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TOPICAL REVIEW
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Abstract
Fluorescent sensors benefit fromhigh signal-to-noise andmultiplemeasurementmodalities, enabling
amultitude of applications andflexibility of design. Semiconductor nanocrystal quantumdots (QDs)
are excellent fluorophores for sensors because of their extraordinary optical properties. They have
high thermal and photochemical stability compared to organic dyes orfluorescent proteins and are
extremely bright due to their largemolar cross-sections. In contrast to organic dyes, QD emission
profiles are symmetric, with relatively narrowbandwidths. In addition, the size tunability of their
emission color, which is a result of quantum confinement,makeQDs exceptional emitters with high
color purity from the ultra-violet to near infraredwavelength range. The role ofQDs in sensors ranges
from simple fluorescent tags, as used in immunoassays, to intrinsic sensors that utilize the inherent
photophysical response ofQDs tofluctuations in temperature, electric field, or ion concentration. In
more complex configurations, QDs and biomolecular recognitionmoieties like antibodies are
combinedwith a third component tomodulate the optical signal via energy transfer. QDs can act as
donors, acceptors, or both in energy transfer-based sensors using Förster resonance energy transfer
(FRET), nanometal surface energy transfer (NSET), or charge or electron transfer. The changes in
both spectral response and photoluminescent lifetimes have been successfully harnessed to produce
sensitive sensors andmultiplexed devices.While technical challenges related to biofunctionalization
and the high cost of laboratory-grade fluorimeters have thus far prevented broad implementation of
QD-based sensing in clinical or commercial settings, improvements in bioconjugationmethods and
detection schemes, including using simple consumer devices like cell phone cameras, are lowering the
barrier to broad use ofmore sensitiveQD-based devices.

1. Introduction

Fluorescence is a powerful tool for imaging and
detection. Its superior signal-to-noise (S/N) com-
pared to other optical techniques and the multiple
photophysical measurement approaches lend it to
numerous applications, including sensing. Photon
energy (i.e., wavelength/color), photoluminescence
(PL) intensity, and PL lifetime can all be modified and
thus harnessed as sensor outputs [1]. Numerous
fluorophores including organic dyes, fluorescent pro-
teins, and lanthanide-based emitters have been
coupled to signal transduction elements to produce
fluorescent sensors [2], but in this review, we specifi-
cally discuss the role of semiconductor quantum dots
(QDs) in the field. Photophysically, the simplest QD-
based sensors use the unmodulated emission of QDs

as an indication of whether or not a QD-taggedmoiety
is present, such as when fluorescence aids visualization
[3] or indicates the binding of a QD-labeled biomole-
cule [4–7]. Alternatively, intrinsic photophysical
mechanisms can be harnessed to tie specific environ-
mental factors such as temperature to calibrated
changes in the QD emissive properties. In this way, the
QD itself becomes both the sensor and transduction
element and changes in the environment are quanti-
fied through changes in PL intensity, wavelength, or
lifetime [8–20]. Using additional quenchers or fluor-
ophores to modulate QD photophysics in energy
transfer schemes adds another layer of complexity to
the sensors that enables specific detection of analytes
through molecular recognition elements [21–31]. The
nanoparticle structure of QD-based sensors facilitates
the integration of multiple sensing and modulating
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elements [32, 33], allowing for complex ormultiplexed
signaling [24, 28, 34–37]. In this review, we discuss the
underlying photophysics supporting the various sen-
sor types as well as examples that demonstrate applica-
tions of eachmethod.

2.Quantumdot fundamentals

Quantum dots (QDs) are semiconductor nanocrystals
exhibiting fluorescent properties due to quantum
confinement. Quantum confinement occurs when a
material is reduced to a size similar to the characteristic
length of the property being probed [38]. ForQDs, this
characteristic length is the exciton Bohr radius (the
distance between the electron-hole pair), thus QDs on
the same size scale as their material’s characteristic
exciton Bohr radius exhibit quantum confinement
[39, 40]. QD fluorescence originates from the recom-
bination of an electron-hole pair, and fluorescence is
initiated by the photoexcitation of an electron from
the QD valence band into its conduction band. The
electron relaxes to the lowest energy level in the
conduction band before recombining with the hole
left behind in the valence band. The difference in
energy between the conduction and valence band is
conserved in the form of an emitted photon, thus, the
size of this gap dictates the energy/wavelength of the
light emitted from the QD (figure 1) [38, 41, 42]. The
QD bandgap is directly related to its diameter, and
therefore QDs comprising the same semiconductor
material can be tuned to emit different wavelengths by

simply changing their size. More recently, QDs made
of different types of materials have been synthesized,
such as graphene [43] and silicon [44], but this review
will focus specifically on direct bandgap semiconduc-
torQDs.

3.Quantumdots as indicator dyes in
sensors

An advantage of QDs compared to other fluorophores
is their large absorption cross-section. Brightness is
determined by the amount of light a molecule can
absorb (molar extinction coefficient, ε) and the
efficiency with which the absorbed energy is converted
into emitted light (quantum yield, QY) [45]. While
both organic fluorophores and QDs may exhibit near
unity QYs, the absorption cross-section of QDs may
be orders of magnitude higher [46]. Heterostructured
core/shell QDs provide further opportunity to tailor
the absorption cross-sections of QDs leading to
brightness-matched multicolor QDs and brightness-
enhanced thick-shelled QDs [25, 47]. The brightness
of QDs make them an effective choice when picking
fluorescent labels to tag objects. For example, nano-
pipettes used for taking voltage recordings of dendritic
spines have been coated with QDs to enable clear
visualization of the pipettes for precise placement on
cell structures (figure 2) [3]. While QDs were not the
focus of the scientific questions being studied, they
were used effectively as a tool to facilitate experimental
methods.

Figure 1. (a)Quantumdots of different sizes emitting at colors across the visiblewavelength range. (b)Adiagram showing quantization
of energy levels in semiconductor crystals as theydecrease in size on thenanoscale. (c, top)Absorption and (c, bottom) emission spectra
ofCdSeQDsofdifferent sizes.QDs exhibit broadband absorption above their bandgap and exhibit symmetric emissionprofiles.
Reprinted from [41]. Distributed under aCreativeCommonsAttributionNon-Commercial License 4.0 (CCBY-NC).
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As in the nanopipette example, QDs incorporated
into existing visualization schemes as alternatives to
organic dyes or fluorescent proteins are effective indi-
cators in sensing platforms. QDs have generated inter-
est as alternative fluorescent labels due to their
excellent chemical- and photo-stability, narrow band-
widths, exceptional brightness, and large surface area
available for surface functionalization [33, 46, 48]. In
sensors, the binding or unbinding of a species is mon-
itored by fluorescently labeling one or more of the
parts involved in the interaction. Binding/unbinding
changes the concentration of the fluorophore in the
visualized region, resulting in a change in fluorescence

intensity. A common, widely used sensing format
based on this scheme is the enzyme-linked immuno-
sorbent assay (ELISA). ELISAs use antibody binding to
detect a target antigen or antibody with enzyme cata-
lyzed colorimetric reactions used to indicate the pre-
sence of the bound antibody. Assays that utilize a
fluorescent label instead eliminate the incubation time
necessary to develop the color and are called fluor-
oimmunoassays or FLISAs. Generally, fluorescence
assays have higher signal to noise ratios than colori-
metric assays, resulting in lower limits of detection
(LOD) [49]. For example, ThermoFisher Scientific
sells a broad range of immunosorbent assay products

Figure 2.QD-coated nanopipettes used for taking voltage recordings of dendritic spines. Coating the nanopipettes with redQDs
allowed for precise placement of the nanopipette. Reprintedwith permission from [3]. Copyright 2016 SpringerNature.
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using both colorimetric and fluorescent detection
methods. Currently, the lowest detectable concentra-
tion for a colorimetric product is 20 pg mL−1 (Ultra
TMB, 34028)while all fluorescence based ELISAs have
LODs<5 pg mL−1, with the lower limit of the Quan-
taRed Enhanced Chemifluorescent Substrate assay
reaching 4 pg mL−1 [50].

An advantage of using QDs instead of dyes or cata-
lysts is the availability of their relatively large nano-
particle surface for a variety of functionalization
schemes. Self-assembly mechanisms can be used to
bind biomolecules to the metal ion surface of the QD,
making for flexible and relatively simple labeling. Per-
haps one of the first examples of self-assembled anti-
body/QD conjugates (Ab-QDs) and their use in a
FLISA was shown by Goldman et al [51]. In their
design, antibodies were engineered to include posi-
tively charged leucine zippers for electrostatic interac-
tion driven self-assembly to QDs coated with the
negatively charged small molecule ligand dihy-
drolipoic acid (DHLA). Shortly after their publication,
histidine self-assembly to the QD metal ion surface
was reported [52]; since the antibodies used in the
Goldman report utilized histidine domains to facil-
itate protein purification, the exact mechanism of
binding to the QD surface is unclear. Nevertheless, the
utility of the Ab-QDs was demonstrated in both direct
and sandwich fluorometric assays of Staphylococcal
enterotoxin B (SEB) as well as in plate-based and flow-
displacement formats for TNT sensing. While direct
comparison to commercially available FLISAs/ELISAs
was not performed, the feasibility of the QD-FLISA
systemwas successfully demonstrated [51].

Compared to colorimetric ELISAs or organic dye-
based FLISAs, QDs present tremendous multiplexing
potential. Due to their broadband absorption in the
UV,multipleQDs emitting at distinct wavelengths can
be excited with a single excitation wavelength. In 2009,
Peng et al created an assay incorporating five distinct
QD emitters per well for simultaneous detection
of substances often illegally used on food animals
in China: dexamethasone, gentamicin, clonazepam,
medroxyprogesterone, and ceftiofur [7]. Each of the
QDs were functionalized through self-assembly with
biotinylated, denatured BSA before further functiona-
lization with an avidin-labeled antibody. While the
binding capacity of the Abs was significantly reduced
when attached to QDs, the FLISA was still used to
detect each species in relevant concentration ranges
with less than 0.1% cross-reactivity between the che-
mically distinct analytes. Following drug administra-
tion, animal tissue was harvested and homogenized
after 1, 2, 3 and 7 days. Liquid sample extracts were
tested with the FLISA and the values quantified were
within reasonable agreement for dexamethasone and
within a standard deviation for medroxyprogesterone
acetate compared to the results from a traditional
ELISA.

Using the antibody binding scheme presented by
Peng et al [7], Zhu et al developed amultiplexed hybrid
assay using both commercial QDs and horse radish
peroxidase (HRP) for sensing [6]. This hybrid immu-
noassay was used for simultaneous detection of quino-
lone and sulfonamides in milk samples. The design
incorporated both direct and indirect binding, along
with both fluorescence and colorimetric based sensing
in a single well. Anothermulti-colorQD-FLISA repor-
ted by Song et al in 2015 detected the residues ofmulti-
ple antibiotics in milk. Their competitive fluorescence
immunoassay consisted of antibodies that bound to
the well plate in the absence of the antibiotics of inter-
est. Rather than mixing all antibiotic-antibody pairs
into a single well, a fluorescence imaging array was
used to simultaneously measure 96 wells at once. Spe-
cific responses to each antibiotic were observed inmilk
samples with good sensitivity and accuracy when com-
pared to results of the same samples tested with tradi-
tional ELISAs. The authors noted that in addition to
quantitative fluorescent measurements, semi-quanti-
tative information could be obtained from visual
inspection and a standard color chart. The demonstra-
tion of these color charts (figure 3) show potential for
translation of the sensor to a detection system for daily
food safety control [53]. Because the different anti-
body-antibiotic pairs were never mixed in the same
well, different QD colors were not actually necessary.
However, since all of the QDs could be excited at the
same wavelength, the incorporation of multiple colors
eases visual inspection with no extra measurement
steps, something that would not be possible when
using traditional fluorophores with smaller Stokes
shifts. More recently, a FLISA was developed for
detection of C-reactive protein (CRP) [4], a critical
biomarker for cardiac infarct. CdSe/ZnS QDs
coated with an amphiphilic polymer, polymaleic acid
n-hexadecanolester (PMAH), and covalently labeled
with antibodies through carbodiimide crosslinker
chemistry were used as labels. Clinical samples were
collected and used in both the developed FLISA and
the gold standard Roche immunoturbidimetry assay.
The FLISA showed excellent accuracy. Immunoturbi-
dimetry is a method of protein quantification that
relies on the formation of antigen-antibody complexes
that precipitate from solution; the turbidity of the
solution is measured to quantify protein content.
Immunoturbidimetry is fast and sensitive, but
requires expensive instrumentation; ELISAs are eco-
nomical by comparison, but often take longer than an
hour to develop [54]. The total time required for the
FLISAs was 50 min, shorter than a typical ELISA assay,
showing potential for development into a rapid and
cost-effective diagnostic tool [4].

