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ABSTRACT

A comprehensive review of the development of assays, bioprobes, and biosensors using quantum dots
(QDs) as integrated components is presented. In contrast to a QD that is selectively introduced as a label,
an integrated QD is one that is present in a system throughout a bioanalysis, and simultaneously has a
role in transduction and as a scaffold for biorecognition. Through a diverse array of coatings and biocon-
jugation strategies, it is possible to use QDs as a scaffold for biorecognition events. The modulation of QD
luminescence provides the opportunity for the transduction of these events via fluorescence resonance
energy transfer (FRET), bioluminescence resonance energy transfer (BRET), charge transfer quenching,
and electrochemiluminescence (ECL). An overview of the basic concepts and principles underlying the use
of QDs with each of these transduction methods is provided, along with many examples of their appli-
cation in biological sensing. The latter include: the detection of small molecules using enzyme-linked
methods, or using aptamers as affinity probes; the detection of proteins via immunoassays or aptamers;
nucleic acid hybridization assays; and assays for protease or nuclease activity. Strategies for multiplexed
detection are highlighted among these examples. Although the majority of developments to date have
been in vitro, QD-based methods for ex vivo biological sensing are emerging. Some special attention is
given to the development of solid-phase assays, which offer certain advantages over their solution-phase
counterparts.

© 2010 Elsevier B.V. All rights reserved.
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acid; ELISA, enzyme linked immunosorbent assay; EPR, electron paramagnetic resonance; ER-(3, estrogen receptor [3; GSH, glutathione; GOX, glucose oxidase; HIV, human
immunodeficiency virus; FRET, fluorescence resonance energy transfer; FWHM, full-width-at-half-maximum; PB, Pacific Blue; PCR, polymerase chain reaction; PDDA,
poly(diallyldimethylammonium chloride); PEG, polyethylene glycol; PET, photoinduced electron transfer; PIGE, paraffin impregnated graphite electrode; PL, photolumi-
nescence; L-Cys, L-cysteine; LOD, limit of detection; MAA, mercaptoacetic acid; MBP, maltose binding protein; MB, molecular beacon; MPA, mercaptopropionic acid; MMP,
matrix metalloproteinase; MSP, methylation specific polymerase chain reaction; NAD, nicotinamide adenine dinucleotide; \QD,,, quantum dot (peak PL at w nm, first exciton
peak at x nm); RhR, Rhodamine Red; Rluc, Renilla luciferase; RRE, rev responsive element; SA, Streptavidin; SCE, standard calomel electrode; SMD, single molecule detection;
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1. Introduction

Quantum dots (QDs) are one of several types of nanomaterial
that have had a significant impact on research in many fields across
the physical, chemical, and biological sciences. QDs are semicon-
ductor nanocrystals that generally have dimensions in the range
of 2-6 nm. Multidisciplinary interest in QDs has been largely moti-
vated by their unique electro-optical properties that lie between
the molecular and bulk semiconductor regimes [1]. Although QD
research gained momentum in the early 1990s, it was arguably
the adoption of QD-bioconjugates as fluorescent labels for bio-
logical imaging [2,3] that catalyzed significant interest across the
bioanalytical, biophysical, and biomedical research communities at
the turn of the century. QDs are recognized as frequently provid-
ing better brightness and photostability compared to conventional
fluorescent dyes, while also being better suited for multicolour
applications [4]. At present, QDs continue to make an impact
in these fields through cellular, tissue, or whole body imaging
[4-8], and the development of optical probes for biological sensing
[4,5,9-12].

This review addresses the development of bioassays, bioprobes,
and biosensors utilizing QDs as an integrated component of the
analysis. We make a distinction between “non-integrated” and
“integrated” QDs based on design. A non-integrated QD is one
that is selectively introduced to a bioanalysis as a consequence
of biorecognition. Examples include the use of QDs as fluorescent
labels in microarrays [13,14], or electroactive labels in assays based
on anodic stripping voltammetry [15]. In contrast, an integrated
QD is one that is present in a system throughout a bioanalysis—it
simultaneously has a role in transduction and as a scaffold for
biorecognition. In many cases, this requires the direct conjuga-
tion of affinity probes or biorecognition elements to a QD, or their
co-assembly at an interface. The key point is that transduction
occurs by modulating QD luminescence between high/low or on/off
states. The bioassays, bioprobes, and biosensors discussed herein
are primarily limited to those with integrated QDs and optical
transduction.

The modulation of QD luminescence as a selective response to
the presence of target analyte can be achieved in several ways.
These include, but are not necessarily limited to: fluorescence res-
onance energy transfer (FRET), bioluminescence resonance energy
transfer (BRET), charge transfer (CT) quenching, and electrochemi-
luminescence (ECL). The photoluminescence (PL) of QDs is strongly
influenced by CT reactions, while QDs have been demonstrated
to be excellent donors in FRET and acceptors in BRET. The strong
distance dependence of these processes has provided the basis
for many detection strategies. Biorecognition events are used to
modulate distances between proximal redox active species, chro-
mophores, or fluorophores. Concomitant changes in PL spectra and
intensity provide an analytical signal. The modulation of ECL inten-

sity from QDs using analyte reactivity, enzyme turnover, or changes
in co-reactant mass transport has also been used to provide an
analytical signal. The basic principles underlying these detection
strategies are presented in this review, along with an overview
of their applications in the selective detection of small molecules,
ions, nucleic acids, proteins, enzymes, and other biologically impor-
tant targets. Some special attention is given to recent developments
in solid-phase assays, which can provide unique advantages com-
pared to their more widely employed solution-phase counterparts.
The review of analytical applications is prefaced by a brief overview
of QDs, with emphasis on their interfacial chemistry and bioconju-
gation.

2. Quantum dots: surface chemistry and conjugates
2.1. Quantum dots

The unique electro-optical properties of QDs arise from the
combination of material and dimensionality, the latter known
as “quantum confinement” [4,5,16,17]. Despite the emergence of
other materials [18-25], the most popular material choices remain
CdSe and CdTe [1,26-34]. The synthetic methods and characteriza-
tion for high-quality QDs composed of these materials are widely
available, and PL in the visible and near-IR regions of the spectrum
is obtained. Typically, core-shell structures with an inorganic cap-
ping layer of ZnS around the core nanocrystal are used to improve
luminescence properties (e.g. CdSe/ZnS) [26,29,30,34]. The favor-
able optical properties of QDs include: strong, broad, one-photon
and two-photon absorption; narrow, symmetric, size-tunable PL
(full-width-at-half maximum, FWHM, ca. 25-35 nm); potentially
high quantum yield (>20%); and generally long PL decay times
(often>10ns) [4,5,17,35]. Other, often less desirable, optical fea-
tures of QDs can include: multi-exponential PL decay, bluing,
brightening, and blinking at the single QD level [36].

Due to the large surface area-to-volume ratios of QDs, the qual-
ity and characteristics of the nanocrystal surface are tantamount
to the quality of the core in determining the observed PL prop-
erties. Decreases in quantum yield, changes in PL decay, spectral
shifts, and the appearance of undesirable band-gap PL can be asso-
ciated with surface states. The growth of a high-quality inorganic
shell around the core nanocrystal reduces the impact of surface
states on PL. However, the influence of the QD surface cannot be
eliminated; adsorbates, ligands, or other coatings can affect PL
properties. This is not necessarily a detriment—the ability of core
carriers (i.e. electrons and holes) to interact with states in the sur-
rounding matrix are essential in many applications involving CT.
Surface chemistry is a critically important consideration in devel-
oping all types of assays, bioprobes, and biosensors based on QDs.
In addition to retaining the favourable optical properties of QDs,
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Fig. 1. Anillustration of some selected surface chemistries and conjugation strategies that are applied to QDs. The grey periphery around the QD represents a general coating.
This coating can be associated with the surface of the QD via (e) hydrophobic interactions, or ligand coordination. Examples of the latter include: (a) monodentate or bidentate
thiols, (b) imidazole, polyimidazole (e.g. polyhistidine), or dithiocarbamate (not shown) groups. The exterior of the coating mediates aqueous solubility by the display of
(¢) amine or carboxyl groups, or (d) functionalized PEG. Common strategies for bioconjugation include: (a) thiol modifications or (b) polyhistidine or metallothionein (not
shown) tags that penetrate the coating and interact with the surface of the QD; (f) electrostatic association with the coating; (g) nickel mediated assembly of polyhistidine
to carboxyl coatings; (h) maleimide activation and coupling; (i) active ester formation and coupling; (j) biotin-labeling and streptavidin-QD conjugates. Figure not to scale.

the surface chemistry of choice should also allow bioconjugation,
impart aqueous solubility, and not impede the efficient use of FRET,
BRET, CT, or ECL as a transduction method. With respect to efficient
transduction, the thickness of the coating is a very important con-
sideration. Many of the studies described in this review have used
compact ligand-based QD coatings to minimize thickness, although
polymer and polymer-protein coated QDs have also been success-
fully used in FRET and BRET methods.

QDs are coated with organic molecules and macromolecules
to provide aqueous solubility and opportunities for bioconjuga-
tion. These coatings can be broadly classified as ligand-based or
polymer-based, and neutral or charged. Some of these general
strategies are illustrated in Fig. 1. Ligand coatings are comprised
of small molecules that coordinate directly to the inorganic sur-
face of the QD. The most common ligands have been monodentate
(e.g. mercaptopropionic acid, MPA) or bidentate (e.g. dihydrolipoic
acid, DHLA) thiols with terminal carboxylate groups [4,35]. These
ligands are compact, charged, and colloidal stability is maintained
via electrostatic repulsion. Aggregation often results in low pH or
high ionic strength solutions [37-39]—the latter being particularly
common in biological matrices, and the former being characteris-
tic of cellular lysosomes. Zwitterionic thiol terminated ligands such
as penicillamine [40] or cysteine [41] can improve stability over
a range of pH values. In addition, a diverse array of polyethylene
glycol (PEG) appended ligands has been used to coat QDs [42-46].
These ligands do not depend on charge for solubility, and offer supe-
rior colloidal stability across a large range of pH and ionic strengths,

low non-specific binding, and biocompatibility. Similar to thiols,
dithiocarbamate ligands have also been found to coordinate to the
QD surface, but their use has been more limited [47,48)].
Polymeric coatings have traditionally been based on
amphiphilic polymers, where assembly on the QD is driven
by the hydrophobic interactions of pendant alkyl chains with the
native ligands (e.g. TOPO from synthesis) of the QD [49,50]. How-
ever, a polymer coating has recently been developed with pendant
imidazole groups that coordinate directly to the QD surface and
displace (at least partially) the native ligands [51]. At the expense of
larger hydrodynamic size and coating thickness, polymer coatings
often give brighter QDs than ligand coatings [52,53]. Carboxyl
groups, amine groups, PEG groups, or combinations thereof are
generally used as the hydrophilic component of amphiphilic
polymers. Polymer coated QDs are available commercially with
amine groups, carboxyl groups, or Streptavidin (SA) modifications.
The latter is particularly popular due to the ease of bioconjugation.

2.2. Bioconjugation

The preparation of QD-bioconjugates is essential to the develop-
ment of assays, bioprobes, and biosensors. Fig. 1 illustrates several
common strategies. Enzymes [54,55], antibodies [56-58], small
molecule binding proteins [59-61], and oligonucleotides [62-66]
are among the biorecognition agents that can be coupled to QDs.
For example, the reduction of the disulfide bridges of antibod-
ies provides a convenient route to available thiol groups [57,67].
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These, as well as cysteine residues in other proteins (often intro-
duced by site-directed mutagenesis), can be coupled to maleimide
activated QDs [58,68]. The lysine residues of proteins can also be
coupled with carbodiimide or succinimide ester activated QDs [69].
Synthetic oligonucleotides with thiol or amine modifications are
widely available and can be analogously conjugated to QDs [62,64].
Although successful in many applications, conjugation via cross-
linking has several potential drawbacks. Protein orientation at the
QD surface is often not controlled, and undesirable protein-protein
cross-linking or protein mediated QD-QD cross-linking can also
occur. Furthermore, competing hydrolysis reactions and the need
for excess cross-linker can result in poor control over conjugate
valence (i.e. the number of biomolecules per QD). In addition, if
the activation of charge stabilized QDs with a charge-neutralizing
cross-linker is excessive, aggregation may occur due to the loss of
stabilizing functional groups. Furthermore, certain buffer composi-
tions and pH values are not compatible with some coupling agents,
or may reduce the efficiency of others. For example, carbodiimide
coupling is poorly compatible with amine or phosphate containing
buffers, and optimal reactivity is achieved at pH <6 [70] where the
colloidal stability of carboxyl coated QDs is not optimal.

An alternative to cross-linking strategies is the self-assembly
of QD-bioconjugates. For example, proteins appended with poly-
histidine [71-74] or metallothionein [75] tags spontaneously
coordinate to the inorganic surface of QDs, and provide stable
conjugation with nanomolar dissociation constants. This approach
provides much better control over protein orientation [76], avoids
undesirable protein-protein or QD-QD cross-linking, and has
fewer buffer restrictions. The polyhistidine method has also been
extended to the preparation of QD-oligonucleotide conjugates
[77,78]. Similarly, thiol terminated oligonucleotides can be used for
the self-assembly of QD-oligonucleotide conjugates [63,79]. Ligand
coated QDs are best suited for these methods as they allow access
to the inorganic surface of the QD and have some lability.

Denticity is an important consideration in experiments that
use ligand coatings and the self-assembly of bioconjugates. While
polyhistidine tags have been shown to assemble on DHLA coated
QDs, the displacement of bidentate thiol ligands by monodentate
thiol modified oligonucleotides is not favoured. However, the lat-
ter is compatible with monodentate thiol (e.g. MPA) ligand coated
QDs. Moreover, the polyhistidine tags are also compatible with
carboxy-polymer coatings. Although the QD surface is not acces-
sible, nickel (II) ions can serve as bridge through mutual chelation
by the carboxylate groups and histidine moieties [80]. Electrostatic
self-assembly is also compatible with both ligand and polymer
coatings. Through the control of pH, either the native pI of a pro-
tein, or charge associated with an engineered tag [59,81], can drive
association with an oppositely charged QD. Cationic polymers have
also been used to mediate the assembly of oligonucleotides around
negatively charged QDs. However, electrostatic strategies are lim-
ited by their pH dependence and the potential for dissociation at
high ionic strength. Overall, perhaps the biggest advantage of self-
assembly methods is the greater level of control over conjugate
valence. The QDs and biomolecules can be mixed in stoichiometric
quantities to obtain the desired conjugate valence, albeit an average
subject to a Poisson distribution [82].

The well-known biotin-SA binding interaction is perhaps the
most widely used method for the preparation of QD-bioconjugates.
This has included: antibodies [81], peptides [83], proteins [84],
oligonucleotides [65], and aptamers [66]. Assuming a relatively
narrow distribution of available binding sites across a popula-
tion of QD-SA conjugates, this method also provides good control
over conjugate valence. If biotinylation is site-specific [85], there is
also a degree of control over bioconjugate orientation. The com-
mercial availability of both QD-SA conjugates, and biotinylated
biomolecules (or biotinylation kits), contributes to the popularity

of this method. Conversely, biotinylated ligands have been devel-
oped for QDs and potentiate conjugation using Avidin bridges [86]
or with Avidin fusion proteins.

Other conjugation strategies, such as ligation methods [87,88],
continue to be developed with QDs. The novelty is not neces-
sarily in the chemistry, but in the application to nanoparticles.
Researchers in the field have realized that the chemical and bio-
chemical toolboxes have not been tapped to their full potential.
In particular, the development of simple and efficient coupling
chemistry that is orthogonal to common biological functions
(e.g. -NHy, —COOH, -SH) will be highly advantageous for the
preparation of QD-conjugates with synthetic oligonucleotides or
peptides. Such chemistries would also facilitate the preparation
of mixed conjugates for the controlled display of more than one
unique biomolecule. That is, for example, two different peptide
or oligonucleotide sequences, or a peptide and an oligonucleotide
in combination. Continued advances in QD coatings and biocon-
jugation will enable continued advances in the development of
QD-based bioanalyses.

