissue autofluorescence, and
this separation was further aided by the
brightness of QDs. In contrast, Nie’s

FIG. 13. (A) Four-plex profiling of tumor biomarkers. Fluorescence image (left) of highly
metastatic prostate cancer cells acquired with a color charge-coupled device camera. The
cells were labeled with QD565-, QD605-, QD655-, and QD705-antibody conjugates bound to N-
cadherin, elongation factor (EF)–1a, E-cadherin, and vimentin, respectively. Single-cell PL
data are shown on the right (acquired by spectral imaging). [Adapted with permission from
Ref. 236. Copyright Macmillan Publishers Ltd: Nature Protocols 2007.] (B) Multicolor
spatiotemporal strategy for labeling various subcellular compartments and structures with

3

QDs and an example of a corresponding
epifluorescence image. [Reproduced with
permission from Ref. 238. Copyright Amer-
ican Chemical Society 2011.] (C) QD-based
screening of GPCR agonists using QD-anti-
HA conjugates with specific binding to HA-
k-OR overexpressing cells (U2OS). Ago-
nist-induced translocation of k-OR is clear-
ly tracked by migration of membrane-
bound QD conjugates to the cytoplasmic
region. The cells also express a GFP-
labeled adenosine receptor (A3AR). [Adapt-
ed with permission from Ref. 241. Copy-
right John Wiley and Sons 2012.]
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group has used multispectral imaging
with multiple colors of QD to reliably
detect and characterize tumor cells in
c o m p l e x t i s s u e m i c r o e n v i r o n -
ments.244,245 In one study, four protein
biomarkers—CD15, CD30, CD45, and
Pax5—were simultaneously mapped in
lymph node biopsy specimens by using
four colors of QD-secondary antibody
conjugates (QD525, QD565, QD605, and
QD655) as shown in Fig. 14A.244 This

method permitted reliable identification
of low-abundance (~1%) Hodgkins’s
and Reed–Sternberg cells; identifying
such cells is essential for differentiating
Hodgkin’s lymphoma from non-Hodg-
kin’s lymphoma and benign lymphoid
hyperplasia.244 In another study, four
protein markers associated with prostate
cancer—E-cadhedrin, high-molecular-
weight cytoketarin (CK HMW), p63,
and a-methylacyl CoA racemase

(AMACR)—were quant i t a t ive ly
mapped in biopsy specimens (Fig.
14B).245 As in the previous study, the
biomarkers were detected using four
different colors of QD-secondary anti-
body conjugate (QD565, QD605, QD655,
QD705), revealing molecular and mor-
phological details that are unseen with
traditional staining methods. One of the
most important observations was that
progressive changes in benign prostate

FIG. 14. (A) Multispectral imaging of QDs for detection of rare Hodgkin’s and Reed–Sternberg (HRS) tumor cells in Hodgkin’s lymphoma.
The images show HRS malignant cells and infiltrating immune cells on lymph node tissue specimens. The HRS cells (arrows) exhibited
characteristic staining pattern: membrane staining (CD30 positive, red), Golgi staining (CD15 positive, white), and nuclear staining (Pax5
positive, blue). Staining patterns were clearly distinct from infiltrating B cells (blue nuclear staining) and T cells (green membrane staining).
The scale bar in the top image is 100 lm; the scale bar in the bottom image is 10 lm. [Reproduced with permission from Ref. 244. Copyright
American Chemical Society 2010.] (B) Composite spectral image of a single malignant cell (arrow) in the basal layer of a largely benign
prostate gland, surrounded by malignant cells (blue staining surrounded by dotted lines). The scale bar is 20 lm. Four different protein
biomarkers, labeled with different colors of QD-antibody conjugates, are highlighted in green (E-cadherin), white (CK HMW), blue (AMACR),
and red (p63). [Reproduced with permission from Ref. 245. Copyright American Chemical Society 2010.] (C) Five-color immunohisto-
chemical labeling of a fixed mouse spleen tissue section with QD-antibody conjugates, imaged via multispectral imaging. A merged
fluorescence-false color image is shown, highlighting the following cellular biomarkers: CD45/blue, CD31/yellow, CD11b/aqua, CD4/green,
and CD11c/red. [Reproduced with permission from Ref. 98. Copyright American Chemical Society 2011.]
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glands start with a single malignant cell
and ultimately lead to a malignant
gland.245 Overall, spectral imaging with
QDs is an ideal methodology for
tackling the challenge of tumor hetero-
geneity that exists at the molecular,
cellular, and tissue-architecture levels,
as well as between individuals. A greater
understanding of tumor growth mecha-
nisms and more rigorous classification
schemes are expected to lead to more
effective stage-specific and personalized
treatments of cancer. Jennings et al.
demonstrated spectral imaging of fixed
mouse spleen tissue sections IHC la-
beled with five colors of QD-antibody
conjugate (QD525, QD565, QD605,
QD625, QD650).98 B cells, T cells,
leukocytes, thymocytes, and macro-
phages were labeled with the QDs via
antibodies targeting CD45 (type C
protein tyrosine phosphatase receptor),
CD11c (integrin aX), CD31 (platelet
endothelial cell adhesion molecule),
CD4 (a glycoprotein), and CD11b
(integrin aM) antigens, respectively
(Fig. 14C).98

