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ABSTRACT: Luminescent lanthanide labels (LLLs) and semiconductor quantum dots
(QDs) are two very special classes of (at least partially) inorganic fluorophores, which
provide unique properties for Förster resonance energy transfer (FRET). FRET is an
energy-transfer process between an excited donor fluorophore and a ground-state
acceptor fluorophore in close proximity (approximately 1−20 nm), and therefore it is
extremely well suited for biosensing applications in optical spectroscopy and
microscopy. Within this cogent review, we will outline the main photophysical
advantages of LLLs and QDs and their special properties for FRET. We will then focus
on some recent applications from the FRET biosensing literature using LLLs as donors
and QDs as donors and acceptors in combination with several other fluorophores.
Recent examples of combining LLLs and QDs for spectral and temporal multiplexing
from single-step to multistep FRET demonstrate the versatile and powerful biosensing
capabilities of this unique FRET pair. As this review is published in the Forum on
Imaging and Sensing, we will also present some new results of our groups concerning LLL-based time-gated cellular imaging with
optically trifunctional antibodies and LLL-to-QD FRET-based homogeneous sandwich immunoassays for the detection of
carcinoembryonic antigen.

■ INTRODUCTION

Although the discovery of nonradiative energy transfer between
two molecules at distances beyond orbital overlap and below
radiative-transfer interactions dates back to the beginning of the
20th century,1 the main contributions of Theodor Förster were
published in the late 1940s,2−4 and after Stryer and Haugh-
land’s famous paper “Energy Transfer: A Spectroscopic Ruler”
appeared in 1967,5 the application of Förster resonance energy
transfer (FRET) underwent an enormous increase in the last 20
years (cf. Figure S1 in the Supporting Information, SI). This
growing interest in FRET is based on the nanometric distance
range of the FRET donor−acceptor interaction and the
appearance of many new donor−acceptor pairs. The need for
analyzing and utilizing new biological systems and interactions
at distances of a few nanometers, the development of
nanoparticles, fluorescent proteins, and many other new types
of fluorophores and the impressive advancement of light
excitation and detection technologies have fostered the
frequent application of FRET.6−15 The large majority of
FRET publications can be found in the research areas of
biochemistry, molecular biology, and chemistry (cf. Table S1 in
the SI), where imaging and sensing of interactions, distances,
and concentrations play an important role. Many books and

review articles have been published about FRET, and a
comprehensive book purely dedicated to FRET, including
theory, technical background, and many different applications,
has just appeared in 2013.16

In this review, we will focus on two very special inorganic
FRET agents, namely, luminescent lanthanide labels (LLLs)
and semiconductor quantum dots (QDs). Both of these
fluorophores already provide unique photophysical properties
on their own. The most important ones are the extremely long
excited-state lifetimes (up to several milliseconds) for LLLs and
color tunability combined with large and spectrally broad molar
absorptivity for QDs. The combination of LLL donors with QD
acceptors for FRET adds another important requirement,
which is the possibility of energy transfer over very large
distances. LLL−QD FRET pairs can enlarge the often-cited
FRET distance range of 1−10 nm to ca. 20 nm because they are
able to provide Förster distances (the donor−acceptor distance
of 50% FRET efficiency), which are already larger than 10
nm.17 Since our last microreview about LLL-to-QD FRET in
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2008,18 many new developments, such as ultrasensitive
multiplexing and FRET relays, have been realized, and large
progress has been made in fluorescence imaging using LLLs
and QDs. We will first outline some theory and technical
background concerning LLLs, QDs, and FRET and will then
focus on recent applications in diagnostics and cellular imaging.
The application section also contains some of our latest and
new results concerning terbium-based time-gated (TG) FRET
cellular imaging using an optically trifunctional antibody and
Tb-to-QD FRET-based in vitro diagnostics for the sensitive
homogeneous detection of carcinoembryonic antigen (CEA).

■ THEORY AND TECHNICAL BACKGROUND

LLLs. Because of their long-lived excited states, LLLs are
playing a particular role in the pool of luminescent compounds
(usually called fluorophores, although luminophores would be
the correct term in order to include other than singlet−singlet
transitions). After a pulsed excitation of lanthanide complexes,
the decay of the excited state to the ground state can be as long
as a few milliseconds, while conventional fluorophores do not
last more than a few tens of nanoseconds in their excited states
before decaying. This large (ca. 1 million-fold) temporal
difference makes time-resolved acquisition of the luminescent
signal arising from LLLs a particularly sensitive technique.19,20

The detailed properties of luminescent lanthanide complexes
have been described in numerous excellent review articles,21−27

and we will only briefly recall them. LLLs are composed of an
emitting lanthanide (Ln) cation (for most of them Tb3+ and
Eu3+) coordinated by an aromatic ligand, which serves both as a
photon-collecting antenna and as a protective shield toward
solvent molecules, competing anions, and coordinating
molecules. To assume its protecting rule, the ligand generally
provides a high denticity (Ln3+ cations generally exhibit
coordination numbers of 8−10 in aqueous solutions), and it
contains hard Lewis base functionalities such as acetates,
phosphonates, or phosphinates, or a macropolycyclic frame-
work, to provide the complex with high thermodynamic
stability and kinetic inertness, sine qua non conditions to its
efficiency in biological media. Because of the indirect excitation
of the Ln ion of interest through the coordinated ligand, the
excitation and emission wavelengths of the complexes are at
significantly different energy levels, pointing to an abusively
called “large Stokes shift”. The emission spectra of LLLs are
dominated by the f−f transitions of the Ln cations, which are
faintly perturbed by the surrounding medium, affording a
spectral signature typical for each lanthanide. Last but not least,
the binding of LLLs to biological material requires the
introduction of an activated function into the ligand backbone
that will allow the strong covalent bonding necessary for

biochemical analysis.28,29 Similar to their fluorescent analogues,
the efficiency of LLLs can be quantified by their brightness,
which can be defined as a product of the molar absorptivity
(generally the molar extinction coefficient at maximum
excitation of the complex) and overall photoluminescence
quantum yield.
The pioneering work in the field has been mainly directed

toward europium complexes, in particular through the
development of the family of [Eu(TBP)] complexes (TBP =
tris-bipyridine) by Lehn and co-workers (Figure 1, left).30,31

Although the TBP ligand affords a good photosensitization of
the Eu3+ cation, it does not completely fulfill the first
coordination sphere of the metal, leaving space for water
molecules. Numerous fluoroimmunoassays using [Eu(TBP)] as
the energy donor require the use of large amounts of NaF or
KF because fluoride ions bind to the free coordination site to
keep away water molecules, which cause quenching of
lanthanide luminescence.
Despite some intrinsically better photophysical properties

such as longer excited-state lifetimes or their multiplexing
capabilities,17 efficient terbium labels emerged only more
recently at the beginning of this century.32−35 One of the
most relevant examples is the macrocyclic ligand developed by
Raymond and co-workers (Figure 1, middle).36 Thanks to four
2-hydroxyisophthalamide moieties, the maximum of absorption
was observed at ca. 340 nm, close to the visible domain, with a
noticeable brightness of 12636 M−1 cm−1 in a buffered aqueous
solution. The terbium complex can be conjugated to
biomolecules and has already proven to be a very efficient
energy donor in time-resolved FRET experiments.
Very recently, there has been a renewed interest toward

europium complexes carrying electron-donating functionalized
pyridines and picolinic acids.38,39 Parker and co-workers have
taken advantage of the preorganization around a triazacyclo-
nonane framework to introduce three such antennae around a
Eu3+ cation (Figure 1, right).37 The excitation maximum is
found at 332 nm, and the very large absorption of each unit
afforded an excellent brightness of ca. 32400 M−1 cm−1, thereby
establishing it as one of the brightest LLLs. Although the
presented work only refers to cellular staining, pointing to a
good chemical stability in living organisms, it is worth noting
that the introduction of labeling functions has already been
studied40 and will most probably appear in the literature in the
near future.
The development of ever-more-performing LLLs [including

lanthanide-doped nanoparticles (Ln-NPs) and up-converting
nanophosphors (UC-NPs), which are briefly mentioned in the
applications section below] keeps attracting the interest of
chemists and will undoubtedly lead to new perspectives for