3. Transduction mechanisms
3.1. Fluorescence resonance energy transfer

The theory and applications of FRET have been thoroughly
reviewed elsewhere [89], and are generally well known. This sec-
tion emphasizes aspects of FRET that are unique or important to
QDs. Selected applications of QDs and FRET in biological sensing
are also presented, and additional examples can be found in pre-
vious reviews on the subject [10,12,90]. The basis of the majority
of assay and bioprobe development is the distance dependence of
FRET. In general, QDs serve as energy donors, and biomolecules are
labeled with an acceptor dye. Biorecognition events at the surface of
the QDs are used to drive the association or dissociation of accep-
tors, or alter the QD-acceptor separation distance. The resulting
modulation of FRET efficiency provides an analytical signal.

3.1.1. FRET and QDs

QDs are excellent donors in FRET and have several unique
advantages when compared to molecular fluorophore donors. It
is instructive to consider these advantages in the context of two
key results of the Forster formalism: the efficiency-distance rela-
tionship (Eq. (1)), and the Forster distance (Eq. (2)). It will be seen
that QD donors offer several potential advantages in FRET. In Eq.
(1), E is the energy transfer efficiency, R, is the Forster distance,
r; is the distance between the donor and the ith acceptor, and a is
the total number of acceptors. The Férster distance is characteris-
tic of a donor-acceptor pair and is the distance at which the FRET
efficiency is 50%. In Eq. (2), k2 is the orientation factor, @p is the
quantum yield of the donor, J is the spectral overlap integral, n is
the refractive index of the medium, N is Avogadro’s number, Fp(A)
is the donor fluorescence, (1) is the acceptor molar absorption
coefficient, and A represents wavelength.

SR/ aRS

= ~ (1)
1+ Z?(Ro/r,.)ﬁ 16 4 aRS
9(In 10)2 P fFD(A)gA(A)MdA
ge = AN ICPo] _ g 59, 1028 mol ! .2 pn4d -~ " 2)
° 12875n4N : fFD(A)dA

First, consider the efficiency-distance relationship in Eq. (1).
QDs provide the opportunity for the interaction of a single donor
(i.e. the QD) with multiple acceptors via assembly at the QD sur-
face (e.g. labeled biomolecules). In such systems, there is often the
potential for each individual acceptor to be located at a slightly
different distance from the donor, or to sample slightly different
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Fig. 2. Different FRET-configurations: (a) an approximately centrosymmetric arrangement of acceptors around a single colloidal QD donor; (b) FRET-efficiency at different
donor-acceptor separations, r, as a function of conjugate valence, a, where R, is the Forster distance; (c) multiple donor-acceptor interactions over a distribution of distances

using an immobilized film of QDs.

orientations. However, these differences are usually neglected, and
spherical symmetry is assumed, as shown in Fig. 2a. This yields the
final resultin Eq. (1), where each acceptor is considered to be equiv-
alent. A key advantage of using multiple acceptors is being able to
drive more efficient FRET. Moreover, control of acceptor valency
around the QD provides the opportunity to tune FRET efficiency
without changing the donor-acceptor pair or separation distance.
For example, as shown in Fig. 2b, the assembly of 1, 2, 3, or 6 accep-
tors around a QD at the Forster distance results in FRET efficiencies
of 50%, 67%, 75%, and 86%, respectively.

Next, consider Eq. (2), where a high donor quantum yield and
a large donor-acceptor spectral overlap integral are important in
maximizing the Forster distance. For example, 2-, 4-, or 10-fold
changes in either quantity result in 12%, 26%, and 47% increases
in the Forster distance. Since the quantum yield of QDs is gener-
ally high, a large Forster distance is favoured. Furthermore, the
size-tunable PL of QDs provides an opportunity for maximizing
the Forster distance by tuning the spectral overlap integral con-
tinuously over a range of values (cf. discrete steps with different
molecular fluorophores). In addition, the narrow PL spectrum of
QDs allows the spectral overlap to be maximized without neces-
sitating a large degree of overlap between the emission spectra of
the donor and a fluorescent acceptor (cf. the red tail of molecular
donor fluorophores), allowing better resolution of the two signals.

Another advantage is afforded by the broad absorption spec-
trum of QDs. In the ideal FRET experiment, none of the acceptor
dye molecules are directly excited by the light source. However, in
practice, a small, but increasing percentage of acceptors are directly
excited as the excitation wavelength approaches their first or sec-
ond excited state transitions. Since only a ground-state acceptor
dye can participate in FRET, this implies that the effective value
of a in Eq. (1) can be less than the nominal value of a. The direct
excitation of acceptors can be minimized with QD donors because
donor excitation is efficient over a wide wavelength range, making
it easier to work far from wavelengths associated with acceptor dye
transitions. The high molar absorption coefficients and potentially
high quantum yields of QDs also allow the use of lower intensity
excitation, further minimizing the direct excitation of acceptors,
and also minimizing photobleaching rates.

The above discussion has tacitly assumed that the Forster for-
malism - derived for two point-dipoles - is applicable to QDs.
On the basis of theoretical calculations, Allan and Delerue [91],
and Curutchet et al. [92] determined that the Forster formalism
is applicable to direct band-gap semiconductor nanocrystals. An
interesting result of the latter study is that the dipole-dipole
approximation remains a good model even at contact distances
between a QD and an acceptor. This is in contrast to molecular
dyes, where the point dipole approximation fails at separation dis-

tances similar to the molecular dimensions. Similarly, it was not
clear that the Forster formalism was valid given the large size of
QDs compared to dye molecules, and a size that is comparable
to the typical 2-6 nm donor-acceptor separations in FRET experi-
ments. However, the CdSe QD transition density effectively behaves
as a positive charge and negative charge localized at the center of
the nanocrystal and separated by a 0.7 nm distance—i.e. a dipole
[92]. Therefore, despite the volume of a QD occupying a sphere sev-
eral nanometers in diameter, donor-acceptor distances should be
calculated from its center. Thus, the radius of the QD imposes a min-
imum center-to-center separation with an acceptor, ensuring the
applicability of the Forster formalism for dye acceptors positioned
outward from the QD surface. Of course, this does not preclude the
possibility of other short-range energy transfer processes (e.g. CT)
competing with FRET.

The outcomes of a multitude of experimental studies are in
agreement with the expectations derived from theoretical anal-
yses. FRET efficiencies have been found to scale with the value
of the spectral overlap integral, the number of proximal accep-
tors, and the minimum donor-acceptor separation imposed by
the QD (for example [93]). Moreover, FRET efficiencies measured
from both steady-state and time-resolved PL measurements have
shown generally good agreement with predictions derived from
geometric estimates and the inverse sixth dependence (r-%) of
the Forster formalism (Eqgs. (1) and (2)). For example, using a
rigid polypeptide as a variable length spacer, Pons et al. [94] and
Medintz et al. [95] have observed excellent agreement between
measured and predicted FRET efficiencies as a function of changes
in the QD donor-acceptor dye separation. Good correspondence
between ensemble and single-pair FRET-derived distance mea-
surements [82] further suggests the applicability of the Forster
formalism. However, the inhomogeneous broadening of the QD
PL spectrum (i.e. nanocrystal size distribution) does introduce a
feature somewhat unique to QDs. Individual QDs associated with
the hypsochromic and bathochromic edges of the overall PL spec-
trum can have different energy transfer rates as a function of the
slope of the acceptor absorption spectrum. This can appear in the
ensemble spectrum as an apparent shift in the position of the
peak PL [96]. Reformulations of the spectral overlap integral have
been developed to address inhomogeneous broadening [97], but
the calculation of J in Eq. (2) should nonetheless be a good first
approximation in many cases, and narrower size-distributions will
minimize the error.

In the vast majority of experimental studies, the value of the
orientation factor is assumed to be x2=2/3. In order for this
assumption to be strictly valid, the donor and acceptor transition
dipoles must sample an isotropic distribution during the donor
excited state lifetime (i.e. rapid rotation and a random orientation
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Table 1

Summary of the use of QDs as integrated components of bioassays, bioprobes, or biosensors by application and reference number.

Biorecognition Transduction

FRET BRET CT Quench. ECL
DNA/RNA hybridization 64, 65,77,119-123,125-131, 208-211, 234-237 149 - 205
Aptamer-protein/peptide complex 66,108, 112-114, 118 - 177 -

Aptamer-small molecule complex 109,110, 115,116

Protein-small molecule binding 60, 95, 238
Immunocomplex 56, 57, 144, 145, 231
Protease or nuclease activity 79,136-143
Enzyme-substrate reaction -

Small molecule/ion complexes/reactivity 104-106
Macromolecular complexes 132-135

= 163,174-176, 178 =

- 201-204

161, 179, 180 -

- 180, 239 197, 200, 207

- 158, 159, 164, 181 193, 196, 198, 206, 207

relative to one another). However, CdSe QDs have been shown to
have a dark axis (their c-axis), with a doubly degenerate transition
dipole (i.e. circular emitter) in the orthogonal plane [98]. Therefore,
the assumption that«2 =2/3 is not strictly valid, and different values
of k2 may apply to proximal acceptors at different positions relative
to the c-axis. Nonetheless, the error introduced by the assumption
appears to be small in most experiments. The partially random ori-
entation of the QD transition dipole, combined with the (usually)
random and dynamic orientation of the acceptor transition dipole,
as well as the distribution of proximal acceptor positions across an
ensemble, allow «2 =2/3 to be a useful first approximation.

While QDs offer numerous advantages as donors in FRET, there
are some caveats. The radius of a QD adds a fixed amount to the
donor-acceptor separation. Therefore, as much as the QD size can
tune the spectral overlap integral and FRET efficiency, there is
also an inherent minimum donor-acceptor distance due to the QD
radius. The need to derivatize QDs with coatings can add additional
distance. Unfortunately, thicker coatings, which are unfavourable
for FRET, are usually associated with higher QD quantum yields,
which are favourable for FRET, and vice versa. In general, the best
compromise needs to be determined for each individual system.
Finally, despite their advantages as donors, QDs are poor acceptors
when combined with molecular dyes as donors in FRET [99]. While
their broad absorption can result in very large spectral overlap
integrals, italsoresults in very efficient and unavoidable direct exci-
tation, regardless of excitation wavelength. This is compounded by
the typical lifetime mismatch between QDs (often >10 ns) and dye
donors (usually <10ns). As a consequence, the QDs are rarely in
the ground state while a dye is in an excited state, and thus the
number of available QD acceptors is negligible. However, the use of
QDs as acceptors has been demonstrated using other QDs as donors
[100], and by using lanthanide donors [101,102]. In these systems,
the donor lifetime is comparable to, or longer than, the QD accep-
tor lifetime. In the case of long-lifetime (~ms) lanthanide donors,
time-gating has been used to separate the FRET-sensitized QD PL
from the comparatively short-lived PL from direct excitation. This
approach has been used to develop immunoassays [101,102]. We
speculate thatlanthanide donors with efficient fluorescence upcon-
version could overcome the requirement of time-gating, and permit
steady state measurements with minimal direct excitation of QDs.
As described in Section 3.2, QDs are also good acceptors in BRET
experiments, where donors are not excited optically.

3.1.2. Applications

Bioassays and bioprobes that use QDs as donors in FRET are
the most developed and widespread approach to integrating
QDs into bioanalyses. This section summarizes selected exam-
ples of small molecule detection, the use of aptamers as affinity
probes, hybridization assays, nuclease and protease detection, and
immunoassays. A categorized list of the cited references is given in
Table 1. Examples of sensing schemes are illustrated in Fig. 3, and
general transduction formats are illustrated in Fig. 4. The notation

QDyy is used to indicate a peak QD PL position at w nm. Moreover,
the reader should assume that the QD material is CdSe/ZnS unless
otherwise noted.

A review of biological sensing using QDs and FRET is not com-
plete without noting the early contributions to the field that were
made by the research teams of Medintz and Mattoussi. One focus
of their research was the use of dye labeled protein—QD conjugates
to elucidate the fundamental spectroscopic properties of QDs as
donors or acceptors in FRET. Many of these studies were cited in
the Section 3.1.1. Another important focus of their research was the
development of QDs as donors in FRET for biological sensing. Self-
assembled QD-maltose binding protein (MBP) conjugates, where
maltose was the target analyte, provided the basis for the develop-
ment of several FRET-based transduction strategies. The interested
reader is referred to many other reviews for summaries of these
important contributions [10,12,103], and some of the original ref-
erences are cited in Table 1.

A glucose bioprobe was developed by Tang et al. using CdTe
QD539 modified with concanavalin A (ConA), and gold nanopar-
ticles (Au NPs) modified with -cyclodextrin (3-CD) [61]. In the
absence of glucose, the ConA bound the 3-CD and created prox-
imity between the QDs and the Au NPs that caused fluorescence
quenching. The addition of glucose resulted in a competition for
the ConA binding sites where some of the 3-CD was displaced. The
loss of the proximity between the QD and Au NP restored the QD
PL intensity to a degree that was proportional to the glucose con-
centration. The limit of detection (LOD) for the method was 50 nM,
and the bioprobe retained its function in human serum. The com-
petitive binding strategy was analogous to that used in the seminal
work by Medintz et al. for the detection of maltose using QD-MBP
conjugates and FRET [60].

Freeman and coworkers developed a method for the detection of
monosaccharides or dopamine using QDs coated with boronic acid
ligands [104]. These ligands form complexes with glucose, galac-
tose, and dopamine. A competitive binding assay was developed
using galactose or dopamine labeled with Atto-590 dye. Unlabeled
target analyte in the sample competed for binding sites with the
labeled analyte. The ratio of QDs7(-to-Atto-590 emission provided
the analytical signal and decreased with increasing glucose, galac-
tose, or dopamine in the sample. The corresponding LODs were
1, 50, and 100 pM, respectively. However, the selectivity of these
assays was poor due to the potential response to any cis diol in a
sample. The same research group also developed a QD-FRET probe
to study intracellular metabolism [105]. CdSe/CdS/ZnS multi-shell
QDg35 were functionalized with Nile Blue dye as a dark quencher.
A protein layer between the dye and QD was necessary to block CT
quenching in preference to FRET. The transduction of metabolism
(Fig. 3a) relied on the reduction of Nile Blue by reduced nicoti-
namide adenine dinucleotide (NADH). As a consequence of its
reduction, the absorbance of Nile Blue shifted, and the spectral
overlap with the QD donor vanished, preventing efficient FRET and
restoring QD PL (Fig. 4a,ii). To demonstrate the ability to monitor
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Fig. 3. (a) A FRET-based assay for probing the activity of enzymes that depend on the NAD* cofactor. In (i) the Nile Blue dye has spectral overlap with the QD and FRET
occurs. In (ii) the reduced form of Nile Blue (NADH as the reducing agent) does not have spectral overlap with the QD, and FRET is quenched, restoring the QD PL [105]. (b) A
tripartite aptamer-based probe for the detection of cocaine [110]. In (i) two-step FRET occurs from the QD to a fluorescent acceptor dye, and then to a dark quencher. These
are labels on oligonucleotides hybridized to the aptamer sequence. (ii) When the aptamer binds cocaine, the dark quencher-labeled oligonucleotide is displaced, restoring
single step FRET. The FRET-sensitized acceptor dye PL is restored. (c) A sandwich format for a nucleic acid hybridization assay [65]. The hybridization of unlabeled target with
(i) a probe oligonucleotide and (ii) an acceptor dye-labeled reporter oligonucleotide provides the proximity for FRET, quenching the QD PL. (d) A nucleic acid hybridization
assay using an intercalating dye as an acceptor [123,125]. The hybridization of unlabeled target with (i) a probe oligonucleotide creates (ii) double-stranded DNA, with which
the intercalating dye binds. This provides the proximity for FRET and quenches the QD PL. (e) A protease assay where (i) an acceptor dye-labeled peptide is assembled on
a QD donor via a polyhistidine tag [138]. The QD-dye proximity in the bioconjugate is sufficient for FRET. (ii) Protease activity (scissors) cleaves the peptide and quenches
FRET, restoring the QD PL. (f) Polyplex assembly incorporating dye-labeled cationic polymer, and QD-labeled plasmid DNA. The proximity in the polyplex is sufficient for
FRET. Unpacking of the DNA removes this proximity, and quenches FRET (not shown) [132-135]. (g) A sandwich immunoassay using a QD labeled monoclonal antibody and

acceptor dye-labeled polyclonal antibody. The donor-acceptor proximity in the immunocomplex is sufficient for FRET [57]. Figures not to scale.