Another prospective application of
spectral imaging with QDs is intracellu-
lar thermometry. QDs exhibit a bath-
ochromic shif t wi th increasing
temperature due to alteration of electron
lattice interactions.246 Yang et al. used
this effect to measure intracellular heat
generation in NIH/3T3 murine fibroblast
cells after Ca2þ stress and cold shock.247

QD PL collected from the specimen
through an inverted microscope was
directed to a spectrograph to measure
temperature-dependent spectral shifts,
revealing an inhomogeneous intracellu-
lar temperature response. The impor-
tance of intracellular temperature
measurements is described further in
the section on fluorescence lifetime
imaging microscopy (FLIM).

Two-Photon Fluorescence Micros-
copy. Another technique widely used for
biological imaging is two-photon fluo-
rescence microscopy (2PE). It offers
high resolution, comparable to that of
confocal microscopy, by limiting exci-
tation of fluorescence to a small focal
volume where there is sufficient flux of
NIR photons for 2PE. The added
advantage of 2PE is that NIR excitation
penetrates more deeply into tissues and
generates less autofluorescence than the

visible excitation used in conventional
(one-photon excitation [1PE]) confocal
microscopy. Multiple fluorescent dyes
can also be simultaneously interrogated
due to frequent overlap in their 2PE
spectra, even when their 1PE spectra
have minimal overlap.248 2PE fluores-
cence microscopy, however, is still
prone to photobleaching of dyes,248

and such dyes already have limited
brightness in 2PE due to their small
two-photon absorption cross sections
(typically,300 GM).249 It is here that
QDs are distinctly advantageous due to
their resistance to photobleaching and
remarkably large two-photon absorption
cross sections (103–104 GM).14,20

One application of QDs in 2PE
microscopy is high resolution cellular
imaging with minimal autofluorescence
background and photodamage. For ex-
ample, Wang et al. imaged CdTe QDs in
highly autofluorescent BY-2-T (tobacco)
cells and found that the signal-to-noise
(S/N) ratio, or QD PL-to-autofluores-
cence ratio, increased from ~3 to 11
when the switch was made from 1PE at
405 nm to 2PE at 800 nm.250 This study
also found that, unlike 1PE at 405 or
488 nm (2 mW), 2PE at 800 nm (20
mW) caused no discernible photodam-
age to QGY human hepatocellular
carcinoma cells. Bharali et al. delivered
folate-conjugated InP/ZnS QDs to KB
cells (human epithelial) via receptor-
mediated uptake and imaged their accu-
mulation in multivesicular bodies with
2PE at 800 nm.251 Geszke et al.
similarly used folate conjugation and
2PE to deliver and image ZnS:Mn/ZnS
QDs in T47D and MCF-7 breast cancer
cells.252 Tu et al. demonstrated that
paramagnetic Mn-doped Si QDs could
function as a non-cytotoxic, multimodal
contrast agent for magnetic resonance
imaging and 2PE fluorescence imaging
of macrophage cells.253 Selvin’s group
was able to extend their 2D, 1PE
fluorescence-imaging-with-one-nanome-
ter accuracy (FIONA) technique to 3D
imaging by using 2PE in combination
with QDs (Fig. 15).254 2PE FIONA was
first validated by tracking the steps of
individual QD655-labeled myosin V
motors on F-actin with nanometer accu-
racy (step size, 35.8 6 6.3 nm for 2PE
and 35.4 6 7.0 nm for 1PE). Impres-
sively, widefield illumination at 785 nm

