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Abstract

Luminescence emission is a multidimensional phenomenon comprising a time-domain layer
defined by its excited-state kinetics and corresponding lifetime, which is specific to each
luminophore and depends on environmental conditions. This feature allows for the
discrimination of luminescence signals from species with a similar spectral profile but
different lifetimes by time-gating (TG) the acquisition of luminescence. This approach
represents an efficient tool for removing unwanted, usually short-lived, signals from
scattered light and fluorescence interferents using luminophores with a long lifetime. Due to
the emergence of time-resolved techniques using rapid excitation and acquisition methods
(i.e., pulsed lasers and single-photon timing acquisition) and new long-lifetime luminophores
(i.e., acridones, lanthanide complexes, nanoparticles, etc.), TG analyses can be easily
applied to relevant chemical and biochemical issues. The successful application of TG to
important biomedical topics has attracted the attention of the R&D industry due to its
potential in the development and patenting of new probes, methods and techniques for drug
discovery, immunoassays, biomarker discovery and biomolecular interactions, etc. Here, we
review the technological efforts of innovative companies in the application of TG-based
techniques.

Among the many currently available biomarkers, circulating microRNAs (miRNAs) have
received attention since they are highly specific and sensitive to different pathological stages
of numerous diseases and easily accessible from biological fluids. gPCR is a powerful and
routine technique used for the detection and quantification of miRNAs, but gPCR may
introduce numerous artefacts and low reproducibility during the amplification process,
particularly using complex samples. Thus, due to the efficiency of TG in separating short-
lived sources of fluorescence common in biological fluids, TG is an ideal approach for the
direct detection of miRNAs in liquid biopsies. Recently, great efforts in the use of TG have
been achieved. Our contribution is the proposal of a direct detection approach using TG-
imagining with single nucleobase resolution.

keywords: Luminescence, Fluorescence, Time-resolved fluorescence, Time-gating, Time-
gated fluorescence, Lifetime, FLIM, miRNA, Lanthanides.

1.- Introduction

1.1.- Time-Resolved Fluorescence

Photoluminescence refers to the emission of UV-Vis light after the photoexcitation of a
luminophore. Depending on the emitting excited state, photoluminescence is called
fluorescence (singlet) or phosphorescence (triplet). The characteristic features of the
emission of light depend on the sample and its chemical environment, including the emission
spectra, which usually show a specular image of the absorption spectra, Stokes shift,
quantum yield, anisotropy, lifetime, etc. [1, 2]. Most of these features are obtained in a
steady-state acquisition mode and have been exploited for many decades in numerous
applications [3]. However, in the time-resolved mode, luminescence implies an emissive
relaxation or de-excitation to the ground state that results in other interesting features. In



response to light, HOMO-electrons become excited to higher energy states; then, they relax
to the ground state, followed by the eventual emission of photons, which is clearly depicted
in the well-known Jablonski energy diagram. According to the kinetics of this relaxation
process, the average time spent by these electrons in the excited state is a characteristic of
each luminophore and is called the luminescence lifetime, t. This lifetime depends on
several factors, particularly the chemical environment, and generally follows an exponential
kinetic decay according to equation (1), where [P*] is the concentration of the sample in the
excited state, and k. and k, are the radiative and non-radiative decay rate constants,
respectively [4].
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The inverse of the sum of the rate constant is called the luminescence lifetime, t:
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The integrated equation (1) is an exponential law:

The emitted intensity depends on the concentration of molecules in the excited state. After a
single-pulse excitation, the luminescence intensity decays according to the lifetime of the
species. Eventually, different species that are de-excited may simultaneously emit light
contributing to the total fluorescence intensity:

I(t) =X Aje™"/" (4)

I(t) is the time-dependent intensity of the fluorescence, A, is the relative amplitude of the
emission of each species i and z; is its lifetime.

Notably, for any particular emission wavelength, we cannot distinguish among different
emitters with the same steady-state features, but we can differentiate among emitters in
time-resolved mode according to their different lifetime of emission.

The lifetimes of the fluorescence emitted by organic molecules is usually on the nanosecond
time-scale, while the phosphorescence lifetimes are longer, usually reaching the millisecond
and occasionally the second time-scale. Other types of luminescent emitters, such as the
electronic atom orbitals in lanthanide ions or solid materials, may exhibit other luminescence
emission time-scales.

The precise acquisition of emission decay traces requires working in time-resolved mode
with very fast excitation and acquisition setup. Single photon timing (SPT) is an efficient
technique used for accurate time-resolved acquisition [5]. SPT reconstructs the fluorescence
decay of a dye based on the detection of individual photons after several excitation cycles
with a very short pulse of light. This technique is usually known as time-resolved mode in the
time domain.

The emission lifetimes can also be obtained in the frequency domain in which the excitation
light is sent with a certain time modulation. The phase delay between the excitation radiation



and the emitted light can also be related to the emission lifetime [1, 2]. However,
measurements in the frequency domain are performed less frequently in time-gated
analyses, which is the focus of this chapter. Hence, we focus on time-resolved
measurements of emitted light after pulsed excitation.

1.2.- Time-gated fluorescence

The luminescence decay trace of a population of excited molecules represents the statistical
probability of a photon to be emitted within a certain amount of time. Luminescence emission
is a random phenomenon; thus, 7 is the average time during which approximately half of the
excited molecules have emitted a photon, but r does not represent the precise time at which
a single molecule deactivates via emission. Time-gated (TG) luminescence analyses rely on
the fact that not all excited molecules spend the same amount of time in the excited state
before emitting a photon; thus, if only photons arriving at the detector within a certain time-
window (TW) are analysed, the signal can be filtered, and the contributions of different
species can be accessed as shown in Figure 1.
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Figure 1.- (left) Percentage of fluorophores in the excited state for a molecule with a 25-ns
luminescence lifetime. When t = 1, ~37% of the molecules are in the excited state (dark
blue), and ~63% of the fluorophores are already relaxed (light grey). (right) Application of a
55 ns TG threshold in a simulated mixture of two molecules with 5 (grey) and 25 (blue) ns
lifetimes.

Thus, according to equation (3), when t=t, ~37% of the population is at the excited state,
while ~63% of the population is relaxed to the ground state. Generally, for a time longer than
51, most excited molecules are de-excited (>99%), and at 101, the excited molecules are
completely relaxed (100%). In addition, due to the exponential decay, the abundance of the
emitted photons differs over time. While most photons (63%) are emitted within t, the
remaining photons (37%) are emitted within 4r; thus, shorter photons are less spread over
time than longer photons.



As shown in Figure 2, we compare single exponential decay traces with different lifetimes.
The shortest trace (0.5 ns) represents a rapid relaxation that is close to an instrument
response function (IRF); the 5 ns and 25 ns lifetimes may correspond to a common organic
fluorophore and a long lifetime dye, respectively; finally, the longest trace (1000 ns) could
represent the lifetime of a metal-ligand complex. For example, 50 ns after the excitation
pulse, the only molecules with populations in the excited state have lifetimes of 25 ns and
1000 ns (approximately 13% and 95%, respectively), whereas no molecules with shorter
lifetimes of 0.5 and 5 ns are in the excited state.
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Figure 2.- (left) Theoretical relaxation time traces of 4 different lifetimes: 0.5 ns (IRF), 5 ns,
25 ns, and 1000 ns. (right) Emission spectra as a function of time in a mixture of scattered
light (t = 0.5 ns), background fluorescence (t = 5 ns), and long-lifetime emitting lanthanide
complex (t = 1000 ns).

