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Plasmonic metal nanoparticles and semiconductor quantum dots (QDs) are two of the most widely
applied nanomaterials for optical biosensing and bioimaging. While their combination for fluorescence
quenching via nanosurface energy transfer (NSET) or Foérster resonance energy transfer (FRET) offers
powerful ways of tuning and amplifying optical signals and is relatively common, metal-QD nanohybrids
for plasmon-enhanced fluorescence (PEF) have been much less prevalent. A major reason is the
competition between fluorescence quenching and enhancement, which poses important challenges for
optimizing distances, orientations, and spectral overlap toward maximum PEF. In this feature article, we
discuss the interplay of the different quenching and enhancement mechanisms (a mixed distance
dependence of quenching and enhancement — “quenchancement”) to better understand the obstacles
that must be overcome for the development of metal-QD nanohybrid-based PEF biosensors. The

Received 15th November 2022, different nanomaterials, their combination within various surface and solution based design concepts,
Accepted 13th January 2023 and their structural and photophysical characterization are reviewed and applications toward advanced
DOI: 10.1039/d2cc06178¢ optical biosensing and bioimaging are presented along with guidelines and future perspectives for

sensitive, selective, and versatile bioanalytical research and biomolecular diagnostics with metal-QD
rsc.li/chemcomm nanohybrids.

1. Introduction

Owing to their unique physical, chemical, and optical properties,
advanced synthesis and fabrication, and versatile biofunctiona-
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the last two decades.'™ In particular, gold NPs (AuNPs) with
their exceptional plasmonic properties and biocompatibility and
semiconductor quantum dots (QDs) with their extremely bright,
stable, and size-tunable fluorescence have played an outstanding
role in the improvement of existing applications and the devel-
opment of new bioanalytical applications.'’™* If a biomolecule
or a biomolecular interaction changes the distance of an opti-
cally active partner (e.g., a dye or a NP), such that it strongly
or weakly interacts with the plasmonic or luminescent NPs, the
resulting energy transfer, caused by optical enhancement or
deactivation (quenching) of the optically active partner, can be
used for a quantitative analysis of the biomolecule or bio-
molecular interaction with high sensitivity and high spatial
resolution. Plasmonic NPs can enhance Raman signals via
surface-enhanced Raman scattering (SERS),">'® quench or
enhance photoluminescence (PL) via nanosurface energy trans-
fer (NSET),"”"'® or enhance PL via radiative rate enhancement
(Purcell effect)'® of the interacting partner. QDs can engage in
Forster resonance energy transfer (FRET), NSET, electron trans-
fer, or charge transfer with the interacting partner.>*>!
Although both plasmonic metal NPs and QDs have been
widely applied by using all those different interactions with
various optically active molecules, their combination in metal-
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QD nanohybrids has mainly focused on PL quenching via NSET
(also often referred to as FRET) from QDs to AuNPs.>" Exploita-
tion of the PL enhancement of QDs via plasmonic NPs has been
much more limited, in particular, when it comes to biosensing
or bioimaging. In this Feature article, we first describe and
explain the different mechanisms responsible for PL quenching
and enhancement induced by plasmonic NPs. Instead of revi-
siting the theory of plasmonic enhancement and quenching,
which has been treated in many other reviews and textbooks,
we focus on the phenomena and concomitant modifications
of optical properties in an equation-free approach with the
aim of making plasmonic quenching and enhancement (ie.,
“quenchancement”) accessible to both newcomers and experts
from different fields of chemistry, biology, physics, and engi-
neering. After providing a brief overview of fluorescence bio-
sensing applications using plasmonic metal NPs or QDs alone,
we review various applications of plasmon-quenched and
plasmon-enhanced PL in metal-QD nanohybrids with a focus
on plasmon-enhanced PL because this field has not been
reviewed before. For all examples, we discuss advantages and
disadvantages for biosensing. Finally, we conclude by summar-
izing the status-quo of metal-QD nanohybrids for biosensing
and suggesting future requirements, directions, and trends for
advanced bioanalysis.

2. Purcell vs. Forster. Plasmonic
enhancement and quenching by metal
nanoparticles

2.1 Localized surface plasmons

Localized surface plasmons (LSPs) are electron oscillations at
the surface of metal NPs that interface with the surrounding
medium (a dielectric).”>>> The frequency of these oscillations
is strongly dependent on the dielectric constants (ie., the
refractive index) of the metal and the medium.” LSPs can be
induced by light (i.e., an external oscillating electromagnetic
field), whose frequency (or wavelength) is in resonance with the
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electron oscillation frequency. This LSP resonance (LSPR) is
usually relatively broad (many tens to a few hundreds of nm)
and leads to an extinction of the incident light in the resonant
wavelength range due to absorption and scattering. The extinc-
tion of small metal NPs (diameters below circa 30 nm) is mainly
dominated by absorption, whereas larger metal NPs (diameters
above circa 80 nm) mainly scatter and show slightly red-shifted
extinction spectra. The LSPs, in turn, strongly enhance the
electric field in very close proximity (a few tens of nm) of the
NP surface, which can result in enhanced photophysical proper-
ties of optically active species placed in that enhanced electric
field. Both resonance wavelength and local electric field enhance-
ment are also dependent on the size and shape of the NP as well
as their interactions.”® Thus, the resonance wavelength ranges of
simple nanospheres can be shifted and extended by more com-
plicated structures and extreme enhancements can be created in
so-called plasmonic hotspots at the apex of pointed structures
(e.g, triangles) or at the interface between two or more
nanomaterials.>”>° Fig. 1 provides an overview of LSPR wave-
length ranges of typical metal nanostructures, which are mainly
based on gold (Au), silver (Ag), copper (Cu), and aluminum (Al),
and more sophisticated nanostructures that can be used to shift
the LSPR to higher wavelengths (e.g., NIR-II) or the design of
plasmonic hotspots.