was used for the 2PE tracking and was
uniquely enabled by the efficient 2PE of
QDs. To achieve 3D imaging, widefield
illumination was replaced with multi-
point scanning (x-, y-, z-axes) of a 9 3 9
array of diffraction-limited focal spots
by using a holographic beam-splitter.
LamB receptors on live Escherichia coli
cells were labeled with QD605 and found
to occur as spatial helices or bands on
the cell membrane. In a second exper-
iment, basal breast cancer cells with
membranous epidermal growth factor
receptors (EGFR) were incubated with
QD605-epidermal growth factor conju-
gates to induce internalization. After
fixing the cells, 3D-2PE FIONA was
able to visualize individual QD-labeled
EGFR endosomes with an (x, y, z)
accuracy of ~ 2–3 nm. The 2PE-FIONA
technique provided a five-fold enhance-
ment in S/N compared with imaging
with 1PE total internal reflection mi-
croscopy.254

Another useful application for QDs in
2PE microscopy is in vivo imaging.
Larson et al. demonstrated in vivo 2PE
imaging of mouse vasculature (i.e.,
angiography) in skin and adipose tissue
by injection of amphiphilic polymer–
coated CdSe/ZnS QD550 and 2PE at 880
nm.20 Conventional fluorescein–dextran
(70 kDa) angiography (2PE at 780 nm)
revealed less detail than the QD-based
angiography, even when using five-fold
more excitation power at half the tissue
depth. Collagen was imaged in parallel
with the QDs via its second harmonic
generation. Stroh et al. similarly dem-
onstrated two-color 2PE (at 800 nm)
imaging for tracking cells in vivo.255

QD590 were conjugated with the HIV
TAT protein to label bone marrow
lineage–negative cells. The cells were
co-injected with phospholipid-coated
QD470 into a mouse with an MCaIV
tumor, where the QD470 PL permitted
imaging of blood flow and the QD590 PL
permitted tracking of the recruitment of
bone marrow–derived cells to the tumor.
Although the NIR excitation used in
2PE microscopy addresses the penetra-
tion of tissue by excitation light, the
depth of imaging remains limited (,500
lm)21 by scattering and absorption of
shorter wavelength fluorescence (e.g.,
visible wavelengths) emitted from with-
in the tissue. Although the brightness of
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QDs with NIR 2PE can help to address
this challenge, another significant ad-
vantage of QDs in this regard is the
ability to select certain sizes and mate-
rials to emit NIR PL. For example, CdTe
QD800 can be imaged using 2PE at 900
nm, such that both the excitation and
emission wavelengths fall within the
tissue optical window between ~650
and 950 nm.256 Measurements on tissue
phantoms suggested imaging could be
done at a depth of 1.6 mm, approxi-
mately twice the depth of imaging with
1PE of NIR CdTexSe1–x/CdS ternary
QDs (albeit that the latter was measured
with real heart and femur tissue257).

Single Molecule/Particle Spectros-
copy. Single Molecule/Particle Imag-
ing. Single molecule spectroscopy
provides access to physicochemical
details that are lost when averaging over
the ensemble; for example, revealing
heterogeneous subpopulations or asyn-
chronous dynamics.258,259 Due to their
brightness and resistance to photo-
bleaching, QDs are ideal for single
molecule or, more accurately, particle

measurements. The propensity of QDs
to blink is both a benefit and a liability
as it confirms tracking of a single QD
but also complicates the analysis of PL
trajectories.260 Since size polydispersity
does not exist at the level of single QDs,
the FWHM of their PL tends to decrease
to ~15 nm.260

Single QD detection has been used to
measure biomolecular interactions (e.g.,
DNA hybridization, DNA-protein bind-
ing, ligand-receptor binding), and to
detect small molecules via two-color
colocalization, FRET, and, more recent-
ly, charge transfer.261–263 In the latter,
CdSe/ZnS QD560 were functionalized
with ferrocene-maltose binding protein
(MBP) conjugates, resulting in CT
quenching (Fig. 16A).263 MBP under-
goes a conformational change (scissor-
ing) upon binding maltose, resulting in
an increase in the distance between the
ferrocene and the QD with a corre-
sponding increase in the QD PL. By
monitoring individual QDs, it was
possible to detect maltose with a dy-
namic range spanning a remarkable five