Plate-based ELISAs have been standard in clinical
labs for over 20 years [55], but their assay protocols
involve several washing and incubation steps that
require time and expertise. The advantage, however, is
precise quantification of the analyte of interest. In
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some cases, precise quantification is not needed, and
testing for relevant clinical thresholds for disease is
enough to yield a yes-no diagnosis. In these cases,
point-of-care (POC) devices can be particularly useful.
POCs devices are meant for diagnostic screening at or
near the patient site of care. To be effective, they must
be affordable, reliable, and user friendly [56].

Lateral flow assays (LFAs) are well established as
POC devices. LFAs are paper strip sensors that require
very little sample and nowashing steps. They consist of
a sample pad, a conjugate pad, a membrane, and an
absorbent pad. The liquid analyte is applied to the
sample pad and flows towards the absorbent pad via
capillary action. In the presence of the analyte of inter-
est, the conjugate reporter binds to capture strips
along the pad, indicating whether the sample is

positive or negative for the analyte in question. Tradi-
tionally, LFAs use colloidal gold or latex particles. By
using quantum dots as a fluorescent readout, the sen-
sitivity of existing LFAs is improved [49]. Several QD
based FLAs have been demonstrated for the detection
of different viruses [57, 58], biomarkers [4, 59–62],
and food contaminants [49, 63].

In 2016, Wu et al developed a QD FLISA-based
flow strip assay for detection of 2 influenza subtypes,
H5 and H9 (figure 4). Assay strips were fabricated by
painting stripes of the H5 and H9 antibodies as well as
a control IgG antibody onto commercially available
nitrocellulose membrane. 147 samples collected by
the Shenzhen Entry–Exit Inspection and Quarantine
Bureau were tested with both the FLISA and real-
time polymerase chain reaction (rt-PCR) as a

Figure 3.A color chart for visual, qualitative determination of streptomycin (SM), tetracycline hydrochloride (TC), and penicillinG
(PC-G) concentrations inmilk. Panel (a) provides a color-key for comparison to the colors collected from real samples in panel (b).All
wells with antibiotics show a visual change in color from their non-antibiotic controls. Figure reprintedwith permission from [53].
Copyright 2015 Elsevier.
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reference. Rather than employing a conjugate pad on
the strip, each sample was pre-mixed with the H9 and
H5 Ab-QDs before loading onto the sample pad. The

results from the two assays matched 100%, verifying
the accuracy of the QD-FLISA. While real-time PCR
can take several hours, the flow strip assay could be

Figure 4. Schematic of aflowstrip-basedQD-FLISA forH5N1andH9N2.CdSe/ZnSQDs functionalizedwith the polymerPMAHare
labeledwith antibodies for eitherH5orH9and allowed to travel across the nitrocellulosemembrane. In the presenceofH9orH5, the
Ab-QDs forma sandwich complexwith their respective antibodies dried onto the test strip.QDsnotboundbyH5N1orH9N2are
capturedon the control line (IgG). Because test lines for each influenza subtype are spatially separated, only 1QDcolor needs tobeused.
The LFA can be read visually or in an instrument for improvedLODs. Reprintedwithpermission from [58]. Copyright 2015Elsevier.
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read out 15 min after the sample was applied, greatly
shortening the time between sample collection and
result [58]. For point-of-care diagnostics, it is impor-
tant that the time to sensor output fits within a reason-
able clinical appointment time to ensure that any
relevant diagnoses are relayed to the patient before
they leave the clinic to facilitate appropriate and timely
treatment [64].

The cost of a diagnostic is determined by the cost
of consumables per assay, time per assay, and the
instruments needed to analyze the assay. While fluor-
escent readouts can increase assay sensitivity, the tra-
deoff is the cost of requisite equipment needed to
measure fluorescence. The quality of a fluorimeter
greatly influences its price, but even the simplest
fluorimeters are benchtop instruments. The develop-
ment of compact, mobile, and economical devices for
measuring fluorescence would greatly advance QD
based diagnostics, especially for POC formats. To this
end, a recent push for developing ways to take fluor-
escent measurements with readily available consumer
devices such as cell phones has been seen in the field
[55, 64–68].

For example, in 2016 Petryayeva and Algar
demonstrated the feasibility of using a smartphone,
3D printed holder, two optical filters, and low-cost

plastic reflectors for imaging QDs on a variety of sub-
strates [68]. A test streptavidin-biotin binding assay as
well as a Förster Resonance Energy Transfer (FRET)-
based proteolytic assay showed the feasibility of using
smartphones as an application-based fluorescence
imaging tool. Additionally, a comparison to the com-
monly used dyes fluorescein and R-phycoerythrin (R-
PE) showed that the detectable concentration of QDs
were approximately an order of magnitude lower. In
this comparison, the brightness mismatch between
differently colored QDs also became apparent, indi-
cating the need to create brightness matched QDs
across different emission wavelengths (figure 5).
Nonetheless, this report nicely highlighted the advan-
tage of using bright and photostable QDs when devel-
oping cheap imaging platforms based on readily
accessible consumer devices.

4.Quantumdots as intrinsic sensors

In the sensors previously discussed, the sensing mech-
anism is external to theQD. In this section, the sensors
utilize changes in fluorescence due to properties
characteristic to theQDs themselves.

Figure 5. (a)CADdrawing of a 3D-printed holder and (b) schematic of the internal functionality of the smartphone fluorescence
imager. (c) Images of different QDemitters at different concentrations (4 nM–1 μM) compared to (d)fluorescein (100 nM–10 μM)
andR-PE (10 nM–1 μM). Adaptedwith permission from [68]. Copyright 2016 SpringerNature.
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4.1. UsingQDphotophysics for thermometry
Regardless of material type, fluorescent emitters
exhibit temperature-dependent fluctuations in their
emission intensity [45, 69]. Fluorescent particles
absorb light as energy and dissipate that energy
radiatively as emitted light, or non-radiatively through
various other pathways. The rate of non-radiative
transitions, knrt, is dependent on temperature follow-
ing theArrhenius equation [45, 69]:

k e 1nrt
E

kT~ ( )

where ΔE is the size of the energy gap between the
lowest level excited state and non-radiative decay state
and k is the Boltzmann constant. If the rate of non-
radiative transitions increases, the efficiency of light
conversion decreases, resulting in a decrease in emis-
sion intensity. In addition to PL intensity, the emission
profile with respect to wavelength can also change as a
function of temperature. Semiconductor bandgaps,
Eg, are temperature dependent and can be loosely
described by theVarshni relation [70],

E T E T T 2g 0
2a b= - +( ) ( ) ( )/

where E0 is the semiconductor’s inherent bandgap, T
is temperature and α and β are fitting parameters
characteristic to the semiconductor. Just as in bulk
semiconductors, QD bandgaps, and therefore their PL
energy/wavelength, are affected by temperature. Sev-
eral different core, core/shell, and alloyed QD struc-
tures have been studied for fluorescence temperature
dependence including CdSe [71, 72], CdTe [73],
ZnSe/ZnS [74], CdHgTe [75], InGaN [76], HgTe [77],
and alloyed core CdSeZnS/ZnS[78] QDs. Other
factors that can impact how temperature affects
emission include the presence of dopants [79, 80],
different surface ligands [81, 82], and the surrounding
environment/matrix [79, 83].

As early as 1996, Dieguéz et al [79] used photore-
flectance studies to show that the Varshni relation is
valid for CdTe nanocrystals for the entire temperature
range tested (14–400 K). By measuring the temper-
ature-dependent PL of three different sizes of CdTe
QDs, Morello et al [73] examined not only how the
quantum confinement-based bandgap changes as a
function of temperature, but also changes in the QD
fluorescence intensity. Each of the QDs exhibited a
decrease in fluorescence intensity, increase in the full
width at half maximum (FWHM) of the emission
peak, and red-shift in peak PL wavelength with
increased temperature. Their results were categorized
in two temperature regimes: <170 K and >170 K. At
low temperatures, PL quenching was attributed to a
transition between intrinsic energy states and defect
states. At temperatures above 170 K, thermal escape, a
process mediated by exciton-optical phonon interac-
tions, was observed. The amount of PL quenching was
highly dependent onQD size, with larger QDs exhibit-
ing increased exciton-phonon coupling. In 2005,
Valerini et al showed that the change in PL emission
wavelength is due to exciton-phonon coupling rather

than confinement energy of the exciton [84]. The
change in theQDbandgap of CdSe andCdSe/ZnSQD
immobilized in polystyrene (PS) was fitted to the
Varshni relation and the values forα andβwere found
to be in range of previously reported values for bulk
CdSe. The similarity of temperature dependence to
bulk CdSe indicated that QD confinement potentials
are independent of temperature, but that exciton-
phonon coupling is strongly affected by quantum
confinement.

In addition to size, the QD structure and the pre-
sence or absence of dopants can impact the temper-
ature dependence of the photoluminescence. A study
comparing core only CdTe QDs and core/shell
CdTe/CdSe QDs of different CdSe thicknesses [85]
showed that temperature-dependent PL quenching
was enhanced as the CdSe shell thickness increased.
This was attributed to the increased Type II nature of
the QDs with increased shell size. In a Type II QD het-
erostructure, the electron and hole are spatially sepa-
rated, decreasing the Coulomb interaction between
them. This results in a lower activation energy for exci-
ton decomposition, increasing the effect of temper-
ature on PL intensity. Surprisingly, the typical red-
shift in PL was not observed for the Type II CdTe/
CdSe QDs. The authors speculated that the core/shell
interface experiences atomic interdiffusion at high
temperature, which could result in a blue-shift in the
PL emission. They argued that in their system, the two
effects may have canceled each other out. PLmeasure-
ments with temperature hysteresis curves were not
generated for their study, so the validity of this expla-
nation is unclear. The effect of lattice strain due to the
difference in lattice parameters of CdTe and CdSe is
also discussed, but does not explain the behavior seen
in their study, as CdSe/ZnS QDs, which also have
high lattice strain, exhibit temperature-dependent PL
wavelength shifts [84]. As early as 1996, Pal et al [79]
showed that bandgap temperature dependence on ger-
manium-doped CdTe QDs is well described by the
Varshni equation, while this is not the case for van-
dium-doped CdTe QDs. More recently, Harbord et al
[80] reported that the radiative lifetime of undoped
InAs/GaAs increased by 3 ns between 12 and 300 K,
whereas this increase was suppressed by a factor of two
by p-doping the structure.

In contrast to the previously discussed papers,
Reznitsky et al [86] explored how temperature
dependence is impacted by excitation power in a study
of five epitaxially grown CdTe/ZnTe quantum wells
(QWs) grown with various CdTe thickness separated
by 60 nm-thick ZnTe barriers. Samples exposed to
lower excitation density (1W cm−2) were much more
susceptible to losses in PL intensity at higher tempera-
tures compared to samples exposed to higher excita-
tion density (100W cm−2). The effect was lessened as
the size of the CdTe layer increased due to the increase
in non-radiative pathways for the less well confined
structures. PL quenching occurs with an increase in
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the rate of non-radiative relaxation (equation (1)); the
authors assert that by exciting at a higher power den-
sity, more of these pathways are saturated, resulting
in decreased temperature dependence. Although the
explanation is satisfying, PL lifetime measurements
were not reported to verify thismechanism.While this
report was quite short, and the temperature depend-
ence was described simply as ‘complicated,’ the quali-
tative observation of power dependence is of interest
for sensor device design. These results are a reminder
that careful experimental design and calibration is
necessary to ensure that observations of changes in
PL intensity, lifetime, or wavelength are due to the
parameter being measured, like temperature, and not
confounding factors such as a change in QD con-
centration or excitation power. Follow-up studies

using colloidal QDs would help to elucidate the effect
of excitation power on PL temperature dependence.