According to these simulations, differentiating the emission of different species is possible
based on the time the photons are acquired. Identifying the optimal time-threshold for
removing undesired fluorescence and applying the correct time-gated detection are
necessary. TG analyses only consider photons arriving at certain TW and discard the other
photons. This feature is very interesting for the separation and discrimination of short- and
long-lived components of fluorescence that may overlap in complex media, such as
biological media, and strongly hinder the sensing mechanism of certain probes. Therefore,
the use of TG to remove unwanted fluorescence requires a luminescent probe with a long
lifetime. As illustrated in Figure 2, during this process, the emission spectra collected at
different detection TWs of a mixture of emissive molecules are analysed. The spectral
contribution of scattered light rapidly disappears; then, the emission profile of the
background fluorescence decays, and after 50 ns, only the emission of the species of
interest in this example remains.

Regarding the development of the luminescence-based assays performed in complex
media, there are several sources of undesired photons as follows: the scattering of excitation
light, autofluorescence, impurities, etc.; however, most undesired photons have short-lived
lifetimes (<10 ns) and are attenuated following excitation at long wavelengths (>500 nm).



Autofluorescence [6] refers to background fluorescence due to structural fluorescent groups
in proteins (tryptophan <5 ns, tyrosine), cell membranes (lipofuscin), the cytosol (NADH, <1
ns), blood (porphyrins), serum (albumin, <8 ns), chlorophyll (<1 ns), B-vitamins, etc. Other
sources of background fluorescence from non-biological origins include scattering, impurities
and nanotechnological platforms (i.e., surfaces, beads, scaffolds, etc.). Using the TG
approach along with long-lived emissive probes may overcome this unwanted fluorescence.
As shown in figure 3, the autofluorescence (550 nm) of an agarose bead (Q-Sepharose,
average lifetime of ca. 4 ns) vanishes after applying different acquisition TW.
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Figure 3.- Fluorescence microscopy images of a Q-Sepharose bead dispersed in phosphate
buffer 10 mM at pH 6 using different detection TG. From left to right, TG: 0 ns (full gate), 20
ns, 35 ns, 55 ns and 70 ns. Excitation source: 5 MHz pulsed, 440-nm laser; emission
collected using a 550/50 nm bandpass filter. The size of the images is 80x80 ym?.

Advanced applications of fluorescence sensing require the direct detection of analytes in the
working media in which unwanted background fluorescence may interfere with the desired
fluorescence of the probe. As previously described, TG detection allows the separation of
these two sources of fluorescence based on their differing lifetimes. This separation is
particularly interesting for biomedical industries, which use chip-based platforms to perform
in situ and rapid diagnoses of several target biomarkers in complex biological media (i.e.,
blood, serum, saliva, and urine) in which autofluorescence has a strong contribution. Hence,
in this chapter, we discuss the different uses of TG analyses and particularly focus on the
industrial uses of such approaches in the fields of drug discovery and biomedicine. The
discovery of novel biomarkers is a hot topic in the biomedical field; in particular, recently,
circulating microRNAs (miRNAs) have been proposed as promising biomarkers for several
diseases, such as cancer, and physiological dysfunctions. Therefore, we devoted a specific
section to the application of TG analyses in the miRNA field.

2.- Time-gated fluorescence

2.1.- Initial studies

Fluorescence time-resolved techniques have achieved great development and growth due to
the emergence of new fast excitation and acquisition methods, such as pulsed laser and
single photon timing (SPT) [5]; however, these techniques were applied to image microscopy



only after the introduction of rapid image acquisition, such as streak or charged coupled
device (CCD) cameras, in the 1980-1990s [7, 8].

Parallel to these technical advances, recognition chemistry, including lanthanide cryptates,
was seminally introduced by Prof. Jean-Marie Lehn [9], who shared the Nobel Prize for this
achievement in 1987 [10]. In particular, Prof. Lehn identified the possible use of such
chemistry to design new molecular devices given the distinct properties that were achieved.
Subsequently, lanthanide cryptates were considered interesting photochemical
supramolecular devices since they exhibited very characteristic luminescence properties
[11]. Luminescence emission is characterized by a line-like spectrum and extremely long
values of the luminescence lifetime, 1, both of which are caused by the forbidden electronic
transition involving the f atom orbitals (see section 2.2). The antenna effect of the organic
moiety forming the cryptates enhances the luminescence of the metal, which remains
protected within the cryptate cavity. Along with the parallel developments in time-resolved
fluorimetry techniques [12, 13], the luminescent properties of lanthanide ions established the
basis for new fluoroimmunoassays. The advantages of fluorescence-based techniques over
radioimmunoassays, including the simplicity of the former and drawbacks related to
radioactivity of the latter, were clear. However, the application of fluorescence techniques in
complex matrices, such as serum, was challenging due to the intrinsic fluorescent properties
of the matrix and the increased scattered excitation light. Hence, the possibility of using a set
of stable luminescent molecules with very long 1 values paved the way for the development
of time-resolved fluorimetric immunoassays (TR-FIA), which are recognition assays based
on a TG filtering analysis. Commercial kits involving Eu(lll) chelates and stable antennas
became available. The need for better and improved luminophores was evident, which
resulted in a very active field seeking new supramolecular luminescent compounds [14, 15].
A few early examples of TR-FIA assays include the use of labelled monoclonal antibodies for
the hepatitis B surface antigen [16], human chorionic gonadotrophin [17], human a-
fetoprotein [18], steroid hormones [19], testosterone [20], etc.

While the drug discovery industry was highly active, these concepts were rapidly applied to
imaging techniques. During the development of time-resolved microscopy, several research
groups applied fluorescence time-gated acquisition to microscopy images using probes with
long lifetimes to remove scattering and autofluorescence from biological media. Beverloo
[21, 22] and collaborators proposed the acquisition of the delayed emission (700 us) of
phosphor crystals as a model of immunocytochemical staining, which obtained
luminescence microscopy images of phosphors adsorbed over functionalized latex beads.
Importantly, Marriot and collaborators developed optical microscopes capable of acquiring
weak long-lived phosphorescence and delayed fluorescence of acridine orange using CCD
cameras for stains in biological media [23, 24]. The luminescence of acridine orange in 3T3
cells was processed in each pixel of the image to calculate useful parameters, such as the
lifetimes and phosphorescence/fluorescence ratio. Cubeddu and collaborators [25-27]
developed an innovative TG fluorescence imaging technique based on a CCD video-camera
and a subnanosecond pulsed UV/blue excitation and applied this technique to tumour
tissues. These authors emphasized the advantages of moving from the “spectral domain” to
the “time domain” of fluorescence, particularly in fluorophores with similar emission spectra
but different fluorescence lifetimes. For example, hematoporphyrin derivative (HPD), which
is used in photodynamic therapy, has a lifetime of 14 ns, while the autofluorescence of the
investigated tissues was 2-3 ns. These authors applied a delay of 5-15 ns to the acquisition
of HDP fluorescence, which resulted in an increased signal-to-noise ratio in the images due



to the elimination of the natural fluorescence of the tissues. Seveus used a modified time-
resolved epifluorescence microscope to study the delayed luminescence of europium
chelates and localize antigen C242 in malignant mucosa from the human colon [28].
Schneckenburger studied the time-resolved fluorescence of porphyrin derivative
photosensitizers for medical diagnosis and biology [29-31]. These TG luminescence
microscopy studies used Photosan 3 in RR1022 epithelial cells, protoporphyrin ALA in
human skin and autofluorescence of teeth to detect caries.