Figure 1. Representative examples of LLLs (R stands for the place of introduction of the activated function).30,31,36,37
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FRET applications in the fields of multiplexed analysis, relayed
FRET, and possibly energy-transfer processes in the near-IR
(NIR) region.
Semiconductor QDs. QDs are luminescent colloidal

nanocrystals that display unique optical (and electronic)
properties resulting from their semiconductor material
characteristics and their nanometer sizes that lead to quantum
confinement effects.41−43 QDs are composed of semiconductor
cores, which are often coated with one or more shell(s)
consisting of another semiconductor material with suitable
lattice parameters and a higher band-gap energy (for type I
QDs, e.g., CdSe/ZnS core/shell or CdSe/CdS/ZnS core/shell/
shell QDs). The shell passivates the QD core from quenching
effects because of surface defects (leading to so-called trap
states) and the surrounding medium, thus increasing the
photoluminescence quantum yields of (type I) QDs.41,43−47

In order to create stable, water-soluble, and biocompatible
QDs, several different synthetic strategies have been developed
within the last 20 years. These strategies include (a) exchange
of the hydrophobic ligands with ligands containing one or more
thiol groups on one side and (hydrophilic) carboxyl groups on
the other (e.g., thioglycolic acid, mercaptopropionic acid,
dihydrolipoic acid, or cysteine), (b) ligand modification to
turn the hydrophobic surface ligands into hydrophilic ones, (c)
surface capping with amphiphilic molecules or comblike
(coblock) polymers possessing a hydrophilic backbone and
hydrophobic side chains, (d) coating with water-soluble
polymers or PEGylated ligands, or (e) silanization to
encapsulate the hydrophobic QD within a hydrophilic silica
shell.46−52 Apart from the hot injection method, other QD
synthesis techniques (bottom-up as well as top-down) have
been developed; for instance, some QDs can be synthesized
directly in water using either laser ablation or special water-
soluble precursor materials.53,54

In addition to the phase-transfer concepts mentioned above,
various surface functionalization methods for attaching
oligonucleotides (DNA or RNA), peptides, proteins, and
other biomolecules to QD surfaces were developed. These
methods include (a) the direct attachment of thiol- or His-tag-
containing molecules onto the QD surface (self-assembly), (b)
electrostatic interaction between the biomolecule (e.g.,
peptides) and the surface ligands, (c) covalent binding to
reactive groups of the surface ligands or polymer coatings using
EDC/NHS chemistry, heterobifunctional cross-linkers (e.g.,
SMCC), click chemistry, or bioorthogonal chemistry concepts,

and (d) secondary interactions such as biotin−streptavidin
binding.46,49,55,56

The photophysical properties of QDs can be controlled by
their nanocrystal core sizes, the shell thickness(es), and the
composition of the semiconductor materials of cores and
shell(s) and partly by their surface ligands. Thus, the final
absorption and emission features of QDs can be tuned from
UV to NIR to fit the desired spectral characteristics, making
them ideally suited for all kinds of spectroscopic applications.
QDs can have extremely high molar absorptivities (extinction
coefficients) of more than 1 × 106 M−1 cm−1 over broad
wavelength ranges, showing an onset at their first exciton peak
(lowest energy needed to excite the QD by creating an
electron−hole pair) and a continuous increase toward UV
(Figure 2, left). In contrast, QDs display narrow and symmetric,
nearly Gaussian-shaped emission bands (Figure 2, right)
characteristic for their size-dependent band-gap energy. QDs
can be excited far below their emission wavelengths, enabling
an easy discrimination of the excitation and emission signals
using short- and/or long-pass filters. Moreover, several
different-sized (and therefore different-colored) QDs can be
excited at the same wavelength using a single excitation source.
This, in combination with their narrow and symmetric emission
bands, allows the use of multiple QDs in the same sample
(multiplexing) with an efficient spectral discrimination of their
emission signals.17,52,57−60

In addition to their size-dependent absorption and emission
bands, QDs are highly photostable compared to common
organic dyes (highly reduced photobleaching) and they often
provide high photoluminescence quantum yields, even in the
NIR region.47−49,52,61 Because of their outstanding photo-
physical properties, QDs are suited for a wide range of
applications in the fields of optics and optoelectronics (e.g.,
lasers and displays62,63) and photovoltaics (e.g., solar energy
harvesting and conversion62,64,65) and as labels and sensors in
biochemistry, biotechnology, and medicine (e.g., fluorescence
spectroscopy and microscopy47,48,52,66−68 as well as FRET-
based assays and diagnostics69). There are persisting concerns
about the toxic effects of QDs, and a general statement
concerning QD toxicity cannot be made because different types
of QDs show different toxic effects.70,71 Recently, it was shown
that QD toxicity (impact on cellular proliferation) is similar to
the toxicity of various commercial cell-labeling fluorophores.72

Thus, the choice of the right fluorophore (dye, fluorescent
protein, QD, etc.) should be based on the application.

Figure 2. Typical absorption (left) and emission spectra (right) of different-sized semiconductor QDs revealing their large absorption cross sections
with high extinction coefficients (>1 × 106 M−1 cm−1) increasing toward UV and their narrow and symmetric emission bands enabling multiplexed
detection of different QDs in the same sample. Blue, green, orange, and red are CdSe/ZnS core/shell QDs, whereas brown is a CdSeTe/ZnS core/
shell QD.
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FRET. Theory and applications of FRET have been reviewed
in detail elsewhere,6,7,9−15,73,74 and here we will focus on the
essential concepts and most important basics. FRET describes a
nonradiative energy transfer between a luminescent donor and
a light-absorbing acceptor. The luminescence energy (in
spectroscopy and imaging usually expressed in wavelength) of
the donor must be equal to the absorption energy (wavelength)
of the acceptor, which is the so-called resonance condition
(resonance energy transfer; cf. Figure 3a). FRET is based on the
approximation that dipole−dipole coupling can be represented
by Coulombic coupling, which is coupling of the transition
dipole moments of donor emission and acceptor absorption.
Coulombic coupling should be dominant at a FRET distance
range of ca. 1−20 nm, where orbital-overlap-related mecha-
nisms (for very short distances) and radiative mechanisms (for
long distances) play minor roles. The FRET efficiency ηFRET is
dependent on the donor−acceptor distance r (ηFRET ∼ r−6).
ηFRET is 50% when the FRET rate kFRET and all other decay
rates (radiative and nonradiative deactivation defined by the
rates kR and kNR, respectively) are in equilibrium (kFRET = kD

R +
kD
NR = τD

−1). The distance (r = R0) for this case is called the
Förster distance (or Förster radius) and is defined by eq 1.

κ
π

=
Φ⎛

⎝⎜
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Here κ2 is the orientation factor between the two transition
dipole moments, ΦD is the donor luminescence quantum yield,
NA is Avogadro’s number, n is the refractive index of the
surrounding medium (usually the solvent), τD is the donor
luminescence lifetime (in the absence of the acceptor), and J is
the spectral overlap integral [defined on the wavelength (λ) or
wavenumber (v)̃ scale] defined by eq 2.
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J is dependent on the acceptor molar absorptivity (or extinction
coefficient) spectrum εA and the donor area-normalized
emission spectrum ID̅ (the integral of ID̅ is unity). In the case
where J is calculated in M−1 cm−1 nm4, the Förster distance can
be calculated using eq 3.