The temperature-dependent PL properties of
QDs naturally lend them to optical temperature sen-
sing. Optical sensors are advantageous for temper-
ature sensing with high spatial resolution without
requiring an invasive temperature probe [8, 9, 12].
Methods of incorporating QDs into devices as temp-
erature sensors range from simple to rather compli-
cated, depending on the application. In a simple case,
commercially available CdSxSe1−x/ZnS QDs dis-
persed in toluene weremixed with VGE-7021 varnish
to produce a paint that could be applied easily to sur-
faces [10]. This QD paint was used for real time temp-
erature sensing during magic-angle spinning nuclear
magnetic resonance (MAS NMR) measurements.

Figure 6.A circuit (a)without and (b)with dropcast QDfilm underUV illumination. (c)Thermal infrared images of the circuits
operating at 0 mAand (d) 7.9 mA. Resistors A, B, andChad resistances of 1982Ω, 992Ω and 196Ω, respectively, resulting in different
local surface temperatures during circuit operation. The color scales are in units of °C.Reprintedwith permission from [12].
Copyright 2014 Institute of Physics.
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The outer surface of the MAS rotor was coated with
the QD paint and a simple optical fiber was rigged for
excitation and collection of QD PL. Low temperature
NMR has several applications [87–89], but can be
challenging due to large temperature gradients
within the NMR probe, making it important to
monitor the temperature of the sample during mea-
surement for accurate analysis. TheQD paint showed
a PL peak redshift of 18 nm from 10 K to 323 K and
was used to determine the temperature during MAS
NMR measurements. Temperature measurements
below 50 K were subject to error due to the small
change in PL wavelength in that regime. While some
methods for determining NMR temperature do exist,
the QD paint is external to the sample, eliminating
contamination, and can be monitored while NMR
measurements are in progress. For temperatures
below 50 K, the author noted that perhaps a different
composition of QD could be used that is more
responsive to temperature in that range.

The idea of embedding a fluorophore in a matrix
to create a ‘paint’ for temperature sensing is not new.
In fact, temperature sensitive paints (TSPs) tradition-
ally use small molecule dyes or chemical complexes
and are historically used in aerodynamic studies for
understanding heat transfer dynamics [90, 91]. A
potential benefit of usingQDs is their narrow emission
bandwidths and broadband UV absorbance profiles.
For example, Kameya et al used ZnS-AgInS2 nano-
particles (ZAIS) in conjunction with platinum tetrakis
(pentafluorophenyl) porphyrin (PtTFPP) for dual
temperature and pressure sensing [11]. ZAIS was cho-
sen for the TSP because it could be excited using the
same wavelength as PtTFPP while exhibiting negli-
gible emission overlap; this spectral separation would
be difficult to achieve in a two-dye system. Matsuda
et al also examined ZAIS nanoparticles as temperature

sensors, touting the additional benefit of their low
toxicity [92].

In some cases, the structure to be coated is com-
plex and a more involved strategy for integrating the
QDs is needed. For example, Larrión et al coated the
inner surfaces of the holes of a photonic crystal fiber by
means of a layer by layer adsorption technique [93].
Their studies showed that monitoring changes in PL
FWHMhad a higher average sensitivity thanmonitor-
ing PL wavelength or intensity. Additionally, it was
shown that the sensitivity decreased at lower temper-
ature when looking at PL measurements, while the
opposite was true when looking at absorbance mea-
surements. While a discussion of absorbance is not
included in the scope of this review, the authors make
a good point about combining absorbance and fluor-
escence recordings tomaximize the temperature range
in which accurate sensing is possible—an approach
that does not require finding a different type of QD
with a more sensitive temperature dependence at low
T [93].

In 2010, Bensalah et al showed that QD PL emis-
sion can be used to accurately monitor gold nanoshell
(GNS)-mediated temperature changes occurring near
cancerous cells followingNIR illumination [9]. Photo-
thermal therapy is being developed for cancer treat-
ment [94–96], whereby the illumination of plasmonic
structures (typically gold nanoparticles)withNIR light
causes localized heating. Using nanoparticles specifi-
cally targeted to cancer cells in conjunction with loca-
lizedNIR illuminationmay enable selective ablation of
cancerous tissue. Imaging QDs in the vicinity of the
cells/tissue enables monitoring of the temperature as
well as the spatial distribution of the heat—allowing
researchers to elucidate appropriate treatment proto-
cols that result in cancer cell death but minimize
damage to surrounding cells. For example, in a differ-
ent study using gold nanostars (GNSts) as a probe for

Figure 7.CdTeQDs emitting red are encapsulated in large silica nanoparticles which are then surface labelledwith green emitting
QDs. EDTA is used to etch the greenQDs of their surface Cd2+ ions, resulting in quenching of green emission and overall red emission
of the probe. The addition of Cd2+ ions fills the etched surfaces of the greenQDs, resulting in a re-brightening of the surfaceQDs and
change of the overall probe emission from red to green.Here, the red emission does not change because it is protected inside the silica
nanoparticle and is used as a calibrator for the sensor as awhole. Reprintedwith permission from [16]. Copyright 2016, Royal Society
of Chemistry.
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in vivo imaging and photothermal therapy, Liu et al
[96] characterized heating of the GNSts in vitro
by monitoring temperature using an infrared (IR)
thermal imaging camera. Because calibration of IR
thermal imagers can be quite complicated [97], further
verification of temperatures using physical probes
before and after heating was necessary. Using
QD based thermometry may have simplified and
improved their in vivo temperature measurements.
The study by Bensalah et alwas performed in vitro, but
recent developments of non-toxic, heavy metal free
QDs provide a path towards in vivo studies.

In 2014, Liu et al used ZnCuInS/ZnSe/ZnS QDs
to monitor temperature with spatial resolution on a
circuit (figure 6) [12]. The QDs exhibited the same
behavior over three rounds of temperature cycling,
indicating the reversibility and stability of the QD sen-
sors. This is of particular note, because the use of cad-
mium-free QDs often results in a decrease in quality as
their synthesis methods are less well developed. In this
study, a dropcast film of QDs was used to measure the
surface temperature of resistors with different resistiv-
ity in a series of circuits by taking a fluorescence image.
The difference in resistivities caused differences in sur-
face temperatures at each resistor, resulting in differ-
ent emission intensities of the QDs coating their
surfaces (figure 6). Both millimeter- and micrometer-
sized circuits were measured, showing the potential
for using QDs as temperature sensors with micro-
meter resolution and low error (1.9%). This is of inter-
est especially for monitoring the performance of
micro- and nano-electromechanical systems (MEMS/
NEMS) and integrated circuits (ICs), where temper-
ature often impacts performance. It is also a way to
detect defects smaller than the resolution of thermo-
couples and thermal infrared imagers.

4.2. Ion sensingwithQDquenching
Multiple groups have observed that QDPL can change
significantly in the presence of ions, often rather
specifically, makingQDs themselves viable ion sensors
[13, 16, 98–101]. In the typical case, such as the ion
sensor described by Chen et al, QD emission is
quenched in the presence of Cu2+, but unresponsive
to other cations like Na+, Ca2+ and Mg2+ [13]. While
the majority of the reports demonstrate the dose-
dependent photophysical changes in the presence of
free ions, few have followed up with experiments to
elucidate the exact mechanism of these changes. In
cases where ions adsorb to the surface of the QDs, QD
emission can be enhanced by ions passivating surface
defects [14]; alternatively, QD emission can decrease
from ions creating surface states that are effective
pathways for non-radiative recombination, quenching
the QD [15, 102]. Change in PL intensity, however,
also changes with QD concentration, so sensors with a
single wavelength readout can be prone to error if
calibration is not done before everymeasurement.

By using two QD emitters, this ion sensing mech-
anism can be incorporated into a more robust ratio-
metric ion sensing construct that is less prone to error
due to changes in particle concentration. In one such
design, large silica nanoparticles were used as a scaf-
fold with red-emitting CdTe/CdS QDs protected
within the interior and green-emitting CdTe/CdS
QDs attached to the surface, thus exposed to the sur-
rounding environment [15]. In the presence of Hg2+

ions, the green QDs on the surface were quenched,
resulting in a change in the ratio of red and green emis-
sion intensities. By measuring the PL lifetime of the
green surface QDs, the authors found that the lifetime
decreased from 25.5 to 6.5 ns while the lifetime of
the red QDs remained unchanged. The decrease in

Figure 8.CdSe seededCdS nanorods (NR) for in vitro voltage sensing of cells. Peptides with hydrophobic and hydrophilic regions are
used to coat the nanorods in order to align themperpendicularly to the electric field. In the presence of the electric field, the quantum
confined Stark effect (QCSE) causes a peak red-shift and reduction in PL intensity. Adapted from [18]. Distributed under aCreative
Commons AttributionNon-Commerical License 4.0 (CCBY-NC).
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lifetime of the surface QDs indicated that the Hg2+

ions were adsorbed onto the surface of the green QDs,
initiating charge transfer [102]. Further verification
was done by taking absorption spectra of the QDs,
showing a 10 nm red-shift of their first excitonic
absorption peak. While quenching of the green QDs
was seen in the presence of other divalent cations,
none showed as significant a change in color as with
Hg2+. However, a similar sensor design using CdTe
QDswas found to also exhibit green emission quench-
ing in the presence of gold nanoparticles [103], indi-
cating a weakness in the sensor specificity. Wang et al
attempted to improve specificity by chemically etching
the surface CdSe QDs with EDTA (figure 7) [16]. Cad-
mium on the surface of the QD is chelated by EDTA
and Cd2+ cavities are left on the surface. QDs exposed
to EDTA exhibited a 5 nm blue shift in emission wave-
length along with decreased emission intensity. In the
presence of Cd2+ ions, the cavities on the surface of the
QD are filled, resulting in a re-brightening of the QDs
as well as a red-shift in wavelength. This chemical
etching strategy had been previously applied for ion
sensing [14, 17], but the two-color silica nanoprobe
design allowed for a ratio-metric output. This sensor
was, however, still not completely selective, as the pre-
sence of Zn2+ ions also increased the PL intensity of
the exposed QDs. The authors did not note if the PL
wavelength shift was different in the presence of Zn2+

or Cd2+ ions, a metric that might convey more infor-
mation about the ions present.

4.3. IntrinsicQDphotophysics for voltage sensing
QDs exhibit changes in their photoluminescent proper-
ties in response to an electric field due to the quantum-
confined Stark effect (QCSE). In QCSE, the presence of
an electric field shifts the electron and hole wavefunc-
tions along the field gradient, reducing the overlap
integral between them [104]. This leads to an increased
PL lifetime, red-shifting of the emission peak, and a
decrease in the overall emission intensity [105].

The QCSE was demonstrated in quantum wells
[104, 106, 107] before Ekimov et al demonstrated the
effect in quantum dots. Using glass-embedded CdS
and CdSe QDs, the authors showed a 10 meV redshift
in the absorption edges of the QDs while applying
electric fields up to 100 kV cm−1 [108]. To verify
QCSE in quantum dots, Empedocles and Bawendi
used single QD spectroscopy, eliminating the inho-
mogeneous broadening of emission spectra that often
characterizes ensemble measurements [109]. To
accomplish this, they deposited CdSe or CdSe/ZnS
QDs of various sizes (4.4 nm to 7.5 nm) onto pat-
terned electrodes and acquired single particle spectra
with a far-field epifluorescence microscope cooled to
10 K. With this setup, the authors showed emission
shifts as large as 75 meV after applying electric fields of

Figure 9.Bandgap alignments that result in dual emission for double quantumdots. (a)Type I/Type I emitters contain two electron
hole pairs spatially and energetically separated by awide bandgap barrier resulting in simultaneous dual emission. (b)Quasi Type I/
Type II and (c)Type II/Type II alignments result in a double well for either the electron or hole. One of the charge carrier pairs is non-
radiatively lost throughAuger processes and the emission color switches stochastically as a result. Reproduced from [114], published
under anACSAuthorChoice License. DOI: 10.1021/acs.accounts.5b00554.
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350 kV cm−1. Other groups extended these low temp-
erature single-QD spectroscopy results, showing red-
shifting as well as the expected decrease in photo-
luminescence intensity with increasing electric fields
for type IQDs [110] and type-II quantum rods [111].