The application of time-resolved capabilities to luminescence microscopy rapidly permitted
the development of fluorescence lifetime imaging microscopy (FLIM), in which the time-
resolved information is layered within the image pixels. For instance, in early studies, Kohl
and co-workers proposed the delayed-acquisition of fluorescence images to study ovarian
carcinoma in rats using the photosensitizers Photofrin Il and modified porphyrin and
obtained the pseudo-colour fluorescence images shown in figure 4 [32]. The Lakowicz and
Gadella research groups developed frequency-domain luminescence techniques based on
phase-sensitive images, gain-modulated image intensifiers and CCD cameras to acquire
FLIM images, thus avoiding the use of raster-scanned images. These authors applied these
techniques to fluorescence lifetime images of NADH [33] and known fluorophores [34, 35].
Currently, FLIM microscopy in the time-domain and multidimensional SPT [36] are applied
with high accuracy to determine the lifetimes at each pixel, although scanned acquisition is
mostly required. Using this technique, accurate decay traces of emitted radiation can be
obtained at each pixel, and thus, time-gating can be applied post-acquisition.
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Figure 4.- Delayed fluorescence images of a tumour (ovarian carcinoma) marked with 0.1
mg of P4P-mD per kg of body weight (a and d); 5 mg of Photofrin Il per kg of body weight (e
and h), and control (i and I). Images were recorded with delays of 0 ns (a, e and i) and 12 ns
(d, h and I). All shown images refer to the same normalized intensity scale given in false
colours. Reproduced and modified with permissions from [32].

In addition, the current state-of-the-art instrumentation has paved the way for the
development of new luminophores and new assays, including nanotechnological platforms.
In the following sections, available materials used for efficient TG analyses and current
applications are reviewed with particular emphasis on the role of different companies in the
field.

2.2.- Probes for time-gating

For an efficient TG-based experiment, the emissive species must have a long luminescence
lifetime, 1. This feature is not always trivial from the perspective of the rational design of
luminophores. Here, we classify and describe the different luminescent molecules and
materials that can be employed in TG analyses, which are also presented in table 1 and
Figure 5.

Organic Dyes

The natural product quinine was the first widely studied fluorescent organic molecule.
Subsequently, the library of organic dyes has expanded, and currently, a broad arsenal of
fluorophores with a wide range of chemical and photophysical properties is available [37].
These fluorophores are well documented and specific due to the ease of derivatization, e.g.,
cell penetrating agents localized in given organelles or bioconjugated chromophores used
for antigen detection. Despite their great versatility, the use of organic dyes as luminescent
probes is occasionally limited by the low signal to noise ratios observed in fluorescence
microscopy due to their short emissive lifetimes (in the range 1-5 ns) and the interference
from cellular autofluorescence. Although the usual range of t values in organic fluorophores
is only within a few nanoseconds, certain organic dyes exhibit unusually long lifetime values.
Dyes from the family of polyaromatic hydrocarbons, such as pyrene, usually exhibit
fluorescence lifetimes greater than 5 ns and, occasionally, even longer than 100 ns.
However, these molecules are highly hydrophobic and tend to have poor solubility.
Moreover, these molecules can only be excited in the UV and near-UV region of the
spectrum, where the autofluorescence and cellular material absorption are the strongest,
which limits their potential application in investigations of complex biological systems [38].

Several of the best known long-lifetime dyes are based on the acridine and acridone
moieties. Dyes, such as acridone,[39] 9-aminoacridine,[40] lucigenin (a condensed di-
acridine)[41] and 6-(9-ox0-9H-acridin-10-yl)-hexanoate (commercialized as
PureTime®14),[42] exhibit fluorescence lifetime values larger than 15 ns. AssayMetrics'
PureTime fluorescent dyes cover the UV-NIR spectral range. PureTime UV dyes have a
fluorescence lifetime of 325 ns and are available as NHS esters for protein and peptide
labelling. PureTime visible dyes have lifetimes ranging from 14 ns to 22 ns and are also
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used for labelling. Amersham Biosciences developed a family of acridones and
quinacridones with long lifetimes that were specifically designed for FLIM microscopy.[39]
2,3-diazabicyclo[2.2.2]oct-2-ene (DBO) also belongs to the long-lifetime family of dyes (13-
825 ns) and can be used to perform time-resolved luminescence assays. However, DBO
shows very low molar absorption coefficients, which reduces its overall sensitivity. Moreover,
the absorption and emission wavelengths of DBO are very short, limiting its application in in
vitro assays [43]. For instance, this dye has been extensively used as a fluorescent probe to
study its inter and intramolecular fluorescence quenching by a variety of biomolecules.

A new family of dyes based on 1,3-benzodioxole and [1,3]-dioxolo[4.5-flbenzodioxole, which
are used as highly sensitive fluorescence lifetime probes, have also been used to describe
their microenvironmental polarity. These dyes also exhibit long fluorescence lifetimes and
have been employed to develop an assay for the discovery of inhibitors of enzymes
belonging to the histone deacetylase family [44]. Similarly, the easily accessible and
environment sensitive EDANS fluorophore possesses a long fluorescence lifetime and has
been widely employed in time-resolved Iuminescence assays.[45] For instance,
azadioxatriangulenium dyes (commercialized by KU dyes®) are highly photostable, highly
emissive and possess a fluorescence lifetime of approximately 15 ns.[46, 47]
Azadioxatriangulenium (ADOTA) and diazaoxatriangulenium (DAOTA) are members of the
triangulenium dye family and have been successfully employed in time-resolved luminescent
experiments investigating complex biological systems.

Similarly, the patented SeTau dye family has attracted increasing interest in lifetime-based
applications. Commercialized by Setabiomedicalse (https://www.setabiomedicals.com), these
fluorophores have a Naphthalimide heterocyclic core that features a long fluorescence
lifetime (in the range of 9 and 32 ns), a large stokes shift (>100 nm), excellent chemical,
thermal and photophysical stability and water solubility. [48, 49]

Transition metal complexes

During recent decades, luminescent transition metal complexes have emerged as an
alternative to organic dyes in creating long lifetime luminescence probes. These complexes
are primarily based on the following d block metal ions: (a) Ru(ll)- , Re(l)—, Ir(lll)- Rh(lll)-
and Os(Il)-complexes with d® electronic structures, (b) Pt(ll)-complexes with d® electronic
structures, such as metalloporphyrins [50], and (c) Au(l)-complexes with d' electronic
structures. The broad luminescence bands mostly arise from metal-to-ligand charge-transfer
or metal-to-metal charge-transfer states. These dyes have attracted increasing research
interest in the biosensing and bioimaging fields due to their advantageous properties,
including high luminescence efficiency, tunable luminescence colours, significant Stokes
shift, high photostability, relatively long emission lifetimes (100 ns to 10 us), good water
solubility, and lack of dye-dye interactions [51, 52].