the activity of any NAD*/NADH dependent enzymes, the activity
of alcohol dehydrogenase was measured in vitro. The QD-Nile Blue
conjugates were then introduced to cancer cells by electroporation,
and used to monitor changes in metabolism upon the introduction
of D-glucose and taxol. An increase in QD PL signaled an increased
metabolism in the case of the former; a decrease in QD PL signaled
a decreased metabolism in the case of the latter. Snee et al. have
also used the concept of switching the acceptor dye absorption in
and out of resonance with the QD emission for pH sensing [106].
The use of aptamers in analyses has continued to grow, and this
includes reports of QD-aptamer conjugates as bioprobes. The in
vitro selection, chemical synthesis, high binding affinities, robust-
ness, and conformation-switching properties of aptamers are very

attractive for the development of bioprobes and biosensors. Levy
et al. developed the first QD-aptamer bioprobe for FRET-based
sensing of thrombin [66]. Transduction was based on the structure-
switching signaling mechanism introduced by Nutiu and Li [107],
where a Watson-Crick base-paired oligonucleotide is displaced
from the aptamer in preference to secondary-structure driven
target binding. Levy et al. demonstrated that a short dark quencher-
labeled complementary oligonucleotide could be displaced from a
QDs;5-thrombin binding aptamer (TBA) conjugate upon the intro-
duction of thrombin, restoring QD PL and providing an analytical
signal [66]. This strategy has been adopted by a number of other
research groups using different aptamers. For example, Kim et
al. used a dark quencher with QDggp—-aptamer conjugates for the
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Fig. 4. Basic forms of experimental data associated with the transduction of biorecognition events using QDs and resonance energy transfer. (a) FRET-based transduction
at the ensemble level using a QD donor and a dark quencher as an acceptor: (i) PL quenching or (ii) PL recovery with increasing amounts of target analyte. (b) FRET-based
transduction at the ensemble level using a QD donor and a fluorescent acceptor: (i) the loss of FRET-sensitized acceptor PL or (ii) the evolution of FRET-sensitized acceptor
PL with increasing amounts of target analyte. (c) FRET-based transduction using a QD donor and fluorescent acceptor at the single molecule level via burst analysis: (i) no
FRET interaction or (ii) FRET interaction. (d) BRET-based transduction using a QD acceptor with a coelenteramide donor (from luciferase activity). A decrease in BRET with an
increasing amount of target analyte is shown. (e) A multiplexed configuration of QD donors and dark quenchers as acceptors. Different extents of PL recovery are shown for
each QD donor between (i) and (ii). The reader is referred to reference [240] for a demonstration of multiplexed FRET quenching. In parts (a)-(e), the dashed arrow indicates

the trend with increasing amounts of target analyte.

detection of platelet derived growth factor [108]. The dynamic
range of this bioprobe was from 0.4 to 1.6 nM. Similarly, Chen et
al. used a QDgo5-Cy5 FRET-pair with an adenosine triphosphate
(ATP) binding aptamer [109]. The decrease in the ratio of FRET-
sensitized Cy5 PL-to-QD PL provided an analytical signal with linear
response from 0.1 to 1.0 mM and a LOD of 24 wM. Similarly, Zhang
and Johnson used a Cy5-labeled oligonucleotide as an acceptor
for QDgg5-cocaine binding aptamer conjugates [110]. The loss of
FRET-sensitized Cy5 PL was proportional to the concentration of
cocaine down to a LOD of 0.5 wM. However, rather than working
with only a “Cy5-off” configuration for generating analytical sig-
nal, these researchers also demonstrated a “Cy5-on” configuration
(Fig. 3b) by assembling a tripartite FRET-system with a QD donor,
and both Cy5 and a dark quencher acceptors. The latter quenched
both the QD and Cy5 PL via FRET, where both direct quenching of
the QD, and relay quenching of the FRET-sensitized Cy5 excitation
were possible (albeit with different probabilities). Cocaine binding
displaced the dark quencher, restoring FRET-sensitized Cy5 PL as
the analytical signal.

The above study by Zhang and Johnson was also significant
because of the instrumentation associated with the method: single
molecule detection (SMD) and the use of capillary flow. In contrast
to ensemble measurements, both low- and high-efficiency FRET can
be readily resolved in single-pair FRET experiments via SMD and
burst count analysis (Fig. 4c). In addition, these authors found that
the FRET efficiency was enhanced by the deformation of nucleic
acids in a flowing solution inside a microcapillary column [111].
Thus, the combination of capillary flow and single molecule spec-
troscopy provides the opportunity for more sensitive detection.
This can relax some of the geometric constraints in the design of
QD-conjugates for FRET-base bioprobes, and improve LODs. Zhang

and Johnson have also developed a model assay for measuring the
interaction between the human immunodeficiency virus (HIV) reg-
ulatory protein, Rev, and the Rev responsive element (RRE) within
the env gene of the HIV-1 RNA genome [112,113]. The in vitro
model consisted of a Cy5-labeled peptide sequence derived from
the Rev protein, and a biotinylated stem-loop IIB ribonucleotide
sequence of RRE assembled on a Streptavidin-coated QDggs. These
peptide and ribonucleotide sequences are responsible for the sec-
ondary structure driven binding interaction between the native
biomolecules. FRET-sensitized Cy5 PL provided an analytical signal
proportional to Rev-peptide binding, and enabled the measure-
ment of dissociation constants—including the inhibition of Rev-RRE
binding by proflavin or neomycin B. Measurement via single-pair
FRET allowed the resolution of the QD-Cy5 FRET process against
a large background of proflavin fluorescence, without the spec-
tral deconvolution that would have been necessary in ensemble
measurements.

The dissociation of acceptor-labeled duplex nucleic acid upon
aptamer binding events is not the only strategy for FRET-based
transduction. Researchers have developed a number of other
aptamer-based strategies for switching FRET between “on” and
“off” states through association or dissociation, and without the
labeling of small molecule or protein targets. For example, Cheng
et al. [114] developed an aptameric QD-FRET probe for the detec-
tion of mucin 1—an epithelial cell surface glycoprotein that is a
biomarker useful in early diagnosis of several cancers. The probe
design consisted of a QDs3g-labeled reporter oligonucleotide, a
dark quencher labeled oligonucleotide, and a third oligonucleotide
sequence incorporating an aptameric region that binds mucin
1. Transduction was based on a change in secondary structure
of the mucin 1 aptamer upon binding. This allowed the QD-
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labeled reporter oligonucleotide to hybridize to a portion of the
aptamer sequence adjacent to a region that had hybridized with
quencher-labeled oligonucleotide. The resulting proximity yielded
FRET-based quenching of the QD PL, allowing visual detection at
clinically relevant concentrations of mucin 1, and from 250 nM to
10 wM via spectrofluorimetry. Similarly, Freeman et al. adopted a
strategy based on the association of multiple nucleic acids strands
for the detection of cocaine using a supramolecular aptamer assem-
bly [115]. The aptamer was composed of two oligonucleotides that
associated to form a binding pocket in the presence of cocaine.
Although this structure was stabilized by Watson-Crick base-
pairing, the complementarity was not sufficient to associate the
two oligonucleotides in the absence of cocaine. One oligonucleotide
was labeled with QDs7g, and the other was labeled with Atto-590
dye. In the presence of cocaine, the supramolecular assembly pro-
vided the proximity for FRET. The decrease in QD PL was used as
the analytical signal and the LOD for cocaine was 1 M.

Liu et al. have developed an aggregative/dispersive method for
the detection of cocaine and adenosine using aptamers as cross-
linkers between Au NPs and QDs [116]. Each Au NP and QD was
conjugated with an oligonucleotide probe that hybridized to dif-
ferent portions of an aptamer sequence. The resulting assembly
and proximity between the QDs and Au NPs resulted in efficient
quenching of the QD PL, as well as shift in the Au NP plasmon
resonance. Subsequent introduction of target analyte and binding
by the aptamer disrupted the Watson-Crick base-pairing between
the aptamer and probe oligonucleotides. The aggregate dispersed,
restoring the QD PL and Au NP plasmon resonance. Both changes in
optical properties were used for detection. The latter was analogous
to the seminal work of Elghanian et al. [117]. However, the advan-
tage of using QDs was that a different emission colours could be
associated with different aptamer linkages. The assembly of differ-
entand independent QD-Aptamer-Au NP aggregates was facilitated
by the “chemical programmability” of Watson-Crick base-pairing.
Multiplexed detection of adenosine and cocaine was demonstrated
using QDs;5 and QDsgs, respectively, in Au NP assemblies mediated
by the corresponding aptamers. The LODs for cocaine and adeno-
sine were 120 and 50 wM.

Although most QD-FRET bioprobes have, to date, been used for
in vitro detection, their potential has been demonstrated in intra-
cellular applications. In addition to the work of Freeman et al.
with Nile Blue [105], Bagalkot et al. developed a bioprobe capa-
ble of targeting cancer cells and signaling drug delivery [118].
QD499 were modified with prostate specific membrane antigen-
binding aptamer. Subsequent incubation with doxorubicin yielded
QD-aptamer-doxorubicin conjugates via intercalation of the dox-
orubicin in the aptamer. Efficient energy transfer from the QDs
to the doxorubicin largely quenched the QD PL. In turn, the dox-
orubicin emission was quenched due to the intercalation with the
aptamer. The result was a dark bioprobe that selectively targeted
prostate cancer cells and initiated uptake by endocytosis. The QD PL
wasrestored after 1.5 h within the cells due to release of the doxoru-
bicin (possibly by biodegradation). The cytotoxicity of doxorubicin
towards the prostate cancer cells was unaffected by its delivery as
a QD-aptamer-doxorubicin conjugate. In contrast, its cytotoxicity
towards healthy cells was substantially decreased, indicating the
efficacy of the targeting and release.

QDs have been adopted as donors in molecular beacons (MBs)
and, analogous to MBs with fluorescent dye reporters, rely on
hairpin opening and closing to modulate FRET. Studies by Kim
et al. have demonstrated that, although QD-MBs can have lower
signal-to-background ratios than conventional MBs, they have
improved photostability and are capable of discriminating single
nucleotide polymorphisms (SNPs) [64,119]. In addition to the QD-
quencher spectral overlap, the QD-oligonucleotide linkage strategy
was found to influence the signal-to-background ratio associated

with QD-MBs [120]. Interestingly, Chen et al. found that QD-MB
conjugates were much less susceptible to intracellular nuclease
degradation [121]. The potential nuclease degradation of MBs
or non-specific interactions that resulted in false-positive signals
were identified to occur in the nucleus. In contrast to conventional
MBs, the QD-MB conjugates were retained in the cytoplasm and
minimal false positive signals were observed. This allowed mea-
surement of oncogene expression in breast cancer cells. Although
the above studies used dark quenchers as acceptors, QD-MBs with
fluorescent acceptors have also been demonstrated [77].

In addition to MBs, FRET-based hybridization assays have been
developed using the association of directly or indirectly labeled
target with QD-probe conjugates. Direct labeling involves the cova-
lent coupling of a fluorescent dye or dark quencher to target
sequences. Indirect labeling can be achieved through a sandwich
assay or the use of intercalating dyes sensitive to double-stranded
nucleic acids. In a seminal contribution, the research group of
Wang developed the use of QDs as donors in single-pair FRET
spectroscopy for genetic analysis [65]. As illustrated in Fig. 3c,
a sandwich format was used to avoid direct target labeling.
QDgps-oligonucleotide probe conjugates and Cy5-labeled reporter
oligonucleotides were designed to hybridize to adjacent regions
of the target sequence. The resulting FRET-sensitized Cy5 fluores-
cence was used as the analytical signal. The 4.8 fM LOD was 100-fold
better than dye-based MBs, and the utility of the bioprobe was fur-
ther demonstrated in an oligonucleotide ligation assay to detect
point mutations in clinical samples [65]. The same group later
used QD-probe bioconjugates and FRET as a quantitative detec-
tion strategy for methylation specific polymerase chain reaction
(MSP) [122]. In this case, Cy5-labeled primers were used to gen-
erate directly labeled targets via MSP. In contrast to conventional
analysis methods, the QD-FRET bioprobe detection was single-step
and only required as few as eight cycles of MSP (cf. 40 cycles). The
simultaneous detection of two methylated sequences was possi-
ble using QDsgs5-Alexa Fluor 594 and QDsg5-Cy5 FRET-pairs, where
each acceptor dye was associated with different probe and primer
sequences.

Our group initially looked at the development of multiplexed
hybridization assays using QDs,6-Cy3 and QDgpg-Alexa Fluor 647
(A674) FRET-pairs [123]. The target oligonucleotides were directly
labeled with the acceptor dyes, and different probes were associ-
ated with each QD donor. Hybridization generated the proximity
required for FRET, and the ratios of donor-acceptor emission for
each FRET-pair were used as the analytical signals. The respective
LODs were 40 and 12 nM. This strategy provided the opportunity for
the simultaneous detection of two target sequences in an ensemble
using simple spectrofluorimetry (cf. single molecule spectroscopy),
and without the use of multiple excitation sources, spatial registra-
tion (cf. microarrays), or sorting technology (cf. suspension arrays).
Furthermore, the use of fluorescent acceptors permitted ratiomet-
ric analysis, which is more robust with respect to variations in
sample composition and preparation. We further developed this
strategy into multiplexed solid-phase hybridization assays, poten-
tially capable of up to four-plex detection. These studies are cited
and described in Section 4.

In our original solution-phase bioprobe, the challenge was
the strong non-specific adsorption of oligonucleotides on mer-
captoacetic acid (MAA) coated QDs [123,124]. This resulted in a
high background signal from non-complementary sequences, long
hybridization times, and a change in the thermodynamic stability of
probe-target hybrids. The potential for false-positive signals from
the adsorption of non-complementary sequences was overcome
by the use of ethidium bromide (EB) as an acceptor dye. Since EB
fluorescence is sensitive to double-stranded nucleic acid, adsorp-
tion did not strongly affect the observed signal. The disadvantage
of the method was the high background fluorescence from non-
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intercalated EB, where the associated LOD was 80 nM. However,
this was offset by the ability to detect target even in the presence
of a six-fold excess of non-complementary oligonucleotides, or a
ten-fold excess of salmon sperm DNA. A hybridization assay that
uses intercalated dyes as acceptorsisillustrated in Fig. 3d and yields
data similar to Fig. 4bii.

Zhou et al. also adopted the use of EB as an acceptor dye
with QDss3 in a hybridization assay [125]. In this case, non-
specific adsorption was not an issue. Rather, the use of EB avoided
direct labeling of target with Alexa Fluor 594. To avoid non-
specific adsorption, these researchers coated the QDs with compact
carboxy-terminated polyethylene glycol ligands. Similarly, Wu et
al. also reported low non-specific binding in a hybridization assay
using hydroxyl-terminated QD coatings [126]. These researchers
used QDs3g-Rhodamine Red (RhR) and QDsgg-Texas Red FRET-
pairs, but only in one-plex assay formats with directly labeled
target. The LODs for the assays by Zhou et al. [125] and Wu et al.
[126] were both in the nanomolar range. In addition, Bakalova et
al. developed a hybridization assay for screening potential siRNA
sequences against target mRNA [127]. This work was one of the
earliest contributions to the field. Target mRNA was amplified and
labeled by the polymerase chain reaction (PCR) using a Cy5-labeled
nucleotide. Hybridization with QDsgp-probe conjugates provided
an analytical signal via FRET. This study found that the accessi-
bility of the sense mRNA to the QD-conjugated antisense probe
siRNA was important for hybridization efficiency. Optimization of
linker length was necessary since the size of the QD hindered mRNA
hybridization at short length linker lengths.

