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Quantum Dots in Diagnostics and Detection: 
Principles and Paradigms 

T. R. Pisanic II,a Y. Zhangb and T. H. Wangc ,  

Quantum dots are semiconductor nanocrystals that exhibit exceptional optical and electrical 
behaviors not found in their bulk counterparts. Following seminal work in the development of 
water-soluble quantum dots in the late 1990’s, researchers have sought to develop interesting and 
novel ways of exploiting the extraordinary properties of quantum dots for biomedical 
applications. Since that time, over 10,000 articles have been published related to the use of 
quantum dots in biomedicine, many of which regard their use in detection and diagnostic 
bioassays. This review presents a didactic overview of fundamental physical phenomena 
associated with quantum dots and paradigm examples of how these phenomena can and have 
been readily exploited for manifold uses in nanobiotechnology with a specific focus on their 
implementation in in vitro diagnostic assays and biodetection.  
 

Nanotechnology as a field seeks to explore, understand and 
exploit the unique physicochemical properties of materials that 
emerge as their size is decreased to scales on the order of 100 
nanometers or less. Over the last two decades, one area of 
persistent interest in nanotechnology, and nanobiotechnology in 
particular, involves optical and electrical phenomena associated 
with semiconductors at the nanometer scale. Semiconductor 
nanocrystals, typically referred to as “quantum dots” (QDs), 
exhibit exotic optical and electrical behaviors not found in their 
bulk counterparts, including high photoluminescence (PL), 
extinction coefficients and photostability. These properties have 
engendered considerable interest in fields ranging from 
quantum computing and solar cells to in vivo tumor labeling 
and high sensitivity in vitro diagnostics. Here we present a 
didactic overview of fundamental physical phenomena 
associated with quantum dots and paradigm examples of how 
these phenomena can and have been readily exploited for 
manifold uses in nanobiotechnology with a specific focus on 
their implementation in diagnostics and biodetection. 

A Brief History of Quantum Dots 

Initial investigations 

The “dot” referred to in quantum dots connotes an extremely 
confined region of space approaching zero dimensions 
(likewise quantum “wires” and “wells” are confined to one and 
two dimensions, respectively). It is within this nanometer size 

regime that semiconductors transition from behaving as bulk 
materials to those predicted for individual or small groups of 
atoms and likewise begin to exhibit exceptional phenomena.  
At the center of the majority of interesting phenomena 
associated with quantum dots is the exciton, that is, an electron-
hole pair, created via external energy (e.g., light) input, that 
remains coupled by Coulombic attraction in materials such as 
semiconductors and insulators. While the initial theory behind 
the exciton has existed since the 1930’s with the pioneering 
works of Frenkel1, as well as Wannier2 and Mott3, it wasn’t 
until the late 1960’s that researchers began focusing their 
efforts into the creation of semiconductors capable of exploiting 
the theory for applications in applied science. In particular, 
interest piqued into the development of light emitting diodes, in 
which exciton electron-hole recombination results in the 
emission of light. While predicted well in advance by theory, 
advances in microfabrication in the 1970’s led to the first 
demonstrations of quantum confinement in 2-dimensional wells 
in 19744 and one-dimensional wires in 19825. Shortly 
thereafter, seminal work by researchers such as Brus6, 7 and 
Ekimov8 resulted in the first reproducible methods for 
synthesizing nanoscale crystals of CdS capable of physically 
constricting excitons in all three dimensions, thus creating the 
first so-called quantum dots.  

Timeline of Seminal Papers/Novel Uses in Biotechnology 
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Despite the discovery and development of the QD, the concept 
of using luminescent semiconductor nanocrystals for biological 
applications was not immediately obvious, mainly due to QD’s 
typically highly toxic constituents, such as cadmium, as well as 
their native inability to be readily dispersed within biologically 
compatible [aqueous] solutions. Capitalizing on advancements 
in QD synthesis techniques9-11 aimed to improve QD size 
monodispersity while maintaining highly luminescent behavior, 
in 1998 two landmark papers reported the encapsulation of QDs 
in water soluble coatings in order to allow labeling of both 
formalin-fixed12 and live13 cells.  
The publication of these papers ushered in a virtual gold rush of 
research into the potential biological uses and applications of 
QDs. The decade of 2000-2010 alone saw the publication of 
almost 100,000 manuscripts (>10,000 of which dealt with 
biotechnological applications) relating to the development, 
characterization and use of QDs. While a detailed analysis of 
these papers is well beyond the scope of this review, Figure 1 
provides a publication timeline of 25 select landmark papers in 
the use of QDs in biotechnology, ending in the notable, recently 
published report of the biosynthesis of QDs by common 
earthworms14. 

Principle Physics of Quantum Dots 

Quantum dots are nanocrystals made of semiconductor 
materials. There are two very different approaches to fabricate 
quantum dots: a top-down approach in which the 
dimensionality of solid matter is gradually reduced, and a 
bottom-up approach, in which quantum dots are grown via 
chemical synthesis15 or epitaxial growth16. These methods have 
been able to produce quantum dots with diameters of a few 
nanometers, whose sizes are small enough to display quantum 
mechanical properties. A notable characteristic of quantum dots 

is that their optical and electrical properties are highly 
composition- and size-dependent17. 