Metalloporphyrins are typically complexes of platinum or palladium. In particular, platinum is
used due to its higher quantum vyield in aqueous solutions and room temperature. The
metalloporphyrins have reached a rather high level of development. However, the use of
metalloporphyrins in time-resolved experiments is not as widespread as that of other dyes.
The metalloporphyrins are commonly used as highly sensitive, selective, and versatile labels
or probes in biosensing applications [53, 54].
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Lanthanide complexes

The lanthanides include 14 elements from *®Ce to "'Lu. The spectroscopic properties of
lanthanide complexes result from transitions between these states in the 4f sub-shell, which
is shielded from the influence of the environment by the higher energy 6s? and 5p° orbitals.
Due to this shield, the 4f orbitals do not directly participate in chemical bonding, and
lanthanide complexes display similar spectroscopic properties (characteristic of each metal
ion) regardless of their chemical environment. Thus, the emission of lanthanides is minimally
perturbed by the surrounding environment, resulting in sharp, line-like emission bands with
the same fingerprint wavelengths and narrow peak widths of the corresponding free Ln(lll)
salts. Moreover, the f-f transitions are formally forbidden by the spin and Laporte rule and,
thus, feature exceptionally long luminescence lifetimes — in the order of hundreds of
microseconds to milliseconds — compared to those of classic organic dyes. Due to these
outstanding photophysical properties, the lanthanides have attracted exceptional attention
over the prior 30 years; however, the lanthanides continue to be the focus of further
developments.

Since lanthanides are poor absorbers (f—f transitions are Laporte-forbidden), sensitizing
chromophores (antenna) are required in their vicinity to achieve luminescence through an
energy transfer process named the antenna effect. [55-57] The lanthanides Tb(lll) and
Eu(lll) are commonly used in time-resolved luminescence assays since they can be excited
by energy transfer using a variety of organic chromophores and emit relatively efficiently in
the visible. The most common luminescent lanthanide probes covalently link the antenna to
a chelate group containing the lanthanide (such as EDTA and DOTA) through a linker or
spacer named a pendant antenna. An alternative approach involves the use of a chelating
group as antennas, named chelating antennae or cryptates, for the excitation of the
lanthanide ion. New and improved lanthanide complexes and cryptates are frequently
reported in the literature, and researchers continue to search for large brightness and
improved stability. By adding aromatic groups acting as antennas to the coordinating cage,
the absorptivity and, thus, the luminescent properties of the group are largely enhanced [58].
Many different chelators can act as caging agents of Eu(lll) and Tb(lll) ions; thus, organic
chemists have proposed the use of novel ligands to improve TG-imaging probes [59]. An in-
depth understanding of the photophysical processes that govern the luminescence emission
of lanthanide cryptates definitively helps in the rational design of new probes [60]. Usually,
these new compounds are tested in validated TG-fluoroimmunoassays. For example, new
Eu(lll) cryptates are tested in human C-reactive protein (hCRP) [61] or cardiac troponin | [62]
TG immunoassayss, among many others. The solubility and stability properties of the
cryptates can be tuned to achieve specific aims. For instance, by deliberately decreasing the
cell permeability of the probe [63], it can be optimized to study outer cell membrane
receptors and their interaction with specific ligands using TG-imaging. The new probes are
often patented for TG immunoassays or TG-imaging, such as the so-called EuroTracker
dyes [64] and one of the most popular Tb(lll)-based probes, i.e., the Lumi4-Tb, which is a 2-
hydroxyisophthalamide-based cryptate commercialized by Lumiphore Inc. [58].

Luminescent Nanoparticles

The fabrication of materials on the nanometre scale paved the way for nanotechnological
applications. Nanomaterials exhibit a variety of features that are not usually found in
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macroscopic materials or molecular species. One feature is the ability to emit luminescence
radiation due to electronic transitions. Luminescent nanoparticles show unique chemical and
optical properties, such as brighter luminescence, higher photostability and higher
biocompatibility, compared to classical fluorescent organic dyes. Moreover, these
nanoparticles can act as multivalent scaffolds for the realization of supramolecular
assemblies since their high surface to volume ratio allows for distinct spatial domains to be
functionalized, which can provide a versatile synthetic platform for the application of different
sensing schemes. Due to their excellent properties, nanomaterials are among the most
useful tools in biomedical research because they enable the intracellular monitoring of many
different species for medical and biological purposes.

- Semiconductor Quantum Dots (QDs)

Semiconductor quantum dots (QDs) and their bioconjugates consist of nanocrystals with
diameters of 2-10 nm and generally contain elements from groups Il and VI or groups Ill and
V (e.g., ZnS, CdS, CdSe, PbSe, InAs, or InP). If the size of the nanoparticles decreases
below a critical value known as the exciton Bohr radius (typically 10 nm), the 3D confinement
of charge carriers occurs, which restricts the energy states in the valence and conduction
bands and results in optical properties that can be tuned by varying the particle size or
internal chemical composition [65, 66]. Their emission wavelength can be finely tuned from
300 nm to 5 ym. QDs feature high quantum yields, resistance to photobleaching (even better
than that of organic chromophores), broad absorption spectra, and narrow and size-tunable
photoluminescence emission spectra with fairly sharp emission bands covering the visible
and NIR spectral ranges. Moreover, QDs present unique photoluminescence lifetime
properties. QDs show multi-exponential luminescence decays and comparatively long
lifetimes (typically from five to hundreds of nanoseconds) that are longer than the
autofluorescence decay of cells and the fluorescence lifetime of most conventional dyes [67].
Due to these optical properties, QDs are established photoluminescent platforms used for
biological and sensing applications. The intracellular delivery of relatively large particles is a
challenge in the use of QDs and other luminescent nanoparticles. Moreover, QDs have
certain drawbacks, such as blinking of the emission if only a small number of QDs is present
in the target material, nanocolloidal behaviour, and controversial long-term toxicity issues
[66].

- Carbon nanoparticles

Due to the possible toxicity of semiconductor QDs, the potential of carbon nanodots (CND or
C-dots, [68]) and nanotubes (CNT, [69]) has been investigated. Carbon particles present
characteristics and preferred benefits, such as no photobleaching, high thermal stability,
extraordinary biocompatibility, low toxicity, easy derivatizability, and no optical blinking, and
their luminescence properties can be finely tuned by varying their size and/or surface.
Furthermore, CNDs present large two photon excitation cross sections, paving the way for
their use in photodynamic therapy and cell imaging [70]. The C-dots show multiexponential
photoluminescence decays with average lifetime values of approximately 6-8 ns [68, 71, 72].

More recently, two emerging luminescent carbon nanomaterials, i.e., graphene oxide (GO)
[73] and graphene quantum dots (GQDs) [74], have attracted increasing attention. GO is an
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atomically thin sheet of graphite that is covalently decorated with oxygen-containing
functional groups either on the basal plane or its edges. GQDs are graphene sheets smaller
than 100 nm that present unique optical and electronic properties due to their quantum
confinement and edge effects. These materials have characteristics and advantages that are
similar to those of C-dots, such as their ease of preparation and non-toxicity. Typically,
graphene nanoparticles exhibit blue photoluminescence, and the luminescence lifetimes
range from 5 to 7 ns [75, 76].