κ= Φ −R n J0.02108( ) nm0
2

D
4 1/6

(3)

After donor excitation, FRET deactivation is in competition
with radiative and nonradiative deactivation of the donor. In

case the acceptor gets FRET-sensitized, it can again return to its
energetic ground state by radiative or nonradiative transitions
(cf. Figure 3b).
The FRET efficiency can be calculated using distances or

spectroscopic data [eq 4 with luminescence quantum yields Φ,
decay times τ, or intensities I of the donor in the absence
(subscript D) and presence (subscript DA) of the acceptor,
respectively].

η

τ
τ

=
+

=
+

= −
Φ
Φ

= − = −

( )
R

R r

I
I

1

1
1

1 1

r
R

FRET 6
0

6

0
6 6

DA

D

DA

D

DA

D

0

(4)

Equation 4 also allows calculation of the donor−acceptor
distances by spectroscopic data (spectroscopic ruler). ηFRET can
be sensitively measured at donor−acceptor distances between
ca. 0.5R0 and 2.0R0 (Figure S2 in the SI).
Another important variable for FRET is the orientation

factor (κ2). Depending on the orientation between the
transition dipole moments of the donor and acceptor, κ2 can
take values between 0 (perpendicular orientation) and 4 (head-
to-tail parallel orientation). However, there are some reasonable
averaging conditions. When the average rotation rate of donors
and acceptors is much larger than the average FRET rate, the
system is in a dynamic averaging regime and κ2 becomes 2/3.
Fast isotropic rotation can, e.g., be verified by unpolarized
emission. If one of the FRET partners shows average
orientation and the other has a fixed orientation, κ2 can take
values between 1/3 and

4/3. In the case where all donors and
acceptors are fixed (no rotational motion), each FRET pair is
assumed to be isolated from all other pairs, and the electronic
transitions are single dipoles, one can use a static regime
approximation,73 for which κ2 is dependent on r and can take
values between 0 (for very short distances) and 2/3 (for very
large distances). Detailed studies of κ2 can be found in refs 75
and 76.
There are various possibilities to detect FRET. Steady-state

(SS) and/or time-resolved spectroscopy and microscopy can be
applied for determination of the FRET efficiencies and
distances using donor quenching, acceptor sensitization,
combined donor quenching and acceptor sensitization, donor
photobleaching, or acceptor photobleaching. The almost
endless choice of donor−acceptor combinations and the use

Figure 3. Principle of donor (green background) and acceptor (red background) interaction in FRET. (a) Simplified energy-level diagram
representing excitation of the donor (hν) followed by inner relaxation (dotted arrow), followed by radiative decay (kR), nonradiative decay (kNR), or
FRET (kFRET). The energy resonance condition [ΔE(donor) = ΔE(acceptor)] is represented by the colored lines connecting donor and acceptor
transitions. After FRET, the acceptor is in an excited state, followed by radiative or nonradiative decay to its ground state. (b) Different energy
pathways after donor excitation (hνex) leading to radiative (kR) or nonradiative (kNR) decay of the donor or acceptor in case it is excited by FRET
(kFRET). D, D* and A, A* indicate the ground or excited state of the donor and acceptor, respectively.
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of multiple donors and/or acceptors allow further flexibility in
order to find and optimize a FRET system for many different
applications.
LLLs as FRET Donors. Although lanthanides have also been

used as FRET acceptors,77,78 the advantages of LLLs are mainly
used for their application as FRET donors.8,14,79 The main
benefit is their long luminescence decay of up to a few
milliseconds,25,26,80,81 which is several orders of magnitude
longer than the decay times of any acceptor (usually in the
nanosecond range). This large difference in the donor and
acceptor excited-state lifetimes leads to approximately equal
luminescence decay behaviors of the donor and acceptor in case
the acceptor is excited by FRET via the donor. This means that
the decay time of the donor in the presence of the acceptor
(τDA) equals the one of the acceptor in the presence of the
donor (τAD = τDA).

74 The big advantage of this equality is that
the same decay time analysis can be applied for donor
quenching and acceptor sensitization. This gives two
independent detection channels for FRET (the donor behavior
can be verified by the acceptor behavior), with the acceptor
channel being the “FRET-proof” channel, because the acceptor
emission can only be caused by excitation via FRET. The much
longer excited states also allow FRET from multiple LLLs to a
single acceptor. The short excited-state lifetime of the acceptor
will lead to almost immediate deexcitation after FRET so that
the same acceptor can be FRET-sensitized again by another
LLL donor, which is still in the excited state. This effect will not
increase the FRET efficiency per donor (it might even decrease
because several donors are in competition for a single
acceptor), but it will increase the overall brightness per
acceptor, which can lead to higher sensitivities for such
multiple-LLL-donors/single-acceptor FRET systems. The
acceptor emission can be measured against a very low
background if the acceptor emits at a wavelength region
without lanthanide emission, as depicted in Figure 4 for
terbium. Although for FRET these emission wavelengths must
be longer than the first emission peak of the lanthanide
emission spectrum, energy transfer from lanthanides to
acceptors with shorter emission wavelengths has been

found.82,83 Because this energy transfer is not based on spectral
overlap, the authors named the phenomenon “nonoverlapping
FRET” (or nFRET). Although a detailed study of nFRET is not
available, their results indicated that energy transfer most
probably occurs from higher energy levels of the lanthanide
(europium and samarium in their cases), which do not
participate in emission, and therefore no overlap of donor
emission and acceptor absorption is required. The selection of
the appropriate acceptor can be made from a large variety of
fluorophores (e.g., fluorescent proteins, organic dyes,
QDs).11,84−86 Fluorescence background of the sample matrix
(sample autofluorescence) and of directly excited acceptors,
which are usually in the nano- to microsecond time range, can
be efficiently suppressed by pulsed excitation and detector
gating (e.g., detection windows of 0.05−2 ms). This will lead to
a pure FRET signal because TG photon detection will most
probably arise from FRET-sensitized excitation. Because only
complete donor−acceptor pairs can lead to FRET-sensitized
TG acceptor emission signals, this method is insensitive to
concentration effects and incomplete labeling and binding.
Another advantage of using LLLs as FRET donors is the

possibility of large overlap integrals and concomitant large
Förster distances. This becomes possible when the LLL
emission spectrum is entirely covered by an acceptor
absorption spectrum with large molar absorptivity values.
Förster distances of 9 nm for an europium-cryptate donor and
an APC acceptor87 and up to 11 nm for a terbium-chelate
donor and QD acceptors17 have been reported, which are much
larger than R0 values of conventional donor−acceptor pairs
(values larger than 6 nm are rarely found).88 One very
comfortable aspect concerning the orientation factor κ2 is the
unpolarized emission of most lanthanide complexes. Their
multiple transition dipole moments make them a randomized
donor, and κ2 gets limited to values between 1/3 and

4/3 even if
the acceptor has a fixed orientation.