Whether a fluorophore near a plasmonic NP will be
quenched or enhanced mainly depends on the spectral overlap
of the LSPR spectrum with the absorption and/or emission
spectra of the fluorophore and the distance (d) between the
fluorophore and plasmonic NP. The quenching efficiency is the
highest for direct contact with the NP surface and decays with
~d~* until circa 20 nm. It requires overlap of the fluorophore
emission with the LSPR extinction spectrum. The enhancement
efficiency is the highest for short distances of approximately
5 to 10 nm (energy losses inside the metal are very strong
at shorter distances) and decays with ~d~* until several tens
of nanometers. Both the absorption and emission of the
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fluorophore can be enhanced, which means that the LSPR
extinction spectrum, and in particular, the scattering part
should overlap with one or with both.

There is a distance range (between circa 5 and 15 nm), in
which PL is both quenched and enhanced and this competition
must be taken into account when designing a sensor based on
quenching or enhancement. The competition between quenching
and enhancement and the simultaneous decay of their efficiencies
with distance are the main reasons, why the design of plasmon
enhanced fluorescent biosensors is much more complicated than
the design of quenched fluorescent biosensors. For very short
distances both quenching and energy losses in the metal are
present, which creates a win-win situation. For longer distances
quenching and enhancement compete and the enhancement
strongly attenuates with distance (at very long distances enhance-
ment is guaranteed but it is very weak), which creates a loss-loss
situation. The mechanisms for both quenching and enhancement
and the related distances are summarized in Scheme 1. The
following sections will explain the details of quenching (via NSET)
and enhancement (via LSP-induced electric field enhancement).

2.2 Luminescence quenching via nanosurface energy transfer
(NSET)

Similar to FRET, NSET is a resonance energy transfer
mechanism."®?%*°* In FRET, both the energy donor and
energy acceptor are considered as point dipoles and the FRET
rate decays with an inverse sixth power dependence (d~°)
because the dipole-dipole coupling can be approximated as
Coulomb coupling (coupling of two charges, which is propor-
tional to d—*) and after Fermi’s golden rule the FRET rate is
proportional to the square of the coupling between the donor
and acceptor. In NSET, the acceptor consists of LSPs on the
surface of a relatively large metal NP, which can be approxi-
mated as a collection of many point dipoles oscillating with the
same frequency. Based on Fermi’s golden rule, Persson and
Lang approximated the point-dipole-surface-dipole distance
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Fig. 1 (A) The spectral ranges of different plasmonic metal NPs. Reproduced with permission from ref. 28. Copyright 2018 Wiley-VCH Verlag GmbH &
Co. KGaA. (B) Different sophisticated plasmonic Au nanostructures (top), their possible extension of plasmon resonance wavelengths to NIR-II (bottom
left), and their possible electric field enhancement in inter and intra NP hotspots (shown in the example of ring-in-a-triangle nanoframes). Reproduced
with permissions from ref. [27] (copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA) and ref. 29 (copyright 2022 American Chemical Society).
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Scheme 1 Nanosurface energy transfer (NSET) between the transition
dipole moment of the fluorophore emission and the LSPs on the plasmo-
nic NP results in distance-dependent (~d~*) quenching in the range of
circa 1 to 20 nm. Electric field (E-field) enhancement via the LSPs on the
plasmonic NP results in distance-dependent (~d %) absorption enhance-
ment (abs. enh.) and/or radiative rate enhancement (rad. rate enh.) of
the fluorophore up to several tens of nanometers (up to ~30 nm shown
here). Due to strong energy losses by scattering of electrons in the metal,
fluorescence is quenched very close to the plasmonic NP. Usually
both NSET and E-field enhancement occur simultaneously, leading
to a mixed distance dependence of quenching and enhancement (i.e.,
"quenchancement”).

I\
fluorophore Plas™®

dependence as the product of dipole coupling (d*) and a
surface damping function proportional to d* (they also found
that the volume damping function was distance independent, i.e.
~1).** Thus, the NSET distance dependence (surface damping)
was found to be proportional to d* (and volume damping ~d ).
The difference in FRET (~d ®) and NSET (~d %) distance
dependence can be mainly translated into a longer distance range
of NSET (circa 1 to 40 nm) compared to FRET (circa 1 to 20 nm).