Harnessing the QCSE for sensing electric fields in
practical applications (such as an action potential in
neurology) requires that a sizable change in PL peak
position or intensity occurs at room temperature or
higher. Noting that different geometries, composi-
tions, and band alignment structures can all effect
QCSE, Park et al screened the single-QD change in
emission for eight nanoparticle types in the presence
of an electric field [112]. These nanoparticles included
two homogeneous type I quantum rods of varying
lengths, two quasi-type II quantum rods of different
lengths, two type II QDs, and two asymmetric hetero-
structures. This systematic study allowed the authors
to tease apart several variables, uncovering several
interesting results. First, for homogeneous type I
quantum rods, increasing the length did not change
the average shift in the electric field, indicating that
there was incomplete charge separation along the rod.
Second, rod-shaped geometry showed greater shifts in
an electric field than symmetric core/shell geometry,
consistent with previous reports [111]. Finally, they
demonstrated that type II asymmetric rods exhibited
the most significant response, with some individual
particles exhibiting a roughly linear response to the
electric field culminating in a 13 nm red-shift in the
emission peak and 36% drop in PL intensity in
response to a 400 kV cm−1

field.
These results encouraged others to assess the abil-

ity of QDs to respond to physiologically relevant elec-
tric field strengths (∼100 kV cm−1). Marshall and
Schnitzer used numerical finite basis methods to
model spherical QDs and the tunneling resonance
method tomodel heterostructured quantum rods, and
calculated the response of each to the electric field
changes induced by a typical action potential [113].
They found that type II and quasi-type II hetero-
structures exhibit greater voltage sensitivity than sphe-
rical geometries, consistent with the results above
from Park et al. They calculated that CdTe/ZnTe
quantum rods would produce a five-fold greater per-
cent change in PL lifetime (Δτr/τr) than CdTe/ZnS
core–shell structures. However, this enhancement is
highly sensitive to the minimal valence band offset
between the two materials; similar heterostructures
with a larger offset (such as CdTe/CdSe) showed less
responsiveness to voltage due to having less polariz-
able holes. It is also worth noting that these simula-
tions are contingent upon perfect orientation of the
quantum rods perpendicular to the electric field.

Using signal detection theory, Marshall and
Schnitzer also assessed the feasibility of using the
QCSE in QDs to detect single spikes in neurons com-
pared to voltage-sensitive dyes (VSDs) and genetically

encoded voltage indicators (GEVIs). They showed that
even type I spherical CdTe QDs in the cell membrane
would outperform contemporary VSDs and GEVIs in
detecting action potential spikes, even at concentra-
tions orders of magnitude lower than VSDs and
GEVIs. These modeling results, however, were based
on comparisons to a GEVI (i.e., ArcLight) and VSD
(i.e., hVOS) that are now outdated compared to the
current best-in-class GEVIs andVSDs.

A recent report by the Weiss group was the first to
harness QCSE in quantum rod heterostructures
in vitro inHEK293 cells [18]. They designed quasi-type
II CdSe-seeded CdS rods with hydrophobic and
hydrophilic peptide coatings to align the rods
perpendicular to the electric field (figure 8). This novel
attempt to orient rods in the membrane and measure
voltage yielded interesting, but somewhat disappoint-
ing, results. The quantum rods were able to respond to
the electric discharge of HEK cells, but were nearly an
order of magnitude less sensitive than ANEPPS
(a common VSD), and exhibited significantly noisier
signals. The authors point to the challenge of inserting
the rods perpendicular in the field: only 16% of their
rods were oriented properly, indicating the challenge
of controlling rod insertion into the cellmembrane.

4.4.Dual-color intrinsic quantumdot sensors
Changes of PL intensity alone can be a poor sensor
output as other events, such as a change in QD
concentration, particle aggregation, or other changes
in the environment, may also result in a change in
emission intensity. Ratiometric measurements that
monitor the change of the ratio of PL intensity at two
different wavelengths are generally preferred to single
color measurements because they are less sensitive to
environmental factors. Dual color sensors can exhibit
uncoupled or coupled emission, whereby the second
color acts either as a constant emitter for normal-
ization of the variable emission or exhibits variable
emission with inversely proportional changes in
emission intensity to the first emitter, respectively. In
the former case, the consistent emission intensity of
the secondary color is used as a control in the system,
whereas in the latter case, the secondary color
intensity enhances the effective change in signal in
response to the stimulus. In this section, dual emit-
ting quantum dots and their use as sensors is briefly
discussed. Other dual-color sensors operating on the
principle of energy transfer will be covered in sections
5 and 6.

4.4.1. Dual emitting quantumdots
The creation of a single nanoparticle that exhibits two
emission colors is interesting fromboth a fundamental
and applications perspective. Synthesis of QD-dual
emitters is achieved by: (1) growing core/shell/shell
QDs with materials that result in a quantum dot-
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quantumwell (QD-QW) band alignment, (2) growing
seeded quantum rods (QRs) tipped with a second
material, or (3) including dopants during nucleation
or growth. Quantum dots that fall in the first two
categories are dubbed double quantum dots and
exhibit unique optoelectronic properties including
intraparticle charge transfer and luminescence upcon-
version [114]. Core/shell/shell heterostructures that
result in dual emission are shown infigure 9.

Type I/Type I emitters consist of an energy barrier
sandwiched between the core and outer shell. For
example, several CdSe/ZnS/CdSe dual emitters have
been reported [115–118]. In Quasi-Type I/Type II
dual emitters like the CdSe/CdS/ZnSe hetero-
structure [119], the nominal energy offsets in either

the conduction or valance band create a double well
for either the excited electron or hole charge carrier,
respectively. Since the probability of emission of more
than one photon is low due to the likelihood of non-
radiative Auger recombination, the emitted photons
stochastically switch between the two possible emis-
sion colors. Type II/Type II emitters work similarly
and include PbS/zbCdSe/wzCdSe/CdS [120] hetero-
structures, where the difference in crystal structure of
the same material results in a bandgap offset at the
core/shell interface. Similarly, Zhao et al [121] synthe-
sized PbS cores with a cation-exchanged zinc-blende
(zb) CdS shell before depositing a thick wurtzite (wz)
CdS layer on top. The zb CdS shell served as a potential
barrier between the PbS core and wz CdS shell,

Figure 10. Fluorescence change as a function of temperature for Zn1−xMnxSe/ZnCdSeQDs. (a)The ratio of exciton emission and
dopant emission changes as a function of temperature. Inset: picture showing visible color differences at two temperatures.
(b)Temperature response curves for threeQDswith different core/shell dimensions demonstrate the tunability of theQD
heterostructure design for temperature sensing in different temperature regimes. (c)PL of aQD sensor cooled to 19 °C.The red
dotted line indicates the removal of the coolant. The sensor subsequently warmed, resulting in an increase in the ratio. Reprintedwith
permission from [124]. Copyright 2010AmericanChemical Society.
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resulting in red emission from the core and bue emis-
sion from the shell.

So far, double dots have generated interest as opti-
cal gain media [115] and upconversion platforms
[120], but the dual emission can also be used for
sensing. For example, the PbS/ CdS QDs described
above were embedded in poly(methyl methacrylate)
(PMMA) films to measure PL temperature depend-
ence [122]. Emission from both the core and shell
increased as temperature decreased. Unsurprisingly,
the temperature dependence was not the same
between the different materials, resulting in a change
in the ratio of blue and red emission.

Another example of a dual color intrinsic sensor
was demonstrated by Razgoniaeva et al [123]. A double
well PbS/CdS/CdSe heterostructure was synthesized
that exhibited emission from the PbS core as well as
from the CdSe outer shell. The authors then investi-
gated how the presence of methyl viologen (MV2+)
and 3-mercaptopropionic acid (MPA) changed the PL
emission profile of the QDs. MV2+ quenched PbS
emissionmuchmore efficiently than CdSe emission as
a result of the long PbS PL lifetime when compared to
CdSe. The longer PbS fluorescence lifetime results in
slower non-radiative processes that allow for quench-
ing at a higher rate. In the presence of MPA, CdSe
emission was more efficiency quenched, indicating
that the rate of hole transfer from CdSe to MPA is
much higher than that of PbS to MPA. For both ana-
lytes, one color is quenched more efficiently than the
other, so the ratio of emission colors can be used to
quantify analyte concentration.

While both of the dual-emitting QD sensors
described here have limited long-term application
potential because they contain multiple toxic con-
stituents (Pb and Cd), the idea of using a barrier
between the core and shell of a QD to create dual emis-
sion for use as a temperature sensor could also be
explored with more environmentally friendly compo-
sitions currently being developed.

4.4.2. DopedQDs for dual-color sensors
Doped QDs provide the opportunity to develop QD-
based temperature sensors with ratiometric fluores-
cent readouts. The presence of dopants in a QD
introduces additional energy levels, and, depending on
where the dopant levels lie relative to the valance and
conduction bands of the QD, some structures exhibit
dual emission from a single QD. If the ratio of
fluorescence intensity between the two peaks is temp-
erature sensitive, ratiometric calibration of peak
intensities with regard to temperature is possible.

An excellent example of this was demonstrated
when Vlaskin et al developed Zn1−xMnxSe/ZnCdSe
QDs with dual emission [124]. Dopant loading in the
core was controlled and the QD bandgap was tuned
relative to the dopant levels by changing shell thick-
ness. Their QDs showed a large change in the ratio of
exciton versus dopant emission when temperature

was varied (figure 10(a)); in addition, the temperature
range for sensing could be tuned by changing the
dimensions of the core and shell. To demonstrate this,
three QDs with differing core/shell dimensions were
synthesized that showed temperature dependent
color change across a temperature range of 100–400 K
(figure 10(b)). The measurements were repeatable
through three temperature cycles. To further highlight
the advantage of ratiometric sensing, they transferred
their QDs from toluene to heptane, decreasing
overall QY by ∼50%. While the intensity of the QDs
decreased as a result, the ratio of the two emission col-
ors was identical.

Other dual emission QDs used in nanothermo-
metry include Mn-doped CdSSe/ZnS core/shell QDs
[19], ZnMnSe/ZnS/CdS/ZnS QDs [125], and alloyed
ZnCdMnSeQDs [126]. Ag- andMn- co-doped [20] or
Cu- and Mn- co-doped ZnInS QDs are more recent
examples that extend this premise to heavy metal-free
compositions [127].

5.QDs in Förster resonance energy transfer

The sensors discussed above exhibit a change in PL
intensity due to a change in QD concentration or an
environmental force altering the QD photophysics.
Arguably the most common sensing mechanisms,
however, involve energy transfer mechanisms to
anothermolecule. Several energy transfermechanisms
exist and can be classified generally into two categories:
resonance energy transfer (RET) or electron transfer
(eT). An exceptionally comprehensive review on
energy transfer involving QDs has been recently
published [26]. Here we will more succinctly highlight
energy transfer mechanisms and applications in
sensing.

The most prominent energy transfer mechanism
in biosensing is Förster, or fluorescence, resonance
energy transfer (FRET), a distance-dependent non-
radiative energy transfer from a donor to acceptor
chromophore through dipole-dipole resonance.
Because FRET uses two chromophores, ratiometric
sensing is often built in, with the exception of systems
where the acceptor is non-fluorescent (i.e., a
quencher). As previously discussed, ratiometric sen-
sing is often advantageous to single color sensing for
internal calibration and enhanced sensitivity. In FRET
sensors, one can monitor both the efficiency of energy
transfer from the donor to the acceptor as well as the
resulting changes in the acceptor-donor emission
ratio. Factors affecting FRET efficiency include (1) the
donor-acceptor separation distance, (2) the spectral
overlap between the acceptor and donor, (3) the
quantum yield of the donor, and (4) the alignment of
the donor and acceptor dipoles. The ratiometric mea-
surement is furthermore impacted by the quantum
yield of the acceptor molecule and analysis can be
complicated by overlap between the donor and
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acceptor emission peaks. For energy transfer to occur,
acceptor absorption must overlap with the donor
emission wavelengths. The degree of this overlap is
defined as the spectral overlap integral, Jλ [31, 128]:
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where fD(λ) is the fluorescence spectrum of the donor
normalized to 1 by dividing by its total area
(equation (3b)), and εA(λ) is the molar absorptivity of
the acceptor, all scaled to wavelength, λ; Jλ has units
of M−1 cm−1 nm4. To compare the expected perfor-
mance of potential donor-acceptor pairs, one uses the
overlap integral to calculate the Förster distance, R0,
i.e., the donor-acceptor distance at which 50% FRET
efficiency is observed [31]:
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where κ2 is the dipole orientation factor between the
donor and acceptor, ΦD is the quantum yield of the
donor, and n is the solvent refractive index (all unitless
terms). The dipole orientation factor κ2 can span from
0 to 4, with a value of 0 for no dipole overlap and 4 for
perfectly aligned dipoles. In FRET sensors where the
chromophore dipoles are randomly oriented over
time, κ 2=2/3 is used. The units used to calculate R0

can differ, so the expression that uses spectral overlap
integrated over wavelength is also shown (equation 6)
in order to avoid confusion in choice of units. If R0 is