Optical Properties of Quantum Dots 

In semiconductors, after the absorption of a photon with energy 
above the semiconductor band gap energy, an electron-hole pair 
(or exciton) will be created. If the semiconductor nanocrystal 
has a diameter smaller than its exciton Bohr radius (usually a 
few nanometers), the electrons and holes are confined, leading 
to a so-called quantum confinement effect where energy levels 
are quantized, with values directly dependent on the 
nanocrystal size18. As the size of the quantum dots is decreased 
(typically smaller than 10nm), the quantum confinement effects 
become more dominant. 
Quantum dot photoluminescence (PL) occurs when the excited 
electron relaxes to the ground state and recombines with the 
hole, releasing electromagnetic energy with a narrow and 
symmetric energy band (frequency) within the UV to near-
infrared regime17. With broad excitation spectra and narrow and 
symmetric emission spectra, quantum dots have a very large 
wavelength difference between their respective absorption and 
emission peaks (large Stoke Shifts), which is in remarkable 
contrast to common organic dyes, as shown in Figure 2(A) and 
(B)19, 20. Meanwhile, quantum dots made up of different 
materials, or different sized quantum dots of the same material, 
have distinct emission wavelengths (or PL colors). Generally, 
the emission PL wavelength is proportional to the size of the 
quantum dot. The larger the quantum dot, the redder its color is, 
as shown in Figure 2 (C). This unique property allows 
excitation of mixed quantum dot populations at a single 
wavelength far removed from their respective emissions, such 
as in UV range. Other QD optical properties interesting to 
engineers and biologists include their high quantum yield, 
better photostability compared with common standard 

Figure 1. Timeline of selected seminal papers in the use of quantum dots for biomedical applications. * From [13]. Reprinted with 
permission from AAAS. ζ From [72]. ©2002 by the National Academy of Sciences ; ξ Author’s work from [57]. ; † Reprinted with permission 
from [70]. ©2012 American Chemical Society. ‡ Reprinted by permission from Macmillan Publishers Ltd: Nature Nanotechnology [14], 
©2013. 
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fluorophores, high molar extinction coefficients that are 10 to 
100 times of that of common organic dyes, as well as 
exceptional resistance to photo- and chemical degradation19, 21-

23. One oft-cited drawback of QDs is that intermittent 
fluorescence (blinking) of QDs can be observed by temporarily 
preventing exciton recombination, such as in continuous 
excitation (though the development of non-blinking QDs has 
also been reported24). This phenomenon can be observed at the 
single molecule level and reduces quantum yield25, 26. In terms 
of applications, single quantum dots can be seen and tracked 
using standard fluorescence spectroscopy27, as well as confocal 
microscopy28, total internal reflection microscopy29 and basic 
wide-field epifluorescence microscopy30, 31. 

Electrical Properties of Quantum Dots 

Quantum dots are often referred to as “artificial atoms” because 
their charge carriers (electrons and holes) occupy discrete 
energy states, just like the electrons of a single atom. This is a 
direct result of carrier confinement within the physical 
dimensions of the nanocrystals18, 32. As mentioned above, if 
provided sufficient energy, QD electrons will be excited from 
the valence band to the conduction band while leaving an 
empty state in the valence band. This empty state, or “hole”, 
can be thought of as a mobile positive charge in the valance 
band. After excitation, the electrons and holes rapidly lose their 
energy and jump to levels near the bottom of their conduction 
and the top of their valence bands, respectively. As the 
electrons fall across the band gap to recombine with the holes, 
in so-called electron-hole recombination, energy is released, as 
shown in Figure 3(A). The released energy can be considered 
as the sum of the confinement energies of the excited electron 
and hole, the band gap energy and the bound energy of the 
exciton.  Generally, a photon can only excite one electron [of a 

fluorescent species] across the band gap and create only one 
exciton, with excess energy released as heat. In QDs, however, 
multiple excitons can be simultaneously created, which is 
called multiple exciton generation (MEG) and helps increase 
the energy conversion efficiency of the nanocrystals15, 33. 
QD core/shell structures yield confinement behaviors that are 
highly related to the core and shell materials themselves. For 
example, when the energy band gap of the shell material is 
larger than that of the core material, the electron-hole pair is 
confined within the core, as shown in Figure 3(B). These QDs 
are called type-I QDs and demonstrate higher 
photoluminescence (PL) efficiency as compared to type-II QDs 
(where the band gap of the shell is smaller than the QD). In 
Type-II QDs, the electrons and holes are confined to the shell 
and the core respectively, as shown in Figure 3(B). Here, the 
charge carriers have to cross the core-shell interface for 
radiative recombination, emitting fluorescence with wide and 
tunable wavelength. Of particular note, however, is the strong 
interaction that occurs between these charge carriers and any 
surrounding materials, which is highly dependent on the 
materials themselves and greatly affects the overall electrical 
properties of QDs. Hence, it is resultantly very difficult to 
formulate a general many-electron theory of QDs34. 
QDs are very sensitive to the presence of additional charges 
(electrons or holes) either on their surfaces or in the 
surrounding environment, which can alter both the nanocrystal 
absorption and PL alike35-37. As a result, the presence of 
additional charges can lead to quenching of the QD PL due to 
Auger recombination (non-radiative energy transfer to a third 
charge carrier)38, 39. Complete quenching can be observed 
through addition of charge(s) directly into the QD core, 
resulting in strong spatial overlap between the charge(s) and the 
exciton, whereas partial quenching results from charge(s) that 
occur on the nanocrystal surface due to weaker overlap with the 
exciton35-39. Likewise, bringing redox-active complexes in close 
proximity to the QDs may quench the QD PL by promoting 
transfer of external electrons (and holes) to either the QD core 

Figure 2. Optical properties of quantum dots. (A) Absorption and 
emission spectrum of six different QDs. (B) Absorption and emission 
spectrum of two organic dyes, Cy3 and Cy5. Note that QDs have 
larger Stoke Shifts than common dyes. (C) Comparison of 
fluorescence photographs of six QD in (A) with CdSe core sizes. All 
samples were excited with 365nm UV light. Reprinted by permission 
from Macmillan Publishers Ltd: Nature Materials [19], ©2005 and 
Nature Methods [20], ©2005.

A 

C 

B 

Figure 3. Electrical properties of quantum dots. (A) Illustration of 
electron-hole recombination and corresponding energy levels. (B) 
Energy level diagram of type-I and type-II QDs.
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or the QD surface states40.  