Recently, there have been several reports of QD-oligonucleotide
conjugates assembled via electrostatic interactions. For example,
Peng et al. used poly(diallyldimethylammonium chloride) (PDDA)
to mediate the assembly of Cy3-labeled probe oligonucleotides
on MAA-coated CdTe QD497 [128]. As an alternative to a cationic
polymer, Lee et al. modified QDs3¢ with a mixture of cationic and
neutral PEG ligands to mediate the assembly of carboxytetram-
ethylrhodamine (TAMRA)-labeled oligonucleotides [129]. In both
cases, hybridization was signaled by a decrease in FRET efficiency.
This was attributed to the increased rigidity of the probe-target
duplex, resulting in an increase in donor-acceptor distance. Jiang
et al. used a blue fluorescent cationic polymer to mediate the
assembly of infrared dye-labeled probe-target duplexes on MAA-
coated CdTe QDg15 [130]. The fluorescent polymer was found to
enhance the PL of the QD at excitation wavelengths shorter than ca.
400 nm. In this case, the difference in the strength of electrostatic
attraction between double- and single-stranded nucleic acid pro-
vided contrast between target and non-complementary sequences,
with the former providing larger FRET-sensitized infrared dye
emission. Another “signal-on” approach was developed by Li et
al,, and relied on DNA adsorption on positively charged gold
nanorods [131]. The hybridization of QDgs5-labeled probes with
target adsorbed on the gold nanorods resulted in PL quench-
ing. The limitation in all these approaches has been substantial
background from non-complementary sequences. Although such
background is less than the signals observed with complemen-
tary target, the contrast ratio is generally small. As a consequence,
these methods are not well suited to the analysis of samples when
there is potentially a large background of non-complementary
sequences.

Perhaps more so than in hybridization assays, the electrostatic
assembly of nucleic acids and cationic polymers is important in
the development of gene delivery strategies. The research groups
of Wang and Leong have developed QD-FRET methods for inves-
tigating the electrostatic-driven condensation of DNA by cationic
polymers [132-135]. These polyplexes are potential vectors for
gene therapy, and optimization is necessary in order to avoid pre-
mature dissociation of the complex, or overly stable binding that

prevents effective delivery. To obtain information about polyplex
assemblies, plasmid DNA was biotinylated and conjugated with
Streptavidin-coated QDggs. In turn, cationic polymers were labeled
with Cy5, resulting in efficient FRET within the polyplex assemblies.
This is illustrated in Fig. 3f. This system was used to charac-
terize polyplexes incorporating chitosan, polyethyleneimine, and
polyphosphoramidates. Through optical spectroscopy, microscopy,
and SMD, it was possible to observe intracellular delivery and traf-
ficking, as well as to quantitatively measure polyplex unpacking
rates. These researchers also studied polyplex assembly kinet-
ics using a microfluidic T-sensor [134]. The analytical signal was
the evolution of FRET-sensitized Cy5 PL at the diffusion interface
between two laminar flows - containing QD-labeled plasmid DNA
and Cy5-labeld chitosan, respectively - in a microfluidic channel. In
another study, QDs were conjugated to Cy3-labeled plasmid DNA,
and assembled with Cy5-labeled cationic polymer [135]. When
the polyplexes were intact, the energy transfer pathway was from
QDs535-to-Cy3-to-Cy5. In this manner, it was possible to study two
rate-limiting steps in gene delivery: the unpacking of the DNA
polyplex, indicated by the loss of FRET-sensitized Cy5 PL; and
nuclease degradation, indicated by the loss of FRET-sensitized Cy3
PL.

QD-FRET has also been used to develop in vitro assays for nucle-
ase activity. The design was simply acceptor labeled nucleic acid
that was conjugated to QDs to yield FRET. Nuclease activity cleaved
the conjugate, and the loss of FRET was used as the analytical sig-
nal. Gill et al. [79] and Suzuki et al. [136] used this format to probe
DNase activity. In the case of the latter, it was possible to combine
the DNase probe with a second probe for trypsin activity. The FRET-
pairs that were associated with the DNAase and the trypsin were
spectrally resolved, and allowed simultaneous one-pot detection
of nuclease and protease activity [136].

FRET-based QD probes for the detection of protease activity
were initially reported by Chang et al. [137], Medintz et al. [138],
and Shietal.[139]in 2006. Conceptually, the design of these probes,
and their successors, was analogous. Peptide sequences selectively
cleaved by a target protease were labeled with an acceptor and
assembled around a central QD donor, resulting in FRET-sensitized
quenching of the QD PL. Proteolytic activity destroyed the prox-
imity necessary for FRET, restoring the QD PL and providing an
analytical signal. Target proteases have included: caspase-1[138],
caspase-3 [140,141], chymotrypsin [138], collagenase [137-139],
matrix metalloproteinase-7 [141,142], thrombin [138,141], and
trypsin [136,143]. In addition to proof-of-concept experiments for
in vitro detection or protease activity or inhibition, the QD-FRET
protease bioprobes have been used to measure extracellular matrix
metalloproteinase (collagenase) activity between healthy and can-
cerous cells [139], and in enzyme inhibition screening assays to
assess their potential in drug discovery [138]. The assays could
be quantitative, with LODs as low as 20 pM (3.3 units). In addi-
tion, only small sample volumes (e.g. 7L on a microchip) and
small amounts of substrate or enzyme were required for analyses
[140,143].

Despite the similar underlying concept, there can be signifi-
cantly different analytical performance between different QD-FRET
protease bioprobe designs. For example, Chang et al. used peptide-
conjugated Au NPs as an acceptor [137]. The average assembly of six
peptide-Au NPs per CdSe/CdS QDgyo resulted in 71% quenching of
QD PL, and 52% was recovered after incubating 47 h with protease.
A higher number of peptide-Au NPs per QD gave higher quenching
efficiencies, but no PLrecovery was observed. This observation, and
the long assay time, was attributed to the size of the Au NPs (1.4 nm
dia.) interfering with protease access to the peptide. In contrast,
Medintz et al. [138] and Shi et al. [139] used Cy3 (QDs3g donor),
QSX-520 (QDs52; donor), or RhR (QDs45 donor) labeled peptides
as an acceptor, and required analysis times of only 10-15 min. A
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protease bioprobe using a peptide labeled with a fluorescent dye
is shown in Fig. 3e and generates data similar to that in Fig. 4b,i.
Recently, Boeneman et al. [140] and Suzuki et al. [136] have demon-
strated QD-FRET protease detection using mCherry (QDs559 donor)
and Green Fluorescent Protein (QD499 donor) acceptors, respec-
tively, assembled around QDs via peptide linkers. Assay times were
ca. 30-90 min, suggesting that the slow enzyme velocity asso-
ciated with Au NP acceptors was not strictly due to geometric
size, but perhaps resulted from a combination of size and rigid-
ity.

The slow proteolytic rate observed with Au NP acceptors [137]
highlights the importance of considering the conformation of
biomolecular probes conjugated to QDs. Medintz et al. recognized
this in the design of their protease bioprobe [138]. To help ensure
the QD-conjugated cleavage sequence was accessible to the pro-
tease, their peptide incorporated an alanine and a-aminoisobutyric
acid rich sequence to act as a rigid helical linker between the sub-
strate sequence and the polyhistidine sequence used for assembly
on the QD. In most studies, peptide probes have been prepared
and also labeled with an acceptor via chemical synthesis. How-
ever, an advantage of using fluorescent protein acceptors is that,
through standard molecular biology techniques, the proteins can
be expressed in bacteria with appended substrate peptide and
polyhistdine sequences [140]. These constructs are ready to self-
assemble on QDs, are inherently biocompatible, and no acceptor
labeling steps are required.

Another important consideration in the design of QD-FRET pro-
tease bioprobes is the acceptor valence. Protease detection relies
on a dissociative event and de-quenching of the QD PL. In prac-
tice, multiple acceptors (e.g. 2-6) are usually assembled on the QD
to increase quenching efficiency according to Eq. (1). As shown
in Fig. 2b, the FRET efficiency gradually reaches a plateau as the
acceptor valence, a, increases. Mathematically, the largest change
in FRET efficiency is observed between a=0 and a=1, and sub-
sequently decreases with stepwise increases in a. However, the
number of available biorecognition sites determines the upper
limit of the dynamic range in any assay. A protease assay can be
imagined as the counting of a series of discrete decreases in the
number of acceptors across an ensemble of QD donors. Therefore,
the acceptor-peptide conjugate valence should reflect a compro-
mise between the optimal detection sensitivity associated with
small values of a, and the larger dynamic range associated with
large values of a. Working from experimentally measured FRET
efficiency-acceptor valence curves, Medintz’s research team has
adopted the strategy of choosing a value of a such that the associ-
ated FRET efficiency is just prior to the plateau, as indicated by the
asterisk in Fig. 2b [138,140,143].

Homogeneous immunoassays have also been developed using
QD-FRET, and three different formats have been explored. Niki-
forov and Beechem developed a competitive binding immunoassay
for the detection of cortisol [144]. QDggs Were conjugated with
an estimated 12-15 cortisol molecules per QD. Anti-cortisol was
labeled with A647 as an acceptor. The presence of cortisol in a
sample decreased the formation of QD-cortisol/anti-cortisol-A647
complexes. The corresponding decrease in FRET was used as the
analytical signal. As an alternative to a competitive binding assay,
Wei et al. developed a sandwich assay (Fig. 3 g) for estrogen recep-
tor 3 (ER-B) [57]. QDsgs-labeled monoclonal anti-ER-8 and Alexa
Fluor 568-labeled polyclonal anti-ER-[3 were used to form the sand-
wich structure in the presence of ER-[3, and to provide the necessary
proximity for FRET. There were an average of seven Alexa Fluor
568 dye molecules per polyclonal antibody. Since the large size
of immunoglobulins typically results in large donor-acceptor sep-
arations, the presence of multiple dye labels on an antibody can
be important for maximizing FRET efficiency. The data was of the
form shown in Fig. 4b,ii and the LOD of the ER-[3 assay was 0.05 nM.

Stringer et al. employed a third immunoassay strategy that was
unimolecular and relied on conformation changes upon antigen
binding [145]. The target analyte was human cardiac troponin I
(cTnl). QDs44-anti-cTnl conjugates were prepared using a protein
A bridge. The protein A ensured the proper orientation of the anti-
cTnl through self-assembly to the F. region. The anti-cTnl was
labeled with Alexa Fluor 546 dye to yield FRET. Upon binding of
cTnl, a large conformational change in the anti-cTnl decreased the
QD donor-dye acceptor separation. A corresponding increase in
FRET-sensitized Alexa Fluor 546 emission provided the analytical
signal, permitting detection in the range from 32 to 500 nM. The
LOD increased to 55 nM with blood plasma as a sample matrix. It
should also be noted that Goldman et al. developed a competitive
binding immunoassay for a non-biological target, trinitrotoluene,
using QDs as donors in FRET [56].

3.2. Bioluminescence energy transfer

3.2.1. BRET and QDs

A conventional FRET experiment uses optical excitation to
create an excited state donor that is capable of transferring
energy to a ground state acceptor. In contrast, chemiluminescence
and bioluminescence resonance energy transfer (CRET and BRET,
respectively) generate an excited state donor through a chemical
reaction. The distinction between CRET and BRET is that a bio-
chemical reaction is the basis of the latter. In both cases, once an
excited state donor is produced by a chemical reaction, the effi-
ciency of energy transfer can be modeled using the conventional
FRET formalism.

An advantage of CRET and BRET over FRET is very low back-
ground, even in complex samples. The absence of optical excitation
avoids sample autofluorescence, strong scattering of source light,
and spurious acceptor emission from direct excitation. As indi-
cated in Section 3.1.1, the latter is a particular challenge with QDs
due to the inability to avoid efficient direct excitation. In con-
trast, QDs are ideal energy acceptors in CRET and BRET due to
their strong broad absorption that enables potentially large spec-
tral overlap integrals, and excellent spectral separation between
donor and acceptor emission. The preparation of QD-enzyme con-
jugates allows chemiluminescent and bioluminescent reactions to
be localized to the surface of QDs, providing the proximity required
for CRET or BRET. Although QDs have been studied as acceptors
in CRET [146,147], more progress has been reported in bioprobe
development using QDs as acceptors in BRET.

To date, the bioluminescent system of choice has been the Renilla
luciferase enzyme (Rluc) and its substrate coelenterazine. Biolumi-
nescence arises from the conversion of coelenterazine (a luciferin)
into excited state coelenteramide by oxidative decarboxylation.
Long-lived light-emission kinetics and ATP insensitivity are advan-
tages of the Rluc system. Coelenteramide emission is broad, and
spans the blue-green region of the visible spectrum with a maxi-
mum at ca. 480-485 nm. As shown in Fig. 5b, the emission spectra
of QDs with peak PL at wavelengths longer than approximately
625 nm are completely resolved from the Rluc emission, and good
spectral overlap between the Rluc emission and QD absorption is
obtained.

3.2.2. Applications

This section highlights the development of assays and bioprobes
based on QDs as acceptors in BRET. Although not yet as widely
employed as FRET methods, the popularity of BRET methods con-
tinues to increase. A recent review has highlighted the growth and
development of luciferases and bioluminescent proteins in analyt-
ical applications, without specific emphasis on QDs [148]. Table 1
lists and categorizes the examples cited below.
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Fig. 5. (a) QD-BRET construct for the detection of protease activity [80,87]. The conversion of coelenterazine to coelenteramide by Renilla luciferase (Rluc) drives energy
transfer to the QD, which acts as an acceptor. The “BRET arrow” from the Rluc is for illustrative purposes. The donor is actually excited state coelenteramide localized at the
Rluc. The Rluc is coupled to the QD by a peptide sequence (P) that is selectively cleaved by the target protease (scissors). A monovalent conjugate is shown for simplicity. Figure
not to scale. The general form of the experimental data associated with this system is illustrated in Fig. 4d. (b) The qualitative spectral overlap between (i) coelenteramide
emission, and the absorption of (ii) yellow or (iii) red emitting QDs (dashed lines). Nearly the entire emission spectrum of coelenteramide overlaps with the QD absorption
(blue shaded region) . The corresponding emission spectra of the QDs are shown as solid lines.

Cissell et al. developed a competitive binding assay for the selec-
tive detection of nucleic acids using Rluc as a BRET donor for QD71¢
[149]. A probe complementary to the target sequence was conju-
gated to the QD. The Rluc was conjugated to a competitor with the
same sequence as the target. In the absence of target, hybridization
between the probe and competitor created the proximity required
for BRET. Unlabeled target in the sample also hybridized with probe,
but withoutassociated BRET. The analytical parameter was the ratio
of donor-to-acceptor emission, and increased as the amount of tar-
get increased relative to the competitor. The LOD was 20 nM, and
the assay was functional in cell extract.

The research group of Rao has received much attention for
their development of self-illuminating QDs for biological imag-
ing [150,151]. The self-illumination was a result of BRET between
Rluc and QDs as bioconjugates. This group has also extended their
QD-Rluc bioconjugates to the development of bioprobes for pro-
tease activity. In one study, a polyhistidine appended peptide
substrate for matrix metalloproteinase-2 (MMP-2) was genetically
fused to the C-terminus of an Rluc mutant [80]. The polyhisti-
dine tail allowed conjugation to a carboxylate coated QDgs5 via
bridging Ni%* ions, creating the proximity required for efficient
BRET (Fig. 5a). Hydrolysis of the peptide substrate by MMP-2
removed the proximity, and protease activity was measured via
the decrease in the ratio of QD-to-Rluc emission (Fig. 4d). The LOD
was 2 ng mL~! with 24 h incubation. The assay had good selectivity
when tested against MMP-7 and AcTEV proteases. In a second study,
a different method was used for the preparation of QD-Rluc bio-
conjugates [87]. Hydrazide functionalized QDgs5 were conjugated
with an Rluc-MMP-7 substrate fusion protein via intein-mediated
chemical ligation. The ratio of QD-to-Rluc emission had a log-
linear dependence on MMP-7 concentration, and the LOD fora1h
assay was 5ngmL~'. The assay also functioned in serum, and was
tested on cancer cell secretions. Multiplexed detection of MMP-
2 and urokinase plasminogen activator was possible by preparing
Rluc fusion proteins with the corresponding peptide sequences
for cleavage sites. Conjugation of the Rluc proteins to QDgs5 and
QD7os, respectively, provided two channels of detection based on
BRET-sensitized acceptor QD emission.