One must keep in mind that all these energy transfer rate
calculations are based on approximations and there exist also
various uncertainties, including the NP size (e.g., small NPs
may also be approximated as point dipoles or even volume
dipoles because of the stronger curvature of the surface), the
dielectric constants (i.e., refractive indices) of the metal and the
surrounding medium, the LSPR spectrum (absorption and
scattering may be considered equally or separate for calculating
the spectral overlap with donor emission), and the orientations of
the dipoles. Therefore, experimental results may deviate from the
ideal approximation. Although the majority of studies that inves-
tigated the distance dependence of metal NP-quenched PL found
the NSET mechanism (~d ) to be the best fit with the experi-
mental results, others found FRET (~d ) to be a better fit."®

This journal is © The Royal Society of Chemistry 2023
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The competition between plasmonic quenching and enhance-
ment at intermediate distances from the metal NP surface
(between circa 5 and 40 nm) is another important uncertainty
and the signal change of a plasmonic-enhanced PL biosensor is
certainly different when using the FRET or the NSET distance
range. Because energy transfer-based biosensors usually rely on
very small (sub-nanometers to a few nanometers) distance
changes, such uncertainties make predictions, and thus, the design
of the biosensor, extremely delicate. In addition, the luminescent
donor may also significantly deviate from the point-dipole approxi-
mation. While it will most probably be an excellent approximation
for small fluorophores, QDs with diameters of up to tens of
nanometers may not be ideal point dipoles. Although calculations
showed that the dipole approximation works very well for small
(3.9 nm) spherical QDs,*® most QDs are not spherical and can be
significantly larger. The same shape considerations hold true for
the metal NPs, which may also strongly deviate from hard spheres.

Despite all material-related and experimental uncertainties,
one can keep in mind some guidelines when designing
plasmonic-quenched PL biosensors (using QDs and other
fluorophores): (i) the closer the distance between the fluoro-
phore and metal NP, the more efficient the PL quenching; (ii)
the energy transfer efficiency decays most probably with a d~*
distance dependence (NSET); (iii) the distance to be considered
is the one between the surface of the metal NP and the center of
the fluorophore; (iv) distances between roughly 5 and 15 nm
should be avoided because of the competition between quench-
ing and enhancement; and (v) all those guidelines are based on
spherical NPs and if they are not, deviations, such as varying
plasmonic hotspots, should be kept in mind. Finally, these
guidelines only provide a good starting point and experimental
validation and optimization will always be necessary to design
an efficient plasmonic-quenched PL biosensor.

2.3 Luminescence enhancement via absorption and radiation
rate enhancement

Compared to PL quenching, for which the relatively simple rule
“the closer the better” can be applied, PL enhancement is
significantly more complicated. Intuitively, one may think that
the extremely large enhancement factors of more than 10 orders
of magnitude for Raman scattering should also be applicable for
PL enhancement. However, normal (or nonresonant) Raman
scattering is purely enhanced (and not quenched) at close
distances to the metal NP surface and the very inefficient Raman
process can therefore be extremely efficiently improved.’” In
contrast, PL (as well as resonant Raman scattering) is very
efficiently quenched at close distances to the metal NP. In fact,
one can consider normal Raman enhancement as PL enhance-
ment with zero absorption and zero quantum yield. In other
words, fluorophores with very low absorption cross sections and
quantum yields can also be very efficiently enhanced, whereas
the PL of good absorbers with high quantum yields can only be
weakly or moderately enhanced (Fig. 2).

Similar to SERS, plasmonic enhancement of PL has been
used and investigated for more than four decades and several
reviews have described and discussed the underlying mechanisms

Chem. Commun., 2023, 59, 2352-2380 | 2355
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Fig. 2 Dependence of Raman (green) and fluorescence (red, blue, brown, and orange) enhancement: (A) on the radius of a spherical Au NP when the
Raman or fluorescent molecule is placed at a distance of d = 2 nm from the Au NP surface; (B) on the distance of the Raman or fluorescent molecule
from the surface of a Au NP with a radius of a = 25 nm. The fluorescent molecule has an absorption cross section of gaps = 0.1 nm? and quantum yields
(raq) ranging from 10~ to 10~%. Excitation for both processes at dipole mode resonance (wey = w; = 2.562 eV) and emission at the same Stokes frequency
(wg = 2.462 eV). Reproduced with permission from ref. 37. Copyright 2012 American Physical Society.

as well as applications for biosensing.*®*“° Khurgin and Sun
developed an analytical model that can be used to modify the
different properties of a plasmonic metal NP and its interaction
with a nearby fluorophore. They used this model to study
the enhancement of absorption,*** electroluminescence,*" and
PL,>7*1437%5 Jogses in metal NPs,*®*” the influence of more
complex metal nanostructures,®*® and the comparison of Raman
vs. PL enhancement.””** These very interesting articles (including
231 equations for those who want to dig into the details) nicely
illustrate the possibilities and limitations of PL enhancement.
Here, we review the main results concerning material and dis-
tance properties of metal NPs and fluorophores with the aim to
provide some guidelines (similar to quenching - vide supra) of
important aspects that need to be considered for the development
of plasmon-enhanced fluorescent biosensors. Similar to the NSET
discussion, the described phenomena are valid for spherical NPs
and small fluorophores and different shapes and sizes will lead to
deviations from the ideal model.