Quantum Dot Phenomena and Paradigms 

Given the astounding phenomena that semiconductor 
nanocrystals are capable of, it is no wonder that they have 
generated extraordinary interest in the applied sciences. One of 
the principle areas within nanobiotechnology that has sought to 
capitalize upon these phenomena is the field of biological 
diagnostics and detection. Likewise, it is the aim of this review 
to explore examples of how researchers have leveraged the 
unique characteristics of QDs to accomplish unprecedented 
diagnostic assays. Figure 4 provides a schematic overview of 
the different energy transfer schemes of in vitro bioassays that 
have been employed and are detailed in this review. Each QD-
based assay requires an energy source, whether it be 
electromagnetic (light), chemical, biochemical or electrical. 
Each type of assay described in this review utilizes a different 
pathway for the energy, which is ultimately detected in the 
form of electromagnetic energy or an electrical 
(current/voltage) output. 

Optical and Resonance Phenomena 

Due to the unique and highly desirable luminescent properties 
of QDs, it is no wonder that the most common and direct means 
of incorporating QDs into bioassays is through excitation with a 
light source and/or measurement of their resulting emitted light. 
The field has moved well-beyond the simple luminescent 

labeling demonstrated over 15 years ago, to assays involving 
numerous QDs, fluorophores and energy sources. It is 
ultimately the unique combinations of these components that 
result in new assay forms and paradigms. 

Direct Photoluminescence 

BASIC IMMUNOASSAY 
The most basic use of QDs in bioassays is the direct labeling of 
targets of interest, such as first described by Nie13 and 
Alivisatos12, who used QDs to directly label mammalian cells 
in vitro. Similarly, QDs can be conjugated to high affinity 
[detection] molecules, such as antibodies, in order to directly 
label individual biomolecules of interest, as shown in Figure 5 
(A). In a direct PL assay, after the QD-labeled detection 
molecules have been given sufficient time to bind to their 
target, unbound QDs must be washed away in order to identify 
the target of interest. This leaves a resulting PL signal from the 
remaining QDs that is proportional to amount of target present 
in the assay. This type of assay is termed heterogeneous due to 
the need for wash steps.  
Within only a few years following the introduction of water 
soluble QDs, QD-based immunoassays had already 
significantly advanced well beyond simple single-color assays 
to demonstrations of simultaneous two-, three- and even four-
color assays. As an example, Goldman et. al. described a QD-
based direct PL four-color assay for the detection and 
simultaneous quantification of biothreat agents41. Such 

Figure 4. Quantum Dot Assay Schemes. Schematic illustration of the energy transfer schemes utilized in various types of QD assay 
paradigms. Each assay requires an energy input (electromagnetic, chemical, biochemical or electrical) that is transmitted to the QDs 
either directly or through an input intermediate. This energy modifies the electron behaviour within the QDs, which release the energy, 
either directly or through an output intermediate, in the form of emitted light or charge transfer (electrical current). 
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multicolor assays require QDs with appropriately designed 
luminescent characteristics. While, unlike organic fluorophores, 
QDs can, in general, be excited using a single excitation 
source/spectrum, their diameters must differ to a substantial 
enough extent to allow for minimal overlapping between their 
respective energy states and resulting emission spectra, 
allowing for easy differentiation between the labels. By 
conjugating different labels to different antibodies, each 
antibody target can be simultaneously detected and quantified 
by color. Figure 5 (B) shows the detected luminescence from 
the four-color assay as a function of wavelength. By carefully 
determining the emissive spectra from each of the QD labels, 
the combined luminescent signal (black line) can be 
deconvoluted into individual luminescence from each of the 
four QD components, thus allowing for quantification of each 
of the four target antigens. There are numerous reports of direct 
luminescence assays, some notable examples include: live cell 
labeling42, bacterial pathogen detection43, 
immunochromatography44, in situ molecular profiling of cancer 
biomarkers45, 46, QD fluorescence correlation spectroscopy 
(FCS) of protein dynamics47, labeling of vasculature48 and in 
situ hybridization49. 
 
MULTIPLEXED OPTICAL CODING 
While the characteristic narrow emission spectra of 
differentially-sized QDs can be leveraged as distinct individual 
labels, Han et. al. demonstrated that they can also be used 
combinatorially to create massively multiplexed assays.50 By 
encapsulating varying ratios and quantities (intensities) of 
different QD colors within polymer microbeads, the group, led 
by Nie, developed unique optically encoded microbeads. Once 

again, a key enabling advantage of using QDs is their ability to 
be used with a single excitation source/spectrum. Figure 6 (A) 
shows an illustration of the developed encoding scheme, while 
(B) shows a color micrograph of encoded microparticles. This 
method could theoretically generate (nm - 1) unique codes, 
where n is the number of distinguishable QD colors and m is 
the number of intensities employed. While up to a million 
optical codes are possible, the authors estimate that the creation 
of as many as 5-6 colors and 6 different intensity levels is more 
realistically achievable, thereby yielding a total of 10,000-
40,000 unique optical labels. Figure 6 (C) shows how the 
encoding scheme might be used with single-bead spectroscopy 
for a highly multiplexed assay. This and other multiplexing 
schemes have been developed and employed in a number of 
notable publications, including SNP analysis51, single DNA 
molecule detection via multiplexed color colocalization31, 
genetic mutation analysis using fluorescence coincidence 
detection52 and magnetic-QD multiplexed gene expression 
analysis53.  

Figure 5. QD Immunoassay. (A) Illustration showing a mixed surface 
QD conjugate. Antibodies against target molecules are conjugated 
to ZnS-capped QDs through PG-zb adaptor and/or MBP purification 
proteins. Four QD colors are each conjugated to antibodies against 
different toxins and used in a standard sandwich immunoassay. (B ) 
Composite (black curve) and component (color curves) 
luminescence from the 4-color immunoassay at 1000 ng/ml (top) 
and 30 ng/ml (bottom). Taken from [41], not subject to copyright.