A new addition to the nanocarbon family is the photoluminescent nanoparticles of diamond.
Photoluminescent nanodiamonds (PNDs) containing nitrogen-vacancy colour centres are a
promising alternative to the family of inorganic photoluminescent probes due to the presence
of embedded, perfectly photostable colour centres. These PNDs present a rather long
radiative lifetime of nitrogen-vacancy colour centres, most of which is greater than 15 ns
[77], rendering the PNDs appropriate for long-term imaging applications in vivo [78, 79].

- Silicon nanoparticles

Silicon nanomaterials constitute an important class of new materials with great application
potential as intracellular probes. Photoluminescent porous silicon nanoparticles (SiNPs)
have no toxicity due to the favourable biocompatibility of silicon and display interesting
photoluminescence properties (e.g., strong luminescence and robust photostability). The
luminescence lifetime of nanocrystalline silicon is on the order of microseconds (normally 10
to 30 us), which is significantly longer than the nanosecond lifetimes exhibited by organic
dyes, QDs and C-dots, allowing for improved visualization of biological systems [80, 81].

- Other nanoparticles

Doping is a broadly employed process that involves incorporating atoms or ions of suitable
elements into host lattices to produce materials with tailored functions and properties [82].
The lifetime of dopant emission from lanthanide ions or transition-metal ion-doped QDs is
normally longer (from ps to ms) than that of the host, offering abundant opportunities to
avoid background fluorescence in bicimaging and biosensing. Doped QDs maintain their
inherent advantages while avoiding the self-quenching problem due to their considerable
large Stokes shift. Two clear advantages of doped QDs, particularly doped ZnS QDs, over
classical CdSe@ZnS and CdTe QDs are their longer lifetime and potentially lower
cytotoxicity. In bioimaging applications, fluorescent dopants may avoid toxicity problems by
generating visible or infrared emission in nanocrystals created with less-harmful elements
than those currently used [83].

Neodymium-doped nanoparticles constitute another type of luminescent nanoparticles with
fluorescence lifetimes of circa 100 ms that can be employed in fluorescence imaging in vivo
[84]. Silica nanoparticles with encapsulated dyes, such as lanthanides or ruthenium
complexes, have shown great potential as biolabels in various time-gated luminescence
biodetection studies since they exhibit a long luminescence lifetime of approximately 350 ys
[85, 86].
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Table 1 Long-lifetime luminophores.

Entry Luminophore Emission Luminescence Ref.
range (nm) lifetime
1 Organic dyes 400-600 10-825 ns [6]
2 Pyrene 450-550 90 ns [38]
3 Acridone 420-500 14.2 ns [39]
4 PureTime®14 426 15 ns [42]
5 9-aminoacridine 429-454 17 ns [40]
6 Quinacridone 530-630 22.8 ns [39]
7 Lucigenin 550 19.8 ns [41]
8 Azaoxatriangulenium dyes 550-600 25ns [46]
[47]
9 DBD dyes® 490-610 10-20 ns [44]
10 DBO” 410-425 13-825 ns [43]
11 EDANS 493 12.7 ns [45]
SeTau dyes
12 SeTau-380 480 32.5ns [48, 49]
13 SeTau-425 545 26.2 ns [48, 49]
14 Transition metal Visible to 100-1000 ns [51, 52]
complexes NIR
15 Ru(bpy)s[PFs]2 605 600 ns [871
16 Ru(bpy)2(dcpby)[PFe]2 650 375 ns [88]
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17 Lanthanides 312-1530 from ps (Yb, Nd) to [55] [56]

ms (Eu, Tb)
18 Quantum dots 300 nm-5 5-100 ns [65, 66]
pm

19 Qdot (CdSe/ZnS) 582 284 ns [65, 66]
20 Carbon Nanoparticles 400-700 6-15ns

[68, 71]
21 Silicon Nanoparticles 400-800 10-30 ps

(80]

aDBD = [1,3]dioxolo[4,5-f]-[1,3]benzodioxole. "DBO = 2,3- diazabicyclo[2.2.2]oct-2-ene.
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Figure 5.- Examples of representative long-lifetime luminophores.
2.3.- Applications

In section 2.1, we described several of the earlier realizations of TG analyses, mainly in
fluoroimmunoassays and TG-imaging. In the current and the following section, we focus on
state-of-the-art applications using several of the luminophores described above to achieve
ultra-sensitive assays with multiplexing capabilities usually using nanotechnological
approaches to address biologically, biochemically and biomedically relevant problems.

Immunoassays

As previously described, TR-FIA assays are among the most important applications of TG
analyses that successfully provide physiological information. A major problem in early TR-
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FIA experiments was that the sensitivity of the assays was occasionally not sufficient for
studying systems in which the target was expressed at low levels. Therefore, several
modifications of the base analysis have been proposed to enhance the luminescence signal.
The dissociation-enhanced lanthanide fluoroimmunoassay (DELFIA) method, in which the
Eu(lll) metal ion is released from the antibody once the reaction with the analyte is
completed and protected in a micellar solution that enhances the luminescence emission, is
among the most extended approaches used in clinical applications of TR-FIA [89]. The
DELFIA assay has been employed to compare the performance of TR-FIA assays with that
of conventional ELISAs in the detection of human tetanus antitoxin in serum [90]; the larger
dynamic range in the TG analysis and the advantages of the TG approach in analyses of
sera were demonstrated.

Similarly, multiplexing was another challenge in TG immunoassays. The initial realization of
multiplexing in TR-FIA assays was reported by authors employing specific antibodies
labelled with different luminophores. Examples of multiplexing approaches include the
simultaneous detection of pregnancy-associated plasma protein A (PAPP-A) and the free -
subunit of human chorionic gonadotrophin [91]; the simultaneous detection of recombinant
CP4 EPSPS and Cry3A proteins in plant sample extracts of genetically modified potatoes
[92], using Eu(lll) and Sm(lll) cryptate-labelled antibodies; the simultaneous analysis of free
and total prostate specific antigen (PSA) [93], which is an important biomarker of prostate
cancer; and the multiplex measurement of PSA along with the PSA-a1-antichymotrypsin
complex [94].

Further advances in TR-FIA assays enhanced the signal and possibility of dual recognition
tests by exploiting Forster resonance energy transfer (FRET) from a donor luminophore to a
nearby acceptor in a distance-dependent manner. For instance, a TG analysis of the energy
transfer (TG-FRET) from a lanthanide cryptate (Eu(lll) or Tb(lll)) acting as a donor to a
fluorescent acceptor has been commercialized by Cisbio Bioassays and is known as
homogeneous time-resolved fluorescence (HTRF) [95]. The TG-FRET enhances the
sensitivity and selectivity of the detection method due to the double-band emission and
specific distance-dependence acceptor emission [96]. Similarly, the measurement of the
luminescence signal at two wavelengths (donor and acceptor) involves an internal reference,
which is used as a normalization method to avoid differences between samples or reagents
[97]. Several formats have been proposed for the design of TG-FRET immunoassays
(Figure 6), including competitive assays and dual-recognition assays.