The broad emission of the Rluc suggests that, with spectral
deconvolution, the maximum multiplexing capacity of the BRET
assays will be 3-4 acceptor QDs (and associated proteases). The dis-
advantage of introducing overlap between QD emission spectra to
achieve higher order multiplexing is that the LOD will increase due
to uncertainty in deconvoluting small changes in QD PL. Nonethe-
less, QD-BRET is very promising for in vitro and potentially ex vivo
or in vivo protease detection.

3.3. Charge transfer quenching

3.3.1. Charge transfer and QDs

The optical excitation of QDs results in the formation of a bound
electron-hole pair called an exciton. To generate efficient PL, the
rate of radiative recombination of the exciton must be competitive
with the rates non-radiative recombination processes. One such
non-radiative process is Auger recombination, where the excited
state energy is transferred to another carrier rather than lost as
an emitted photon. Due to confinement within the nanocrystal,
there is a very strong Coulomb interaction between an exciton
and an “extra” carrier. As a result, the rate of Auger recombination
in ionized QDs is many orders of magnitude larger than radiative
recombination and PL is quenched [152]. Therefore, CT reactions
between QDs and other redox active species provide a mechanism
for the on/off switching of PL, and thus a basis for the design of
bioprobes and biosensors.

The initial development of sensors based on CT quenching can
be traced back decades. Fluorescent photoinduced electron transfer
(PET) sensors for ions have been widely reported in the literature
[153,154]. These sensors are constructed using a fluorophore-
spacer-receptor architecture. Electron transfer from the receptor to
the fluorophore drives PL quenching upon photoexcitation of the
latter. lon binding at the receptor shifts the energy of the receptor
molecular orbitals and PET is no longer energetically favourable,
thereby restoring the PL of the system. According to theory, the
rate of electron transfer, ke, is given by Eq. (3), where: V, is the
donor-acceptor electronic coupling at ry, the van der Waals separa-
tion; ris the actual separation; § is a parameter that determines the
decrease in coupling with distance; A is the reorganization energy;
and AGe is the standard free energy change for the CT reaction

[155-157].
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Thus, in the case of PET sensors, transduction is achieved by
altering the free energy term in Eq. (3). This strategy has been suc-
cessfully demonstrated for ion sensing using QD-spacer-receptor
constructs [158,159], and more details are given in Section 3.3.2.
However, transduction by alteration of the free energy term in
Eq. (3) is not convenient when considering biomolecule targets.
However, from Eq. (3), it is also observed that CT reactions have
an exponential dependence on donor-acceptor separation. Indeed,
in a system with ferrocene conjugated to QDgps Vvia alkyl teth-
ers of different lengths, the PL quenching efficiency associated
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Fig. 6. Potential mechanisms of charge transfer quenching of QD PL. (a) Photoinduced hole transfer from (i) an excited state QD to a proximal redox label results in (ii) a
non-luminescent ionized QD. Subsequent electron transfer to the redox label can regenerate (iii) a neutral, ground state QD. (b) Photoinduced electron transfer from (i) an
excited state QD to a proximal redox label results in (ii) a non-luminescent ionized QD. Subsequent hole transfer to the redox label can regenerate (iii) a neutral, ground
state QD. The mechanisms in (a) and (b) provide non-radiative relaxation pathways that compete with radiative recombination of the exciton. However, (a) and (b) only
consider the core states of the QD. (c) Charge can also potentially (i) transfer to the surface states of ground state QDs to yield (ii) an ionized QD where the PL is not completely
quenched. Upon (iii) photoexcitation, the non-radiative pathways that compete with radiative recombination of the exciton potentially include: Auger recombination, hole

trapping, and electron transfer to core states.

with photoinduced CT was observed to decrease as the tether
length increased [160]. Changes in donor-acceptor distance have
been used to modulate PL quenching efficiency for the transduc-
tion of biorecognition events in two ways: (1) the association
and dissociation of redox active labels at the surface of a QD;
and (2) binding-induced conformational changes in redox-labeled
biomolecules. The strong distance dependence of CT is particu-
larly advantageous for latter, and provides more sensitivity to small
changes in distance when compared to FRET. In contrast to the
molecular fluorophores used in PET sensors, QDs provide a large
interface for CT reactions. Multiple redox active species can be
arrayed around the QD to improve CT efficiency [161]. In combina-
tion with their unique optical properties, the ability of QDs to serve
as a scaffold has provided new opportunities in the development
of CT-based optical bioprobes and biosensors.

The process of CT reactions involving QDs is not, to a first approx-
imation, significantly different than that involving only molecules
or ions. Most chemists are comfortable considering CT reactions
within a molecular orbital framework, and this is also a good
intuitive approach with QDs. The electronic structure of a QD is
characterized by the size-dependent transition of the bulk con-
duction band (CB) and valence band (VB) into discrete states or
“quantum confined orbitals” at nanometer dimensions. The lowest
energy excitation (first exciton peak) corresponds to an electron in
the 1S, state (CB) and a hole in the 1S, state (VB). Photoinduced
CT reactions are associated with the introduction of a state that is
intermediate in energy relative to the 1S;, and 1S, states of the QD.
The molecular orbitals of proximal redox active species are able
to physically add these states through overlap with the electron or
hole wavefunctions of the QD. As a result, CT becomes a competitive
pathway with the radiative recombination of excitons. For exam-

ple, as shown in Fig. 6a, following optical excitation of the QD, an
electron can transfer from the 1S, state to an empty intermediate
energy state. Alternatively, a hole can transfer from the 1S;, state
to an occupied intermediate energy state as shown in Fig. 6b. In
both cases, these intermediate states are localized outside the core
nanocrystal, resulting in separation of the carriers and ionization of
the QD. The QD PL remains quenched until the charge on the QD is
neutralized. The reorganization energy associated with these pro-
cesses has not yet been determined, but is expected to be small due
to the delocalization of the carriers in QDs [162]. In many cases, it
has been suggested that rapid CT from the proximal redox active
species back to the QD can occur, and that the QD is only transiently
ionized [163,164]. This is ideal for the development sensors, where
rapid recovery of QD PL is desired. However, it should be noted that
hole trapping has been suggested as the cause of slow neutraliza-
tion times (~us) following PET from a CdSe QDsqg to an adsorbed
Rhodamine B molecule [162]. Slow neutralization of QD charge has
also been implicated in the blinking of single QDs [26,152].

The discussion thus far has neglected that surface states
are an important feature of the electronic structure of QDs.
Recently, Medintz et al. have demonstrated that proximal ruthe-
nium phenanthroline complexes were able transfer charge into
both QD5gq core states (e.g. VB) and surface states [161]. In the case
of the latter, the CT was independent of optical excitation. Similarly,
Shim et al. have previously observed spontaneous CT into the CB
and surface states of CdSe or CdSe/ZnS QDsgg using a strong reduc-
ing agent [165]. Furthermore, as described later in this review, the
importance of QD surface states in CT reactions occurring at elec-
trodes has been recognized in ECL experiments. Medintz et al. found
that the ligand coating on the QDs was important in determining
if the core and surface states were involved in CT [161]. In partic-
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Fig. 7. (a) QD-CT construct for the detection of protease activity [161]. Ruthenium phenanthroline labeled peptides are conjugated to QDs via a polyhistidine tag. The peptide
ruthenium-QD proximity in the bioconjguate is sufficient for CT quenching of the QD PL. Protease activity (scissors) cleaves the ruthenium phenanthroline from the QD,
restoring PL (not shown). (b) The recovery of the QD PL in response to increasing protease activity (direction of the dashed arrow) in part (a) of the figure provides an analytical
signal. This basic form of experimental data is also characteristic of the constructs in parts (c) and (d). (c) The detection of zinc ions using Cyclam-conjugated QDs [159].
(i) In the absence of zinc, efficient CT between the Cyclam and QD largely quenches the QD PL. (ii) After zinc binding, the CT is inhibited and the QD PL is restored. (d) A
unimolecular QD-CT sensor for the detection of maltose [163,174]. Maltose binding protein (MBP) site-specifically labeled with ruthenium phenanthroline is assembled on
a QD via a metallothionein tag. (i) The proximity between the ruthenium label and the QD is sufficient for CT quenching of the PL. (ii) A conformational change in the MBP
after binding maltose increases the QD-ruthenium separation, partially restoring the QD PL. Figures not to scale.

ular, the charge of the ligand was suggested to play a role, where
CT occurred to both the VB and surface states of neutral DHLA-PEG
coated QDs, but only to the surface states of anionic DHLA coated
QDs. Regardless of ligand, the quenching efficiency decreased with
increasing core size—an observation that could potentially be due
to a higher density of surface states in smaller QDs [161].

In contrast to adding charge to VB or CB states, the addition
of charge to surfaces states does not necessarily cause complete
quenching of PL. The interaction of an exciton with a carrier local-
ized at the QD surface is much less than that with a carrier localized
within the core, and radiative recombination remains a competitive
relaxation pathway [161]. The result is only partial PL quenching.
Moreover, greater carrier overlap in smaller QDs is another poten-
tial cause of the higher quenching efficiency observed with smaller
QDs by Medintz et al. [161]. From Eq. (3), the rate of CT should
depend on QD size. The energies of the CB and VB states scale with
core size, and therefore alter the free energy change associated with
CT. Indeed, Robel et al. have observed the effect of QD size on CT
rates between QDs and TiO, particles [166]. Nonetheless, additional
studies are required to elucidate the size-dependence of CT quench-
ing. It is important to examine the quenching efficiency across a
series of QD sizes, across different QD materials, and at controlled
valences of different proximal redox species.

The importance of surface states adds a further level of complex-
ity in understanding the CT quenching mechanisms of QD-redox
label conjugate systems. As illustrated in Fig. 6¢, surface states could
potentially be intermediates in CT between proximal states and the
core states. If surface states can be ignored, then the relative rates
of radiative exciton recombination and CT to core states deter-

mine the efficiency of PL quenching. In contrast, if surface states
are important, there are two new rates to potentially consider:
the enhancement of non-radiative rates due to the added surface
charge (e.g. Auger recombination or hole trapping [165]), and the
rate of CT from surface states to core states. In either case, effi-
cient neutralization of the QDs and regeneration of the redox label
are analytically important for reliable equilibrium measurements
in sensing experiments.

It is clear that further study is needed to elucidate the nature
of CT processes involving QD-redox label conjugates, and sev-
eral analytical tools are suitable for this research. The occupation
of electronic states can be determined using steady-state and
transient absorption spectroscopy, in both the visible (inter-band
transitions) and infrared regions (intra-band transitions) of the
spectrum [161,162,165-167]. The combination of steady-state and
time-resolved PL spectroscopy can elucidate quenching mecha-
nisms. Cyclic voltammetry is useful in characterizing the states
involved in electron transfer [161,168-171], and electron para-
magnetic resonance (EPR) spectroscopy can be used to identify
radicals [172,173]. Although there is need for further study, sev-
eral bioprobes and biosensors have been developed using QDs and
CT quenching of PL. These are summarized in the next section, cat-
egorized in Table 1, and selected examples are illustrated in Fig. 7.

3.3.2. Applications

The Benson group has developed several unimolecular biosen-
sors using CT quenching and QD-protein conjugates labeled
with ruthenium complexes [163,174-177]. Unimolecular sensors
are reagentless, potentially allow regeneration and continuous
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measurements without immobilization, and are not subject to
dilution-driven loss of a quencher or reporter species (cf. bimolec-
ular constructs). Unimolecular constructs have been developed for
sensing maltose, lead, thrombin, and fatty acids.

Prototype unimolecular CT biosensors were initially developed
using both CdSe [174] and CdSe/ZnS [163] QDs conjugated with
maltose binding protein (MBP). The MBP was appended with a
C-terminal metallothionein domain for assembly on the QD, and
surface cysteine residues were used for the site-specific attachment
of a ruthenium complex. The introduction of a proximal ruthenium
complex via MBP quenched the PL of CdSe/ZnS QDsgs5 up to 22%.
The binding of maltose by MBP induced a conformation change
in the protein that increased the distance between the ruthenium
complex and the QD, largely restoring the QD PL to its unquenched
intensity. Fig. 7c illustrates this method of transduction. The selec-
tivity of the sensors was tested against several sugars. The response
to maltose was a 22 4+ 3% increase in PL. Of the other sugars, only L-
mannose increased the PL, and by a much smaller 3 + 2%. Reversible
sensing was demonstrated by the addition of a-glucosidase. An
analogous construct was developed for the detection of lead at
nanomolar levels in red blood cell solutions [175]. Metalloprotein
design was used to re-engineer phosphate binding protein for the
selective binding of lead (PBP-Pb%*), and subsequent conjugation to
CdSe/ZnS QDs45 or InGaP/ZnS QDggo. In the case of the latter, lead
binding caused a 45-75% decrease in QD PL, suggesting a decrease
in the QD-ruthenium separation upon a protein conformational
change that was induced by selective binding. For both the MBP
and PBP-Pb%* constructs, the mechanism of quenching was sug-
gested to be PET from the proximal ruthenium complex to the QD
VB.

In addition to protein conformational changes, the Benson group
has demonstrated the potential for a sensing construct based on CT
quenching modulated by protein binding pocket solvent occupancy
[176]. The binding of palmitate in a hydrophobic pocket of intestinal
fatty acid binding protein causes a significant change in the solvent
occupancy of the binding pocket. The introduction of a ruthenium
label in the pocket allowed transduction via CT quenching. Desol-
vation upon palmitate binding increased the rate of CT between the
QD565 and ruthenium complex, decreasing the QD PL by 32-58%.
This could have been due to changes in the reorganization energy
and P terms in Eq. (3). The quenching efficiencies are comparable
to those driven by conformational changes, suggesting two feasi-
ble routes to developing sensing constructs. Given that changes in
conformation and changes in solvation are often both associated
with protein-ligand binding, tuning the superposition of these two
effects may provide a means for signal optimization.

A QD-CT construct for sensing thrombin has also been devel-
oped by the Benson group [177]. Instead of protein conformational
changes, a double-stranded oligonucleotide incorporating the TBA
sequence was designed to modulate the distance between QD545
and ruthenium phenanthroline labels. The double-stranded struc-
ture was coordinated to the QD at one terminus by a thiol
modification. The opposite terminus was labeled with a ruthenium
complex. Upon thrombin binding, the furthest portion of the dou-
ble helix, corresponding to the TBA sequence, was unwound. This
decreased the QD-ruthenium complex separation and increased
the CT quenching efficiency, enabling transduction. Tuning of the
QD coating was required to avoid non-specific interactions and
aggregation, while control of conjugate valence was important
in determining the direction and magnitude of the observed PL
changes. Due to steric effects, a 5:1 ruthenium-oligonucleotide-
QD conjugate exhibited a PL enhancement of 50% at high thrombin
concentrations, while a 1:1 conjugate exhibited a 30% decrease. Dif-
ferences in thrombin binding isotherms were also observed across
different systems. The work of the Benson group, and particu-
larly this study, demonstrate that although the modulation of CT

quenching through biomolecule conformational changes is widely
applicable to developing biosensors, it is not necessarily straight-
forward. The a priori design of a construct may subsequently require
extensive optimization through experiment before effective sens-
ing can be realized.

In contrast to the sensors developed by the Benson group, which
rely on small changes in QD-redox label separation, several bio-
probes have been developed using the association or dissociation of
redox active labels at the QD surface. For example, Yildiz et al. pro-
vided one of the earliest examples of this approach by developing
a model assay based on the biotin-Streptavidin interaction [178].
The electrostatic assembly of a biotinylated derivative of methyl
viologen (a bipyridinium dication) on MAA-coated QDsg3 caused
significant quenching of the QD PL. This was attributed to PET from
the QD to the methyl viologen. The QD PL was restored by the
introduction of Streptavidin, which tightly bound the biotinylated
methyl viologen and disrupted its interaction with the QD.