Figure 11.The absorption and emission spectra for (a) a pair of fluorescent proteins (FP-FP) and (b) aQD-FP FRETpair. Excitation
crosstalk is avoided in the FP-FP case by choosing FPswith suboptimal spectral overlap, whereas the large Stokes shift of theQD allows
for zero excitation crosstalk in aQD-FP pair and perfect overlap of the donor emission and acceptor excitation. In panel (b) the FP
effective Stokes shift when exciting away from its excitationmaximum is indicated.While exciting away from the FP excitation
maximumcan decrease crosstalk, sensor brightness will suffer. Panels a andb are also representative of FRET pairs using fluorescent
dyes. (c) Spectral overlap in theQD absorption and emission spectra can lead to homo-FRET. (d)Two colorQD-QDFRET results in
significant direct excitation of the acceptor. Adapted from [41]. Distributed under aCreativeCommonsAttributionNon-Commerical
License 4.0 (CCBY-NC).
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known, the FRET efficiency of a system at a specific
donor-acceptor separation, rDA, can be calculated [31]:
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Experimentally, FRET efficiency can bemonitored
through change in donor fluorescence intensity or
fluorescence lifetime [31]:
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where FDA (τDA) is the fluorescence intensity (lifetime)
of the donor in the presence of an acceptor, and FD
(τD) is the fluorescence intensity (lifetime) of the
donor in the absence of energy transfer. By experimen-
tally monitoring the fluorescence of a FRET system,
one can use the changes in PL intensity or lifetime to
determine the FRET efficiency, and thus donor-
acceptor distance, or use knowledge of the sensor
configuration (donor-acceptor distance) to predict the
sensor FRET efficiency.

While FRET can occur between any two chromo-
phores, there are a few advantages of using QDs as
FRET donors. In addition to the overarching theme of
QDPL being brighter andmore photostable than dyes,
the unique spectral profile of QD FRET donors can be
used to reduce crosstalk. Due to the shorter effective
Stokes shift of most organic emitters (including fluor-
escent proteins), challenges arise with maximizing
spectral overlap for high FRET efficiency while mini-
mizing excitation and emission crosstalk. If an excita-
tion wavelength is chosen to minimize excitation
crosstalk such that only the donor dye or protein
is excited, the overall brightness of the system is
decreased, as it requires that the donor is excited away
from its absorption maximum. In contrast, QDs have
broad absorption in the UV with increasing molar
extinction coefficients at higher energies, i.e., in the
UV and blue wavelength range. In this context, photo-
excitation far from the QD emission peak (and the
acceptor absorbance) leads to enhanced absorption
by the QD, creating a brighter system. Figure 11
illustrates the differences in spectral overlap between
various donor-acceptor systems [41].

Figure 12.QD-FRET-based pH sensor for intracellular imaging. (a) Schematic of ratiometric pH sensor based on change in
absorption cross-section of acceptor fluorescent proteinmOrange in response to pH. At alkaline pH,mOrange is optically active and
acts as an efficient FRET acceptor, siphoning energy from theQDdonor. At acidic pH, themOrange is not optically active, and FRET
is diminished, resulting in higher emission intensity from theQD. (b)Change in PL emission upon titration of the FRET sensor. The
donorQD emission is highest with little FRET evident at pH6.1. Atmore alkaline pHs, energy transfer results in a decrease inQD
donor emission intensity and increase inmOrange acceptor emission intensity. (c)Plot of the acceptor emission intensity to donor
emission intensity versus pH creates a calibration curve for the ratiometric sensor. (d) Schematic of how changes in energy transfer
efficiency results in changes in emission color as the fluorescent probe progresses through the endocytotic pathway. (e)After
brief exposure to cells (t0) FRET is evident in epifluorescencemicroscopy. After 2 h, endocytosed probes are exposed to amore acidic
environment and exhibit substantially reduced FRET. Adaptedwith permission from [132]. Copyright 2012AmericanChemical
Society.
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5.1. FRET sensors usingQDdonors
As with the fluorescently labeled QD sensors described
in the first section, FRET sensors using QDs benefit
from the large surface area that provides a base for a
multitude of functionalization schemes. This is well
demonstrated in an early report from Suzuki et al [129].
They functionalize the surface of commercially avail-
able QDs with ssDNA, dsDNA, fluorescein-5, and GFP
to make DNase, DNA polymerization, pH and proteo-
lytic FRET sensors respectively. The authors also high-
light that using QDs as FRET donors provides a
pathway for single excitation wavelength multiplexing
and show that by mixing their nuclease and protease
sensors they can monitor both sensing events simulta-
neously as long as QDs of different and distinguishable
emission wavelengths are used for each. While the
discussion of these sensors is largely qualitative, the
possible breadth of applications for QD-FRET-based
sensingwas effectively demonstrated.

One way to use FRET for sensing is to utilize chan-
ges in the optical properties of the acceptor molecule

to generate a responsive change in FRET efficiency
through changes in the spectral overlap. There are a
couple of examples of this mechanism in pH sensing
based on the organic fluorophores squarine [130],
SNARF [131], or variants of the fluorescent protein
mOrange [132]. In the case of the QD-mOrange pair,
the absorption cross-section of the FP varied sig-
nificantly with pH, changing the FRET efficiency,
resulting in a 20-fold difference in the ratio of the
acceptor emission intensity to the donor emission
intensity over a physiologically relevant pH range
(pH 6–8) (figure 12). Similarly, the absorption of 2D
materials such asmolybdenum disulfide (MoS2) chan-
ges in the presence of an electric field, facilitating their
use as FRET acceptors in devices that can sense chan-
ges in applied field [133].

The most frequently used FRET designs sense a
change in distance between the donor and acceptor
pair, rDA. FRET efficiency is highly distance dependent
(equation (5)), and therefore changes in rDA on the
nanometer scale can be monitored. Because FRET

Figure 13. In a typical enzyme cleavage assay, his-tagged, dye-labeled peptides are self-assembled to theQDdonor, quenchingQD
emission via FRET. In the presence of enzyme, the peptide is cleaved, terminating FRET efficiency and resulting in re-brightening of
theQDemission. Panel (a) shows a schematic of FRET-based enzyme sensing and panel (b) shows images of sensors usingQDs of
different sizes as donors. Only themedium-sized donor shows visible changes in brightness after addition of enzyme,while all sensors
can bemonitored by taking PL using afluorimeter (c). Adapted from [25]with permission fromTheRoyal Society of Chemistry.
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efficiency is negatively impacted by increased sensor
size, the sizes of the fluorophores used are parameters
of interest when designing a FRET probe. Towards
that end, the Dennis group performed a systematic
study comparing CdSe/xCdS/2ZnS QD donors of
varying shell thicknesses with dye-labeled, tryptophan
cleavable, his-tagged peptides self-assembled to their
surface [25]. By using the same acceptor for every QD,
the effect of shell thickness and size on FRET effi-
ciency, and the implications on sensor design were
explored. As expected, by using QDs with thicker
shells and increased overall size, the maximum FRET
efficiency of the probe decreased. However, it was
shown that the larger QD size significantly increased
brightness, with the brightest samples being almost
8-fold brighter than commercially available QDs emit-
ting at similar wavelengths. As previously discussed,
increased fluorophore brightness can be useful for
POC applications where cost and ease of detection are
a concern. While all sensors were able to detect the
presence of tryptophan when using a fluorimeter for
measuring fluorescence, only the sensor using a med-
ium sized QD (diameter∼9 nm)was able to show visi-
ble changes in fluorescence after the addition of
tryptophan, as it was both bright enough for facile
visual detection and still small enough for efficient
energy transfer (figure 13) [25].

The rDA of a pre-assembled construct can change
when the sensor undegoes a conformational change,
complete dissociation, or displacement of the acceptor
from the donor. The sensor described above uses an
enzyme cleavable peptide to mediate acceptor dis-
placement as a measure of enzymatic activity. QD-
FRET has been widely demonstrated for enzyme sen-
sing [23, 25, 28, 34, 134–138]. Proteolytic activity can
be monitored by attaching acceptors to quantum dot
donors with an enzyme cleavable peptide. Frequently,
dye-labeled peptides containing a histidine region and
enzyme cleavable sequence are self-assembled to QDs
as FRET acceptors, quenching the PL of the QDs
[23, 25, 28, 34, 135, 136]. In the presence of enzyme,
the peptide is cleaved releasing the acceptor from
the QD and reducing FRET, as observed through the
enhancement inQDPL intensity [135]. Changes in the
PL over time can be used to calculate kinetic para-
meters of substrate digestion throughMichaelis-Men-
ten (MM) kinetic formalism. Similarly, fluorescent
proteins (FPs) can be engineered to include enzyme
cleavable linkers to achieve the same effect [134]. In
2012, Algar et al performed a more detailed study
tracking the number of peptides per QD over time and
showed that substrate digestion deviates from pre-
dictedMM formalism. A hoppingmode of activity was
described, whereby the enzyme consumes multiple
substrates on a QD surface before relocating to a new
QD, causing an initial enhancement in the rate of
digestion [136]. Diaz et al [137] explored this further
by creating QD-dye proteolytic FRET sensors for both
elastase and collagenase. They found that elastase was

well represented by the MM model whereas col-
lagenase was not, demonstrating that while QD-dye
FRET protease sensors can be used for enzyme detec-
tion, the kinetics of these reactions can be variable.

Acceptor displacement can occur through pro-
cesses other than enzyme cleavage—for example, QD
FRET-based immunoassays [139, 140]. These have
similar design aspects to QD FLISAs, but the QD is
used as both a platform and FRET donor. In this
scheme, the sensor does not need to be attached to a
substrate but is instead measured directly in solution.
This is advantageous in that is does not require long
incubation times ormultiple washing steps. For exam-
ple, Kattke et al optimized a QD-FRET system for the
detection of Aspergillusmold spores even in a solution
with high background autofluorescence [140]. A QD
donor was conjugated to IgG antibodies and incu-
bated with quencher-labeled analytes, resulting in a
FRET-based decrease of QD PL. The presence of the
target analyte displaced the quencher-labeled analyte,
resulting inQD fluorescence recovery.

5.2. FRET sensors usingQDacceptors
As already exemplified in this review, QDs are
generally used as FRET donors due to their bright
emission and broad absorption. According to the
Förster formalism, non-radiative energy is transferred
from an excited donor molecule to an acceptor
molecule in its ground state when they are in close
enough proximity. The broad excitation profile and
relatively long PL decay times for QDs compared to
traditional fluorescent dyes (τQDs∼5–100 ns versus
τdyes∼1–5 ns) hinders the use of QDs as FRET
acceptors. Upon photoexcitation, both the dyes and
QDs are excited, with the QD remaining in an excited
state than much longer the dye, precluding energy
transfer [141–143]. The introduction of luminescent
lanthanides as FRET donors with up to millisecond
lifetimes change this dynamic by utilizing a FRET
donor with a PL lifetime much longer than that of the
QDacceptor [35, 36]. By collecting PL lifetimes in time
gates much longer than the natural decay of the QD,
but still within the lifetime of the lanthanide decay, the
direct excitation of the QD and any background
autofluorescence are not recorded, greatly simplifying
analysis of the system.

Lanthanide emitters can be incorporated into
FRET devices in the form of molecular complexes or
lanthanide-doped upconverting nanoparticles. Time-
resolved spectroscopy is used to record the lumines-
cence intensities of FRET pairs in individual detection
channels in time-gatedmode after pulsed excitation. If
the lifetime of the acceptor is much shorter than the
lifetime of the donor, the lifetime of the donor in the
presence of acceptor can be assumed to be the same as
the lifetime of the acceptor in the presence of the
donor (τDA=τAD for τA = τD). Time-gated detec-
tion of fluorophores with long luminescence lifetimes
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efficiently suppresses interference from biological
autofluorescence as well as directly excited FRET
acceptors [29, 143]. Therefore, a ratiometric output

for biological assays can be used to quantify the bio-
molecule of interest, while also suppressing sample
and excitation source fluctuations [35, 144]. The

Figure 14. (top)Direct conjugation of thiol-antibody (fragments) to the surface of compactQDs viametal affinity of thiol to Zn.
(bottom)When the antigen PSA is introduced in the system, both theQD-antibody (fragment) and L4Tb-IgG bind PSA, bringing the
L4Tb andQD into close proximity, resulting in FRET. Adapted from [155]with permission fromTheRoyal Society of Chemistry.