orders of magnitude (100 pM–10 lM).
Interestingly, unlike single-pair FRET
systems that show on-off switching of
QD PL, the single QD-CT system
exhibited constant emission with an
increase in intensity upon binding malt-
ose.263 This behavior was attributed to a
‘‘gray’’ state associated with CT. Solu-
tion-phase single-pair FRET (spFRET)
with QDs has also been used as a
platform for sensitive assays. For exam-
ple, Zhang et al. conjugated streptavi-
din-QD605 with biotinylated capture
probe oligonucleotides for a sandwich
DNA hybridization assay, where the
reporter oligonucleotides were labeled
with Cy5 acceptors.264 spFRET was
monitored by flowing the sample solu-
tion (mixed with QDs, capture and
reporter oligonucleotides) through a
glass microcapillary with laser excita-
tion at 488 nm in a small observation
volume. A fluorescence burst coinci-
dence analysis between the donor and
acceptor detection channels was used to
observe FRET and measure DNA hy-
bridization. The LOD was 4.8 fM target,

FIG. 15. 2PE-FIONA 3D imaging with QDs. (A) Instrument schematic. The holographic 9 3 9 excitation matrix used for 3D imaging is shown
in the inset. (B) Images of live E. coli cells labeled with QD605, illustrating the superior resolution of 2PE widefield imaging compared with
1PE widefield imaging. (C) 3D localization of single QD655-EGFR receptor conjugates on the membrane of a breast cancer cell. [Reproduced
with permission from Ref. 254. Copyright American Chemical Society 2011.]
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FIG. 16. (A) Single molecule biosensing using QD-MBP-ferrocene conjugates: (i) schematic of the experiment illustrating the decrease in
CT quenching efficiency upon binding maltose; (ii) schematic of the microfluidic channel used for sample delivery and the optical setup; (iii)
titration curve for maltose detection spanning 100 pM–10 mM. [Reproduced with permission from Ref. 263. Copyright American Chemical
Society 2012.] (B) Illustration of QD-DNA conjugates and representative 3C burst coincidence analysis results for the two-plex detection of
DNA hybridization using single molecule fluorescence detection and spFRET: (i) HIV-1 gene detection, signaled by the coincidence of Alexa
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a value 100-fold better than the LOD
associated with molecular beacons (0.48
pM). The assay was applied to the
detection of Kras point mutations in
clinical samples from patients with
ovarian cancer.264 Subsequently, Zhang
and Hu extended this spectroscopic
method to the multiplexed detection of
the HIV-1 and HIV-2 genes, relying on
a three-color (3C) burst coincidence
analysis (Fig. 16B).265 Here, two sand-
wich DNA hybridization assays were
done in parallel using streptavidin-
QD605, two biotinylated capture probes
targeting HIV-1 and HIV-2, and corre-
sponding reporter oligonucleotides that
were labeled with either Alexa Fluort
488 (A488) or A647, respectively.
Directly excited (488 nm laser line)
fluorescence bursts from A488, when
coincident with QD605 PL bursts, were
indicative of presence of HIV-1 se-
quence. FRET-sensitized fluorescence
bursts from A647, when coincident with
QD PL bursts, were indicative of HIV-
2.265 This study is another example of
taking advantage of the surface area
offered by QDs to assemble multiple
biomolecular probes.

In addition to bioanalytical applica-
tions, Pons et al. used spFRET between
CdSe/ZnS QDs and dye-labeled poly-
histidine-tagged MBP to confirm that
biomolecules self-assemble to QDs ac-
cording to a Poisson distribution.266

That is, an ensemble with an average
of N biomolecules (e.g., proteins, pep-
tides, oligonucleotides) per QD is actu-
ally heterogeneous and comprises
discrete subpopulations with . . . N – 2,
N – 1, N, Nþ 1, Nþ 2 . . . biomolecules
per QD, where the abundance of each
subpopulation is weighted according to
Poisson statistics. With an average of
four or more biomolecules per QD, the
unconjugated subpopulation decreases
to 2% of the ensemble.