A B 

Figure 6. Multiplexed Optical Encoding. (A) Schematic showing 
optical encoding scheme using wavelength and intesity via multiple 
QDs embedded within microparticles. (B) Color micrograph showing 
microbeads appearing white due to encoding with red, green and 
blue QDs (individual colors shown in inset). (C) Mutliplexed 
hybridization assay using optically-encoded microbeads. Specific 
probes are conjugated to each microbead code and used to 
recognize a specific target. The targets are nonspecifically 
fluorescently labeled and when “captured”, the corresponding bead 
can be decoded and the target identified. Reprinted by permission 
from Macmillan Publishers Ltd: Nature Biotechnology [50], ©2001.  

A B 
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Förster Resonance Energy 

In direct PL QD-based assays, excitons created by an excitation 
light source recombine, releasing energy as emitted light. It is 
possible, however, for the energy to be transferred via 
resonance to other molecules nearby without emission of light 
by the QD. In an appropriately designed system, fluorescent 
molecules can be used as acceptors of this energy; the energy is 
then able to excite an outer shell electron within the fluorescent 
molecule and be released as light (fluoresce) upon relaxation of 
the electron to its ground state. While this energy transfer 
mechanism was first described by Förster in 194854 and is 
likewise referred to as Förster resonance energy transfer 
(FRET), it wasn’t until 2001 that QD-based FRET was reported 
in a bioassay55, 56. Notably, FRET is a highly distance-
dependent phenomenon, as the efficiency of energy transfer is 
inversely related to the sixth power of the distance between the 
donor and acceptor. 
QD-FLUOROPHORE DNA NANOSENSOR 
The FRET mechanism adds another dimension to QD-based 
assays that can be employed to develop exquisite assays that 
would otherwise be difficult or impossible. As FRET is only 
observed when the donor and acceptor are extremely proximal 
to each other, it can be used to detect the presence or absence of 
fluorophores near the QD surface. And since fluorophores can 
be readily conjugated to high affinity molecules, including 
complementary nucleic acid sequences, QD-based FRET can 
likewise be used to detect the presence of molecules and DNA 
target sequences of interest, such as our group described in 
200557. Biotin-conjugated DNA capture probes and Cy5 
fluorophore-conjugated reporter probes were first mixed with 

target DNA sequences and allowed to hybridize. Streptavidin-
coated QDs were then added thereby creating QD-[capture 
probe]-[target DNA]-[reporter probe] complexes, as shown in 
Figure 7 (A). Thus, in the presence of target DNA, excited QDs 
emit light as well as transfer energy to the fluorophore-tagged 
reporter probes, as shown schematically in Figure 7 (B). 
Finally, as shown in Figure 7 (C), light emitted by both the QDs 
and reporter probes could then be simultaneously detected 
using a custom confocal spectroscopic setup, capable of 
individually probing each QD as it passed through a detection 
volume within a microcapillary. Overall, the nanosensor assay 
exhibited an assay sensitivity over 100 times better than 
conventional molecular beacon DNA detection schemes. 
Furthermore, the assay was homogeneous, requiring no wash 
steps to achieve target detection. Homogeneous, FRET-based 
assays have also been utilized for the detection of numerous 
compounds and other applications, including detection of 
maltose58, TNT59, cocaine60, HIV DNA binding elements61, 
DNA methylation62-64, as well as examinations into the stability 
and unpacking dynamics of DNA polyplexes in gene delivery65-

67. 
POLYMERASE DYNAMICS 
The efficiency of FRET from the QDs to acceptor fluorophores 
is a characteristic determined by a number of parameters such 
as the spectral overlap between the QD emission and 
fluorophore excitation, as well as the distance and luminescent 
efficiencies of the two. These factors likewise dictate the 
probability that a photon will be absorbed by the QD and 
transferred to the fluorophore to be emitted as light. 
Furthermore, the greater the number of acceptor fluorophores 
located within close proximity to the QD, the greater the 
likelihood that the exciton energy will be transferred to any one 
of the acceptors. A very interesting example of leveraging this 
phenomenon was reported in 200368 by Patolsky et. al. who 
employed it to measure the dynamics of DNA replication. In 
these experiments, primer oligonucleotides or viral DNA was 
covalently linked to QDs and was polymerized using 
telomerase or DNA polymerase, respectively. The authors 
performed the polymerization using a mixture of nucleotides 
that included fluorescently-labeled uracil residues that acted as 
FRET acceptors, as shown in Figure 8 (A). The polymerization 
was followed by excitation of the QDs with a laser and 
observation of the emitted luminescence from both the QDs and 
the fluorescent uracil as it was incorporated into the 
polymerizing DNA on the surface of the QDs. Hence, as the 
polymerization proceeded, an increasing number of acceptor 
fluorophores became incorporated into the growing DNA 
strands on the surface of the QDs, thereby increasing the 
relative FRET fluorescence from the fluorophore and 
decreasing the ratio of light emitted by the QDs in a manner 
directly proportional to the rate of DNA replication, as shown 
Figure 8 (B). Following Patolsky’s report of a QD FRET-based 
dynamic assay, similar paradigms have also been leveraged to 
investigate the kinetics of DNA strand exchange69. 
 
 

Figure 7. QD-Fluorophore DNA Nanosensor. (A) Streptavidin-
coated QDs capture target DNA hybridized to pairs of 
complementary probes labeled with a fluorophore or biotin, 
respectively. (B) Upon illumination, both the QD and  the 
fluorophore simultaneously emit light through photoluminescence 
and FRET, respectively. (C) The emitted light is detected using a 
custom microcapillary-based setup capable of probing individual 
nanocomplexes. Taken from authors’ work [57].