Medintz et al. have explored the detection of protease activ-
ity using peptides appended with ruthenium phenanthroline
[161,179]. Peptide sequences recognized by the enzymes chy-
motrypsin and thrombin were conjugated to QD549 and QDsgg,
respectively, via a terminal hexahistidine tag [161]. A ruthenium
phenanthroline maleimide label was introduced using a cysteine
residue at the opposite terminus of each peptide (Fig. 7a). PL
quenching exhibited a strong dependence on the number of ruthe-
nium complexes conjugated to the QD. PL losses of 80% and 70%
were observed with 1.5 thrombin substrates per QDsy4g, and 4.0
chymotrypsin substrates per QDsgg, respectively. The difference in
conjugate valence to achieve similar magnitudes of PL quenching
was attributed to more efficient quenching of smaller sized QDs
associated with the thrombin peptide. The introduction of increas-
ing concentrations of thrombin or chymotrypsin gradually restored
the corresponding QD PL through cleavage of the peptide tethers,
removing the proximity required for CT. Enzyme reaction veloc-
ities and Michaelis—-Menten constants were measured and found
to be similar to those obtained in analogous FRET-based sensors
[138]. The measurement of enzyme inhibition was also possible.
In a second study, these researchers further demonstrated that
QD-peptide-ruthenium conjugates are well suited for multiplexed
analyses [179]. Mixed populations of four, six, and eight colours
of QDs10/537/555/565/581/590/610/635 Were prepared, where selected
colours of QD were conjugated with ruthenium labeled peptides
to drive PL quenching. The PL spectra of the mixtures (similar to
Fig. 4e) were deconvoluted using a superposition of Gaussian peak
shapes to quantitatively resolve the quenching of individual colours
of QDs. This potentiates future development of a nano-scale sus-
pension array, where each colour of QD is conjugated to a different
peptide substrate to simultaneously monitor the activity of up to
eight proteases. The advantage of using this method over FRET is the
larger multiplexing capacity. FRET is limited by the number pairs
that can be fit in a given wavelength range, and the requirement for
spectral overlap. This is further compounded in QD systems where
fluorescent acceptors are used, requiring more demanding decon-
volution for similar levels of multiplexing. In contrast, ruthenium
appears to have the potential to act as a “broadband” or “universal”
quencher of QD PL in multiplexed assays. The Gaussian peak shape
associated with QD PL also allows straightforward deconvolution
and better confidence in analyses.

Gill et al. developed a QD-CT bioprobe suitable for the detection
of tyrosinase and thrombin activity [180]. CdSe/CdS/ZnS multi-
shell QDggp were conjugated with either tyrosine methyl ester or a
peptide terminated with a tyrosine residue. In the case of the lat-
ter, the peptide sequence was selectively cleaved by thrombin. In
both cases, the activity of tyrosinase converted the tyrosine to an
o-quinone derivative that quenched QD PL by CT, providing the ana-
lytical signal. In the case of the peptide conjugate, thrombin activity
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cleaved the o-quinone labeled peptide from the QD and restored its
PL. In addition to the detection of tyrosinase activity, this method
may also be useful for the enzymatic introduction of redox active
labels on biomolecules (cf. ruthenium phenanthroline maleimide).

The development of QD-CT quenching bioprobes and biosen-
sors is not limited to the use of biological molecules as affinity
probes. In addition to the work on Benson [175], Ruedas-Rama
and Hall have developed QD probes for the selective detection of
biologically relevant ions using CT quenching [158,159,164]. The
selective binding of ions by macrocycles or other chelating agents
was used to alter photoinduced CT quenching of the QD. It should be
stressed that, in these applications, CT between the QD and bound
analyte ion did not provide the basis for transduction. Instead, the
binding of the ion altered the CT quenching pathway between the
macrocycle/chelating agent and the QD, where the former was con-
jugated to the QD. For example, a zinc sensor was constructed from
QDgyo by conjugation with an azamacrocycle using an amide link-
age [159]. In the absence of zinc, the conjugated azamacrocycles
quenched the QD PL (ca. 80-97%) by photoinduced hole transfer
(i.e. PET to the valence band of the QD). The addition of zinc and
subsequent binding blocked the CT quenching pathway by lock-
ing up the associated electron(s) in coordination to the metal ion.
The resulting increase in QD PL was proportional to the concen-
tration of zinc. Fig. 7b illustrates this transduction method. The
azamacrocycles cyclam and cyclen provided LODs of ca. 1-2 pM,
linear response over two orders of magnitude, and relative stan-
dard deviations of approximately 3%. Good selectivity was observed
against other physiologically prevalent cations, and regeneration of
the zinc sensor was possible with the addition of the ethylenedi-
aminetetraacetic acid (EDTA). Furthermore, the detection of zinc
was possible in the presence of calf fetal serum and Dulbecco’s
modified Eagle’s medium—the latter is used to mimic intracellular
environments.

In a similar strategy, the detection of manganese was possi-
ble using Zincon (2-carboxyl-2-hydroxy-5-sulfoformazylbenzene)
assembled on negatively charged MPA-coated QDsgg/540/620 USINg
a layer-by-layer approach [158]. The positively charged polymer,
poly(allylamine hydrochloride) was used to mediate assembly.
Quenching of the QD PL (ca. 75%) by Zincon was attributed to
photoinduced hole transfer from the QD. Disruption of the CT path-
way by the Zincon-manganese interaction provided a basis for
transduction by QD PL recovery analogous to the azamacrocycle
zinc sensor above. A particularly important aspect of this study
was the observation that multiple relaxation pathways may be
superimposed on the same system. Many metal-ligand complex
ions can have strong absorption and non-trivial fluorescence quan-
tumyields. Proximal interactions may therefore potentially include
both CT and FRET. In contrast to manganese, the Zincon-QD conju-
gate PL was further quenched by the addition of zinc ion. This was
attributed to strong spectral overlap between the QD PL and the
absorption of the zinc-Zincon complex, resulting in FRET. In con-
trast, isolated Zincon, and the manganese-Zincon complex, did not
have significant spectral overlap with the QDs used. Ruedas-Rama
and Hall have also studied a system where both CT and spin-orbit
coupling were potential mechanisms of QD PL quenching [164].
Lucigenin, an acridinium dication dye sensitive to chloride, was
conjugated to QDs and provided a basis for a chloride sensor via
changes in QD PL. Although the relative importance of the two pos-
sible quenching mechanisms was not resolved, the study further
highlights that the netinteraction between a QD and proximal chro-
mophores, fluorophores, or redox active species may potentially be
a superposition of multiple interactions.

In addition to in vitro applications, Clarke et al. demonstrated the
potential for the intracellular application of QD bioprobes based on
CT quenching [181]. Dopamine-QDsgo conjugates were prepared
and used as a redox-sensitive luminescent stain for cellular imag-

ing. Under reducing conditions, QD PL was visible in the peripheral
regions of the cell and within lysosomes. Under highly oxidizing
conditions, the QD PL was visible throughout the cell. In less severe
oxidizing conditions, the mitochondria and perinuclear region of
the cell were labeled. The cellular redox conditions were generated
by the enhancement or suppression of glutathione synthesis, sug-
gesting further application of these conjugates as a bioprobe for
glutathione.

3.4. Electrochemiluminescence

An electrochemiluminescence (ECL) experiment typically
beings with stable precursors that are converted to reactive species
at the surface of an electrode under an applied potential. The result-
ing intermediates can undergo CT reactions to form an excited state
product that relaxes via luminescence. As a combination of electro-
chemistry and optical spectroscopy, ECL provides several potential
advantages. The electrochemical initiation of the luminescent reac-
tion offers temporal and spatial (localized to electrode surface)
control, while the absence of optical excitation avoids background
from scattered source light or sample autofluorescence. However,
because luminescence is the analytical parameter (not electrical
current), the method is much less susceptible to many of the inter-
ferences associated with voltammetric methods. Multi-parameter
analyses are possible using ECL onset or peak voltages, ECL inten-
sity, and wavelength. The interested reader can find further details
on ECL and its applications in two excellent reviews [182,183].

3.4.1. Electrochemiluminescence and QDs

The ECL of several different QD materials has been studied
[184-191]. Although the details are too extensive to review here,
there are several observations of analytical interest. Foremost, QDs
support ECL with or without a coreactant. In the case of the former,
anodic and cathodic potentials are cycled at an electrode to create
oxidized (hole injected) and reduced (electron injected) QD species,
respectively. As shown in Eqgs. (4)-(6), the oxidized and reduced
QD species can react in the electrode diffusion layer, producing an
excited state (QD*) that can relax via luminescence. The oxidized
and reduced QD species are not necessarily stable, and scan rate is
important in optimizing ECL intensity. Depending on the QD mate-
rial, the oxidized (e.g. Si, CdSe) or reduced (e.g. Ge) species may be
more stable than its counterpart.

QD+e” — QD™ (4)
QD +h' — QD" (5)
QD™ + QD" — QD* +QD (6)

In the coreactant mechanism, and considering cathodic ECL,
both the QD (Eq. (7)) and a second molecular species (i.e. the core-
actant) are reduced at the working electrode. The coreactant is
reduced to a strong oxidizing agent (Eq. (8)), which can inject a hole
into a QD species (Eq. (9)). Analogous to Eq. (6), an excited state QD
can be produced by the reaction between a reduced QD and a QD
oxidized by the coreactant, or also by the direct injection of a hole
into a reduced QD by the coreactant (Eq. (10)). Acommon example
of a coreactant for cathodic ECL is the peroxydisulfate anion, which
reacts via Egs. (8)-(10). Fig. 8a illustrates Eqs. (7), (8) and (10).

QD+e” — QD~ (7)
$208%" + e~ — S04%™ +50,4°~ (8)
S04°~ + QD — S04% + QD" (9)
QD™ + S04~ — QD* + S04%~ (10)

Poznyak et al. have observed the cathodic charging of the low-
est unoccupied CB quantum confined state (1Se) via the bleach
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Fig. 8. (a) lllustration of the cathodic ECL mechanism using peroxydisulfate as a coreactant. (b) Acetylcholine detection using QDs and cathodic ECL (CNTs not shown) [200].
The combined catalytic activity of acetylcholine esterase and choline oxidase produces hydrogen peroxide as a byproduct. Hydrogen peroxide is an efficient ECL coreactant
and the ECL intensity is proportional to the amount of acetylcholine. The basic form of the experimental data is illustrated and shows the increase in ECL intensity with
increasing acetylcholine or choline concentration (direction of the dashed arrow). (c) A general strategy for immunosensing using QDs, antibodies (Ab), and cathodic ECL
[201-204]. Compared to the absence of antigen (Ag) in (i), the presence of antigen and the formation of an immunocomplex in (ii) increases CT resistance, and decreases ECL
intensity. The CT resistance increases due to occlusion of the electrode surface by the immunocomplex. The basic form of the experimental data is illustrated and shows the
decrease in ELC intensity with increasing concentration of antigen (direction of the dashed arrow). Figures not to scale. Further details can be found in the main text.

of the first exciton absorbance [192]. In experiments using per-
oxydisulfate as a coreactant, these authors also coined the term
“quantum confined cathodic protection” to describe the efficient
1Se—-1Sy, radiative recombination, in preference to further oxida-
tive corrosion, following hole injection into the corresponding VB
state by the sulfate radical anion.

It is also important to note that QD-ECL is very sensitive to the
surface states. For example, the QD-ECL first observed from Si and
CdSe QDs originated from band-gap states [175,185]. In contrast,
the ECL observed in an analogous experiment with CdSe/ZnS was
largely associated with band-edge luminescence [186]. In this case,
the shift from dominant band-gap to band-edge luminescence was
attributed to the ZnS passivation of surface traps states. However,
band-edge ECL has also been observed with CdSe, CdTe and Ge
QDs lacking shell structures [187,188,192,193]. The contributions
of band-edge and band-gap luminescence to the overall ECL are
likely to be a function of the density of surfaces states, and their
energetic depth. The quality of the core nanocrystal and its passi-
vation (e.g. inorganic shell or ligand coating) are clearly important,
but not necessarily the only considerations. Further study is needed
to assess what role (if any) coreactants play in the creation of sur-
face states. The influence of the local environment on ECL may also
be important, particularly when QDs are immobilized at electrodes.

The ECL intensity observed in an experiment is a function of
electron transfer rate, and therefore may also be a function of QD
size. Jiang and Ju observed that the cathodic ECL intensity from
CdSe QDs in the size range from 1.5 to 3.5nm increased sharply
to a maximum at 2.5nm before decreasing as the size further

increased [193]. The rise in ECL intensity was attributed to the
decrease in the energy of the QD CB with increasing size, and a
concomitant decrease in the energy of surface states. The basis
for the latter hypothesis was cyclic voltammetry experiments by
Poznyak et al. that demonstrated a positive shift in the oxida-
tion potential of surface states with increasing QD size [171]. The
decline in ECL intensity was attributed to the decrease in surface
area-to-volume ratio at larger QD sizes. Additional observations
by Poznyak et al. further suggest the importance of QD size and
surface states [192]. Strong band-edge cathodic ECL was observed
with films of yellow and red emitting CdSe QDs. However, a com-
bination of band-edge and band-gap ECL with weak intensity was
observed with films of green emitting QDs. Another parameter that
affects electron transfer rates is conductivity, and this is important
when working with electrode-supported films of QDs. In one study,
it was suggested that a difference in conductivity between CdSe
and CdSe/ZnS QDs was the source of a 100-fold difference in ECL
intensity between films of otherwise similar composition [192]. As
described in Section 3.4.2, altering the composition of QD films can
enhance conductivity and ECL intensity.

3.4.2. Applications

Several research groups have made contributions to the devel-
opment of ECL biosensors based on QDs. Some of these examples
completely satisfy our introductory definition of QDs as integrated
components, while others somewhat stretch the definition due to
the absence of QD bioconjugation. However, all the examples sat-
isfy the criterion of being present in the sample throughout the
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analysis. The interested reader can refer to the literature for exam-
ples of QDs as non-integrated ECL labels in bioanalysis [194,195].
In this section we introduce the notation xQD, where x denotes the
position of the first exciton peak at x nm in the QD absorption spec-
trum (cf. QD,, for the peak PL). The cited references are categorized
in Table 1.

In one of the earliest investigations in this field, Ju’s group cast
a solution of CdSe QD574 onto the surface of a paraffin impreg-
nated graphite electrode (PIGE). This system was used to detect
hydrogen peroxide in deaerated solutions down to levels as low as
0.1 wM [196]. The ability of hydrogen peroxide to act as a cathodic
ECL coreactant was the basis of transduction. It follows that the
ability to detect hydrogen peroxide enabled the development of
a glucose biosensor [197]. A mixture of glucose oxidase (GOX) and
MAA-coated QDs were successively cast onto a PIGE. An interesting
aspect of this method was that the CT resistance measured for the
co-cast film of QDs and GOX was lower than for a film of QD-GOX
bioconjugates. The fast electron transfer kinetics was important
in achieving efficient ECL. Considering glucose transduction, the
activity of GOX in the presence of glucose converts dissolved oxy-
gen into hydrogen peroxide. Although both of these species were
able to act as ECL coreactants, oxygen was much more efficient.
ECL was observed at —1.1V (vs. Ag/AgCl). In the presence of glu-
cose, the conversion of dissolved oxygen to hydrogen peroxide
caused adecrease in QD ECL intensity. The response was linear with
increases in glucose concentration over the range of 25-3000 M,
and the detection limit was 4 M.