QDs as FRET Donors and Acceptors. QDs can be used as
both FRET donors and acceptors, which have been treated in
several comprehensive reviews in the recent literature.49,69,89−91

As donors, QDs can be combined with a large variety of
acceptors (e.g., organic dyes or fluorescent proteins). The main
advantages of the QDs in the donor configuration are (i) their
size tunability, which allows construction of an ideal spectral
overlap with almost any acceptor, (ii) their broad absorption
spectra, which allow excitation at almost any wavelength,
preferably at a wavelength where the acceptor does not absorb,
and (iii) the attachment of several acceptors to the relatively
large QD surface (compared to small organic molecules), which
allows an increase of the FRET efficiency with the number of
acceptors (n):

η =
+

nR
nR rFRET

0
6

0
6 6

(5)

Using QDs as acceptors is less common because of their broad
ecxitation spectra, which will cause QD excitation at almost any
wavelength (independent of the donor). This will lead to many
QD acceptors in excited states, which is very counterproductive
for FRET (the acceptor must be in the ground state). Although
energy transfer to QDs from other QDs,92 organic dyes,93 or
UC-NPs has been described,94 there are mainly two concepts
to overcome the direct excitation limitation. The first one is to
use LLLs as donors because their long excited states
(milliseconds) will allow efficient FRET after all QDs have

Figure 4. Well-separated emission lines of LLLs (in this case, a
terbium photoluminescence spectrum is shown) allowing for a large
choice of possible FRET acceptors, whose emission bands should be
placed in LLL-free emission wavelength ranges (indicated by the red
arrows) for the suppression of LLL background emission. The blue
arrow indicates the wavelength range for nFRET acceptors (note that
this has only been shown for europium and samarium and not for
terbium).
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decayed back to their ground states (after nano- to micro-
seconds).17,95−99 The second one is to avoid any light
ecxitation and to use bioluminescent or chemiluminescent
donors.100−103 Similar to that for the donor configuration, the
main advantages of using QDs as acceptors are (i) their size
tunability, which allows the use of several QD acceptors for the
same donor without spectral crosstalk of their respective
emission spectra, (ii) their large and spectrally broad molar
absorptivities (extinction coefficients), which allow very large
spectral overlap integrals and therefore long Förster distances,
and (iii) the attachment of several donors to the relatively large
QD surface, which can allow an efficient increase of the
probability of QD FRET sensitization (but no increase of the
FRET efficiency) with the number of donors. If sufficient
excitation intensity is available for several donors and the QD is
considered to be always in a ground state within the excited-
state lifetime of the donors (which is a good approximation for
LLL donors and a QD acceptor), the probability of QD FRET
sensitization by m LLL donors can be approximated as

η= − − = −
+

⎛
⎝⎜

⎞
⎠⎟P

r
R r

1 (1 ) 1m
m

FRET

6

0
6 6

(6)

Equation 6 illustrates one of the advantages of LLL-to-QD
FRET, which is a high overall brightness of the FRET system
for multiple LLLs per QD (enhanced FRET-sensitized QD
photoluminescence). Other benefits are very long Förster
distances (>10 nm), low background emission (for TG
detection), equal photoluminescence decay behavior (τDA =
τAD), and excellent multiplexability (several different QDs as
acceptors for the same type of LLL). All of these advantages
make the LLL−QD donor−acceptor pair a very unique and
powerful tool for many different FRET applications, as outlined
in the following section.

■ RECENT APPLICATIONS OF LANTHANIDE- AND
QD-BASED FRET

Because of their unique optical properties, LLLs and QDs are
frequently used in various life science applications for
fluorescence spectroscopy and microscopy with and without
FRET. Here we give a short outline of recent FRET-based
applications of LLL donors, QD acceptors, and their
combination as a LLL−QD FRET pair and highlight a few
representative examples from the literature and from our own
latest research results concerning TG LLL-to-dye FRET
imaging and LLL-to-QD FRET clinical diagnostics.
LLLs in FRET-Based Diagnostics. Luminescent lanthanide

complexes, Ln-NPs, and UC-NPs are widely used in FRET-
based biosensing because their long luminescence decay times
enable highly sensitive, nearly background-free measurements
by TG detection.25,104,105 In most FRET diagnostic applica-
tions, terbium and europium complexes are utilized, but the use
of Ln-NPs and UC-NPs has increased over the last years
because they provide some further photophysical benefits.
Within Ln-NPs, the lanthanide dopants are shielded against
quenching effects of the surrounding medium without supra-
molecular “cages” as used for the chelate- or cryptate-based
lanthanide complexes.106 The main interest of UC-NPs is their
efficient excitation in the NIR via two- or more-photon
absorption and energy up-conversion processes, which further
minimizes background signals arising from the scattering of
incident light and autofluorescence due to direct sample
excitation.107,108

LLLs have already been applied in numerous bioanalytical
FRET experiments to monitor biological binding events
(ligand−receptor or protein−protein interactions) and to
detect biomarkers using in vitro assays,8,21,25,81,104,109−115 to
investigate conformational changes and molecular structures
(spectroscopic or molecular ruler),5,104,116−118 and to measure
nucleic acid sequencing and hybridization assays.119−121

Terbium and europium complexes are used in several
commercial homogeneous TR-FRET assays, e.g., in clinical
diagnostics for the detection of many different biomarkers
(HTRF,122 LANCE,123 and TRACE). Recently, luminescent
lanthanide complexes have been utilized for selective protein
labeling and time-resolved bioassays,124 for screening for
protein−protein interactions and their inhibition,125,126 and
for detection of several analytes or parameters simultaneously
within multiplexed FRET assays.127−130 New applications of
Ln-NP-based FRET biosensing include their use as donors with
rhodamine B dye acceptors for intracellular FRET experi-
ments,131 with gold nanoparticle (AuNP) quenchers in a
biotin−streptavidin affinity assay,132 and with fluorescein
isothiocyanate acceptors for avidin detection.133 UC-NPs
have been recently applied as FRET donors for organic dyes
within a dual-parameter hybridization assay134 and in
combination with rhodamine 6G acceptors as luminescence
temperature sensors.135 In a proof-of-principle study, UC-NPs
have also been used as FRET donors for QD acceptors.94

As mentioned above, LLL-based FRET is an established
technology in clinical diagnostics. A very sensitive random-
access immunoanalyzer system using mainly Eu-to-APC FRET
(Tb-to-dye FRET is also used for some assay kits) within
homogeneous sandwich immunoassays is the KRYPTOR
fluorescence plate reader (Cezanne, BRAHMS, Thermo Fisher
Scientific). The various immunoassay kits that exist for this
reader system are already far beyond basic research on FRET or
lanthanide complexes because they are used in daily in vitro
diagnostic testing and large clinical studies. One important
clinical example of such an “end user” application of LLL-based
FRET diagnostics is the detection of the infection marker
procalcitonin (PCT). In a recent clinical study by Shomali et
al., the role of PCT in 248 nonneutropenic cancer patients
(NNCPs) with fever was investigated using the Eu-to-APC
FRET-based PCT KRYPTOR immunoassay kit with a limit of
quantification of 0.075 ng/mL PCT.136 Neutropenia is a
disorder resulting in a decrease of white blood cells, which
destroy bacteria in the blood and are thus a primary defense
against infections. The diagnosis of NNCPs with fever of
unknown origin is challenging because it may arise from
malignant tumors. Therefore, the authors measured PCT in
plasma samples from NNCPs with solid tumors, lymphoma, or
multiple myeloma and fever (≥38 °C) within 1 and 4−7 days
after fever onset. The obtained PCT levels were correlated with
the patients’ clinical, microbiological, and radiological data to
differentiate infectious and noninfectious fever. The results
showed that increased PCT levels are predictors of bloodstream
infection (median [PCT] = 1.06 ng/mL) and sepsis (median
[PCT] = 0.60 ng/mL) in NNCPs (median [PCT] = 0.31 ng/
mL for patients with no documented infection). PCT levels
may also be predictors of metastasis (0.47 vs 0.20 ng/mL
without metastasis) and advanced cancer (0.47 ng/mL for stage
IV cancer vs 0.27 ng/mL for stage I−III cancer). The
relationship between the PCT levels and the patients’ response
to antibiotic treatment could be monitored by a decrease of the
median PCT concentration from 0.52 ng/mL (before antibiotic
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treatment) to 0.19 ng/mL (after 4−7 days with antibiotic
treatment). The decreased follow-up PCT levels upon
antibiotic treatment, allowing one to differentiate infectious
fever from tumor-related fever, may lead to a more efficient use
of antibiotics and thus reduce the therapy duration, emergence
of resistance, and costs. The use of the LLL-FRET-based
immunoassay technology in such clinical studies demonstrates
the high sensitivity (sub-ng/mL detection) and degree of
automation that is necessary for high-performance diagnostic
tests that need to be performed by persons without expertise in
spectroscopy or FRET.
LLLs in FRET-Based Imaging. Despite their broad

application in spectroscopic biosensing, LLLs have been
much less used as FRET agents in cellular imaging.96,137−140