A 
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FRET RELAY 
QDs are not only capable of donating resonant energy, but also 
capable of accepting it from excited luminescent compounds. 
This was elegantly demonstrated by Algar et. al.70, who 
reported the generation of a so-called “FRET relay”. Here, 
nanocomplexes were synthesized consisting of a central QD 
bioconjugated to multiple peptides and oligonucleotides each 
labeled with either a long lifetime luminescent Terbium 
complex or a standard fluorescent dye (Alexafluor 647), as 
shown in Figure 9. In order to initiate the relay, the 
nanocomplexes were illuminated with a xenon flash bulb at a 
wavelength of 339nm, at the center of the Terbium absorbance 
peak. Since this wavelength also provided sufficient energy for 
the creation of excitons within the QDs, a time-gate (55µs) was 
employed to filter out the initial QD luminescence as well as 
the initial FRET to the dye. After the time-gate, the long 
lifetime Tb-complexes remained excited and continued to 
transfer resonant energy to the QDs, thereby re-exciting them 
and allowing resonant energy transfer from the QDs to the 
fluorophores and thus completing the Terbium to QD to 

fluorophore relay. The authors additionally showed how such a 
relay could be employed as highly sensitive biosensors for 
proteolytic cleavage, DNA hybridization and for use in time-
gated multiplex assays.  
Similar two-step “FRET Relay” paradigms have also been 
utilized in the detection of maltose58 and by our group to 
investigate the condensation and stability of DNA polyplexes67. 
Here, plasmid DNA, dual-labeled with QDs and fluorophores, 
was complexed with a fluorescently labeled cationic polymer 
gene carrier. Excitation of the QDs initiated a FRET cascade 
from the QD to the plasmid fluorophore (nucleic acid dye) to 
the fluorophore (Cy5)-labeled gene carrier. This system 
ultimately allowed for a three-state kinetic model of DNA 
condensation: (1) fully condensed DNA with emission from all 
three luminophores; (2) polymer-released intact DNA 
exhibiting emission from the QD and nucleic acid dye and (3) 
degraded DNA resulting in emission solely from the QD. Thus, 
by analyzing the luminescence from the system, the real time 
kinetics of DNA delivery could be readily observed and 
studied. It is such highly engineered multiple component and 
distance-dependent FRET assays that now allow researchers the 
ability to study molecular dynamics and kinetics with 
unprecedented ease. 

Other types of Energy Transfer 

In each of the previous examples of energy transfer, the initial 
energy source came from an exciting light source, i.e. 
electromagnetic radiation. There are, however, alternate means 
of exciting electrons and generating excitons within QDs that 
do not require an external light source, as illustrated in Figure 
4.  
BIOLUMINESCENCE RESONANCE ENERGY TRANSFER (BRET) 

As early as 2006, researchers had reported the development of 
so-called “self-illuminating” QDs for in vivo imaging 
applications.71 While in vivo imaging with QDs had been 
previously demonstrated72-75, like the previous examples 
illustrated above, it necessitated the use of an external 
illuminating source, which can prove difficult in clinical 
practice. These self-illuminating QDs, however, were shown to 
be capable of acting as acceptors of energy released from a 

Figure 9. FRET Relay. QD complexes consisting of a fluorophore 
(A647) and Terbium (Tb) are excited with incident light causing QD 
and A647 FRET2-based light emission. After a 55 µs time gate, the 
excited Tb continues to excite the QD via FRET1, causing further 
emissions from both the QD and A647 FRET2. Reprinted with 
permission from [70]. ©2012 American Chemical Society.

Figure 8. QD FRET-based Monitoring of Polymerase Dynamics. (A) 
QDs were functionalized with either synthetic or M13𝜙 DNA and 
incubated in the presence of Texas Red-labeled dUTP and  
telomerase or DNA polymerase, respectively. (B) As replication (or 
telomerization) proceeds, the QD emission (white circles) decreases 
and the FRET-based Texas Red emission (solid black circles) 
increases. Reprinted with permission from [68]. ©2003 American 
Chemical Society.
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biochemical reaction, the luciferase-mediated oxidation of 
coelenterazine, through a process highly similar to FRET 
known as bioluminescence resonance energy transfer (BRET). 
The same group, Xia et. al., later demonstrated that a similar 
energy transfer scheme could be utilized for novel in vitro 
bioassays for matrix metalloproteinases (MMPs)76. As shown in 
Figure 10, luciferase was bioconjugated to QDs via an amino 
acid linker that also acted as an MMP substrate. In the absence 
of MMPs (and the presence of coelenterazine), the 
bioconjugated QDs emitted light due to BRET from the 
luciferase reaction, while in the presence of specific MMPs 
capable of cleaving the amino acid linker, the luciferase linkage 
was severed thereby preventing BRET and QD light emission. 
Thus by measuring the loss in BRET signal (light emitted by 
the QD), the presence and concentration of MMPs could be 
determined. Other examples of novel, QD BRET-based assays 
include: protease detection77, nucleic acid detection78 and 
cellular protein interactions79. 
CHEMILUMINESCENCE RESONANCE ENERGY TRANSFER 