Figure 15. (left) Schematic representation ofHis6-ADP self-assembly onZn2+ surface ofQDandTb labelled antibodies recognizing
ADP. (right)UponUVexcitation, FRET fromTb to theQD results in quenching of the Tb emission and sensitization of theQD
emission (red curve). Upon addition of free ADP, the Tb-antibody detaches from theQD causing a decrease inQDemission and
increase in Tb emission (black curve). Reprintedwith permission from [21]. Copyright 2018AmericanChemical Society.
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sensor output is the ratio of the time-gated photo-
luminescence intensities of the FRET acceptor and
FRET donor in the presence of the donor and accep-
tor, respectively, over a defined time period:

sensor output
I dt
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acceptor detection channel integrated over a time-
window from t1 to t2 (μs or ms) measured at its

emission wavelength, and I dt
t

t
DA2

1
ò is the time-gated

PL intensity of the donor detection channel over a
time-window from t1 to t2 (μs or ms) measured at its
emissionwavelength.

In 2005, Hildebrandt et al showed that QDs could
be used as efficient FRET acceptors when paired with a
terbium chelate with a long-lived emission lifetime in
the ms range [145]. For this purpose, they designed a
time-resolved FRET system based on biotin-streptavi-
din interaction where CdSe/ZnS QDs with an emis-
sion maximum at 655 nm were coated with a
biotinylated polymer complex (QD655-biot) and
streptavidin was labelled to the terbium chelate
through its activated ester group (strep-Tb). Using a
fixed concentration of strep-Tb and increasing con-
centration of QD655-biot, they measured the time-
resolved emission of the donor and acceptor following
pulsed excitation at 308 nm. The FRET ratio from this
system integrated from 0.25–1 ms was dependent on
the QD655-biot concentration, strongly suggesting
sensitized emission of the QDs in the μs range due to
FRET. The analysis of the QD emission decay curve
after FRET also revealed the appearance of two new
long-lived components arising from strep-Tb. The
Tb-to-QDFRET system resulted in improved sensitiv-
ity of biotin detection with a picomolar detection
limit [145].

Since then, clinically relevant biomarker detection
has been demonstrated using time-gated Tb-to-QD
FRET in homogeneous bioassays. When using anti-
bodies in FRET based sensors, their large size limits
maximum achievable FRET efficiency. Because FRET
is highly distance dependent, the FRET efficiencies of
QD donor-based immunoassays tend to be low. One
route towards alleviating this issue it to use antibody
binding fragments instead. Wegner et al bioconju-
gated commercially available QDs from eBioscience
(eQDs) and a carbodiimide-functionalized terbium
complex (Lumi4-Tb-NHS; L4Tb) from Lumiphore
with two distinct monoclonal antibodies (IgG), diva-
lent fragments (F(ab’)2), or monovalent antibody frag-
ments (Fab) against prostate specific antigen (PSA)
[146]. In the presence of PSA, the QD-antibody (frag-
ment) and L4Tb-antibody (fragment) both bind to the
analyte, bringing them in close proximity for FRET.
They found that using QD-Fab bioconjugates yielded
the highest sensitivity in the QD-Tb FRET system due

to the smaller biomolecular size reducing the donor-
acceptor distance and a higher labelling ratio. The
limit of detection (LOD) of 1.6 ng mL−1 PSA in serum
samples is significantly lower than the clinical cut-off
of PSA of 4 ng mL−1 [146]. In a subsequent study, the
flexibility of the FRET system was demonstrated using
nanobody-eQD650/L4Tb conjugates for the detec-
tion of epidermal growth factor receptor (EGFR) in
low volume buffer and serum samples with LODs of
23 ng mL−1 and 34 ng mL−1, respectively, which are
below the recommended clinical cut-off level of
45 ng mL−1 [147].

Iterations on the Tb-QD FRET immunoassays
helpfully demonstrate the challenges of conjugating
complex biomolecules like antibodies to QDs in a way
thatmaintains high binding affinity for the analyte and
quantify gains made by using different QD coatings or
smaller antibody fragments. Since eBioscience QDs
have been discontinued, Bhuckory et al developed a
standard and simple procedure to conjugate thick
PEG-coated QDs from Life Technologies (iQDs) to
antibodies and tested their efficacy in a L4Tb-to-QD
FRET immunoassay for PSA using Fab and IgG [148].
Disulfide bonds on Fab were reduced to thiols and
conjugation to iQD605/655/705 was performed by
converting amine-reactive QDs to maleimide-reactive
QDs using sulfo-EMCS as a crosslinker. Their results
showed a significant increase in the FRET-ratio with
increasing concentration of PSA for all three FRET
systems. The strongest relative increase in FRET-ratio
was observed for the L4Tb-iQD705 FRET pair due to
the most efficient FRET with the least L4Tb back-
ground, due to its large Förster distance. The three
FRET systems exhibited sub-nanomolar LODs of
23 ng mL−1, 3.7 ng mL−1 and 2 ng/mL for L4Tb-
iQD605, 655, and 705, respectively [148].

In 2016, Mattera et al [149] further reduced the
size of their biosensor. In their study, they conjugated
Fabs to QDs for FRET-based sensing comparing com-
mercially available water-soluble QDs coated with a
polymer to the same base QDs coated with a compact,
commercially available zwitterion, penicillamine. Two
colors of QDs, emitting at 605 and 705 nm, coated
with the polymer or with penacillamine were functio-
nalized with Fabs and analyzed for performance in a
FRET assay. Sensors utilizing the penicillamine-coated
QDs were 6.2-fold and 2.5-fold more sensitive than
the 605 nm and 705 nm polymer-coated QDs, respec-
tively. This was attributed to the decrease in overall
size of the QD/Fabs when using penicillamine and
coincided well with other studies showing that the
FRET efficiency between CdSe/ZnS QDs and his-tag-
ged FPs is highly dependent on the ligand used for
water solubilization [150, 151]. Other reports of small
molecule ligands for water-solubilization have been
published [152–154], but none have demonstrated
stability over as extended of a time period (2 years) as
Mattera et al [149]. In a later study, Bhuckory et al
[155] used the compact QDs as demonstrated by
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Mattera et al [149], to further improve the sensitivity
of their immunoassay for PSA detection. IgGs and
Fabs against PSA via their endogenous thiols within
the antibodies (fragments)were directly conjugated to
the surface of the Zn-rich QD surface (figure 14). This
new and simple conjugation strategy allowed for an
even more compact biosensor which allowed better
LODs with 0.21 ng/mL for QDs conjugated to IgGs
and 0.08 ng/mL for QDs conjugated to Fabs. As a
comparison, the LOD for this QD-Fab was 10 and 25
times lower compared to conjugation via maleimide-
terminated ligands [149] and polymer-coated QDs
[148], respectively.

The work of Qiu et al demonstrated the necessity
of careful QD-antibody conjugation optimization
when taking into account antibody size, orientation,
conjugation ratio and biological crosstalk on the per-
formance of single and duplexed immunoassays [156].
By using different types of antibodies and orientations
of nanobodies against EGFR and HER2, they obtained
many combinations of QD-antibody/QD-nano-
body+L4Tb-antibody/L4Tb-nanobody and tested
each in a FRET immunoassay. Their findings showed
that for a single assay, the highest sensitivity of EGFR
was achieved using full-sized antibodies of cetuximab
conjugated to L4Tb and matuzumab F(ab) on

Figure 16. (top) Size exclusion chromatography results ofDNA/QDconjugates synthesizedwith differently sized phosphorothiote
domains and titratedwith complementary sequences. (bottom)The degree of control over valency is shown throughTEM images of
QDs functionalizedwith 1–5DNA strands and complexedwith a secondQDcontaining its complement. Reprintedwith permission
from [165]. Copyright 2011 SpringerNature.

Figure 17.A schematic of using PET in sensing applications. (a)The receptor reduces the ground state of thefluorophore, preventing
fluorescence. (b) In the presence of the sensor analyte, the receptor is bound and itsHOMO is lowered, preventing PET from
occurring and allowingfluorescence. This is an example of a ‘turn on’ sensor.
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eQD650, yielding an LOD of 2.9 ng mL−1. An LOD of
8.0 ng mL−1 was determined for HER2 detection
when using oriented nanobodies conjugated via their
terminal cysteine to L4Tb and eQD605. As compared
to using dyes for multiplexing [157], their duplexed
immunoassay showed specific and sensitive detection
of EGFR and HER2 from a single sample at low nano-
molar concentrations without requiring complex
spectral or biological correction [156]. With the same
goal of improving QD-based immunoassays, Annio
et al showed the importance of antibody-to-QD ratio
in an FRET assay performance. They observed an
8-fold enhancement in LOD and 5-fold in the
dynamic range of their FRET assay when increasing
the number of IgG antibodies against total prostate
specific antigen (TPSA) on the surface ofQDs [22].

Díaz et al took advantage of the lanthanide-QD
FRET system for kinetic studies by designing the first
broad nanoparticle-based time-resolved FRET assay
for adenosine diphosphate (ADP) [21]. In their sensor,
QDs were labelled with a His6-ADP and antibodies
recognizing ADP with a terbium complex (figure 15).
Using a competitive assay format and a ratiometric
measurement of the QD emission to terbium emis-
sion, they obtained a limit of detection of 10 nM ADP
and a quantitation limit of 35 nM in a 20 μL sample
volume using an 8 nM sensor concentration. Their
sensor was further tested in an enzyme assay of gluco-
kinase (GLK) and showed the ability to differentiate
structurally similar enzyme inhibitors. Increasing con-
centrations of GLK favored faster reaction rates, and
kinetic parameters could be determined from their
experiments yielding a specificity constant of
210±100 mM−1 s−1, kcat

app= 19±6 s−1 and kM
app=

0.09±0.03 mM. The inhibitory constant (Ki) for the
coenzyme palmityl-CoA was determined to be
1.0±0.2 μM in their buffer conditions, compared to
a reportedKi of 2 μMin literature [21].

Upconverting nanoparticles (UCNPs) doped with
lanthanide ions are uniquely able to emit UV/visible/
NIR light following excitation with a NIR laser [158].
Since they can be excited in the NIR region, direct
excitation of QDs is avoided with minimum back-
ground autofluorescence from biological samples.
Doughan et al developed a paper-based FRET nucleic
acid hybridization assay for the multiplexed detection
of three oligonucleotides (ssDNA), namely uidA,
Stx1A, and tetA, which are potential makers for the
detection of E. coli. Core/shell UCNPs doped with
Tm3+ and Yb3+ were immobilized on a paper sub-
strate and conjugated to ssDNA, which was com-
plementary to one part of the target ssDNA.
Formation of UCNP-QD FRET pairs occurred when
solutions containingQD-ssDNA and target DNAwere
added to the paper substrate. Upon NIR excitation,
Tm3+ transferred non-radiative energy to the QDs
and QD PL was observed due to FRET. The paper-
based FRET sensor simultaneously detected uidA,
Stx1A, and tetA with femtomole detection limits in

both buffer and buffer containing 10% goat serum
[159]. In a steady-state homogeneous FRET assay,
Mattsson et al used UCNP-streptavidin-biotin-QD
recognition as a biological model system. Upon
980 nm excitation of their UCNPdopedwith Er3+ and
Yb3+, theirmodel system enabled the quantification of
biotin in a competitive replacement assay through the
sensitized emission of QD at 605 nm. Sensitized emis-
sion of the QD could be detected due to FRET from
Er3+ ions to QDs but was relatively low in intensity
due to the relatively large distance between Er3+

donors and QD acceptors as well as the low PL quant-
um yields of the UCNPs. Low nanomolar detection
limits of biotin were still achievable, however, due to
lack of sample autofluorescence and elimination of
direct excitation of theQDs [160].