Single QD tracking has also been
used to study the diffusion dynamics of
membrane proteins associated with neu-

ronal cells, including the distribution
and surface mobility of neuroreceptors
for glycine,267 c-aminobutyric acid,268

a7 neuronal nicotinic acetylcholine,269

and 2-amino-3-(3-hydroxy-5-methyl-
isoxazol-4-yl)propanoic acid,270 at both
synaptic and extrasynaptic sites. In
another example, Tsien’s group studied
the vesicular secretion of neurotransmit-
ters by loading individual synaptic
vesicles with single QD605.271,272 Track-
ing of these QDs, in combination with a
small pH-dependent change (15%) in
QD PL intensity between vesicles (pH
5.5) and the extracellular matrix (pH
7.3), was used to distinguish between
full collapse fusion (complete vesicle
integration with membrane) and kiss-
and-run ([K&R], transient vesicular
fusion with membrane, retrieval, and
release) mechanisms. It was found that
K&R was more prominent under high-
activity demand conditions. Lowe et al.
investigated the selectivity mechanism
of the nuclear pore complex in HeLa
cells by tracking single QDs decorated
with multiple copies of importin-b
binding domain of snurportin-1, the
import receptor for small molecule
nucleoriboproteins.273 The import or
rejection of the QD cargos was moni-
tored, and the authors were able to
derive a model for cargo translocation
that consisted of cargo capture, filtering,
translocation, and release into the nucle-
us. Wells et al. demonstrated that QDs
could be used to track the 3D molecular
motions inside live cells and on their
surface (Fig. 16C).274 The imaging
system used four diffraction-limited
overlapping confocal volume elements,
implemented with four optical fibers,
and provided a localization accuracy of
50 nm along the x- and y-axes, and 80
nm along the z-axis, with 5 ms temporal
resolution. Experimentally, QD-immu-
noglobulin E (IgE) conjugates were
bound to high-affinity IgE receptors
(FceRI) on rat tumor mast cells. The
motion of single QD-IgE-FceRI com-

plexes was tracked, revealing 3D surface
topology of the cell membrane and
permitting extraction of diffusion rates
(0.21 lm2 s-1). When the complexes
were crosslinked with the addition of
dinitrophenyl-bovine serum albumin an-
tigen, it was possible to observe ligand-
mediated endocytosis and measure the
rate of vesicular transit (950 nm s-1).274

Fluorescence Correlation Spectros-
copy. Fluorescence (cross) correlation
spectroscopy [F(C)CS] measures time-
based intensity fluctuations in one or
more fluorescence signals as single
emitters diffuse in and out of a very
small observation volume. Analogous to
the single particle methods discussed
under Single Molecule/Particle Imaging,
the brightness of QDs and their photo-
stability are significant advantages in
F(C)CS, although their blinking behav-
ior can again introduce extraneous
fluctuations.275,276 Nonetheless, FCS
has become an important tool for
physically characterizing QDs. It has
been widely used to determine the
hydrodynamic radii of QDs functional-
ized with different organic coatings or
under different conditions, and it has
been proposed as a method for accu-
rately measuring QD concentrations and
extinction coefficients.275,277,278 In ad-
dition, Cramb’s group has published
several studies where QD-FCCS has
been used to monitor ligand–receptor
interactions. A pair of early studies
investigated the streptavidin–biotin in-
teraction in association with QDs (i.e.,
QD-streptavidin and QD-biotin conju-
gates).279,280 It was found that the
streptavidin–biotin dissociation constant
(Kd = koff/kon) increased from 10-15 M
with the native system to 10-10 M in
association with QDs, where the asso-
ciation rate (kon) decreased by 6 orders
of magnitude and the dissociation rate
increased by 1 order of magnitude.280

2PE-FCCS was also used to interrogate
the binding kinetics between the agonist
Leu-enkephalin (BLEK) and human l

3

Fluor 488 (A488) and QD PL; (ii) HIV-2 gene detection signaled by the coincidence of A647 and QD PL; and (iii) simultaneous detection of HIV-
1 and HIV-2 genes via the coincidence of A488, QD, and A647 PL. [Adapted with permission from Ref. 265. Copyright American Chemical
Society 2010.] (C) 3D tracking of single QDs using an optical fiber–based confocal imaging system: (i) instrument schematic; (ii) 3D
trajectory for a QD–IgE-FceRI conjugate over 250 s, where early times are indicated in red and late times are indicated in blue; (iii) image of
the cell for which the trajectory was generated. [Reproduced with permission from Ref. 274. Copyright American Chemical Society 2010.]
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opioid receptor (hMOR) in cell mem-
brane nanopatches.281 QD605 were con-
jugated with BLEK to bind the hMOR
receptors, and the FCCS data were
converted into fractional receptor occu-
pancy for Hill plot analysis and extrac-
tion of Kd. Interestingly, the conjugation
of BLEK to comparatively large QDs
did not affect its binding properties.
Cramb’s group has developed 3C-FCCS
that is greatly facilitated by the multi-
plexing advantages of QDs (Fig.
17).281–283 Polymer spheres barcoded
with QD525, QD605, and QD655 could be
successfully identified and quantitated
in the presence of more than an 800-fold
excess of free QDs, and the size of the
triply labeled spheres could be deter-