(CRET)  
While the Rao group pursued applications using QD-based 
BRET, other investigators continued to pursue alternative 
schemes of transferring energy to and from QDs in order to 
develop novel bioassays. In the same year (2006), Huang et. al. 
demonstrated a highly similar, synthetic means of transferring 
chemical energy via resonance to QDs80. Here, QDs were first 
bioconjugated to horseradish peroxidase (HRP) enzymes, 
creating catalyst nanocomplexes. In the presence of luminol 
and hydrogen peroxide, HRP catalyzes the oxidation of 
luminol, ultimately exciting electrons within the molecule that 
proceed to relax, emitting light (fluorescing) in the process. As 
shown in Figure 11 (A), by coupling the HRP in close 
proximity to the QD, the energy that would normally result in 
light production could instead be transferred through resonance 
to the QD through another FRET-like phenomenon known as 
chemiluminescence resonance energy transfer (CRET). As a 
proof-of-concept, the authors also demonstrated a simple 
immunoassay utilizing CRET for the detection of proteins, as 
illustrated in Figure 11 (B). In this paradigm, the common 
protein bovine serum albumin (BSA) acted as a mock antigen 
and was bioconjugated to the QDs. The QDs were then allowed 
to bind with HRP-labeled anti-BSA antibodies in the presence 
of luminol. After binding, hydrogen peroxide was once again 

added to the solution to catalyze the luminol reaction on the 
surface of the QDs, thereby resulting in CRET and emission of 
light by the QDs. Similar QD-CRET paradigms have been 
exploited for the detection of a number of other bioassays, 
including: DNA and aptamer-based detection81, post-
electrophoretic detection82, and VEGF detection83. 
NANOSURFACE ENERGY TRANSFER (NSET) AND DIPOLE TO 

METAL PARTICLE ENERGY TRANSFER (DMPET)  
Bioassays and sensors involving the transfer of resonant energy 
do not necessarily require the use of a second luminescent 
species. By transferring energy to nonluminescent chemicals or 
materials, one can also develop quenching-based assays. Such a 
paradigm is commonly employed in assays involving organic 
fluorophores closely coupled to quenching moieties such as in 
the case of drug release studies84 and so-called molecular 
beacons. Likewise, many researchers have reported quenching 
of fluorescent species by inorganic nanometals. While the exact 
mechanism of this quenching was initially somewhat enigmatic, 
it was generally agreed upon that the transfer of resonant 
energy from the fluorescent species to the metal prevented 
photon emission. After a number of detailed experiments, it 
additionally became clear that quenching occurs at significantly 
greater distances than predicted by the 1/r6 dependence of the 
FRET mechanism. Further studies confirmed an alternative 
means of energy transfer exhibiting a 1/r4 dependence that, like 
FRET, was based upon a donor dipole, but with a metal surface 
as the acceptor (as opposed the second dipole in FRET). This 
means of energy transfer was termed nanosurface energy 
transfer (NSET)85, with a more refined version of the theory 
later appearing as dipole to metal particle energy transfer 
(DMPET)86. 

Figure 10. BRET-based Matrix Metalloproteinase (MMP) Activity. 
QDs are covalently conjugated to bioluminescent luciferase via a 
MMP substrate peptide linker. In the presence of the luciferase 
substrate (coelenterazine), the QDs are excited via BRET and emit 
light. In the presence of the MMP, however, the peptide is 
cleaved, stopping the BRET. Reprinted with permission from [76]. 
©2008 American Chemical Society.

Figure 11. CRET-based Immunoassay of Proteins. (A) Horseradish 
peroxidase (HRP)-conjugated QDs can be excited via CRET in the 
presence of peroxide, luminol and an enhancer (p-IP). (B) QDs can 
also be conjugated to antigen (here, BSA) and allowed to bind to 
HRP-conjugated antibodies, allowing for CRET (in the presence the 
reactants). Reprinted with permission (CC BY-NC) from [80].
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One interesting example of the implementation of DMPET into 
a bioassay was given by Liu et. al., who used the DMPET 
phenomenon in the development of a multiplexed bioassay for 
adenosine and cocaine.87 Here, multiple QDs were complexed 
with multiple gold nanoparticles through aptamers, which 
specifically recognize cocaine and adenosine, partially 
hybridized between the particles, as shown in Figure 12 (A). In 
the absence of either target molecule, the gold nanoparticles 
quenched PL emission from the QDs, while in the presence of 
either adenosine or cocaine, the aptamer-nanoparticle 
hybridization was disrupted, thereby separating the 
QDs/nanoparticle complexes and restoring the PL properties of 
the QDs, as illustrated in Figure 12 (B). The authors purported 
a number of advantages of the bioassay, including: fast 
response times (<1 min), multiplexing capability and two 
detection modes – fluorometric and colorimetric. A number of 
other NSET-based assays have additionally been reported, such 
as: NSET to graphene oxide for biomolecule detection88, and 
gold-based NSET for glucose detection89. 

Electrical and Electrochemical Phenomena 

Though most bioassays are still based on the luminescent 
properties of QDs, there is increasing interest in utilizing the 
unique electrical properties of QDs as well. Here, charge 
transfer between QDs and other luminescent species, 
electrochemiluminescence (ECL) energy transfer, and other 
unique electronic behaviors of QDs conjugated with 
nanocomplexes have been investigated. Their unique 
phenomena have been further utilized in the development of 
novel applications for biological detection and analysis. 

Charge Transfer 

PEPTIDE-BRIDGED RUTHENIUM MULTIPLEXING 
As previously illustrated, QD-based fluorescence multiplexing 
has been demonstrated and applied in several biological assays. 
While most assays utilize the QD-emission photoluminescence 