Furthermore, since the first realizations of a TG-FRET assay based on QDs acting as FRET
acceptors [98, 99], many applications have involved the use of QDs as a central
nanoplatform and coassembled with peptides or oligonucleotides that were labelled with
either a long lifetime luminescent lanthanide complex or a fluorescent dye. The emission
lifetime of the QD acceptors is drastically enhanced by the excitation of the energy transfer
from the lanthanide complex, which permits TG-FRET signal processing for quantification
and imaging. These systems also allow multiplexed biosensing based on the
spectrotemporal resolution of the FRET process without requiring QDs with multiple colours
[100].
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Figure 6.- Different designs of TG-FRET assays used to study recognition, interactions, or
relative stability (competitive) using both immunoassays with labelled antibodies or directly
labelled components.

Drug discovery

The field of fluoroimmunoassays with clinical implications has been very active, and several
companies have developed specific products, reagents, and instruments for these
experiments (see section 3). However, TG analyses have also been widely applied in the
field of drug discovery and high-throughput screening experiments. In particular, Cisbio’s
patented HTRF technology [95] was specifically designed for the drug discovery community.
One of the widest applications of TG-FRET and HTRF in drug discovery is related to sensing
enzymatic activity, such as proteases or kinases. Kinases have attracted broad attention as
validated drug targets; thus, studies investigating their activity in the presence of potential
inhibitors are highly active in the field of drug discovery. Among many examples, this
technique has been applied to COT kinase [101]; Rho-kinase Il [102]; tyrosine kinases [103],
such as Tie2 kinase [104]; and extracellular signal-regulated kinases (ERKs) [105]. A
serendipitous discovery in the search for protein kinase inhibitors led to the development of
kinase binding with turn-on sensors with long luminescence lifetimes without the presence of
metals. The conjugates of adenosine analogues and arginine-rich peptides that include a
thiophene or selenophene on one end and an energy acceptor on the other end show a
striking enhancement in the emission lifetime to the hundreds of microseconds range upon
binding to basophilic protein kinases. These probes, which are the so-called ACR-Lum
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probes, have been employed to detect kinase activity in cell extracts and live cells using TG
spectroscopy and imaging [106, 107]. Many other enzymes can be studied using this
methodology. For instance, the activity of heparanase, which is an enzyme with hyperactivity
in malignant tumours, has been studied using HTRF assays [108]. Other recent examples of
TG-FRET-based assays include the discovery of inhibitors of viral cap-methyltransferases as
potential antiviral drugs [109] and inhibitors of aromatase enzyme for breast cancer
treatment [110]. In an interesting multiplexing approach, the simultaneous activity of trypsin
and chymotrypsin was probed using a two-step FRET relay design with FRET from a donor
Tb(lll) complex to a QD acceptor sensing one of the proteases, and the subsequent FRET
from the QD to a red emitting fluorophore, i.e., Alexa Fluor 647, responded to the activity of
the second protease [111].

Studies investigating G protein-coupled receptors (GPCRs) constitute another extensive
branch that is clearly important for drug development. GPCRs represent the main
mechanism of cell signalling and the recognition of extracellular molecules and, thus, have
been identified as specific targets for drug development. Many different TR-FIA assays have
been reported, including mechanistic and functional studies of GPCRs and specific inhibitors
[95]; however, a thorough review of such reports is beyond the scope of this chapter. As an
interesting example of the wide variety of studies, a TR-FIA was developed to understand
the mechanistic interactions between specific GPCRs and components of traditional Chinese
medicines employed as weight-loss drugs [112], which could establish a basis for metabolic
disorder treatments.

An important advance in the study of GPCRs using TG-FRET experiments involves the
possibility of directly tagging the studied receptor with an emissive label to avoid the use of
antibody-antigen interactions. In particular, the SNAP-tag technology [113] allows for the
covalent linkage of a long-lifetime luminescent probe to a functional protein. The SNAP-
Lumi4-Tb reagent adds an optimized Tb-cryptate to the N-terminus of a GPCR usually
without altering its function [114]. This technology has been used in TG-FRET assays to
study ligand binding and competitive experiments in ApelinR [114], which is an important
GPCR involved in body fluid homeostasis and cardiovascular functions; chemokine, opioid,
and cholecystokinin receptors [115]; the arginine—vasopressin V2 receptor, which is a drug
target for the potential treatment of hypertension and several renal pathologies; and the
growth hormone secretagogue receptor type 1a, which is a target for treating disorders of
growth hormone secretion [116], among many other examples. A recent protocol compares
the use of TG-FRET assays to study ligand binding in the parathyroid hormone receptor,
which is a class B GPCR, using labelled antibodies to the use of the approach of directly
using a SNAP-tag-labelled receptor [117].

Biomarker discovery and analysis

Luminescence spectroscopy offers a sensitive, easy-to-use, versatile, and widespread
platform for the quantitative determination of any potential analytes and biomarkers of
biomedical relevance. Luminescence spectroscopy in the steady-state mode entails the use
of a continuous illumination source. Under these conditions, several luminophores are
promoted to the excited state and begin the emission process, whereas other molecules are
subsequently excited. This approach rapidly reaches a steady situation in which the number
of molecules in the excited and the ground states are in equilibrium. Under low absorbance
conditions, the emitted intensity follows the Kavanagh's law; thus, the total number of
photons emitted is proportional to the concentration of the luminophore. The optimization of
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luminescent probes for specific targets is a very extensive field with the following common
grounds: the emission features of the probes are modified by the presence of the analyte by
any physical means in a concentration-dependent fashion. Due to their high sensitivity and
versatility and relatively low cost, these techniques are among the first choices in developing
sensors. Luminescent sensors can be designed by rendering the properties of such
luminescent probes tunable based on the concentration of a secondary species (analyte). If
long-lifetime probes are employed, TG analyses can be applied in time-delayed
luminescence spectroscopy. This technique can be performed using most commercial
fluorimetry spectrometers and a phosphorescence measurement accessory. The
luminescence emission spectra can be obtained with a delay after an excitation pulse that is
usually controlled by a mechanical chopper in the TG mode. Thus, sensors based on
lanthanide complexes are generally excited by the transfer of intramolecular energy from
aromatic residues that are close to the metal. Using this intramolecular transfer strategy, it
has been possible to develop numerous sensors to probe a variety of analytes and
biomolecules. Multiple sensing strategies have been proposed to design luminescent signals
with direct responses to specific analytes. (1) The analyte can be incorporated into the
coordination network, causing either an enhancement or quenching of the luminescence
emission. (2) Similarly, the analyte may interact with the antenna to enhance the lanthanide
excitation either covalently or noncovalently, or (3) the analyte may sequester a quenching
group from the coordination network. (4) Moreover, lanthanide complexes whose
conformations or structures change in the presence of an analyte can be rendered
responsive by judicially positioning the antenna on the ligand. Using these approaches,
many different sensors have been proposed in the literature, including sensors for metals;
anions, such as fluoride, sulphide, bicarbonate, nitrate or phosphate; other species, such as
thiols, ADP, ATP, NADH, and hydroxyl radicals; and pH sensors. For excellent recent
reviews on lanthanide-based sensors, see references [118, 119].