Concerning PL enhancement via LSPR, one needs to distin-
guish different LSP eigenmodes (modes of collective oscillation
in the NP). Only the 1st mode possesses a dipole moment that
can couple to an external radiation field (e.g., light excitation or a
nearby fluorophore). The higher order modes are nonradiative.
The metal NP plays a dual role, namely as an “antenna” for in
and out coupling of energy and as a “cavity” for energy concen-
tration by an increased local density of states (LDS). Both roles
are somewhat contradictory because an efficient antenna
requires a large dipole for strong coupling with radiation over
a long distance (several tens of nanometers), whereas an efficient
cavity requires a highly concentrated and small space (a few
nanometers). The 1st mode is a great antenna because it couples
well with the “outside world” of the metal NP (for interacting
with fluorophores over several tens of nanometers). However,
it is a relatively weak cavity because its effective volume is large
(low LDS). The higher order modes are very weak antennas
because they concentrate the energy (high LDS) very close
to the NP surface. However, this strong energy concentration
makes them great cavities. Unfortunately, the energy dissipates

2356 | Chem. Commun., 2023, 59, 2352-2380

extremely quickly (on the femtosecond time scale) by the scattering
of electrons in the metal, which makes losses (i.e., quenching) very
efficient at distances close to the NP surface. Therefore, only
fluorophore-surface distances above ~5 nm can result in appreci-
able enhancement. Because large NPs scatter more and the dipole
scales with the NP volume, large NPs couple stronger with radiation
and are better antennas than small NPs.

PL requires the absorption and emission of light and both
processes can be enhanced by proximal metal NPs. For absorp-
tion enhancement, the LSPR scattering spectrum must overlap
with the absorption spectrum of the fluorophore. Absorption
enhancement contains two processes. The first one is coupling
of the excitation light into the LSP dipole mode and the second
is the absorption of the energy in the LSP dipole mode by the
fluorophore. For each combination of NP size (with radius a),
fluorophore distance from the NP surface (d), and absorption
cross section (o, with ¢, in nm? corresponding to ~3.82 x
1077 times the molar absorptivity in M~ ecm™') there is a
specific enhancement. The lower the initial absorption cross
section of the fluorophore, the higher the relative enhance-
ment. The distance should be close but not too close because of
the strong energy losses below circa 5 nm. The optimal NP size
depends on the material and the absorption cross section. For
example, for an absorbing molecule with a total absorption cross
section (which is ¢, multiplied by the number of molecules) of
6, = 1 nm?, placed at a distance of 5 nm from a AgNP with a
radius of ~15 nm (and embedded in GaN), a maximum theore-
tical absorption enhancement of ~35-fold can be reached
(Fig. 3A). For g, = 100 nm” (which would be more relevant for
the development of detectors than for biosensing), the max-
imum absorption enhancement factor would be ~10 for a =
20 nm and d = 5 nm.

The emission of a fluorophore can also be enhanced by the
strong local electric field (high LDS) caused by the LSPs. In this
case, the LSPR scattering spectrum must overlap with the
emission spectrum of the fluorophore. The radiative decay rate
of a fluorophore is dependent on its environment. If a fluoro-
phore is placed in a plasmon-enhanced electric field, the

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (A) Absorption (F,-red), emission (Fe-green), and PL (Fp -black) enhancement factors as a function of metal sphere radius for a AgNP placed in
GaN. The overall absorption cross section (N,a.) is 1 nm?, the initial PL quantum yield of the fluorophore (1,54) is 1%, and the fluorophore—surface distance
is 5 nm. Optical excitation and emission wavelengths are very close to the LSPR wavelength (wexpL = o). (B) Maximum PL enhancement (for optimized
NP radius a) as a function of #,,4 for different fluorophore—surface distances (d). (C) Maximum PL enhancement (for optimized NP radius a) as a function
of N,a, for different d. (D) PL enhancement dependence on the NP radius (a) and on the fluorophore—surface distance (d) for a fluorophore with o,ps =
0.1nm?and 1raqa = 0.01 and a AuNP placed in air. The optical excitation is in resonance with the LSPR frequency weyx = wg = 2.562 eV and the emission is at
wpL = 2.462 eV. A to C reproduced with permission from ref. 41. Copyright 2009 The Optical Society D adapted with permission from ref. 37. Copyright

2012 American Physical Society.

radiative decay rate can be enhanced, which means that the
quantum yield (@ or 51.,4) increases and the radiative decay time
(which is the inverse of the decay rate) decreases. This phe-
nomenon is the so-called Purcell effect. Similar to absorption,
emission enhancement is the best for inefficient emitters, i.e.,
fluorophores with initially small quantum yields. Taking the
same example of a fluorophore placed at d = 5 nm from a AgNP
embedded in GaN, a quantum yield of #,,q = 1% would lead to a
maximum enhancement of ~30 fold for a NP radius of
~20 nm. The maximum overall PL enhancement would then
be ~800-fold for a NP with a radius of ~17 nm (Fig. 3A). For all
distances, the dependence of the enhancement factor on the
quantum yield (Fig. 3B) is stronger than on the absorption
cross section (Fig. 3C). Owing to the compromise between the
antenna and cavity, the PL enhancement strongly depends on
both NP size and fluorophore-NP distance. The NP should be
large enough for strong radiative in and out coupling of the
dipole mode (antenna) but also small enough to provide a small
effective mode volume for sufficient Purcell enhancement
(cavity). The distance must consider the nonradiative higher-
order LSP modes that are confined at the NP surface (d <
5 nm). Fluorophores placed very close to the NP surface will
couple to these modes and their energy will dissipate as metal
losses. The overall result is shown in Fig. 3D for a AuNP placed
in air and a fluorophore with an absorption cross section of
0.01 nm? (corresponding to x fluorophores with an absorptivity
of ~260000/x M~ em ™" per fluorophore) and a PL quantum
yield of 1%.