5.3.Quantumdot to quantumdot FRET
In QD-dye or QD-FP systems, the more photosensi-
tive component is not directly excited, increasing the
photostability of the system as a whole [132]. This can
be further improved by completely ridding the system
of photosensitive components by using a QDs as both
the donor and acceptor. This could be advantageous
for continuous sensing applications that require high
stability and repeatability over many measurements.
However, by using a quantum dot as an acceptor, the
benefit of exciting only the donor molecule in QD-FP
FRET is lost. In fact, because the energy at which a QD
emits is inversely proportional to its size, in traditional
QD-QD FRET systems the acceptor is larger than the
donor, and therefore absorbs more of the excitation
energy (figure 10(d)). This results in overwhelming
acceptor background emission even in the absence of
FRET. The high background can be alleviated by using
an excess of donors, but at the cost of FRET efficiency.
Intuitively, this makes sense, because the number of
energy acceptors per energy donor is decreased,
resulting in an overall decrease in energy transfer. The
relationship between FRET efficiency and number of
acceptors per donor (n) can be described mathemati-
cally by [31]:
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Depending on the method of attaching acceptors
to donors, the distribution of acceptors per donor
within an ensemble can be modeled. For example,
Pons et al showed through single particle measure-
ments that fluorophores self-assembled through histi-
dine binding to the QD metal ion surface formed
subpopulations with different donor-acceptor ratios
that could be modeled with a Poissonian distribution
[161]. The advantages and pitfalls ofQD-QDFRET are
discussed in a comprehensive review published by
Chou et al in 2015 [41], so only a few additional exam-
ples are described here.

One difficulty with engineering QD-QD FRET
systems is controlling donor-acceptor ratios in
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the final QD-QD construct. Some functionalization
schemes and strategies for creating monovalent DNA-
QD conjugates have been explored [162, 163], but few
have further extended their studies for control of mul-
tivalent systems. The most successful studies done to
control the valency of DNA-QD conjugates use a one-
step DNA-templated QD synthesis in aqueous solu-
tion where DNA strands containing phosphorothiote
(ps) domains are present [164]. For example, in 2011
Tikhomirov et al published a report showing that the
number of DNA strands per QD could be controlled
by changing the length of the ps domain or size of the
QD (figure 16) [165]. The authors showed that they
were able to precisely control the valency of their QD-

QD conjugates and demonstrated their use as sensors
for pH and DNase. In the case of the pH sensor, the
QDs exhibited differing degrees of QD-QD repulsion
at different pH depending on the degree of deprotona-
tion of their stabilizing ligands (MPA). At high pH,
MPA is deprotonated and negatively charged and the
QDs experienced interparticle charge repulsion,
resulting in less energy transfer. At more neutral pH,
the QDs were less charged and therefore experienced
less repulsion. This resulted in an increase in energy
transfer as a result of decreased distance between
donor and acceptor QDs. The sensor was reversible
(shown up to 5 cycles) indicating the robustness of the
QD-DNAbond.

Figure 18.A schematic of a uPAprotease andHer2 kinasemultiplexed sensor. A biotinylated peptide labeledwith a gold nanoparticle
(AuNP) is susceptible to uPA cleavage, while a his-taggedHer2 substrate can be phosphorylated byHer2 in the presence of cofactor
ATP. After enzyme activity, streptavidin-coated greenQDs andMPA-coated redQDs are added to themixture; the greenQDs can
bind the biotinylated peptides, while theHer2 substrate peptides peptides bind the redQDs as their smallmolecule ligand coating
leaves theQD surface accessible for his-tag-mediated self-assembly. In the absence of uPA, the greenQD is quenched by theAuNP;
Her2 kinase activity phosphorylates the his-tagged peptide for further bindingwith dye-labeled anti-phosphotyrosine, enablingQD-
dye FRET. Reprintedwith permission from [138]. Copyright 2012AmericanChemical Society.
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While the one-step aqueous synthesis scheme has
yielded excellent results, the types of QDs that can be
made is limited. To our knowledge, a heavy-metal free
version of this scheme has yet to be reported. Reports
of valence-controlled QDs synthesized in organic sol-
vents by post modification have not seemed to be as
successful. In 2015, Coopersmith et al [166] developed
a method towards controlling the stoichiometry of
QD-QD conjugates through a stepwise DNA-medi-
ated assembly. By changing the ratio of acceptor to
donor QDs during DNA hybridization, the authors
demonstrated control of acceptor to donor ratios from
0–1.3. Perfectly uniform donor-acceptor ratios were
not achieved, but the approach demonstrated a con-
certed means of improving the ratios, especially for
small constructs, over standard solution-phase mix-
ing. The development of a clean and efficient method
of controlling acceptor to donor ratios is of interest for
any who hope to use QDs in solution-phase sensing
applications.

In a recent example, QD-QD FRET between [167]
green and red In(Zn)P quantum dots was demon-
strated with samples exhibiting QYs of up to 87%. The
QDs were loaded into PMMA films at different donor
to acceptor ratios. Lifetime measurements of the
donor emission channel indicate FRET efficiency of
up to 70% at the highest acceptor to donor ratio. PL
analysis showed an increase in acceptor PL due to
FRET, but also significant non-sensitized acceptor
emission as expected in a QD-QD FRET system. This
system was not used in a sensing application, but the
development of bright, non-toxic QDs for use in QD-
QD FRET is significant. Besides the obvious benefit of
using non-toxic components, increasing the donor
quantum yield in a FRET system also increases its
FRET efficiency (equations (4a) and (5)).

6.Quantumdots in other types of energy
transfer

6.1. Charge or electron transfer
QDs can extrinsically sense protons, metal ions, and
other analytes through photoelectron transfer (PET)
to a ligand on the surface. PET has been widely used in
other fluorophores to sense many ions [168, 169], and
QD PET has been studied both mechanistically
[170, 171] and functionally [172–174]. Generally,
PET-based sensors link a fluorophore to a receptor
molecule with a highest occupied molecular orbital
(HOMO) or lowest unoccupied molecular orbital
(LUMO) that is higher than the fluorophore HOMO
and lower than the fluorophore LUMO. Under these
conditions, electron transfer between the receptor and
the fluorophore occurs, quenching fluorescence
(figure 17(a)) [175]. To utilize PET as a sensor, the
receptor molecule has a functional group (e.g., crown
ether, tertiary amine, etc.) that binds ions or analytes,
lowering the HOMO energy state of the receptor

below the HOMO of the fluorophore (i.e., raising the
oxidative potential of the receptor). This prevents
PET, turning onfluorescence (figure 17(b)).

The modularity of this approach has enabled the
design of many ion sensors. In one of earliest papers
using PET with QDs, Mulrooney et al linked a ferro-
cene urea moiety (which can bind fluorine anions) to
the lipoic acid used for ligand exchange on CdSe/ZnS
QDs [176]. The authors demonstrated a 25-fold
increase in fluorescence after titrating to 200 mM
fluorine. Furthermore, they showed that the addition
of fluorine to a solution of their ligand caused a sig-
nificant downward shift in the proton NMR of the
urea group. This indicated that fluorescence quench-
ing was caused by electron transfer from the lone pair
on the nitrogen to the QD during excitation, while the
fluorine ion changes the reduction potential of the
lone pair and prevents transfer, thus turning on
fluorescence.

PET based sensing is not limited to ions; electronic
fields also impact electron transfer, inspiring the
design of voltage sensors for biological imaging. In a
more recent work by the Delehanty lab, a PET-based
voltage sensor was designed by linking fullerenes to
QDs with a membrane-inserting peptide [177]. The
fullerene hydrophobicity paired with the membrane
inserting peptide allowed for QDs to be distributed
across cell surfaces with the peptides inserted in the
membrane, while fullerenes act as an electron accep-
tor. At resting state in the neuron (−70 mV), the posi-
tive charge on the outside of the membrane prevented
electron transfer, allowing bright fluorescence to
occur. During cellular depolarization, the flipping of
the field promoted electron transfer to the fullerenes.
This yielded a ‘turn off’ sensor that outperformed
standard voltage sensitive dyes in voltage sensitivity.
This PET-based sensor also exhibited improved volt-
age sensing compared to the QCSE-based QD systems
described above.

6.2. Nanometal surface energy transfer
Energy transfer between a QD and AuNP results in
quenching of QD emission due to nanometal surface
energy transfer (NSET), which is distance dependent
to the inverse 4th power [178]. QD-AuNP systems
have garnered interest due to their extended size range
for sensing compared to FRET [179, 180]. Not only is
energy transfer distance dependent to the inverse 4th
power rather than inverse 6th, but the distance
between the AuNP and QD is measured from the
surface of the AuNP rather than the center. The size of
the AuNP, therefore, does not contribute to the
distance between the donor and acceptor, allowing for
more flexibility when choosing the appropriate AuNP
quencher. Very recently, Chen et al [181] confirmed
this by calculating energy-transfer efficiencies fromTb
donors bound to AuNP acceptors using the streptavi-
din-biotin interaction. They saw that changing the
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AuNP size did not change the efficiency of energy
transfer indicating that the quenching mechanism of
PL lifetime of the donor by AuNPs were NSET rather
than FRET-based.

Several examples of AuNP-mediated QD quench-
ing used for sensing applications have been reported
[182–187], but many difficulties still arise when trying
to accurately predict how a NSET sensor will behave
a priori. For example, Griffin et al, in a AuNP-dye sen-
sor for RNA sensing, showed that when using 8 nm
AuNPs, sensor quenching efficiency matched well
with the theoretical model, while sensors using 40 nm
and 70 nm AuNPs deviated significantly [188]. Using
QDs and 30 nm AuNPs attached to triangular-shaped
DNAorigami, Samanta et al found that energy transfer
was distance dependent to the inverse 2.7th, rather
than 4th, power [189]. One possibility for the dis-
crepancy discussed was the fact that the distance
between the QDs and AuNPs as determined by TEM
imaging could differ in solution phase, as the heavy
AuNPs could cause slight bending in the DNAorigami
structure. The authors also specifically noted that the
complexity of energy states present in QDs could be a
contributing factor and that further investigation

towards understanding the deviation from the NSET
model is needed.

Another confounding factor when using AuNPs as
quenchers is their overwhelmingly large molar extinc-
tion coefficients. While increased molar extinction
coefficient results in increased spectral overlap, a
severe increase in non-sensitized background quench-
ing is also seen. By designing aDNA-linked AuNP-QD
assembly that could dissociate in the presence of a
DNA strand, the Maye group quantified the inner fil-
ter effect, finding that QD emission was quenched by
over 50% evenwhen using∼2x excess QDs per AuNPs
[190]. Even so, their sensor exhibited ∼20% recovery
in PL intensity after the addition of the complex-
breakingDNA.

In 2015, a more detailed study of AuNP-QD com-
plexes evaluated how AuNP size and [AuNP]:[QD]
ratio affect quenching efficiency [191]. Configurations
comprising a single AuNP acceptor bound to multiple
QD donors or vice versa were both tested. By studying
the quenching efficiency and re-brightening in the
presence of DNA, the authors found an optimal sensor
design using a medium sized AuNP (13 nm) and an
excess of 15 QDs per AuNP. This was found to be

Figure 19. (a) Schematic of the donorQD labeledwith three different peptide dye acceptors. (b)The resulting finalQD-dye
configurations of themultiplexed enzyme sensorwith the addition of one, two, or all three of the analytes to be detected. (c)Titrations
of the single (left), double (middle) and triple (right) acceptor systems. Numbers in position L,M, andN indicate themolar ratios of
A555, Cy3.5, andA647 respectively to theQDdonor. By analyzing the one acceptor system, behavior of the two acceptor system could
be predicted and then further used to predict how the behavior of three acceptor systems. (d)Change in A555, Cy3.5, andA647
fluorescence intensitywith the addition of different amounts of trypsin, chymotrypsin, and enterokinase, indicating the possibility of
triplymultiplexed biosensing using a singleQDdonor andmultiple dye acceptors. Adaptedwith permission from [28]. Copyright
2017AmericanChemical Society. Permission to further reproduce thismaterial in anyway should be directed to ACS for citation of
the original article: https://pubs.acs.org/doi/abs/10.1021%2Facs.jpcc.7b02739.
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optimal in terms of the overall brightness of the con-
jugate, while also exhibiting a significant change in PL
intensity in the presence of target analyte. In addition
to a fluorimeter, imaging and quantification was also

performed with an iPad camera, demonstrating the
feasibility of fluorescence detection using a consumer
device. In addition, the author’s attention to under-
standing the hybridization efficiency of AuNP/QD

Figure 20. (a) Schematic of amultiplexed sensor using a single Tb-QDFRETpair that varies in donor-acceptor distance, and thus
FRET efficiency, for each analyte of interest. (b) Lifetimemeasurements used for calibration of themultiplexed sensor. Adaptor
sequences of the same length but bound to theQD through different conjugationmeans create different donor-acceptor separations
for eachTb-QD energy pathway. By integratingfluorescence intensity in different time channels (1 and 2) andmathematically solving
for equation (9), the concentration of two differentmiRNA strands can be detected simultaneously. Reprintedwith permission from
[24]. Copyright 2017, JohnWiley and Sons.
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conjugates gave insight on how steric hinderance
impacts AuNP-QD sensor design, specifically when
selecting the size of AuNPs and choosing donor accep-
tor ratios.