directly or resonance energy transfer phenomena between 
luminescent species, multiplexing signals can also be achieved 
through charge (electron) transfer between QDs and proximal 
redox complexes. For example, Medintz et.al. reported that 
charge-transfer interactions between QDs and ruthenium 
phenanthroline (Ru-phen) could be used to provide controlled 
quenching of QD photoluminescence in a multiplexed format90. 
Here, Ru-phen complexes were self-assembled onto QDs via 
peptide bridges, which were used as electron conduits between 
them, as shown in Figure 13. Due to the charge transfer from 
the metal complex to the surface states of the QDs, QD PL 
could be quenched efficiently. The experimental results 
demonstrated that the loss in PL was directly related to the 
number of Ru-phen complexes brought into proximity of each 
QD. The authors also reported that smaller QDs exhibited 
higher quenching efficiencies than their large-size counterparts, 
which may be attributable to a higher density of surface states 
and higher probability for charge transfer. Hence by combining 
redox complex conjugated QDs of multiple sizes, charge-
transfer-induced PL quenching could occur over a broad 
window of the optical spectrum, yielding high orders of 
multiplex quenching. At least eight individual optical channels 
have been resolved using QD emissions ranging from 510 to 
635 nm. This QD-redox complex quenching mechanism has 
been studied to create biosensors targeting proteins40, maltose91, 
fatty acids92, or detecting DNA hybridization in a multiplexed 
format93. It has also been used to monitor proteolytic activity of 
multiple enzymes40. In the future, multicolor fluorescence 
barcodes or multiplex small molecule detection such as DNA 
may become useful applications of QD-Ru-phen-peptide 
interactions. 
ELECTROCHEMILUMINESCENCE (ECL) ENERGY TRANSFER 
Another means of transferring energy to and from redox active 
species is electrochemiluminescence (ECL). A novel 
methodology based on ECL energy transfer from excited QDs 
to analytes has been reported as a new analytical technique94, 95. 

Figure 13. Peptide-bridged Ruthenium Multiplexing. QDs with 
different emission spectra are selectively conjugated with Ru-phen 
complexes via peptide bridge, resulting in the selective quenching 
of their PL emissions via electron transfer from complex to the QD 
surface. The quenching of each QD emission spectrum can be 
manipulated by varying the number of complexes assembled onto 
the QD.  Reprinted with permission from [90]. ©2009 American 
Chemical Society. 

Figure 12. NSET-based Aptamer Detection of Adenosine. (A) QDs  
(Q1) complexed to gold nanoparticles via oligonucletide linkers (1 & 
2) to adenosine-specific aptamers exhibit low PL due to non-PL 
NSET. (B) In the presence of adenosine, the aptamer 
oligonucleotide linkers are displaced, disrupting the 
nanocomplexes, thereby allowing the QDs to luminesce normally. 
Reprinted with permission from [87]. ©2007 American Chemical 
Society. 
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Liu et.al. developed an ECL analytical system consisting of 
mercaptopropionic acid (MPA)-modified CdTe QDs and an 
indium tin oxide (ITO) electrode96. When dissolving the QDs 
in an air-saturated PBS solution, a stable and intensive anodic 
ECL emission could be detected at the surface of the electrode. 
The ECL emission of excited states of QDs was ultimately 
attributed to electron-transfer between reduced and oxidized 
QDs, where the ITO electrode and dissolved oxygen in 
solution played important roles. Under the drive of a positive 
potential, the electrode mediates the transfer of the electrons 
from electrooxidized QDs to dissolved oxygen molecules to 
produce O2

- species. The O2
- molecules then act to inject 

electrons directly into other QDs in solution to form reduced 
QDs. The direct electron-hole recombination of reduced QDs 
and electrooxidized QDs form excited QDs, leading to anodic 
ECL emission. Several experiments have further shown that the 
ECL emission is also very sensitive to the electrooxidation 
products of catechol derivatives, such as dopamine and L-
adrenalin, and can be quenched effectively by these agents 
through an energy-transfer process, as shown in Figure 14. This 
phenomenon proposes a novel and promising analytical 
application of QDs for ECL detection of quenchers and 
quencher-related analytes97. This ECL-based paradigm has also 
been exploited for the detection of glucose98, human IgG 
(HIgG)99 and human prealbumin (PAB)100.  

Surface Charge  

ELECTROPHORETIC MOBILITY SHIFT ASSAY 
While electrophoretic mobility shift assays (EMSAs) are most 
commonly used to study DNA-protein interactions101, Zhang et. 
al. developed a similar Quantum Dot Electrophoretic Mobility 
Shift Assay (QEMSA) for precise DNA quantification102. This 
assay is based on the differential electrophoretic mobility of 
QD-DNA nanoassemblies based upon their respective degrees 
of surface-bound DNA, as shown in Figure 15 (A) and (B). At 
neutral pH, the streptavidin-functionalized QDs have very little 
intrinsic charge, which makes them ideal candidates for 
QEMSA as opposed to most other nanoparticles with high 

intrinsic charge. Hence, the zeta-potential of the QD-DNA 
nanoassembly is dominated by the number of DNA molecules 
bound to the QD surface. Under an electrical field, the 
electrophoretic mobility of the nanocomplexes as well as their 
migration distance within a gel matrix increases with the 
number of bound DNA, thus DNA quantity is translated into 
shifts in gel band position, as shown in Figure 15 (C). 
Meanwhile, the QDs also act as fluorescent reporters and allow 
the nanocomplexes to be optically detected without additional 
fluorophore labeling which may affect the electrophoretic 
migration rate. As an example, genomic DNA was quantified 
by labeling amplification products that were then self-
assembled onto streptavidin-coated QDs to form 
nanocomplexes with DNA:QD ratios dependent on the amount 
of target present. Thus the resultant gel electrophoresis 
migration distances of the nanoassemblies could be utilized to 
determine DNA input quantity, as shown in Figure 15 (D).  
QEMSA has additionally been utilized to analyze copy number 
amplification of a specific gene, RSF1/HBXAP, in ovarian 
carcinoma cells and to quantify DNA methylation of a tumor 
suppressor gene, p16/CDK2A. The authors additionally 
demonstrated that this assay had better resolution than qPCR in 
terms of DNA copy number variation (CNV) and DNA 
methylation102. Similar QD-molecular beacon (QD-MB) 
conjugates have been developed as multicolor nanoprobes for 
DNA detection103and functionalized QDs have also been 
utilized for human serum protein imaging in polyacrylamide gel 
electrophoresis104. 