This is mainly caused by the unconventional equipment for TG
imaging, which is necessary to profit from efficient background
suppression by taking advantage of the long luminescence
decay times of LLLs. Intensified CCD (ICCD) cameras and
pulsed excitation sources are required to achieve time gating on
the micro- to millisecond time scale. Much recent work
concerning TG FRET imaging with terbium complexes has
been realized in the group of Miller.141,142 The excitation/
emission principle uses a UV-emitting light-emitting diode
(LED; 365 nm), which excites the terbium complex during ca.
1.5 ms. After that excitation period, the LED is switched off,
and after a delay of ca. 10 μs, the ICCD detector is switched on
for approximately 1.5 ms for measuring the TG emission

intensity of terbium and/or an acceptor fluorophore (sensitized
by the terbium donors).141

This technique was applied in 2012 by Mohandessi et al. to
cellular imaging using cell-penetrating peptides (CPPs) as
delivery vehicles for the luminescent terbium complex Lumi4-
Tb (TbL4, Lumiphore) and heterodimers of Lumi4-Tb and a
derivative of trimethoprim (TbL4-TMP).142 The applied CPPs,
including nona-arginine (Arg9) and HIV Tat-derived sequences
(Tat), were covalently bound to the terbium complexes and
mediated the passive delivery of the otherwise cell-impermeable
TbL4 and TbL4-TMP to the cytoplasm of various cell types
(e.g., Maden Darby canine kidney epithelial cells, MDCKII).
The authors applied TG microscopy to visualize the successful
peptide delivery and subcellular distribution. The TG images
revealed located terbium luminescence at low peptide
concentrations (due to endocytosis) but a diffuse distribution
of the terbium luminescence throughout the cytoplasm and
nucleus at peptide concentrations higher than 20−60 μM,
suggesting direct translocation of the CPP conjugates from the
cell culture medium to the cytoplasm and free diffusion
throughout the cytoplasm and nuclei. In order to demonstrate
specific labeling of the intracellular TbL4-TMP-CPP conjugates
to Escherichia coli dihydrofolate reductase (eDHFR) fusion
proteins in live cells, the authors used FRET from TbL4 to the
red fluorescent protein TagRFPT. MDCKII cells were
transfected with DNA that encodes a three-component protein
chimera of histone 2B (H2B), TagRFPT, and eDHFR. After

Figure 5. (a) Bright-field (BF; left) and continuous-wave (CW; right) fluorescence (λexc = 545 ± 15 nm; λem = 610 ± 35 nm) images of MDCKII
cells expressing H2B-TagRFPT-eDHFR after incubation with TbL4-TMP-CPP. The SS (CW) fluorescence image shows that the fluorescent
TagRFPT proteins are localized in the cell nulcei. (b) TG FRET images (delay = 10 μs; λexc = 365 nm; λem = 605 ± 7 nm) before (left) and after
(right) the addition of 100 μM TMP. Before TMP addition, FRET signals from the nuclei are observed because of long-lived terbium-sensitized
TagRFPT acceptor emission, whereas the FRET signals vanish after TMP addition because the TbL4-TMP conjugates are replaced from the eDHFR
binding sites by pure TMP. Reproduced with permission from ref 142. Copyright 2012 Wiley-VCH.

Figure 6. (a) Intensity normalized excitation (dotted lines) and emission (solid lines) spectra of TbL4 (green) and AF594 (red) and transmission
spectra of the band-pass filters (365 nm, orange; 542 nm, green; 640 nm, red; all with gray background) and dichroic mirrors (405 nm, blue; 552 nm,
black) used in the imaging setup. (b) Photoluminescence (PL; normalized to the PL intensity at 2.0 ms) decay curves of pure TbL4 (black) and
TbL4−AF594 antibodies (red) both excited at 349 nm and detected at 490 and 636 nm for TbL4 and AF594, respectively. Note: This is new and so-
far-unpublished data.
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incubation with TbL4-TMP-CPP, Tb-to-TagRFPT FRET was
observed by TG imaging, demonstrating the binding of TbL4-
TMP to eDHFR within the cell nuclei after CPP-mediated
delivery. Colocalization of TbL4 and TagRFPT (or TMP and
eDHFR) was verified by SS emission of TagRFPT upon direct
excitation of TagRFTP (Figure 5a, right) and TG FRET-
sensitized emission of TagRFPT upon excitation of TbL4
(Figure 5b, left), both measured at a wavelength of strong
TagRFTP and very low terbium emission (605 nm; cf. Figure
4). The addition of 100 μM unconjugated TMP resulted in the
complete disappearance of the long-lived FRET-sensitized
TagRFTP emission because of replacement of TbL4-TMP (by
an excess of pure TMP) from the TagRFTP expressing eDHFR
constructs (Figure 5b, right). This demonstrated the previous
attachment of TbL4-TMP to the H2B-TagRFPT-eDHFR
protein chimera.
Apart from Miller’s work, our groups have also investigated

TG FRET imaging using LLLs as FRET donors in combination
with different acceptor fluorophores. In an initial study, we
demonstrated FRET from terbium complexes to QDs after
pulsed UV-flash-lamp excitation.96 The terbium-based LLLs
were coupled to streptavidin (Tb-sAv), and Tb-sAv aggregates
were incubated with biotinylated QDs. After time delays from
50 to 170 μs (when the luminescence of directly excited QDs
has already vanished), TG QD emission could still be observed
because of FRET sensitization by Tb-LLLs.
In the following paragraphs, we present some new data

concerning Tb-to-dye FRET-based imaging for biosensing. We
designed trifunctional luminescent antibodies that were labeled
with both organic dyes and terbium complexes (on the same
antibody). For this purpose, we used commercial goat
antirabbit IgG antibodies labeled with Alexa Fluor 594
(AF594; Life Technologies) for cellular staining (against
cellular marker-specific rabbit IgGs). We colabeled these
antibodies with TbL4-NHS in order to design a TbL4−
AF594 FRET pair on the same antibody. The strong spectral
overlap of TbL4 emission and AF594 absorption (cf. Figure 6a)
allows efficient FRET from TbL4 to AF594 so that either SS
AF594 excitation and emission detection (detection mode 1),
pulsed TbL4 excitation and TG terbium emission detection
(detection mode 2), or pulsed TbL4 excitation and TG AF594
emission detection (detection mode 3) can be used for one
single type of antibody.
Figure 6a shows the excitation and emission spectra of TbL4

and AF594 as well as the transmission spectra of the different
applied dichroic mirrors and filters used for the different
detection modes. Because multiple TbL4 donors and AF594
acceptors are randomly labeled over the antibody, they are in
relatively close distance to each other and energy transfer is
quite efficient (because of the multiple labeling, an exact
distance cannot be estimated or measured), which can be seen
in the luminescence decay curves in Figure 6b. Because of a
strong emission signal of unquenched TbL4, arising mainly
from free TbL4 in the TbL4−AF594 antibody solution, the
FRET-quenched decay component is less visible in the terbium
donor detection channel (not shown) compared to the AF594
acceptor detection channel, which contains relatively little
terbium background emission. A comparison of the lumines-
cence decays of pure TbL4 (black curve) and TbL4−AF594
antibodies (red curve) clearly shows the different contributions
of terbium emission (long-lived tail visible in both curves) and
FRET-sensitized AF594 emission (shorter decay in the first 0.5
ms in the red curve), which is significantly longer than emission