Again, these models are based on spherical NPs and small
fluorophores and the experimental results (in particular for
different metal nanostructures and QDs) may deviate from the
ideal approximation. Still, the general guidelines for designing
plasmonic-enhanced PL biosensors (using QDs and other
fluorophores) are the following: (i) fluorophores with small
absorption cross sections and low quantum yields (with higher
impact for the quantum yield) exhibit the highest relative PL
enhancement; (ii) close distances (below ~5 nm) lead to strong
PL quenching and should be avoided; (iii) the enhancement
efficiency decays with an approximate d > distance dependence;

This journal is © The Royal Society of Chemistry 2023

(iv) the distance to be considered is the one between the surface
of the metal NP and the center of the fluorophore; and (v) the
distance for the maximum enhancement depends on the NP
size. Similar to NSET quenching, these guidelines only provide a
good starting point and experimental validation and optimiza-
tion are necessary to design an efficient plasmon-enhanced PL
biosensor.

3. Plasmonic metal nanostructures
and quantum dots for fluorescence
biosensing

Both plasmonic metal nanostructures and QDs have been
widely used in combination with small molecular fluorophores
to develop fluorescent biosensors. Before delving into their
combination as metal-QD nanohybrids, here, we briefly review
these more common small fluorophore-based plasmon-
enhanced fluorescence (PEF) and energy transfer (NSET or
FRET) biosensors and show some recent applications.

3.1 Plasmonic metal nanostructures for fluorescence
biosensing

PL quenching by plasmonic AuNPs is arguably the most applied
approach for combining plasmonics and fluorescence within
biosensing and Au NPs have been used as quenchers for many
different fluorophores and for the detection of various bio-
molecules and biomarkers.**'3!4243% However, also more
sophisticated and advanced nanostructures and materials
other than Au, such as Ag or nonnoble metals, have been used
for biosensor development.®**>° Although FRET is most often
cited when referring to energy transfer from fluorophores to
AuNPs, NSET is the more probable mechanism.'® However, for
the final objective of biosensor development based on efficient
fluorescence quenching, the actual energy transfer mechanism
is of minor importance. Significant advantages of using metal
NPs for fluorescence quenching include the very broad LSPR
bands (which can cover the PL spectra of various acceptors), the
very high extinction coefficients (for high energy transfer

Chem. Commun., 2023, 59, 2352-2380 | 2357
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efficiency), the relatively long distance range of up to circa 20 to
40 nm (NSET with a d—* distance dependence), and the lack of
PL (no background PL from acceptor emission). Because the
LSPR spectrum of very large NPs is dominated by scattering
rather than absorption, the application of smaller NPs (below
circa 80 nm in diameter) with a stronger absorption component
is recommended. The biological targets and biosensing meth-
ods are almost boundless, including many different types of
immunoassays, protein-binding assays, nucleic acid hybridiza-
tion assays, aptasensors, and environmental sensors, and we
refer interested readers to the many review articles cited above
for more information about those biosensing approaches.

Owing to the more sophisticated design, including the
competition of quenching and enhancement and the relatively
small zone (distance to the NP) of efficient PL enhancement
(cf: Section 2.3), PEF, also called metal enhanced fluorescence
(MEF) or surface enhanced fluorescence (SEF), with metal NPs is
much less developed than plasmon-quenched fluorescence.’”
Discussions about PEF in review articles related to plasmon-
enhanced biosensing are relatively short compared to SERS and
FRET/NSET.*??*3%3%55 1 many cases, enhanced PL quenching
by NSET to plasmonic NPs is also termed as plasmon-enhanced
PL (even if the enhancement concerns enhanced quenching
of PL), which can be a little confusing when searching for the
right literature. Here, we use PEF only for enhanced (and not for
quenched) PL.

Because efficient electric field enhancement is paramount
for PEF, the use of sophisticated nanostructures, such as plas-
monic gap nanostructures,®® or the combination of different
metals with nonmetal high-refractive-index materials to mitigate
the metal losses at distances close to the NP surface,?® can be
highly beneficial for efficient local PL enhancement.’>®”” While
single-metal spherical NPs usually provide relatively moderate
experimental PL enhancement factors (between approximately
1 and 30),°%%9°1:3859 the enhancement can be significantly
improved by exploiting both quenching and enhancement (the
overall enhancement is then calculated as the ratio of enhanced
and quenched PL intensities),”®*® by modifying the shapes of
metal NPs or adding metal or dielectric shells,>®® or by design-
ing plasmonic hotspots via plasmonic gap nanostructures.**>%>°
For example, DNA was used to specifically place fluorophores
in the quenching (very close to the NP surface) or in the
enhancement (beyond ~10 nm) zones, such that the overall
enhancement was between 40 and 100 fold.”®> Concerning
sophisticated design and material combination, we recently
developed Au-Ag nanocuboids consisting of DNA-coated Au
nanorods coated with a thin Ag shell. By labeling an Alexa Fluor
647 dye to the opposite end of the DNA and coating the DNA-
nanocuboids with a silica shell, the dyes could be fixed at a
distinct distance of ~10 nm from the Au surface, which resulted
in an ~186-fold PL enhancement.® The silica shell also served
for bioconjugation with antibodies, such that the fluorescence-
amplified nanocuboids (FANCs) could be applied for microarray-
based quantification of the microRNA miR-134 in the concentration
range of 100 aM to 1 pM with an estimated limit of detection (LOD)
of 1 fM or 40 mol (Fig. 4). On the high end of PL enhancement,
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inter-particle gaps, NPs on mirror constructs, or other structures
and combinations of metal NPs to design very high electric field
enhancement in plasmonic gaps, could reach experimental
enhancement factors of up to several thousands.*®°® Various
fluorescence biosensors have been developed with these different
PEF approaches.** 4793357