Figure 15. Quantum Dot Electrophoretic Mobility Shift Assay 
(QEMSA). (A) Schematic diagram of electrophoretic mobility of 
streptavidin-coated QD conjugated with biotin-labeled DNA 
fragments. Their mobility increases with the number of DNA 
molecules assembled onto the QD surface.  (B) Pseudocolor gel 
image shows that QD-DNA nanocomplexes migrate faster than 
naked QD (green) while slower than DNA (red). (C) Gel image of 
QD-DNA nanocomplexes with different DNA:QD ratios, N, in 
agarose gel. (D) Migration curve of migration distance of each gel 
band versus ratio N in (C).  Reprinted with permission from [102]. 
©2012 American Chemical Society.

A 

C 

B 

D Figure 14. ECL Energy Transfer. (A) ECL mechanism of QDs. 
Electrons from oxidized QDs transfer to dissolved oxygen 
molecules through ITO electrode and generate O2

- species. The O2
- 

then inject electrons QDs to form reduced QDs, which collide with 
the oxidized QDs to produce excited QDs, leading to ECL emission. 
(B) At the appearance of oxidation product of dopamine, ECL 
emission can be quenched through the energy transfer between 
excited QDs and the oxidation product. Reprinted with permission 
from [96]. ©2007 American Chemical Society.
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Photoelectric 

ENZYME INHIBITION ASSAY 
The generation of excitons within QDs do not necessarily need 
to be used solely for optical detection. In fact, exciton 
generation results in a hole that can be “filled” by other sources 
of electrons, leading to electrons left in the conduction band 
that are then free to contribute to a measurable [photo]-current. 
Pardo-Yissar et. al. capitalized upon this property in an assay 
for acetylcholine esterase (AChE), a serine protease that can 
catalyze the hydrolysis of acetylcholine, a central nervous 
system neurotransmitter105. Some AChE inhibitors, such as 
toxins (e.g., cobratoxin) or Sarin, are capable of blocking 
AChE-mediated nerve conduction leading to paralysis of vital 
functions. Here, the research team developed a quantum dot 
hybrid system was developed by the researchers to detect these 
AChE inhibitors photoelectrochemically. This hybrid system 
consisted of a functionalized Au-electrode and CdS 
nanoparticles coated with a protecting monolayer. The particles 
were then covalently bound onto the electrode surface, while 
the AChE were covalently linked to the particles’ surfaces, as 
shown in Figure 16 (A). In the presence of acetylcholine, 
thiocholine was generated through the hydrolysis of 
acetylcholine catalyzed by AChE. The hydrolysate thiocholine 

then acted as a donor to excite nanoparticles and generate a 
steady-state photocurrent over an hour long time period. These 
experiments also showed that the generation of photocurrents 
could be controlled by the concentration of acetylthiocholine. 
In the presence of AChE inhibitors, the photocurrent decreased, 
while the current recovered when the inhibitor was washed 
away, as shown in Figure 16 (B).  This is the first example of a 
coupled semiconductor nanoparticle/enzyme hybrid system for 
photocurrent generation and inhibitor detection. Other 
applications of this photoelectrochemical hybrid system include 
pH sensing106, glucose detection107, immunoassays108 and DNA 
detection109. 

Note on QD Syntheses and Sources 
Besides the various bioassays presented above, QDs have also been 
employed in numerous solar photoconversion devices such as 
photovoltaic cells110, 111, solid-state lighting such as QD light-
emitting diodes (LEDs)112 and electroluminescent displays in next-
generation screens113. The wide range of QD applications has 
prompted intensive exploration into the synthesis of QDs and 
numerous approaches have been instituted, resulting in greatly 
improved QD quality compared with the past decades. These 
processes include tailored syntheses of QDs with better size and 
shape control, new classes of materials and better control of surface 
modifications. While beyond the scope of this review, readers 
interested in the various synthesis strategies and alternative 
applications are referred to several excellent published reports.15, 16, 

114-116 Alternatively, bioassay-specific QDs can be readily obtained 
from a number of commercial sources, such as Sigma-Aldrich (St. 
Louis, MO), Life Technologies (Carlsbad, CA), Ocean Nano Tech 
(Fayettesville, AR), Antibodies Inc. (Davis, CA), among others. 

Outlook and Conclusions 

Over the last 15 years, the unique properties of QDs have been 
exploited in a plethora of ways in the development of more 
sensitive, rapid and useful bioassays. This work has provided 
important conceptual proofs of the numerous potential 
advantages of QDs over traditional assay reagents. Nonetheless 
significant hurdles remain and have prevented the widespread 
adoption of QDs in clinical applications. The most notable 
concerns regard the safety of QD constituents (e.g., Cd) as well 
issues regarding assay reproducibility. These issues have 
resulted in general recommendations for QDs to be relegated 
solely to specialized experiments.20 However, more recent 
studies into QD toxicity have alleviated some of the toxicity 
fears by demonstrating that, if the QDs are capped/protected 
sufficiently, they can be considered biocompatible for in vivo 
use in primates.117 Nonetheless, regardless of their in vivo 
biocompatibility, QDs remain ideal resources for many in vitro 
biomedical applications due to their astounding attributes. 
Future work should provide further advancements in QD 
synthesis and stabilization techniques to merit the replacement 
of fluorophores and incorporation into many common 
applications and assays. As this occurs, the techniques and 

Figure 16. Enzyme Inhibition Assay. (A) Photocurrents are 
generated through a CdS nanoparticle/AChE hybrid system with an 
electrode.  In the presence of enzyme inhibitors, electron transfer 
from AChE could be blocked thus photocurrent will decrease. 
(B)Photocurrent  spectra of CdS nanoparticle/AChE hybrid system 
in the presence of acetylcholine, (a) without inhibitor, (b) upon 
addition of inhibitor, (c) after inhibitor being washed away. 
Reprinted with permission from [105]. ©2003 American Chemical 
Society. 
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paradigms described here will provide significant 
enhancements to clinical diagnostics in the immediate future. 
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been and continue to be readily exploited for numerous uses in nanobiotechnology. 
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