The QD-PIGE system was extended to the selective detec-
tion of glutathione (GSH) and L-cysteine (L-Cys) via cathodic ECL
using hydrogen peroxide as a coreactant [193]. Reduced MAA-
coated CdSe QDs7¢ species reacted with hydrogen peroxide to
form hydroxide radicals. The hydroxide radical behaved analo-
gously to the sulfate radical anion in Eqgs. (9) and (10), and its role
as an intermediate was confirmed by EPR spectroscopy. ECL was
observed at —1.1V (vs. Ag/AgCl) and corresponded to band-edge
PL. In biological molecules, thiols are particularly good scavengers
of the hydroxide radical, being oxidized to the corresponding disul-
fide. It was therefore possible to detect GSH or L-Cys through a
decrease in the observed ELC intensity. Although good selectivity
was observed against other amino acids, any species that can scav-
enge the hydroxide radical is a potential interferent. The LODs for
GSH and L-Cys were ca. 1-2 wM and a linear decrease in ECL inten-
sity was observed up to ca. 50-60 wM. It is interesting to note that
the MAA coating on the QD did not appear to interfere with the reac-
tion between the QDs and the hydroxide radical. This was attributed
to the different reactivity of thiolate groups that coordinated with
the QD surface (RS~QD), as compared to thiols in bulk solution
(RSH). Wang and coworkers developed a second QD-ECL method
for the detection of GSH, but with selectivity against L-Cys [198].
The addition of graphene oxide to the ECL sample solution was used
to obtain this selectivity, and also to avoid potentially harsh oxi-
dants that are typically used as coreactants. The graphene oxide
enhanced the ECL intensity approximately five-fold by facilitat-
ing both the production superoxide anion from dissolved oxygen,
and also the formation of hole-injected MAA-coated CdTe 543QD
at anodic potential. Maximum ECL intensity was observed using
1.2 pgmL-! of graphene at pH 9.5. The presence of GSH in a sample
decreased the ECLintensity linearly in the range of 40-430 ng mL~".
The selectivity for GSH over L-Cys was attributed to differences
in affinity for the graphene oxide, and the method was used to
measure GSH in a pharmaceutical drug sample.

In addition to graphene oxide, carbon nanotubes (CNTs) have
been used to enhance the cathodic ECL intensity observed with QDs.
The enhancement is attributed to a reduced barrier for electron
injection, resulting in a lower onset potential and increased ECL
intensity [199]. This enhancement is important since QDs are typi-

cally poorer ECL emitters than the more commonly used ruthenium
complexes or luminol. Wang et al. have developed a biosensor for
acetylcholine and choline using a PIGE incorporating multi-walled
CNT-QD conjugates [200]. The CdS 450QD were synthesized on the
CNTs in situ and the QD-CNT conjugates were found to provide a
five-fold enhancement in ECL intensity compared to QDs alone. The
enzymes acetylcholine esterase and choline oxidase were immobi-
lized on the QD-CNT-modified PIGE. A byproduct of the catalytic
cycles of these enzymes was hydrogen peroxide—a coreactant for
cathodic QD ECL. Increasing sample concentrations of acetylcholine
or choline increased the observed ECL approximately linearly, with
LODs of 0.8 and 1.7 wM, respectively. The transduction mecha-
nism is illustrated in Fig. 8b. The ECL onset and peak potentials
were at —0.58 and —1.02V (vs. Ag/AgCl) —approximately 0.40 and
0.28V less negative, respectively, than without CNTs. The shift to
more positive potentials reduced the possibility of electrochemical
interference, and decreased the cathodic decomposition of hydro-
gen peroxide (which prevents its ECL reaction). In contrast to the
glucose sensor developed by Jiang and Ju [197], this method was
insensitive to dissolved oxygen. As a consequence, the production
of hydrogen peroxide allowed signal-on detection.

CNTs have also been used to enhance QD ECLin the development
of immunosensors. For example, Jie et al. prepared a gold electrode
with a composite film of chitosan modified multi-walled CNTs,
CdSe 496QD, and 3-aminopropyltriethoxysilane (APTES) [201]. In
this case, the CNTs enhanced the ECL intensity by 2.5-fold, and the
APTES enhanced the ECL a further 20-fold for an overall 50-fold
enhancement. The enhancement was attributed to a catalytic effect
of the APTES towards the reduction of the coreactant, peroxydisul-
fate. A biorecognition layer was formed by the immobilization of
anti-human IgG, and exposure to bovine serum albumin (BSA) to
block adsorption sites. The addition of the proteins increased the
CT resistance, thereby reducing the ECL intensity. The formation of
immunocomplexes further increased the CT resistance, and a linear
decrease in ECLintensity (at —1.37 V vs. Ag/AgCl) was observed with
increasing target IgG concentration. The LOD was 1pgmL-! and
the biosensor was validated against an enzyme linked immunosor-
bent assay (ELISA). Jie et al. constructed a similar immunoassay
using a layer-by-layer approach [202]. Multi-walled CNTs were
coated with PDDA, MAA-coated CdSe 430QD, a second PDDA layer,
and gold nanoparticles (Au NPs), before final modification with
anti-human IgG. The CNTs increased the cathodic ECL intensity
three-fold using peroxydisulfate as a coreactant. Detection was
again based on the decrease in ECL intensity due to the formation
of immunocomplexes. The LOD was 0.6 pg mL~!. Fig. 8c illustrates
the general transduction mechanism for ECL immunosensors that
rely on changes in CT resistance.

The incorporation of Au NPs into QD-ECL biosensor design has
the effect of increasing ECL intensity. For example, Jie et al. reported
an increase of ca. 1.7 orders of magnitude in CdSe 451 QD ECL inten-
sity by incorporating a layer of Au NPs on an electrode [203]. The
enhancement was attributed to a decreased CT resistance resulting
from the increased surface area and conductivity imparted by the
Au NPs. This system was used to develop a cathodic ECLimmunoas-
say for human prealbumin with a 10 pgmL~! LOD [203]. A similar
design was used to develop a CdS 374QD-ECL immunoassay for low-
density lipoprotein with a 6 pgmL~! LOD [204]. In both cases, an
electrode was modified with successive layers of Au NPs, QDs, and
antibodies. The decrease in ECL intensity caused by immunocom-
plex formation was the basis for detection.

Many of the QD-ECL biosensors described in this section were
robust and had good reproducibility. Relative standard deviations
between analyses with a single electrode were ca. 1-10%, and <10%
between different electrode preparations [193,196,197,200-204].
Many of the sensors were stored for 30 days or more without signifi-
cantloss of function[193,196,197,201,202]. QD-ECL immunoassays
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were also regenerated by glycine-HCI buffer at pH 2.8 with relative
standard deviations of <10% between cycles of use [201-203].

In contrast to the above examples of immunoassays, Shan et al.
used Au NPs to switch between low and high intensity ECL as a func-
tion of target nucleic acid hybridization [205]. Manganese doped
CdS QDs were coated onto a glassy carbon cathode and modified
with Au NP conjugated hairpin nucleic acid probes. Peroxydisulfate
was used as the coreactant. With the hairpin in the closed confor-
mation, the ECL (at —1.3 V vs. standard calomel electrode, SCE) was
quenched by 25%. Upon target hybridization and opening of the
hairpin, an ECL enhancement of 55% was observed. The switching
was based on the ability of Au NPs to quench or enhance lumi-
nescence as a function of proximity. Target nucleic acid could be
detected at concentrations as low as 50 aM with discrimination of
single nucleotide polymorphisms (SNPs). An interesting aspect of
this work was that the manganese doping appeared to increase the
stability of reduced QDs.

Ju'sresearch team has also developed bioprobes utilizing anodic
QD ECL. In one study, a method was developed for the detection of
dopamine using MAA-coated CdSe 4,4QD and sulfite as a coreactant
[206]. QDs and sulfite were oxidized at the anode to hole-injected
QDs and sulfite radical anions, respectively. The sulfite radical fur-
ther reacted with dissolved oxygen to form the superoxide anion.
The superoxide anion injected an electron into a QD, and excited
state QDs were produced via the reaction in Eq. (6). Although the
sulfite was not strictly necessary, it increased the ECL intensity (at
+0.93V vs. Ag/AgCl) by greater than fourteen-fold. The addition of
dopamine quenched the observed ECL with a Stern-Volmer con-
centration dependence. The dynamic range for dopamine response
was 0.5-70 wM. The dopamine did not directly act as a quencher.
Rather, its oxidized product, an o-benzoquinone, was formed at
the anodic potential and quenched the excited state of QDs via
collisional energy transfer [180]. The quenching observed in the
presence of dopamine was approximately sixteen-fold and seven-
fold stronger than for the common interferents ascorbic acid and
uricacid, respectively. A second study used MPA-coated CdTe QDsgq
with sulfite as an anodic ECL co-reactant to detect tyrosine [207].
The ECL originated from the band-edge. Analogous to the dopamine
method, the oxidized o-quinone product of tyrosine efficiently
quenched ECL (at +0.90V vs. Ag/AgCl). Although anodic oxidation
of the tyrosine was possible, the addition of tyrosinase increased
the rate of oxidation, and resulted in stronger quenching. Without
tyrosinase, the LOD was 46 nM; with tyrosinase the LOD decreased
to 0.1 pM. Potential interferents such as uric acid, ascorbic acid,
L-phenylalanine, and L-tryptophan could be tolerated at concentra-
tions 1000 20,000-fold higher than tyrosine. However, as expected,
dopamine and other compounds that yielded quinone oxidation
products interfered with analyses.

To the best of our knowledge, multiplexed biosensing using
QD-ECL has not been developed. Arrays of individually fabricated
electrodes represent one potential approach to multiplexing, and
are well suited for affinity sensing. The modulation of ECL inten-
sity by changes in CT resistance allows a single coreactant to be
used across an electrode array in a single solution. However, other
strategies may require separate reaction compartments (e.g. on-
chip) due to the potential for cross-reactivity with coreactants.
Another approach to multiplexing is to encode information about
target binding as a function of QD emission wavelength (i.e. colour).
In principle, this could allow multiplexing using a single electrode.
However, the current literature suggests several challenges in this
respect—particularly the quality of QD ECL emission. Although ECL
originating from the band-edge has been obtained and used in sens-
ing [207], there are many examples where ECL originating from
the band-gap (i.e. surface states) [199,205,206], or a mixture of
band-edge and band-gap emission [193], has also been used for
sensing. Band-gap emission is not useful for multiplexing since it is

broad and not readily size-tunable. Furthermore, the QDs used in
ECL experiments have been largely synthesized via aqueous meth-
ods. In contrast to QDs synthesized in hot coordinating solvent
(e.g.[26,27]), these QDs tend to have very broad emission. Typical
FWHM are often > 70 nm and thus not well suited for multiplexing.
Although there is clearly significant potential for biosensors using
ECL for transduction, more development is needed to maximize the
impact of QDs in this field.

4. Solid-phase assays
4.1. Immobilization of QDs

The immobilization of QDs for interfacial assays has several
advantages over homogeneous solution phase assays. Biocon-
jugates can be prepared without time-consuming purification
methods such as electrophoresis, size-exclusion columns, or
dialysis—washing of the solid interface can be sufficient to remove
excess biomaterials. Immobilization may also provide more flexi-
bility with QD surface chemistry. In contrast to QDs in bulk solution,
QDs immobilized at an interface have less strict requirements for
colloidal stabilization and solubility. Therefore, there is potentially
greater versatility in the selection of coatings, coupling chemistries,
and solvent systems that can be used for the assembly of QD-based
biosensors and bioprobes. QD immobilization may also provide
advantages for detection. Real samples can be complex biological
matrices. After target binding in the complex matrix, removal of the
solid substrate and subsequent washing may eliminate undesirable
background associated with sample autofluorescence or scattering
that is largely unavoidable in solution phase assays. While both
solution-phase and immobilized QDs can be optically interrogated
by linear and non-linear far-field techniques, immobilized QDs can
also be interrogated by near-field techniques including evanes-
cent waves [208-211] and whispering gallery modes [212], surface
plasmon enhanced fluorescence [213], enhanced fluorescence from
structured metal surfaces [214,215], and photonic crystal enhanced
fluorescence [216]. Although these techniques are also suitable for
solid-phase assays using QDs as non-integrated labels, the direct
immobilization of QD-bioconjugates at a solid interface potentiates
reusability—an essential feature of a true QD-based biosensor.

The immobilization of QDs for assay and biosensor development
is not trivial, and the criteria for a successful immobilization strat-
egy depend on the type of analysis. Physical entrapment, covalent
attachment, coordination/dative bonds, electrostatic attraction,
other affinity interactions, or combinations thereof, can provide
the basis for QD immobilization. Selected examples from the
literature include: hetero-bifunctional coordinating ligands that
interact with both the QD and the solid surface [217]; covalent
coupling between surface-bound functional groups and the QD
coating [218-221]; the biotin-Avidin interaction [222,223]; cast-
ing Langmuir-Blodgett films [224]; fabrication of layer-by-layer
assemblies [225]; incorporation into sol-gels [226], hydro-gels
[227], or micro-gels [228]; and biomolecular tethers [229]. Addi-
tional examples are described and cited later in this section
as examples of solid-phase assays. The selected immobilization
method must address criteria such as the available means of bio-
conjugation, the required proximity between QDs and affinity
probes (e.g. FRET), and the size and mobility of the target analyte.
In some applications, the degree of QD loading at the interface and
the stability of the immobilization may also be important. More-
over, the ECLimmunosensors in Section 3.3.2 are an example where
CT resistance is important, and the proximity between QDs and
bioaffinity probe is less so. In general, most solid-phase bioassay
and biosensor assemblies for larger targets (e.g. nucleic acids, pro-
teins) will require the immobilization of QDs as thin films on a
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substrate, rather than embedded in a three-dimensional matrix.
Inspired by the success of bidentate thiolates as ligands for col-
loidal QDs [43], our group developed multidentate surface ligand
exchange for the immobilization of QDs as thin films [210,230].
Using solid-phase synthesis, fused silica substrates were modified
with an aminosilane, which was further modified to yield a high
density of surface tethers with two pendant bidentate thiols. Sev-
eral of these surface ligands were capable of coordinating to the
surface of CdSe/ZnS QDs for interfacial immobilization as thin film.
The upper surfaces of the QDs were accessible for further biocon-
jugation, providing the basis for the development of solid-phase
hybridization assays.

4.2. Applications

One of the earliest examples of the immobilization of QDs for
FRET-based assay development was by Tran et al. [231]. Negatively
charged DHLA-coated QDs were immobilized on poly-L-lysine
coated glass slides using electrostatic assembly. Dark quencher-
labeled antibodies were immobilized on the QDs as a second layer
assembled through electrostatic attraction via a dimeric bifunc-
tional protein G-basic zipper molecular adapter with high affinity
for the F. region of IgG. The immobilized QD PL decreased with
increasing immobilization of the quencher labeled IgG. However,
this work did not go beyond a model for the surface assembly of QD
bioconjugates, and a complete immunoassay was not developed.

Two other early studies examined the immobilization of the
QD-MBP conjugates for the detection of maltose. In one study,
QDss5/579 were modified with both MBP and avidin. The latter
allowed attachment to a NeutrAvidin coated surface by either a
biotinylated MBP bridge or an IgG bridge [232]. In a second study,
DHLA-coated QDs1q;530/590 Were immobilized via a rigid designer
peptide [95]. The peptide C-terminus was modified with a hex-
ahistidine sequence to coordinate the QD surface; the N-terminus
was biotinylated for attachment to a NeutrAvidin coated substrate.
The immobilized QDs were further modified with pentahistidine
appended MBP, demonstrating the solid-phase derivatization of
QDs. To generate an analytical signal, the MBP was labeled at
an allosterically sensitive site with a Cy3 acceptor. The confor-
mational change associated with maltose binding quenched the
FRET-sensitized Cy3 PL. An important conclusion of this study was
that both the LOD and dynamic range of the immobilized construct
were less favourable than the solution phase analog. The change in
local environment and loss of degrees of freedom caused by surface
immobilization are not trivial, and this study highlights that the
immobilization strategy can be as significant as the transduction
strategy.