mined.281 3C-FCCS was also able to
identify and determine the size of DNA
trimers (~80 nm) labeled with the three
colors of QD.282 The technique does not
require long acquisition times (,1 min)
and is expected to be useful for
measuring molecular exchanges in sig-
nal transduction pathways, or the as-
sembly of tripartite biomolecular
complexes.

Wiseman’s group has used QDs as
labels in image correlation spectroscopy
(ICS) for measuring biomolecular diffu-
sion constants.284–286 Although the
blinking of QDs affects diffusion mea-
surements made with temporal ICS,
reciprocal space (k-space) ICS (kICS)
can separate PL fluctuation contributions

due to blinking and transport.284,285

kICS has been used to measure the
diffusion coefficient of QD-labeled gly-
cosyl phosphatidylinositol–anchored
protein CD73 in the membrane of live
fibroblast cells.284 Furthermore, by tak-
ing advantage of changes in blinking
autocorrelation as a function of QD
clustering, it was possible to observe
T-cell receptor clustering upon activa-
tion with antigen.286

Super-Resolution Imaging. Optical
microscopy is an unrivaled tool for
obtaining structural and molecular in-
formation at the micrometer scale.
However, the opportunity for insight at
the nanometer scale, where complex and
important biochemistry remains to be

FIG. 17. Three-color FCCS using QDs. (A) Instrument diagram. (B) Schematic of QD nanobarcode. (C) Diagonal triple cross-correlation
function decays for QD655 at different concentrations. (D) Count rate trajectories collected for QD525 (green), QD605 (orange), and increasing
amounts of QD655 (red): (i) 0 lL, (ii) 6 lL, and (iii) 10 lL. [Reproduced with permission from Ref. 283. Copyright American Chemical Society
2012.]
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elucidated, is limited by the Abbé
diffraction limit (~k/2 or typically
200–300 nm). To address this shortcom-
ing, a variety of super-resolution imag-
ing techniques have emerged. One
group of these techniques, referred to
as single molecule localization methods,
includes stochastic optical reconstruc-
tion microscopy (STORM), photoacti-
vated localization microscopy, and
super-resolution optical fluctuation im-
aging (SOFI). These methods rely on the
switching of individual fluorophores
between bright and dark states, which
has a natural parallel with the blinking
behavior of QDs. Indeed, Lidke et al.
used an independent component analysis
method to resolve two closely spaced
(23 nm) QD emitters, based on their
blinking, with a standard wide-field
microscope.19 Chien et al. similarly used
the blinking of QDs to image microtu-
bules in fixed CHO (Chinese hamster
ovary) cells with 30 nm resolution and
an acquisition time that was less than 1

min.287 QDs were also used to develop
the SOFI imaging technique that records
a movie to capture fluorescence inter-
mittency (i.e., blinking) over time and
statistically analyzes the signal fluctua-
tions.36 Since the blinking of QDs
follows power law statistics and occurs
over all time scales, arbitrary frame rates
can be used. The advantages of the
technique include a five-fold improve-
ment in resolution and reduced back-
ground, as demonstrated by labeling the
a-tubulin network of fixed 3T3 fibro-
blast cells with QD625-secondary anti-
body conjugates (Fig. 18).36 There is an
ongoing effort to combine QDs and
STORM for in vivo super-resolution
imaging.288,289

Near-Field Scanning Optical Mi-
croscopy. Near-field scanning optical
microscopy (NSOM) is a scanning
probe imaging technique that provides
optical resolution below the diffraction
limit, with simultaneous topographic
information. Cai’s group has combined

QDs and NSOM for high-resolution
(~50–100 nm) imaging of cell surface
receptors in several studies.290–292 For
example, one study focused on imaging
antigen-specific T-cell receptor (TCR)
response to activation and expansion.290