from directly excited (no FRET) AF594 (in the nanosecond
range). In order to demonstrate the use of the optically
trifunctional antibodies in cellular imaging, we incubated
PDGFR-β-expressing BJ-hTERT cells with anti-PDGFR-β
rabbit primary IgGs. The fixed cells were then incubated with
the goat antirabbit TbL4−AF594 IgG antibodies and washed of
free TbL4 and TbL4−AF594 antibodies that were not able to
bind to the primary IgGs. We then imaged the TbL4−AF594
antibody as well as the original AF594 antibody (no colabeling
with TbL4) stained cells in the three detection modes: (1) CW
excitation (542 nm) of AF594 and SS emission detection of
AF594 (640 nm); (2) pulsed excitation (100 Hz, 349 nm) of
TbL4 and TG detection (0.01−2.01 ms) of TbL4 (542 nm);
(3) pulsed excitation (100 Hz, 349 nm) of TbL4 and TG
detection (0.01−2.01 ms) of AF594 (640 nm). The obtained
images (Figure 7) contain much interesting information. The

control samples (staining with AF594 antibodies only; IgG-AF
in Figure 7) show that the AF594 emission signal, which is
clearly visible at SS detection completely disappears when TG
detection and UV excitation are used because AF594 is not
efficiently excited and time gating from 0.01 to 2.01 ms is far
beyond the luminescence decay time of AF594. The TbL4−
AF594 stained cells (IgG-AF-Tb in Figure 7) also show a clear
AF594 emission signal in detection mode 1. However, in
contrast to the control samples, AF594 emission is also clearly
visible in the TG detection mode 3, which demonstrates FRET
sensitization of AF594 by TbL4 on the antibodies. It should be

Figure 7. SS and TG (or clock symbol) imaging of BJ-hTERT cells
stained with AF594 (top) and TbL4−AF594 antibodies (center and
bottom). The different detection modes are (1) CW excitation of
AF594 (542 nm) and SS emission detection of AF594 (640 nm); (2)
pulsed excitation (100 Hz, 349 nm) of TbL4 and TG detection (0.01−
2.01 ms) of TbL4 (542 nm); (3) pulsed excitation (100 Hz, 349 nm)
of TbL4 and TG detection (0.01−2.01 ms) of AF594 (640 nm).
Wavelengths (nm) of excitation (band-pass filter), splitting of
excitation and emission (dichroic mirror), and emission (band-pass
filters) are given on top of the images (excitation/splitting/emission).
Note: This is new and so-far-unpublished data.
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noted that part of the antibodies have lost their specificity
toward the primary IgG because the cells appear completely
stained whereas the control cells show specific membrane
staining. However, this behavior was not important for
demonstration of the three detection modes for the TbL4−
AF594 antibodies. Using both TG detection modes 2 and 3
shows that both TbL4 and AF594 can be detected within the
same cells after pulsed excitation of TbL4 in UV. The images
also show a reduced background in the AF594 acceptor image
(bottom right) compared to the TbL4 donor image (bottom
left) because the signal in the AF594 channel can only arise
from FRET-sensitized AF594 emission and not from
unquenched TbL4 emission, as is still present in detection
mode 2. In control experiments (Figure S3 in the SI), we
showed that UV excitation of TbL4 inside cells does not lead to
any significant Tb emission background signal beyond 630 nm
(beyond the last intense terbium emission peak), thus
confirming that the TG emission signal from AF594 must
arise from FRET sensitization via TbL4.
Such antibodies with different possibilities of excitation and

emission modes (different excitation and emission wavelengths,
pulsed and CW excitation, and SS and TG detection) offer the
possibility of tuning the imaging experiment toward reduced
background emission (e.g., suppression of autofluorescence),
reduced photobleaching (e.g., lower excitation power), and
more efficient multiplexing (e.g., reduced spectral crosstalk).
QDs in FRET-Based Diagnostics. Although a successful

transfer of QDs from research applications to commercial
optical diagnostic assay kits has not been established, most
probably because of the lack of stability, storability, and
reproducibility of QD bioconjugates,60 QDs are frequently used
in a l a r g e v a r i e t y o f b i o l og i c a l i n v i t r o a s -
says,11,46−48,52,68,69,143−147 including detection of the enzyme
activity and enzyme-based assays,148−152 protein binding assays
and FRET immunoassays,47,153−157 DNA hybridization assays
and aptamer-based assays,59,103,158−163 as well as pH and ion
sensing.150,164−166 Because of their unique optical properties

(mainly their size-tunable colors), QDs are often used for the
multiplexed detection of several analytes within the same
sample.17,57−59,151,152,167

In 2012, Freeman et al. developed aptamer-based optical
sensors utilizing FRET for the quantitative detection of the
vascular endothelial growth factor (VEGF), which was
proposed as an important clinical biomarker for different
diseases such as cancer (VEGF overexpression due to fast-
growing tumor cells), Parkinson’s disease (VEGF down-
regulation due to neurological disorders), and Alzheimer’s
disease.168 Aptamers are oligonucleotides with specific
recognition properties toward proteins and can therefore be
used in place of large antibodies in specific binding assays. The
authors investigated different FRET-based detection strategies
using anti-VEGF aptamers labeled to 620-nm-emitting CdSe/
ZnS QDs as donors and black hole quenchers (BHQ) and Cy5
dyes as acceptors. Several chemiluminescence resonance
energy-transfer-based sensing platforms were also tested but
are not reviewed here. For the first FRET aptasensor, the anti-
VEGF aptamer was labeled with QDs and a complementary
DNA strand was labeled with BHQ in order to quench QD
luminescence in the absence of VEGF due to hybridization of
the quencher strand to the QD-labeled strand. The addition of
VEGF led to separation of the duplex strands because of
aptamer−VEGF binding, and thus FRET from QD to BHQ
decreased while QD luminescence increased (Figure 8a). For
the second FRET aptasensor, an anti-VEGF aptamer was split
into two subunits, of which one was labeled with a QD donor
and the other with a Cy5 acceptor. Upon VEGF addition, both
subunits bound their target, which brought FRET donor and
acceptor into close proximity and led to QD-to-Cy5 FRET.
Because of energy transfer, QD luminescence was quenched
and FRET-sensitized Cy5 emission appeared (Figure 8b). The
third FRET aptasensor applied two aptamer subunits, of which
one subunit was labeled with QDs and BHQs, respectively, as
well as Exonuclease III (Exo III) as the analyte-recycling
catalyst. In the absence of VEGF, QD luminescence was