Sensed analytes that are related to specific biomedical applications may serve as
biomarkers. The broad definition of biomarkers entails substances, structures or processes
that can be directly measured in the body or its products (fluids or tissue) and used to predict
normal biological functions or the outcomes of disease, effects of treatments, or
environmental exposure to chemicals or nutrients [120]. The search for novel, reliable and
robust biomarkers of different pathological states has become the cornerstone of early
diagnostics and personalized medicine. Examples of recent studies investigating novel
biomarkers can be extensively found in the fields of cancer [121, 122], neurodegenerative
disorders [123], cardiovascular disease [124], diabetes [125], renal function and kidney injury
[126], etc.

The analysis of such biomarkers requires rapid, optimal point-of-care methodologies to
provide timely diagnostics and healthcare. An early example is the use of a TG-based
analysis to explore the potential of the pregnancy-associated plasma protein A (PAPP-A) in
first-trimester pregnant women as a biomarker of Down Syndrome [127]. In addition, a
multiplexing method for the joint detection of the PAPP-A protein and free B-subunit of
human chorionic gonadotrophin [91] was also proposed as a diagnostics test for Down
Syndrome. Importantly, these biomarkers were amply validated with several clinical tests in
different countries [128, 129]. Interesting clinical applications have been feasible; for
instance, plasma procalcitonin was proposed as a marker of postoperative sepsis in
transplanted patients [130]. TG-FRET assays have also been employed to directly detect
and quantify biomarkers, such as insulin and cortisol, which are directly related to drug
discovery. For instance, the promotion of insulin production by potential anti-diabetic drugs
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has been tested using an HTRF assay of insulin [131]. TG-FRET assays of cortisol have
been developed to test the activity of the enzyme 11beta-Hydroxysteroid Dehydrogenase
Type 1 and inhibitors of that enzyme with therapeutic activity against type 2 diabetes [132].
Prostaglandin E2 is another biomarker that has been directly detected using a TG-FRET
assay aiming to follow the activity of the corresponding synthase enzyme and potential
inhibitors [133]. Regarding neurodegenerative diseases, a TG-FRET assay was used to
detect amyloid-B peptides in brain tissues using an Eu-cryptate as the donor and FRET
towards an acceptor fluorophore, and this study confirmed the use of the levels of amyloid-3
peptides as a biomarker of vascular dementia [134]. These examples illustrate the potential
use of TG analyses for achieving rapid biomarker tests and improving the prospects of
personalized medicine.

Biomolecular interactions

TG analyses constitute an invaluable tool for more fundamental physiological and
biochemical studies, such as studies involving biomolecular interactions. A variety of
lanthanide-based biosensors reporting protein-protein and protein-nucleic acid interactions
with increased intramolecular energy transfer and, therefore, luminescence upon binding to
a target have been described. For instance, a highly sensitive terbium-based peptide sensor
selective to RNA hairpin has been developed. Upon binding to its target, the peptide folds
into an a-helical conformation that results in a large increase in luminescence. [135] A
similar strategy was applied to the specific sensing of the oncogenic c-Jun transcription
factor. [136] The modulation of the antenna effect by a Trp residue donor has also been
successfully employed to sense post-translational modifications, such as phosphorylation. A
lanthanide peptide-based biosensor has been developed to probe CDK4 kinase activity in
complex media, such as melanoma cell extracts, by sensitizing a terbium complex with a
unique tryptophan residue in an adjacent phosphoaminoacid binding moiety. [137]
Furthermore, the intermolecular sensitization of lanthanide ions has been applied to the
development of a terbium-chelating peptide sensor targeting cyclin A. Upon the interaction,
the Tb® ion is placed close to a well-conserved Trp residue of cyclin A, resulting in efficient
intermolecular terbium sensitization and, thus, an increase in luminescence. [138].

TG-FRET approaches have been effectively exploited to study biomolecular interactions in
many reports. The following basic designs used in these studies are shown in figure 6: either
using labelled monoclonal antibodies or directly labelled components, i.e., the biomolecular
interaction is probed by placing the two units, i.e., the FRET donor and acceptor, close to
each other, which leads to an efficient energy transfer. TG analyses enhance the sensitivity
and selectivity by discarding potential fluorescent artefacts. Since TG analyses are possible
in cellulo, several tests have been developed to study the interaction and oligomerization of
cell membrane proteins; in particular, many studies investigating GPCR interactions have
been reported [95, 139]. The homo- and hetero-dimerization of GPCRs are important
mechanisms for cell signalling by which the dimerized state may be the event that triggers
the signalling cascade [140]. For example, protein-protein interaction studies have provided
information regarding how certain proteins in the Epstein-Barr virus capsid interact with
chemokine receptors in human B lymphocytes to alter the immunological response [141].

DNA recognition and hybridization assays entail a broad set of experiments involving
biomolecular interactions. The TG detection of specific DNA sequences by hybridization
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using a capturing probe that is labelled with long-lifetime metal complexes was patented by
J. R. Lakowicz in 2001 [142] due to the foreseen importance and potential of this type of
analysis. Following these concepts, TG-based DNA detection through molecular interactions
has rapidly grown.

Although the study of biomolecular interactions using TG spectrometry and TG plate readers
has provided a substantial amount of important physiological information, the direct
visualization of these interactions using imaging techniques represents an even more
appealing approach, which is discussed in the following section.

TG-imaging

In studies using luminescence microscopy, TG filtering has become an important advantage.
TG analyses provide an extra layer of specificity to cellular imaging, enabling very high
contrast imaging. TG-imaging can be easily performed using commercial microscopy
systems, particularly if the luminescent probes are lanthanide-based, since the millisecond-
lifetime values provide sufficient collection time because extremely rapid electronics are not
required. The early realizations of TG-imaging occurred in the early 1990s [21, 28]. A pulsed
light source in kHz repetition rates, a synchronized chopper and a streak camera are
sufficient to modify commercial equipment [143, 144] at relatively reduced costs. Even multi-
colour capabilities can be implemented with very few alterations [145, 146]. Without any
additional instruments, considering the delay produced in raster scanning and
mathematically accounting for the blurring effect of long-lifetime-lanthanide probes,
luminescence lifetimes in the millisecond time range can be obtained under a conventional
confocal microscope [147]. However, in addition to the available simple approaches, more
sophisticated methodologies have been developed, such as superresolution nanoscopy
using TG detection in time-gated stimulated emission depletion (TG-STED) [148]. The
characteristic fingerprint of the millisecond luminescence lifetimes of lanthanide complexes
has also been exploited for the design of an automated microscope for the fast scanning of
large areas to identify spots of interest that show luminescence that is detected at a specific
TW. The so-called time-gated orthogonal scanning automated microscopy (TG-OSAM) is
capable of automatic, unsupervised microsphere and cell counting [149].