3.2 Semiconductor quantum dots for fluorescence biosensing

Although many luminescent NPs are available,” QDs have
arguably been most applied for biosensing and bioimaging
and the same counts for energy transfer based applications.
Several recent reviews have discussed the theory and applica-
tions of such QD and QD-FRET based biosensors.'?>!61764
Advantages of QDs compared to other fluorophores include
their narrow and symmetric PL bands, broad and strong
absorption, color tunability by both size and material, high
quantum yields and brightness, high chemical, physical, and
photo stability, versatility of surface functionalization strate-
gies, and commercial availability.

QDs can be used as both FRET donors and acceptors.>’ The
QD donor approach is relatively straightforward because QDs
can be excited at any wavelength shorter than their emission
spectrum and their emission can be tuned in order to well
overlap with the absorption of most fluorescent dyes or pro-
teins. Thus, excitation can be performed at a wavelength that
does not directly excite the acceptor and the spectral overlap
can be optimized for efficient FRET and for the minimum
overlap of the QD and acceptor PL. The QD acceptor approach
is a little more complex because of the spectrally broad and
strong absorption of QDs. This condition makes it impossible
to find a conventional fluorescent donor, whose PL spectrum
overlaps with the QD absorption and that can be excited at a
wavelength, which does not simultaneously excite the QD.
Thus, for a FRET experiment both the fluorescent donor and
the QD acceptor get excited by the excitation light source and
FRET, which requires an excited-state donor and a ground-state
acceptor, cannot occur. Nevertheless, several ways to overcome
this QD-FRET-acceptor dilemma have been proposed, including
the use of luminescent lanthanide donors with extremely long
excited-state lifetimes (while the lanthanide donor remains in its
excited state, directly excited QDs can decay back to the ground
state, after which lanthanide-to-QD FRET can occur),® the use of
bioluminescent donors (no direct QD excitation by light),*® the
use of a very high excess of fluorophore donors (increased
probability that the QD acceptor directly decays back to the
ground state before all donors),®” and the use of upconversion
NPs (excitation in the NIR does not directly excite the QD).*®

Many different biosensors have been developed with QDs as
FRET donors and/or acceptors and their special photochemical,
photophysical, and nanomaterial properties provided unique
FRET concepts, including spectral (different QD colors) and
temporal (different distances between QDs and the interacting
FRET partner) multiplexing,®"*® concentric FRET (for which
several donors or acceptors are positioned around a central
QD),”® FRET photonic wires,”"”?> and long-lifetime FRET in vivo
probes.”® One important feature of QDs is their relatively large
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Fig. 4 (A) Dark-field transmission electron microscopy image of FANCs. (B) Energy dispersive spectrometry elemental mapping of FANCs. (C) Schematic
of dye-FANC distance tuning via the Ag shell and DNA. (D) Absorption spectra of AuNRs and FANCs with different shell thicknesses. (E) Fluorescence
spectra (lex = 620 nm) of dye (reference) and different FANCs, showing maximum dye fluorescence amplification for FANC-4. (F) Shell thickness-
dependent EHFs for the different FANCs. (G) Comparison of experimental and simulated EHFs at d = 10 nm. (H) Schematic principle of a microarray-
based microRNA (miRNA) assay, in which secondary antibody-conjugated FANCs bind to miRNA-induced DNA/RNA duplex-binding S9.6 antibodies on a
microarray spot. (I) Analysis of the microarray fluorescence images resulted in miRNA quantification in the 100 aM to 1 pM concentration range.
Reproduced with permission from ref. 60. Copyright 2021 American Chemical Society.
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surface area, which allows for interaction with many alike or
different biomolecules and FRET partners. In a recent example,
we exploited the nanometric surfaces of QDs for the develop-
ment of a new type of background-free time-gated immunoas-
say that required only a single FRET-donor labeled antibody
and a QD with a thin organic ligand coating (Fig. 5).”* A small
genetically engineered antibody with a size of approximately
15 kDa (nanobody) and specific for the epidermal growth factor
receptor EGFR was labeled with a terbium complex (Tb). A
hexahistidine (Hiss) tag on the opposite end of the EGFR
binding site of the nanobody allowed for efficient polyhisti-
dine-metal affinity mediated self-assembly to a 625 nm emitting
core-shell QD, which served as a FRET acceptor for the Tb FRET
donor. This Tb-to-QD FRET was disrupted by the presence of
EGFR, which bound to the nanobody and displaced it from the
QD due to steric hindrance. The resulting FRET signal-decrease
with increasing EGFR concentration was used for the quantifi-
cation of EGFR in the sub to low nanomolar concentration
range and with a LOD of ~ 80 pM. The wash-free displacement
assay required only a single Th-labeled nanobody and a non-
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bioconjugated QD, which made this assay approach signifi-
cantly simpler compared to conventional immunoassays.