Figure 8. Schematic representations of different FRET-based aptasensors for detection of VEGF. (a) FRET aptasensor involving the VEGF-induced
separation of aptamer-functionalized QDs initially blocked by black hole quencher (BHQ)-labeled complementary strands. In the absence of VEGF,
both DNA strands are hybridized and QD luminescence is quenched via FRET. Upon the addition of VEGF, both strands are separated and 620 nm
QD emission appears (LOD = 1 nM). (b) FRET-based aptasensor applying the VEGF-induced assembly of anti-VEGF aptamer subunits labeled
with QD donors and Cy5 dye acceptors, respectively. In the presence of VEGF, both subunits bind to the analyte and QD-to-Cy5 FRET is observed
(LOD = 12 nM). (c) Amplified FRET-based aptasensor utilizing Exo III to recycle the VEGF analyte. Here, the anti-VEGF aptamer subunits are
labeled with QDs and BHQs, respectively, and QD luminescence is quenched initially. The addition of VEGF leads to partial hybridization of both
subunits, resulting in digestion of the quencher-containing units by Exo III, releasing the VEGF analyte and switching on QD luminescence (LOD =
5 pM). Reproduced with permission from ref 168. Copyright 2012 American Chemical Society.
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quenched via FRET to the BHQs. In the presence of VEGF,
both aptamer subunits bind to the protein, and QD
luminescence is still quenched. However, in this configuration,
the coadded Exo III enzymes can digest the duplex
(hybridized) aptamer strands from the 3′ end. The enzymatic
digestion process releases BHQ and VEGF from the bound
complex, which resulted in increasing QD luminescence and
enabled the free VEGF to bind new (undigested) aptamer
subunits (Figure 8c). This catalytic amplification enabled the
lowering of the limit of detection (LOD) from 1 and 12 nM for
the first and second aptasensors, respectively, and down to 5
pM for the Exo III-based aptasensor.
QDs in FRET-Based Imaging. Apart from their frequent

use in FRET-based biosensing spectroscopy, QDs are also
widely used for cellular imaging46,48,146,169−175 and both QDs
and QD−dye FRET pairs have been used together with
different delivery techniques for target-specific imaging of
various cellular compartments.176 Because QDs are usually
taken up by cells via endocytosis, the quick and efficient release
of QDs from the endosomes to the cytosol is still a very
important aspect of QD bioconjugates for cellular imaging. In
this direction, Boeneman et al. recently demonstrated the
cytosolic delivery of different proteins, nanoparticles (including
QDs), and dendrimers to various cell types using improved
CCPs.177 The authors used derivatives of the peptide JB577
(originally designed to deliver palmitoyl−protein thioesterase
inhibitors to neurons), which has the ability to mediate
cytosolic delivery of QDs to a wide range of cell types in a
nontoxic manner, and to facilitate the efficient endosomal
escape of small and large proteins, dendrimers, and other
nanomaterials such as AuNPs. First, the activity relationship of
the modular JB peptide was investigated by modifying its
length, charge, fatty acid content, and sequence order to
identify the key motifs and best sequence for efficient
endosomal escape. Various peptide candidates were then tested
concerning their QD delivery mediation (peptide/QD labeling
ratio, incubation time, etc.), their applicability for different cell
types (PC12, HeLa, and HEK cells, as well as primary dermal
fibroplasts), and their cytosolic delivery mediation for disparate

proteins and nanomaterials (QDs, maltose binding proteins, β-
phycoerythrin, G5-PAMAM dendrimers, and 8.2 nm AuNPs).
In a next step, different JB577 variants were used to quantify
the QD uptake. Thereby, a sequence modified by one
methylene group (JB858) was discovered, which specifically
targets QDs to cellular membranes. Finally, cellular labeling was
performed using multiple cargos (different-colored peptide−
QD conjugates and fluorescent dye-labeled peptides) with
different peptide variants. To verif, that the QD−peptide
conjugates enabled the cytosolic delivery of an additional cargo,
FRET from 550-nm-emitting QD (QD550) donors to Alexa
Fluor 594 (AF594) acceptors was utilized. QD550 conjugates
labeled with the CCP JB829-26 and the AF594-labeled control
peptide (JB780−AF594) were delivered to A549 cells. FRET
microscopy revealed that the mixed QD-donor/AF594-accept-
or peptide conjugates remained intact within the cytosol over 3
days (Figure 9, top), demonstrating their possible use as
intracellular FRET-based sensors without the need for toxic
transfection reagents and invasive microinjection. Furthermore,
QD550−JB585 conjugates were used to label the plasma
membranes of PC12-Adh cells. The membrane selectivity was
demonstrated by FRET from the QD550 donors to Lissamine
rhodamine B derivatives (Rh-DHPE) as FRET acceptors. Rh-
DHPE is an amphiphilic dye containing two hexadecanoic ester
groups and is routinely used to stain cell membranes. Hence,
FRET from QD550 to Rh-DHPE confirms colocalization of the
QD−JB585 peptide conjugates and amphiphilic Rh-DHPE at
the plasma membranes (Figure 9, bottom).

Combination of LLLs and QDs in FRET. As was already
mentioned in the FRET section, the application of LLLs and
QDs as a donor−acceptor pair offers several advantages for
optical biosensing. This unique FRET pair can provide high
sensitivity, multiplexing capability, and measurement over
relatively large FRET distances. Because the use of QDs as
acceptors was predicted to be a very challenging task and
shown to be impossible or at least extremely inefficient using
conventional organic dye fluorophores,178 our initial studies
focused on the demonstration of FRET from LLLs to QDs
using the frequently applied streptavidin−biotin binding. In

Figure 9. Fluorescence microscopy images obtained with different QD−peptide conjugates. Top: Images of A549 cells labeled with mixed QD−
peptide conjugates bearing the CCP JB829-26 and the Alexa Fluor 594-labeled control peptide JB780−AF594 to investigate the cytosolic QD/
AF594−peptide cargo delivery and stability (scale bar = 50 μM). The AF549 cells were incubated for 3 h with the QD/AF594−peptide conjugates
and cultivated for 3 days prior to fixation. The QD550-to-AF594 FRET (panel ET-AF594) confirms the stability of the QD/AF594−peptide
conjugates in cytosol after 3 days. Bottom: Images of the specific plasma membrane labeling of PC12-Adh cells. The cells were incubated sequentially
with QD550−JB858 conjugates (1 h) and Rh-DHPE (20 min). Sensitized emission of Rh-DHPE acceptors due to FRET from the QD550 donors
(panel Dye-FRET) shows colocalization at the cell membranes and thus the membrane-specific QD delivery by the JB585 peptide. Reproduced with
permission from ref 177. Copyright 2013 American Chemical Society.
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fact, we could show that europium and terbium complexes
labeled to streptavidin can efficiently sensitize biotinylated QDs
in close proximity to the LLLs because of the streptavidin−
biotin recognition.95,96,98 Taking advantage of the color
tunability of QD, we extended these proof-of-principles to
multiplexed detection using up to five different QDs, which
were all excited by the same type of terbium complex. Such 5-
fold multiplexed assays showed very high sensitivity (up to ca.
250-fold lower detection limits compared to the Eu-TBP−APC
FRET pair applied in commercial HTRF assays) and the
possibility of being used as a multiplexed molecular ruler for
determination of the QD sizes and shapes under physiological
conditions at subnanomolar concentrations.17,179,180 In order to
use the LLL-to-QD FRET for biomarker detection, our and
other groups have applied this technology to immunoassays for
detection of estradiol in a competitive assay97 and α-
fetoprotein,99 prostate-specific antigen,181 and epidermal
growth factor receptor182 in noncompetitive sandwich assays.
In a recent study (new and so-far-unpublished data), we
developed such a sandwich immunoassay using commercially
available LLLs and QDs, namely, TbL4 and Qdot655
(Invitrogen and Life Technologies), to detect the tumor
marker CEA. The assay was performed on a KRYPTOR
immunoreader using the same antibody clones (but conjugated
with TbL4 and Qdot655) as used within the commercial
KRYPTOR CEA assay kits. The assay consisted of 40 μL of
each antibody conjugate, to which 70 μL serum samples with
increasing CEA concentrations were added. The immunoassay
calibration curve (showing the TG intensity ratio of QD and
terbium emission over the CEA concentration within the 70 μL
samples) is displayed in Figure 10. The LOD was calculated
using slope m of the linearly increasing part of the calibration
curve (inset of Figure 10, m = 1.76 × 10−4 (ng/mL)−1) and the
standard deviation σ of the measured intensity ratio at zero
CEA concentration [σ(0) = 1.52 × 10−4], applying the
equation LOD = 3σ(0)/m = 2.6 ng/mL. This LOD is below
the clinical cutoff value of 5 ng/mL CEA in the serum of a

healthy person, which means that the Tb-to-QD FRET assay is
sensitive enough to be used in clinical diagnostics of CEA.
Because QDs have a relatively large surface, they can be used

as scaffolds for attaching many biomolecular recognition
molecules against the same or different targets. Apart from
antibodies, proteins, or biotin, we have also used peptides and
oligonucleotides, which were self-assembled to the QD surfaces
via polyhistidine, to establish Tb-to-QD FRET-based bio-
sensors.151,183,184 We took advantage of these multilabeled QDs
to establish so-called FRET relays, for which two independent
FRET steps can be performed with a single QD functioning as
a simultaneous donor and acceptor, as illustrated in Scheme 1.