7.Multiplexed sensing

The ease of histidine-based self-assembly approaches
described above combines well with the large surface
area of the QD platform to facilitate the design and
fabrication of multiplexed sensing systems. In the
simplest case,multiple sensors using discretely colored
donor QDs and acceptor fluorophores can be inter-
rogated simultaneously using the spectrally distinct
emission patterns followingUV excitation [7, 138].

In 2012, Lowe et al [138] developed a sensor for
simultaneous detection of uro-kinase-type plasmino-
gen activator (uPA) protease activity and human epi-
dermal growth factor receptor 2 (Her2) kinase activity.
The simultaneous detection of both is of interest
because the combination of uPA and Her2 biomarker
concentrations can provide prognostic information
for breast cancer patients. The key to their sensor
design was simultaneous enzyme activity on the reac-
tive peptides followed by the selective binding of each
peptide/acceptor to its respective QD. For uPA sen-
sing, an AuNP-labeled, biotinylated peptide was sus-
ceptible to cleavage by uPA. Likewise, a his-tagged
peptide comprising the Her2 substrate could be phos-
phorylated at its target tyrosine residue by Her2, a
change that could be discerned by the binding (or lack
thereof) of a dye-labeled antiphosphotyrosine (an
antibody specific for phosphorylated tyrosine). Strep-
tavidin-coated QD525s and MPA-capped QD655s
were bound by the biotinylated and his-tagged pep-
tides, resulting in NSET or FRET, respectively, to an
extent dependent on the corresponding enzyme activ-
ity (figure 18). As QD525 was quenched when the
AuNPs were bound, QD525 brightness correlated to
uPA activity. QD655 acted as a FRET donor to the
AlexaFluor660-labeled antibody, and the ratio of
fluorescence intensity at 655 and 660 indicated Her2
activity. The detection limit of uPA was 50 ng ml−1,
10-fold improved from a previously reported biolumi-
nescence resonance energy transfer (BRET) sensor,
and 7.5 nM for Her2, which is comparable to pre-
viously published sensors. The success of this study
highlights the advantages of using QDs in fluorescent
sensors. Multiplexing with two colors was demon-
strated, and low limits of detection were achieved due
to the high degree of donor-acceptor labeling only
possible when conjugating to a nanoparticle surface.

In 2015, Brazhnik et al [192] developed a quantum
dot-based lab-on-a-bead system for multiplexed
detection of different prostate cancer biomarkers.
QDs were incorporated into microbeads functiona-
lized with capture monoclonal antibodies (mAb) tar-
geting specific antigens of interest. Detector antibodies

were labeled with a secondary dye acting as a QD-
FRET acceptor. Green and red QDs were used to
monitor different antigens and flow cytometry used to
analyze the tri-color QD/bead/dye system for simul-
taneous detection of free and total prostate-specific
antigens. The study was performed using human
serum samples and a clear discrimination between
healthy and cancer patients was achieved. The sensor
yielded similar results to single-analyte ELISAs, con-
firming the accuracy of the method—with the advan-
tage of simultaneous detection. Furthermore, in this
system no hook (or prozone) effect was observed. The
hook effect is a false negative result that occurs in
immunoassays when the antigen concentration satu-
rates the antibody binding sites. Although this assay
still used antibodies, implying that the Hook effect
could eventually become a concern, the authors tested
their system at antigen concentrations 4 to 5 times
higher than standard concentration thresholds with
no observable hook effect.

More evolved designs go beyond simply combin-
ing multiple existing sensors. For example, Algar et al
[34] conjugated two different dye-labeled peptides to a
central QD. The QD exhibited significant spectral
overlap with one of the dyes, while the second dye
aligned well as an acceptor to the first dye. This con-
centric relay design (cFRET) was used for multiplexed
protease sensing [34]. While the attachment schemes
for these systems are relatively simple, analysis can
become difficult because the dyes can interact with
each other as well as the quantum dot [28, 193]. In
2017, a three-acceptor cFRET system was demon-
strated by attaching three different enzyme cleavable
peptides labeled with three discrete dyes to a QD
donor [28]. The energy transfer in a one-acceptor,
two-acceptor, and three-acceptor systemwere system-
atically compared. It was found that PL quenching of a
two-acceptor system can be predicted from the results
of the one-acceptor configurations of its parts, and the
two-acceptor system can likewise be used to predict
the three-acceptor system—the general conclusion
being that the system is found to behave effectively as a
sumof its parts (figure 19).

Similarly, different energy transfer pathways can
be combined for multiplexing. Algar et al [27] labeled
DHLA- and DHLA-PEG-coated QDs with both a dye
and ruthenium. Energy transfer to the dye is FRET-
based, while energy transfer to the ruthenium is charge
transfer (CT) based. CT results in decrease of only QD
emission, while FRET results in both loss of QD emis-
sion as well as enhancement of dye emission. The
molar ratio of QD:dye:Ru was varied and the effect on
changes in PL studied. Because FRET and CT quench
QD emission as a function of acceptor concentration
at different rates, they were able to perform a multi-
plexed assay by first making calibration curves of QD:
dye only andQD:Ru only complexes.

In the sensors described above, differences in spec-
tral output is used for multiplexing. Lanthanide ions
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are particularly useful in these designs, as they exhibit
multiple narrow emission lines; by choosing QDs with
emission peaks between or beyond the lanthanide
peaks, multiplexed sensing of several biomarkers in a
single sample can be achieved with minimal optical
crosstalk [35–37]. In a clever alternative approach, Qiu
et al [24] showed that time resolved FRET (TR-FRET)
sensors using Tb-QD FRET can also be distinguished,
and thus multiplexed, with careful analysis of the
time-gated signal (figure 20). Two different micro-
ribonucleic acid (miRNA) strands of the same length
were conjugated to a QD surface either via biotin-
streptavidin interaction or histidine self-assembly;
these two conjugation approaches yield significantly
different distances between the oligonucleotides and
the QD. As a result, when Tb-labeled reporter strands
bound to the QD in the presence of a specific miRNA
sequence, the distance between the Tb donor and the
QD acceptor depended on the conjugation approach,
which was specific to the adapter/linker sequence.
Because streptavidin is a large protein, Tb reporter
sequences bound to the strep adaptor exhibited lesser
FRET efficiency due to a larger donor-acceptor dis-
tance. By measuring the fluorescence lifetime of the
sensor and correlating the PL intensity in different
time windows, the concentrations of each miRNA
strand could be calculated by solving the following set
of equations:
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where Sn is the background-subtracted PL intensity
measured in time gate detection window, cx is the
concentration of analytex , andzx

n are the slopes of the
calibration curves for each probe in each timewindow.
The number of time windows measured and analyzed
must equal the number of analytes probed to solve the
system of equations. Through this strategy, single-
step, multiplexed FRET assays with low nanomolar
resolution were achieved. The same strategy has been
recently applied to imaging [194]. Chen et al coated
QDs with a 6 or 12 nm thiolated-silica shell before
conjugating maleimide-functionalized terbium or
europium (Eu) complexes to their surface. These
four FRET NPs assembies (Tb-QD@SiO2(6 nm),
Tb-QD@SiO2(12 nm), Eu-QD@SiO2(6 nm) and
Eu-QD@SiO2(12 nm)) exhibited 4 distinct lifetimes of
the QD acceptors. For each assembly, the acceptor
lifetime was split into 3 different time-gated windows
defined as red, green, or blue (RGB). The authors
demonstrated multiplexing capabilities by encoding
Hela cells with the four different FRET pairs separately
and thenmixing them on the same slide. Because each
pair had a distinct RGB code generated through time
gating of its QD lifetime, cells incubated with the
different assemblies could be distinguished using a
single emission filter [194].

8. Challenges and future prospects

QDs have been synthesized and studied for over
30 years, but have yet to be integrated into commercial
biosensors despite their remarkable optical properties.
One concern is toxicity [195–197]. Many of the QDs
used in the previously discussed sensors included toxic
materials, namely, cadmium.While the toxicity of Cd-
based QDs is not a biocompatibility concern for
in vitro sensors, there is still a general push in the field
away from toxic constituents [198–201]. In this
context, the use of Cd-free CuInS2 QDs in a FLISA has
been demonstrated [202].

While the development of cheap imagingmethods
for fluorescent assays hold a lot of promise for making
QD-based POC devices commercially translatable,
several issues can still be addressed—for example,
improving the smart-phone camera’s ability to resolve
narrow emission bandwidths, as well as discern QD
fluorescence from the autofluorescence of many
paper-based substrates. A review was recently written
by Ulep and Yoon describing these issues and the cur-
rent technologies under examination for potentially
alleviating them—for example, optimizing optical
setups or developing digital enhancement algo-
rithms [203].

Specifically, with immunoassays, Ab-functionali-
zation of the QD surface is non-trivial. While several
biofunctionalization methods exist, creating the opti-
mal Ab-QD conjugate can be challenging. As pre-
viously mentioned, Ab affinity can decrease after
attachment to aQD [7]. One reason for this is the diffi-
culty of precisely orienting antibodies on the QD. It is
imperative that the binding sites of the Abs are avail-
able to the surrounding environment and not facing
the QD [156]. Another challenge in attachment chem-
istry is the colloidal nature of the QDs. QD conjugates
should be stable in solution, but traditional covalent
chemistries can increase the likelihood of QD aggrega-
tion, causing huge loses in product [48]. Other con-
siderations that effect the function of Ab-QD
conjugates include the type of linkage between the Ab
and QD and the overall size of the conjugate
[204–206]. Furthermore, the price of producing QD-
based immunoassays becomes unnecessarily high
when low reaction yields result in the waste of expen-
sive monoclonal antibodies [60]. Oligo or peptide
aptamers are much more economical, but finding
sequences with comparable affinities to clinically rele-
vant antibodies is a field of study that is still under
development [207].

Advances in QD biofunctionalization have been
made, with the most recent and promising being
reagent-free and bio-orthogonal chemistries [48].
Reagent-free reactions do not require external cou-
pling reagents and are free of byproducts, the classic
example being the biotin-streptavidin interaction
[24, 138]. In this case, the two moieties to be coupled
and labeled with either biotin or streptavidin and
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allowed to bind. More recent methods include thiol-
maleimide coupling [208, 209] and disulfide forma-
tion [210, 211]. Bio-orthogonal chemistries are
defined as reactions that can occur within biological
systems without disrupting their function. Some
examples include SNAP [212, 213] and HALO
[214–216] tag techniques as well as copper-free click
chemistry [154, 217, 218]. Further developing the che-
mistries to create high affinity, stable, and repro-
ducible Ab-QDs will make the development of QD-
based FLISAs for the commercialmarketmore likely.

9. Conclusions

The development of QD-based fluorescent sensors is
of interest because of the unique properties specific to
QDs that can be used to improve currently existing
sensor designs. QDs are bright and photostable with
size-tunable, narrow, and symmetric emission pro-
files. The broadband absorption of QDs allows for
multiple emitters to be excited with a single wave-
length, enabling multiplexed systems with simplified
analysis. Several different ligands andmolecules can be
bound to the QD metal-ion surface, increasing the
modularity and flexibility of QD sensors. Examples of
QD-based sensors that obtain the same or improved
abilities of previously existing commercial assays or
contemporary research tools have been shown, but so
far, few have actually replaced their preexisting
technologies. Despite being commercially available for
over a decade, QDs are still expensive relative to
common fluorescent dyes. The added concern over
the toxicity of nanoparticles—specifically those com-
prised of heavy metals—further dissuades those not
directly involved in QD research to use them. For this
reason, further development of cost-effective, non-
heavy metal-based QD synthesis is of utmost impor-
tance for eventually making the use of QDs in
fluorescent sensors standard.Moreover, while amulti-
tude of functionalization schemes exist, complete and
precise control of the nanoparticle surface is still out of
reach. Regardless, the superior optical properties and
unique size regime that is larger than molecular, yet
smaller than bulk, provide a niche of applications that
can be greatly improved by the use ofQDs.
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