Our group has developed a non-traditional approach to FRET-
based assays that utilizes mixed films of immobilized QDs and
oligonucleotide probes for nucleic acid detection. In contrast to the
centrosymmetric colloidal donor-acceptor(s) model (Fig. 2a), the
mixed film architecture we have investigated is a two-dimensional
interfacial array of QD donors with which acceptors can be asso-
ciated via nucleic acid hybridization. There are two important
differences between these architectures: (1) donor-acceptor sto-
ichiometry; and (2) donor-acceptor distance. In the immobilized
film (Fig. 2c), multiple donors can interact with multiple accep-
tors over a distribution of donor-acceptor distances. The number
of potential energy transfer pathways (including the possibility
of donor-donor interactions) and corresponding efficiencies are
clearly different between the two systems. The ability of an acceptor
to potentially interact with multiple donors is unique to the inter-
facial immobilization of QDs. In our laboratory, we have explored
the development of solid-phase hybridization assays on this basis
[208-211]. Multidentate surface ligand exchange [230] was used
for the preparation of films of QDs, and transduction was based

on hybridization mediated FRET between QD donors and fluores-
cent acceptors, similar to our earlier work described in Section 3.1.2
[123].

The selective interfacial detection of nucleic acids using QDs and
FRET was first demonstrated via the immobilization MPA-coated
QDs3g on optical fibers [208]. The immobilized QDs were modified
with thiol terminated oligonucleotide probes, and the remain-
ing surface coated with denatured BSA. The denatured BSA was
essential for blocking non-specific adsorption and achieving selec-
tivity. Interfacial hybridization provided the proximity for FRET and
allowed the detection of target oligonucleotides at concentrations
as low as 5nM. Regeneration and reuse was possible over seven
cycles, although both the signal level and the degree of regenera-
tion decreased with each cycle. Working above room temperature
enhanced the selectivity of the assay. At 40 °C, a contrast of ca. 10:3
was obtained between fully complementary and three base-pair
mismatched target sequences (c.f. 1.0:1.4 at room temperature).
However, SNP discrimination was not achieved. An improvement
in analytical performance was possible by modifying the interfa-
cial chemistry used in the QD-FRET hybridization assay [209]. The
immobilized MPA-QDs were coated with a layer of Neutravidin and
biotinylated oligonucleotide probes. Secondary exposure to BSA
was used to block any remaining adsorption sites. The detection
of a single target was possible using immobilized QDs3¢ with a
Cy3 acceptor, or QDgy2 with an A647 acceptor. Compared to the
previous study, larger FRET signals were obtained, enabling detec-
tion limits as low as 1 nM. The assay retained signal and selectivity
in serum, and against a large background of non-complementary
genomic DNA. Assay times varied from 1 to 3 h, and the modified
fibers could be stored for at least a week. It was possible to avoid
target labeling by introducing a sandwich assay with an accep-
tor dye-labeled reporter oligonucleotide, and without a significant
increase in LOD. SNP discrimination was possible in either format,
with contrastas high as 31:1, by incorporating formamide into sam-
ples at room temperature. In comparison to the previous study,
this assay offered less potential for regeneration and reuse. Addi-
tional study has identified that the limited stability of the protein
layer was largely responsible for the incomplete regeneration that
was observed. An improvement was possible by cross-linking the
protein layer, although still insufficient for multiple cycles of use
without any loss of performance [233]. Despite this limitation, the
interfacial chemistry in this assay was otherwise ideal for exploring
the development of multiplexed assays based on QDs and FRET.

A two-plex hybridization assay was possible through the co-
immobilization of QDs53¢ and QDg3>, and the co-immobilization of
two different oligonucleotide probe sequences, as mixed films on
optical fibers [209]. The mixed film approach potentiated the facile
preparation of the assay. Two detection channels were created
using Cy3 and A647 acceptors, where probe-target hybridization
provided the proximity for FRET. The ratio of dye acceptor-to-QD
donor PL was proportional to the target concentration in each chan-
nel, where the individual contributions of each QD and dye to the
overall PL were extracted via deconvolution. The estimated LODs
were 3 and 1nM in the Cy3 and A647 channels, respectively. The
assay format is illustrated in Fig. 9a. SNP discrimination was also
possible in the two-plex format via the addition of formamide.
Moreover, it was possible to tune the response in each detection
channel via changes in the ratio of the corresponding immobilized
probes (i.e. probe dilution).

A second two-plex assay was developed using a single colour
of immobilized QDs [210]. QD523 were combined with Cy3 and
RhR as acceptor dyes. Both dyes had spectral overlap with the
QD donor, and it was possible to deconvolute their emission spec-
tra in order to obtain two detection channels. The assay LOD was
10nM. From a materials perspective, the advantage of this strat-
egy was that selective two-plex detection was possible using only
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(a) (i) Optical Fibe

oligonucleotide probe
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Fig. 9. Solid-phase FRET assays incorporating immobilized QDs. (a) a multiplexed nucleic acid hybridization assay [209-211,234] depicted at three size-scales: (i) fused silica
optical fiber substrate; (ii) interfacial QD-bioconjugates; (iii) and QD immobilization via multidentate surface ligand exchange. In (ii), energy transfer from QDs to acceptor
dye-labeled reporter oligonucleotides in a sandwich format allows selective detection. The acceptor emission is the analytical signal. (b) A multiplexed protease assay [141]
depicted at three size-scales: (i) glass slide substrate; (ii) interfacial QD-bioconjugates; and (iii) QD immobilization via amide bond formation between a Streptavidin coating
and a succinimide ester activated surface. In (ii), the QDs are efficiently quenched by Au NP-peptide conjugates. Protease activity (scissors) cleaves the peptide, thereby
restoring PL and providing an analytical signal. The two colours of spots on the substrate in (i) illustrate the multiplexing capability. Further details on the solid-phase assays

in (a) and (b) can be found in the main text. Figures not to scale.

one type of QD donor. From the analytical perspective, the spectral
bandwidth was ca. 125 nm, compared to 250 nm with the previous
two-QD-donor strategy. Furthermore, the study also helped eluci-
date important aspects of multiplexed hybridization assays based
on mixed films of QDs and oligonucleotide probes. For example, the
time to reach equilibrium response was approximately indepen-
dent of probe dilution, and multiplexing therefore did not require
longer hybridization times. It was also possible to clarify the origin
of decreases in FRET-signal when moving from one-plex to two-
plex assays, or when the relative amount of one probe decreased
in a two-plex assay. The former was initially attributed to the com-
bination of probe dilution and QD dilution. QD dilution refers to
the relative quantities of QD539 and QDgy3, which was expected to
alter the average donor-acceptor distance for each FRET-pair in a
mixed film [209]. Linear changes in FRET-signal were observed with
changes in probe ratio in two-plex assays with one [210] and two
QD donors [209]. This suggested that the average donor-acceptor
distance in mixed films with two immobilized QDs was not sig-
nificantly altered by changes in the probe ratio. Thus, acceptor
number density appeared to be the driving force for signal changes
as a function of probe ratio, and when moving from a one-plex

to two-plex assay (although the QDs530-t0o-QDg, ratio may also be
important [211]). Therefore, a potential route to signal enhance-
ment in future assays designs is the association of multiple acceptor
dyes with a single hybridization event. We have recently found that
signal enhancements of >70% and >40% were obtained in one-plex
and two-plex sandwich assays, respectively, that utilized reporter
oligonucleotides labeled at both termini with an A647 acceptor dye
(cf. one terminus) [234].

The multiplexing potential of QD-FRET methods is limited when
compared to that of QD-based optical barcodes. Nonetheless, as
described previously, the combination of immobilized QDs and
their use as donors in FRET provides a unique set of advantages.
The development of higher order multiplexing strategies that retain
these advantages is important to their success in real applications.
In our laboratory, we have also explored the development of three-
plex and four-plex hybridization assays without the need for more
than two colours of immobilized QD, and without sacrificing the
advantages of a solid-phase two-plex assay [211,234]. The addi-
tion of another detection channel via the co-immobilization of a
third QD donor was not necessarily the best approach. Moving
to shorter or longer wavelengths would have required new QD
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materials (e.g. CdS, CdTe), may have created challenges with both
wavelength-dependent photodetector efficiency or excitation effi-
ciency, and caused greater QD dilution. Instead, a third detection
channel was incorporated in sandwich assays by using the direct
excitation of reporter oligonucleotides labeled with Pacific Blue
(PB) [211]. Efficient excitation of both the PB and QDs was possi-
ble, and the PB emission was readily resolved with only moderate
expansion of the region of the visible spectrum used in the analy-
sis. Two formats were possible for selective three-plex detection:
the combination of PB, Cy3, and A647, with both QD55 and QDg1g
donors; or alternatively, the combination of PB, Cy3, and RhR, with
only a QDs5,g donor. Probe stoichiometry was used to balance the
FRET signals in each detection channel, compensating for differ-
ences in direct excitation efficiency (PB) and FRET efficiency (Cy3,
RhR, A647). SNP discrimination was possible in three-plex format;
however, optimization of probe lengths was required to ensure that
the SNP hybridization could be suppressed in one channel with-
out suppressing complement hybridization in the other channels.
A third approach to a three-plex hybridization was also explored
and did not incorporate PB [234]. Immobilized QD535 and QDg1g
donors were combined with Cy3, RhR, and A647 to comprise a two
donor-three acceptor FRET strategy. Analytically, three-plex assays
relying on a PB-channel are better suited to detecting lower con-
centrations of target. This is due to the potential uncertainty in the
deconvolution of the overlapping emission spectra of the Cy3, RhR,
and QDgg in the two donor-three acceptor strategy. Nonetheless,
the advantage of this strategy was that the addition of a PB channel
potentiated a four-plex hybridization assay [234]. Although proof-
of-concept was demonstrated, low FRET signals resulted from the
high level of probe dilution in a mixed film of four different probe
oligonucleotides and two QD donors. The loss of sensitivity was a
hindrance to practical application, and highlights the need for the
enhancement of FRET signals. If this can be satisfactorily achieved,
four-plex assays that take advantage of both the immobilization
of QDs, and their use as donors in multiplexed FRET, will become
viable.

It should be noted that Zhang and Hu have also adopted the com-
bination of the direct excitation of fluorescence and FRET using QDs
for multiplexed nucleic acid detection [235]. Alexa Fluor 488 (direct
excitation), Cy5 (acceptor),and QDggs (donor) were used in a homo-
geneous (i.e. solution phase) two-plex hybridization assay. The QDs
were modified with two different oligonucleotide probes, and a
sandwich assay format was used to associate the dyes with the QD
via hybridization. Microcapillary flow and coincidence detection at
the single molecule level were used for analysis.

In addition to our work, Feng et al. have also used the co-
immobilization of multiple colours of QD to develop a solid-phase
hybridization assay [236]. However, in this case, the multiple
colours of QD were not used for multiplexing. Instead, the layer-by-
layer assembly of QDsg1, QD594, and QDg14 inside a porous anodic
aluminum oxide template was used to create an energy transfer
relay. The excitation of the outer layer of QDsg; transferred along
the band-gap gradient to the inner layer of QDg14. This inner layer
was functionalized with oligonucleotide probes, and hybridization
with Cy5-labeled target sequences added an additional step in the
transfer. The FRET-sensitized Cy5 PL provided an analytical signal
with a sub-nanomolar LOD. Although not fully developed into an
assay, Qi et al. devised a transduction strategy that used both FRET
and photovoltaic responses to detect nucleic acid hybridization
[237]. Carboxyl-coated QDs were covalently coupled to an APTES
film between two electrodes on a silicon dioxide substrate. The
immobilized QDsgg were cross-linked with double-stranded DNA
thatincorporated a Cy5 label. This generated two analytical signals:
FRET-sensitized Cy5 PL and a significant photocurrent between the
two electrodes. An increase in the photocurrent was characteris-
tic of fully complementary duplex, and no significant photocurrent

was observed for mismatched duplex. The study highlights the
advantage of multimodal detection in potentially identifying false
positive signals from non-specific adsorption, or discriminating
between target and mismatched sequences without the need for
thermal or chemical destabilization.

Solid-phase QD-FRET assays for protease activity have also been
developed. Kim et al. immobilized spots of SA-coated QDs on a N-
hydroxysuccinimide activated hydrogel glass slide [141]. BSA was
used to block the remainder of surface. The subsequent immobi-
lization of biotinylated peptides that were labeled with Au NPs
resulted in >80% quenching of the QD PL. Specific cleavage of the
peptide sequence by target protease activity restored the QD PL
by release of the Au NP. This assay format is illustrated in Fig. 9b.
Three-plex detection was possible by immobilizing three sets of
spots corresponding to QDs55, QDgos, and QDgss. Each colour of QD
was conjugated to a different peptide sequence specific to either
MMP-7, caspase-3, or thrombin, respectively. The corresponding
LODs were 10ngmL~1,1UmL-!,and 20 ng mL~1, respectively. The
fabrication of all three QD-peptide conjugates via the biotin-SA
interaction and the use of a common quencher for all three chan-
nels necessitated spatial registration (i.e. spots). However, the use
of different QD emitters potentiates analysis via a simple PL spec-
trum without imaging to resolve the spatial registration. The same
research group developed a similar one-plex assay for MMP-7 activ-
ity [142]. SA-coated QD535 were immobilized and conjugated with
biotinylated peptides that were labeled with TAMRA as an accep-
tor. The analytical parameter was the ratio of QD-to-TAMRA PL, and
increased with proteolytic activity. The LOD was 100ng mL~!. The
lower LOD with Au NP-labeled peptide was likely due to the supe-
rior quenching efficiency of Au NPs. In both studies, the dynamic
ranges were approximately three orders of magnitude, and analysis
times were 1-2h.

5. Summary and conclusions

This review has provided an extensive overview of the use of
QDs as integrated components of assays, bioprobes, and biosen-
sors. Integrated QDs serve as a scaffold for both bioconjugation
and biorecognition, and are present in a system throughout a bio-
analysis. In contrast to the use of QDs as simple labels, where
unbound QDs are washed away to eliminate signal, the use of
integrated QDs requires modulation of the QD luminescence in
response to biorecognition events. Mechanisms such as FRET, BRET,
and CT quenching have been used in this respect. Their strong
distance dependence provides the basis for the transduction of
biorecognition events that are associative (e.g. hybridization), dis-
sociative (e.g. proteases), or result in conformation changes (e.g.
ligand-receptor interactions). While the processes of FRET and
BRET with QDs are generally well understood, many aspects of
the CT quenching of QDs require further study. ECL has also been
used with integrated QDs for assay and biosensor development. In
this case, transduction is most commonly based on either changes
in coreactant concentration due to enzyme activity, or changes in
CT resistance due to binding events at a QD-modified electrode.
However, due to the propensity towards band-gap emission in ECL
methods, the impact of QDs has not yet been maximized in this
area.

The coatings and the bioconjugation strategies used with QDs
are a critically important consideration in the development of
bioanalyses. Both compact ligand-based QD coatings and thicker
polymeric QD coatings have been compatible with FRET and BRET
as transduction methods. Compared to CT quenching or ECL, FRET
and BRET have the smallest distance dependence and sensitivity to
QD coating due to their through-space dipole-dipole interaction. In
contrast, CT and ECL require electron transfer through short-range
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orbital overlap. To date, only ligand-based QD coatings have been
used with these methods of transduction. Furthermore, QD sur-
face states have been identified as playing a role in CT quenching
and ECL. Although this role is not yet fully characterized, QD coat-
ings are expected to have influence. The QD bioconjugation method
is important because it can potentially dictate the orientation and
conformational mobility of conjugated biomolecules, the valence of
QD-bioconjugates, and add thickness to the overall QD coating—all
of which can influence the efficiency of FRET, BRET, and CT.

The development of bioanalyses that integrate QDs with FRET,
BRET, CT quenching, and ECL-based transduction continues to
grow. Currently, FRET-based methods are the most developed, and
a large variety of both homogeneous solution-phase assays, and
heterogeneous solid-phase assays, have been reported in the lit-
erature. Although the majority of work on the former has been in
vitro, both FRET-based and CT-based bioprobes have been applied
ex vivo. The continued development of ex vivo and in vivo bioanal-
yses will be a major thrust in this area of research over the next
several years.
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