4. Plasmon-quenched fluorescence
(PQF) in metal-QD nanohybrids

Similar to PQF (i.e., NSET) of conventional fluorophores (cf:
Section 3.1), PQF of QDs via metal nanomaterials has been
largely dominated by AuNPs. Many review articles that discuss
and summarize biosensing via NSET from different fluoro-
phores (including QDs) to AuNPs'>'*7>% and, in particular,
from QDs to AuNPs'®?16181784 haye heen published over the
last 10 years. Recently, we also reviewed the actual energy
transfer mechanism and the use of both terms (NSET or FRET)
within different bioanalytical studies using QDs and other
fluorophores as donors."® Energy transfer to fluorescent Au
nanoclusters was also characterized in detail and in addition to
NSET, nanovolume energy transfer (NVET) was proposed as a
possible mechanism.**® Considering that numerous biosensing
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Fig. 5 (A) PL spectra of the Tb®* complex (Tb-maximum excitation wavelength e, = 339 nm) donor and the QD acceptor used for the single-nanobody
displacement FRET immunoassay (principle shown in B). The dotted line shows the QD absorption spectrum that overlaps with the Tb PL spectrum
for efficient FRET. The gray spectra in the background present the spectral ranges of the Tb and QD detection channels. (B) A Tb-labeled nanobody
(Tb-NB1), attached to the surface of the core—shell QD via polyhistidine (H) mediated self-assembly to the ZnS shell, is displaced by EGFR binding to the
nanobody. Despite the opposite ends of the EGFR binding site and hexahistidine tag on the nanobody, the larger sizes of EGFR and QDs compared to the
nanobody resulted in successful nanobody displacement and a concomitant disruption of FRET. (C) In Tb-to-QD TG-FRET immunoassays, FRET from Tb
with a very long (ms) PL lifetime (green line) is transferred to the QD with a short (ns) PL lifetime (red area), such that both have the same long (ms) lifetime
after FRET (dotted lines). Pulsed excitation and TG intensity detection after the decay of directly excited QDs and autofluorescence background results in
background-free biosensing. (D) The displacement assay calibration curve showed decreasing FRET signals with increasing EGFR concentrations. EGFR
could be quantified in the sub to low nanomolar concentration range with an LOD of 80 + 20 pM. (A-D) Reproduced with permission from ref. 74.
Copyright 2022 The Authors (CC BY-NC 4.0). Angewandte Chemie International Edition published by Wiley-VCH GmbH.
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Fig. 6 Examples of metal-QD nanohybrids for NSET biosensing. (A) Schematic of the preparation of MMP-2-responsive AuNPs (AUNP@[PEGI;)
functionalized with a shorter PEG-Nz chain and a longer PEG-peptide (MMP-CP) chain and of DBCO-functionalized QDs (bottom). (B) Schematic of the
MM2-2 detection principle. (i) Without MMP-2, the N3 group on the AuNPs is shielded, AuNPs and QDs are spatially separated, and QDs can emit PL. (ii)
Cleavage of the MMP-CP and copper-free click reaction between DBCO-QDs and AuNPs by MMP-2 becomes possible, leading to NSET and QD PL
guenching. (C) High concentrations of MMP-2 result in the formation of QD—-AuNP clusters. (D) In vivo PL imaging (excitation and emission wavelengths
were not mentioned for these experiments) of mice bearing tumors of different sizes (0 mm?* corresponds to no tumor) without injection (no treatment)
and with injection of AUNP@[PEGI], and QD/DBCO in the tumors. Whereas the normal tissue did not result in PL reduction over time, the tumors show
size-dependent PL reduction over time due to MMP-2-mediated QD—AuNP cluster formation (cf. C). A to D adapted with permission from ref. [87]
Copyright 2022 American Chemical Society. (E) Schematic principle of a QD—AuNP NSET aptasensor for AMP quantification. AMP-aptamer binding
displaced QD-cDNA from the AuNP, which resulted in PL recovery (NSET off, PL on). (F) Increasing AMP concentrations resulted in increasing QD PL
intensity (lex = 400 nm). (G) AMP assay calibration curve (maximum QD PL intensities over AMP concentration). (H) Selectivity of AMP assay tested against

different AMP analogs and milk components. E to H adapted with permission from ref. 88. Copyright 2022 Elsevier B.V.

applications using QD-to-AuNP NSET have already been reviewed
in detail (c¢f review papers cited above), we limit this section to the
discussion of a few representative and interesting recent examples,
in which metal-QD nanohybrids were used for NSET biosensing.