Pulsed excitation in UV leads to prompt FRET from QD to
dye (FRET2) and TG FRET (after a delay of several
microseconds) from terbium to QD to dye (FRET1 +
FRET2). The independence of these two FRET processes
could be used for spectrotemporal multiplexing, which allowed
measurement of the duplexed DNA hybridization assays and
duplexed enzyme kinetics using only one QD color.151,184 Such
multistep FRET assemblies demonstrate the large flexibility of
using QDs in combination with different FRET donors and
acceptors, which will also offer many benefits for highly
sensitive multiplexed cellular biosensing.

■ SUMMARY AND OUTLOOK
LLLs and QDs are very unique fluorophores with large
advantages concerning high sensitivity and multiplexing within
FRET-based biosensing. LLL-FRET-based diagnostics has
already advanced far beyond basic research and is broadly
used in commercial assay kits for clinical diagnostics applied in
clinical studies as well as clinical laboratories or emergency
room testing. LLL-based FRET imaging is a much younger and
less advanced field mainly because of the less common TG
imaging equipment. Nevertheless, this field offers large
opportunities because reduced autofluorescence background
by time gating of the long-lived LLL luminescence can be
especially advantageous for cell and tissue imaging. The
application of QD-based FRET has increased tremendously
over the last 2 decades, which has mainly been caused by the

Figure 10. Calibration curve of the homogeneous Tb-to-QD FRET
immunoassays for CEA. Displayed are the relative ratios of the TG
luminescence intensities measured in the QD acceptor channel (660 ±
6 nm) and in the terbium donor channel (620 ± 5 nm) with the
KRYPTOR immunoreader in a time window of 50−450 μs after
pulsed UV excitation as a function of the CEA concentration. The
inset shows the linear range of the obtained calibration curve that was
used to calculate the LOD for CEA in this FRET immunoassay. Note:
This is new and so-far-unpublished data.

Scheme 1. FRET Relays: Terbium Complexes and Dyes
(Both Conjugated with Peptides or Oligonucleotides) are
Coassembled on the Same QDa

aPulsed excitation in UV leads to excited terbium and QD and prompt
FRET from QD to dye (FRET2). After a delay of several
microseconds, there is still much terbium in the excited state, whereas
the QD has decayed to its ground state, and efficient time-delayed
FRET from terbium to QD (FRET1) becomes possible. The newly
excited QD can then sensitize again the dyes by TG FRET2.
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benefits related to the nanoparticle structure and color
tunability. Both spectroscopy and microscopy for diagnostics
and cellular imaging are research fields in which QDs are often
applied for high sensitivity and multiplexed detection. Problems
that need to be solved for QD biosensing are the long-term
stability and reproducibility of QD bioconjugates for
commercial QD-based assay kits and efficient and fast cellular
delivery. Being already quite advanced in research, it can be
expected that the industry will pick up these topics and further
optimize QD bioconjugates in order to integrate the advantages
of QDs into commercial biosensing applications such as clinical
diagnostics. The most promising trend for the future will be the
exploitation of flexible FRET combinations, as we have already
demonstrated by multistep FRET from LLLs to QDs to dyes
for spectrotemporal multiplexing. By taking advantage of the
large nanoparticle surfaces, the flexibility of biomolecules and
bioconjugation, and the broad photophysical (e.g., spectral and
temporal) versatility of the available fluorophores, FRET will
still offer many opportunities for future biosensing applications.

■ MATERIALS AND METHODS FOR THE NEW DATA
PRESENTED IN THIS ARTICLE

Cellular Imaging Using TbL4−AF594 Antibodies. Optically
trifunctional antibodies were prepared by mixing Alexa Fluor 594 goat
antirabbit IgG (Life Technologies) with an excess of Lumi4-Tb-NHS
in 100 mM carbonate buffer (pH 9.0) and incubating for 2 h at room
temperature. BJ-hTERT cells were kindly provided by Prof. O.
Söderberg (Uppsala University, Uppsala, Sweden). Cells were cultured
at 37 °C and 5% CO2 in Dulbecco’s modified eagle medium
supplemented with 2 mM L-glutamine, 10% fetal bovine serum, and
antibiotics antimycotic (Gibco). Cells were incubated overnight before
immune-fluorescent staining. For staining, cells were fixed with 4%
paraformaldehyde in phosphate buffered saline (PBS) and blocked for
1 h with PBS containing 1% bovine serum albumin (BSA). The
samples were then incubated with a primary antibody, antirabbit
PDGFR-β (cell signaling), for 3 h followed by a washing step and 1 h
of incubation with secondary antibodies, AF594 goat antirabbit or
TbL4−AF594 goat antirabbit IgG. After washing, the samples were
mounted using a Prolong Gold Antifade mounting medium (Life
Technologies) and imaged. The samples were imaged using an
inverted microscope (Olympus IX71) equipped with a CW excitation
source (X-Cite 120Q) and a camera (Scientific CMOS pco.edge) for
SS detection. For TG images, a pulsed laser emitting at 349 nm
(Spectra Physics) in combination with an ICCD camera (PI-MAX 3,
Princeton Instruments) was used. All images were acquired with a 40×
objective. Band-pass filters for the different channels are specified in
the figures. For TG imaging, conditions were 100 Hz laser repetition
rate, 40 ICCD gain, 10 μs detection delay, 2 ms detection gate width,
and 500 gates/exposure. Excitation/emission spectra and lumines-
cence decay curves were obtained on a FluoTime 300 fluorescence
lifetime spectrometer (PicoQuant) from antibody samples diluted in
PBS.
Tb-to-QD FRET Immunoassays for CEA. Assay was performed

on a modified KRYPTOR immunoreader with two PMT detection
channels for ratiometric acceptor/donor TG intensity measurements.
Separation of donor and acceptor emission was achieved by using a
dichroic mirror (Delta) with a sharp transmission cutoff between 630
and 640 nm and band-pass filters for the terbium donor channel (620
± 5 nm, KRYPTOR) and the QD acceptor channel (660 ± 6 nm,
Semrock). A 337.1 nm nitrogen laser with a 20 Hz repetition rate and
ca. 60 μJ pulse energy was used as the excitation source. Antibody
conjugates were ca. 1.3 nM Lumi4Tb-labeled GFR44 anti-CEA donor
antibodies (labeling ratio of 4.4 for Lumi4Tb/GFR44) and ca. 5 nM
QDot655-labeled G15 anti-CEA acceptor antibodies (labeling ratio of
approximately 3 for G15/QDot655) in 100 mM Tris buffer (pH 7)
containing 0.1% BSA. A total of 40 μL of each antibody conjugate
solution was mixed in KRYPTOR multiwell plates with 70 μL of

antigen sample containing different CEA concentrations ranging from
0 to 400 ng/mL. After 90 min of incubation at room temperature, each
well was measured with 800 flashes (40 s/well) and the TG
luminescence intensities were detected in the donor and acceptor
detection channels within a time window from 50 to 450 μs after
excitation pulses. The intensity ratios (acceptor/donor) were used for
the calibration curves.
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