Vc2Vd2 T-cell surface receptors specif-
ically bind phosphoantigens, resulting in
T-cell expansion (i.e., rapid proliferation
of clonal T cells) as part of an immune
response. QD655 were conjugated with
anti-TCR antibodies and used to label
the TCRs on T cells obtained from
macaques. The NSOM-measured distri-
bution of QD PL across individual cells
was correlated to the cell surface
distribution of TCRs. Before activation
and expansion, a larger number of
smaller TCR sites were associated with
Vc2Vd2 T cells (~5 6 1 3 103,
primarily 50 nm in size) and more
uniformly distributed compared with a
nonengaging ab T-cell phenotype (~2
6 1 3 103, .90 nm in size). After
activation (i.e., infection of the ma-

FIG. 18. 3D SOFI of the a-tubulin network in 3T3 cells labeled with QD625: (A) Time-averaged image from all frames and (B) SOFI image. The
scale bar is 2 lm. [Reproduced with permission from Ref. 36. Copyright the authors 2009.]
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caques), the TCRs aggregated on the
Vc2Vd2 T-cell membrane, and this
pattern was sustained in daughter cells.
The aggregated receptors recognized
phosphoantigen and imbued the
Vc2Vd2 T cells with much more potent
effector function, suggesting an impor-
tant role for TCR aggregation in im-
mune response.290 In these experiments,
the QD655 were found to be a much
more effective label than several com-
mon fluorescent dyes, permitting repeat-
ed imaging of cells by virtue of their
resistance to both photobleaching and
chemical degradation. Building on this
approach, these authors subsequently
used two-color NSOM to visualize the
clustering and interactions of membrane

receptors during TCR/CD3-mediated
signaling in T cells.293 Images of
QD605 and QD650 PL were combined
with topographical information (Fig. 19)
and indicated co-clustering of CD3 with
CD4 or CD8 co-receptors during T-cell
activation. The authors also noted that
co-stimulation of CD28 receptors sig-
nificantly enhanced the clustering of
TCR/CD3 with CD4 co-receptors, but
not CD8 co-receptors. Cai’s group also
used QD-antibody conjugates and
NSOM to investigate the distribution
of CD4 receptor proteins on T-helper
cell surfaces291 and hyaluronan receptor
CD44 on the surface of mesenchymal
stem cells.292 In the latter, blinking was
suggested to be useful for identifying

single QDs, and preferential enrichment
of QD-antibody conjugates was ob-
served on cell filopodia (a sensory
organelle important in migration and
adhesion).292 The enrichment corre-
sponded to clusters of CD44 domains
(200–600 nm in size) that were primar-
ily observed at the peaks and ridges of
cell surface topography plots. Such
detail would not have been discerned
without the dual topographical and
optical capability of the NSOM tech-
nique, facilitated by the use of QDs.

Fluorescence Lifetime and Fluores-
cence Lifetime Imaging Microscopy.
Although QD PL intensity measure-
ments are straightforward and versatile,
reliable quantitative measurements are
very challenging when the concentration
of QDs is not controlled. Such is almost
always the case when, for example, QDs
are delivered to cells, QDs are immobi-
lized at an interface, or QDs are subject
to dilution in flow systems. Although
ratiometric PL intensity methods address
this challenge, ratiometric QD probes
are not available for every application.
Fluorescence (or PL) lifetime analysis is
independent of QD concentration and is
also very well suited to quantitative
measurements when concentration is
uncertain. In addition to being a measure
of FRET and CT quenching efficiency,
changes in QD PL properties, such as
lifetime, can reflect physicochemical
changes in the local microenvironment
(e.g., temperature, pH) by virtue of
changes in radiative and non-radiative
rates.294,295 Jaque’s group has investi-
gated this phenomenon for thermometry
applications and found that optimum
temperature sensitivity can be obtained
with smaller sized QDs and the use of
CdTe over CdSe.296 Spectral shifts are
accompanied by changes in PL lifetime
where, for example, CdTe QD515 (1 nm
in diameter) exhibited a thermal sensi-
tivity of -0.017 8C-1 (measured as the
relative change in lifetime per degree
Celsius) between 27 and 50 8C. This
sensitivity was comparable to rhodamine
B–doped microspheres (0.0016 8C-1)
and Kiton red dye (0.011 8C-1),296

suggesting that QDs might be useful
probes for FLIM-based measurement of
intracellular temperature. Such measure-
ments are important for identifying
‘‘hot’’ malignant cells (higher metabolic