In one recent study, Yoo et al. developed a rather unconven-
tional NSET strategy, which employed target-specific in vitro
and in vivo click chemistry for switching QD PL.®” The NSET
system consisted of AuNPs (diameter ~27 nm) as acceptors
and CdSSe/ZnS QDs (Zem ~ 520 nm) as donors (Fig. 6A). AuNPs
were surface-functionalized with two different thiol-PEG chains,
one containing a terminal azide (N3) and the other containing a
terminal carboxylate (AuNP@PEG). An additional methoxy PEG
chain terminated with a matrix metalloproteinase-2 (MMP-2)-
cleavable peptide (MPEG-MMP CP) was attached to the PEG-car-
boxylate, resulting in shielding of the N; via the steric hindrance
of the long mPEG-MMP CP chains (AuNP@[PEG],). QDs were
surface-functionalized with dibenzocyclooctyne (DBCO) for copper-
free click chemistry with the N; on the AuNPs. In the absence of the
MPP-2 target (Fig. 6B(i)), a mixture of QD-DBCO and AuNP@[PEG],
showed strong QD PL (PL on) because the azide was not accessible
for the DBCO and thus, QDs and AuNPs were separated. In the
presence of MPP-2 (Fig. 6B(ii)), the mixture resulted in QD PL
quenching (PL off) because MMP-2 cleaved mPEG-MMP CP,
such that the N; became available for binding to QD-DBCO,
which brought QDs and AuNPs in a close proximity for NSET.
High concentrations of MMP-2 resulted in the formation of
AuNP-QD clusters (Fig. 6C) that further reduced the QD PL
intensity. First, the MMP-2 detection principle was shown to be
functional in vitro, for which the QD PL intensity quenching
was proportional to the number of cells. Afterwards, also in vivo
compatibility (on mice) was demonstrated via tumor size-
dependent QD PL quenching (Fig. 6D). The authors claimed
that larger tumors have higher MMP-2 concentrations and that
their metal-QD nanohybrids may become a useful tool for
tumor progression prediction.

Yang and Dai et al. applied QD-AuNP NSET for ampicillin
(AMP) sensing in liquid samples.?® Their metal-QD nanohybrids
comprised AuNPs (diameter ~15 nm) surface-functionalized
with DNA aptamers against AMP and CdTe QDs (diameter
~4 nm, ey, ~ 530 nm) surface-functionalized with comple-
mentary DNA (cDNA) (Fig. 6E). In the absence of AMP, QD-cDNA
hybridized to the AuNP-aptamer and the close QD-AuNP dis-
tance resulted in NSET and concomitant quenching of QD PL.
AMP-aptamer binding (in the presence of AMP) displaced

2362 | Chem. Commun., 2023, 59, 2352-2380

QD-cDNA, which disrupted NSET and led to AMP-dependent
QD PL recovery in the concentration range from circa 0.04 to
20 pM (Fig. 6F and G). The AMP sensor showed relatively good
selectivity for AMP, though most AMP analogs (oxytetracycline,
chlortetracycline, vancomycin hydrochloride, and neomycin sulfate)
or components found in milk (i-tryptophan, -cysteine, glutamic
acid, glucose, Ca**, Cl~, and Mg”") resulted in additional QD
quenching, whereas a mixture of all interferents resulted in a
slightly increased PL signal (Fig. 6H). Despite these interfer-
ences, AMP could even be quantified in 3-fold diluted, filtered,
dried, and reliquified AMP-spiked milk samples with concen-
tration recovery rates between 88 and 99%. Such relatively
quick and simple PL sensors have the potential to replace more
complicated or time-consuming analytical techniques, such
as high-performance liquid chromatography (HPLC) or enzyme-
linked immunosorbent assays (ELISA).

A similar aptamer-based PL turn-on NSET sensor was recently
proposed by Yiice et al. for the quantification of bacteria (E. coli
and S. typhimurium) in liquid samples.®® They used aptamer-
functionalized Au nanorods (AuNRs, ~25 nm X 46 nm) and
c¢DNA-functionalized QDs (Zem, ~ 514 nm), which were disas-
sembled by E. coli binding to the aptamer (Fig. 7A). The E. coli
concentration-dependent PL intensity recovery of the QDs
(Fig. 7B) was functional in the concentration range from ~10
to 10° CFU mL ™' with an LOD of ~5 CFU mL ™. By combining
the AuNR-QD E. coli NSET probe with a nanohybrid NSET probe
for S. typhimurium that consisted of nanourchins (AuNU) and
upconversion nanoparticles (UCNP), duplexed quantification
(Fig. 7C) became possible via 350 nm excitation combined with
620 nm emission detection for AUNR-QD and 980 nm excitation
combined with 545 nm detection for AUNU-UCNP. The simulta-
neous quantification of pathogens is of potential interest for
food analysis and biomedical diagnostics.

Considering the maturity of QD-to-AuNP NSET biosensing,
it is not surprising that the approach was also used to study
the SARS-CoV-2 coronavirus infection. Gorshkov and Oh et al.
investigated the binding of the SARS-CoV-2 Spike protein S1
subunit receptor binding domain (RBD) to the angiotensin
converting enzyme 2 (ACE2 - a transmembrane enzyme expressed
on the plasma membrane surface of SARS-CoV-2 host cells)
(Fig. 7D).°° This study is one of the rare examples, in which
relatively small AuNPs (diameter ~6 nm) were used, such that
several of them could be assembled around a larger ZnSe/
CdZnS/ZnS QD (diameter ~ 8.2 nm, e, ~ 514 nm). Increasing
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Fig. 7 Examples of metal-QD nanohybrids for NSET biosens