FIG. 19. NSOM images of T cell receptors (TCR/CD3) labeled with QD-antibody
conjugates: (A) CD4 T cells co-stimulated with anti-CD3 and anti-CD28 antibodies; and (B)
CD4 T cells stimulated with anti-CD28 only. Scale bars are 1 lm. The images on the left
show topographic data, the images in the right show the merged topographic-QD PL data.
PL from QD-labeled CD3 is shown in blue; PL from QD-labeled CD4 is shown in red;
colocalization of both PL signals appears violet. The co-stimulation of cells (A) shows
increased co-clustering of CD3-CD4 nanodomains on the membrane. Figure reprinted with
permission under the Creative Commons Attribution License from ref. 293. Copyright 2009
the authors.
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activity compared with healthy cells)
and monitoring hyperthermic treatment
of those cells.

FLIM can also be used for visualiza-
tion and quantitative sensing with QD
probes based on FRET or CT quench-
ing. For example, Pai and Cotlet mod-
ified vaterite (CaCO3) microparticles
with CdSe/ZnS QD525-TDTomato (fluo-
rescent protein) conjugates and mea-
sured the QD-TDTomato FRET
efficiency (~67%) via two-color
FLIM.297 Although only a proof-of-
concept study, this format could be
readily extended to sensing proteolytic
activity by expressing the fluorescent
protein with a peptide linker that was a
substrate for a protease of interest.125,141

Ruedas-Rama et al. developed a FLIM-
based chloride ion (Cl–) sensor based on
the CT quenching interaction between
CdSe/ZnS QD610 and lucigenin, a chlo-
ride-sensitive indicator dye.298 The luci-
genin was conjugated to the QDs to
provide the proximity for CT quenching,
resulting in a marked decrease in the QD
PL intensity and its lifetime (from 20 to
9 ns). However, Cl– dynamically
quenches lucigenin, and the collisional
lucigenin–Cl– interaction competed with
the QD–lucigenin CT interaction. In-
creasing concentrations of Cl– led to a
progressive recovery of the QD PL
lifetime, including a linear response for
0.5–50 mM Cl– in a complex solution
mimicking an intracellular matrix.298

FLIM-based sensing of Cl– was demon-
strated, but once again only as a proof-
of-concept. Nevertheless, as FLIM with
fluorescent proteins and organic dyes
continues to grow in importance for
cellular imaging and sensing,299–301 the
utility of combining QDs with FLIM
will also grow.

SUMMARY AND OUTLOOK

The role for QDs in bioanalysis and
bioimaging has grown considerably over
the last decade, and this growth can be
expected to continue. QDs have
emerged as much more than an alterna-
tive to fluorescent dyes, providing the
means to address new challenges in
biochemical and biophysical research.
As the applications of QDs have ex-
panded, there has been a progressive
evolution of QD materials and biocon-
jugates, permitting even greater tailoring

of the physical and optical properties of
QDs. This review has summarized the
important properties of QDs and high-
lighted several QD-based methods in
bioanalysis and bioimaging. These
methods rely on QD PL intensity,
polarization, or lifetime for detection,
as well as modulation of these properties
via Förster-type energy transfer (FRET,
BRET, CRET), CL and ECL, CT
quenching, and coupling with plasmonic
structures or photonic crystals. Fluorom-
eters, plate readers, flow cytometers, and
other steady-state or time-resolved spec-
troscopic platforms have been used to
develop assays around QDs, whereas
imaging methods have included the use
of epifluorescence, confocal and 2PE
microscopy, spectral imaging, single
particle tracking, FCS, super-resolution
imaging, NSOM, and FLIM. In each of
the above-mentioned methods, QDs
offer nontrivial advantages: the bright-
ness needed for sensitive detection, the
photostability needed for tracking dy-
namic processes, the multiplexing capa-
bility needed to elucidate complex
systems, or the nanoscale interface
needed for biomolecular engineering of
novel probes and biosensors. Although
QD materials have been commercialized
for research and development purposes,
one of the challenges moving forward
will be to translate the fruits of these
labors into commercialized, QD-enabled
technologies; for example, assay kits
and diagnostic platforms. In the interim,
QDs will continue their rise to promi-
nence as powerful and versatile tools for
bioanalysis and bioimaging.
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