It is important to highlight the differences between TG-imaging and FLIM microscopy
because although both techniques use the time-resolved information of the emission decay,
their main focus and aim substantially differ. In TG-imaging, the signal analysis focuses on
applying the optimized detection TW, discarding the short-lived photons, and obtaining the
overall number of emitted luminescent photons at a given TW. Hence, the signal is the
luminescence intensity but at a specific detection TW. In contrast, FLIM microscopy focuses
on the determination of the luminescence lifetime, 1, at each pixel of the image. The main
analytical signal is the concentration-independent t value. However, FLIM microscopy is
inherently a multi-dimensional technique because the total intensity emitted is the full area
(integral) of the luminescence decay trace, and it also allows TG-imaging by reconstructing
the intensity image with photons collected at a specific detection TW. Therefore, FLIM
microscopy is a more advanced technique, because it contains the capabilities of TG-
imaging. In contrast, the FLIM instrumentation is more intricate and expensive, and its use
requires in-depth expertise. The advantages of TG-imaging over FLIM include its simplicity
and ease of application using conventional, commercial equipment.
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TG-imaging is mainly applied for the imaging and analytical sensing in the cellular interior
without the problems of intrinsic cellular autofluorescence. Using emissive probes with long
luminescence lifetimes, TG image filtering is particularly interesting in intracellular sensing
[150]. The potential of semiconductor QD nanoparticles in TG biological imaging was first
demonstrated in 2001 [151]. Subsequently, biocompatible QD nanoparticles have been used
as time-gated bioimaging probes in different cancer cells [152, 153] to suppress cell
autofluorescence and improve the signal. For instance, using specific nanosensors built with
QDs, an FLIM imaging methodology was developed to probe the intracellular pH values [67].
Although this approach was a FLIM-based sensing method, the cellular autofluorescence
was discarded by performing a TG analysis; thus, the luminescence lifetime values of the
sensor were not altered by autofluorescence photons. Other pH-sensors designed using
mixtures of Eu(lll) and Tb(lll) cryptates have been applied intracellularly to probe pH
changes in the cytoplasm [154] and lysosomes [155] using TG-imaging.

A widely employed method used for the specific sensing of analytes is the design of
fluorogenic probes, i.e., probes prepared in a non-luminescent off state that turn into an
emissive on state upon reacting with the analyte or a secondary directly related species.
Many examples of fluorogenic probes specifically designed to enhance the sensitivity of TG
analyses are available in the literature. For example, fluorogenic lanthanide-based probes
have been reported for the intracellular detection of hypochlorous acid [156, 157], vitamin C
[158], H,S [159], biothiols [160], and singlet oxygen generation [161].

In addition to the intracellular sensing of small molecules, immunostaining techniques and
TG-imaging permit the direct visualization and study of biomolecular interactions and
functioning in living cells. TG-FRET imaging using lanthanide-QD-fluorophore multistep
FRET relays have been used to image epidermal growth factor receptors (EFGR) via
immunostaining and endosome imaging intracellularly [162]. Photoluminescent
nanodiamonds have also been used to image HelLa cancer cells [78] and as probes for the
intercellular transport of proteins in vivo [79]. Similarly, a multiplex TG-imaging approach was
performed with the participation of researchers from PerkinElmer for the simultaneous
imaging of oestrogen receptors and human epidermal growth factor receptors in human
breast cancer tissue sections. Furthermore, with the participation of the company LumiSands
Inc., TG-imaging was performed to discriminate SKOV3 cancer cells from A431 cancer cells
[163]. SiNPs exhibit long luminescence lifetimes in the microsecond time scale; thus, SiNPs
have been conjugated to anti-HER2 antibodies for TG-imaging of SKOV3 cells, which
overexpress HER2 membrane receptors. These cells were easily differentiated from A431
cancer cells, which overexpress EGFR receptors, that were immunostained with fluorescein,
which is a fluorophore with a short fluorescence t. Using a short and long detection TW, the
different cells were identified in a mixed culture.

Although a comprehensive review is beyond the scope of this chapter, the abovementioned
examples are representative of the vast potential of TG-imaging. TG analyses have attracted
many researchers’ attention due to their filtering capabilities of undesired interferences. In
the following section, this aspect is discussed more in depth.
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2.4.- The challenge of luminescence detection in complex
media.

As demonstrated by the applications described in the previous section, TG analyses
performed in all solutions and heterogeneous media and the imaging of live cells have
provided an enormous batch of information for biomedical studies that is particularly relevant
for drug discovery, biomarker analyses, and the understanding of physiological events. A
common feature among these studies is that biological samples are particularly challenging
due to complex matrix effects and the presence of potential interferences. Many factors can
cause the matrix effect, and most causes are due to the high concentrations of multiple
species in the solution. One important factor regarding the use of luminescence techniques
in complex media is the large contribution of scattered light. Rayleigh and Raman scatter of
excitation light inevitably occur in any fluorescence-based experiment. Importantly, if high
concentrations of biomolecules and other disperse systems are present, the amount of
scattered light is extensive. This extensive scattered light has two consequences. First, the
scattered light can be detected by the detection device and mask the real luminescence
emission or even saturate the detectors. Second, the matrix can produce scatter of the
emitted luminescent photons, hence causing a lower signal than expected. Finally, the
presence of species capable of absorbing light at the excitation wavelength should also be
considered. If large concentrations of absorbers are present, the number of photons
available to excite the probe of interest dramatically decreases, which concomitantly
decreases the luminescence emission of such species. This decrease is the so-called inner
filter effect.

Chemical interferences, which are species that may absorb the excitation light and emit
luminescence radiation, may become a potential interference if spectral overlap occurs with
the species of interest, which is another issue in such complex matrices. These emissive
species are a constant factor in cellular imaging, overall gathered as the cell
autofluorescence [6]. The main species causing cellular autofluorescence include NADPH,
flavins, the emissive amino acids in all proteins (tryptophan and tyrosine residues), collagen,
elastin, porphyrins in blood, B-vitamins, and chlorophyll in plant cells [164]. Interestingly, in-
depth studies investigating these autofluorescence patterns in cells have demonstrated their
usefulness in identifying different metabolic or pathological cellular states [165]. However, in
other cellular imaging studies, these autofluorescence patterns may seriously hinder the
application of luminescent sensors or physiological specific studies in live cells.

The selection of the appropriate detection TW in a TG analysis can filter these potential
interferents. This time-filtering is particularly powerful using lanthanide luminescence as the
analytical signal because a long delay usually of several tens of microseconds between the
excitation and detection window can be set to ensure that the detected photons are
exclusively arising from the probe luminescence. A major advantage of TG analyses is that
these analyses allow for homogeneous assays in complex media, such as cellular extracts.
Many lanthanide-based sensors of small analytes have been tested in complex matrices,
such as solutions containing high concentrations of disperse molecules, cell lysates, or real
aqueous environmental samples. For instance, lanthanide-based pH sensors have been
successfully employed in solutions containing 0.4 mM of human serum albumin and in cell
lysates [155]. Other cryptate sensors have been employed for the quantification of hydrogen
sulphide in industrial waters and crude oil [166], and the results obtained were better than
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those obtained using conventional analysis methods, further demonstrating the value of TG
analyses in industrial samples.

Another interesting advantage is that sensing luminophores can be included to support
active materials, such as hydrogels or paper, in the design of sensing materials. In these
applications, the TG approach avoids any interference from the supporting material,
providing clean signals. Lanthanide-based sensors embedded in hydrogels have been
reported for pH [167] and glutathione [168] TG-sensing. Interestingly, a pH-responsive
hydrogel has been employed for the indirect detection of urease activity in biomedical
applications [167]. Similarly, Tb-cholate hydrogels containing enzyme substrates have been
embedded in paper discs for paper-based quantification of p-galactosidases and lipases
[169]. Furthermore, a highly sensitive reactive sensing paper has been developed for the
analysis of exhaled hydrogen sulphide using TG detection [170]. Other solid supports, such
as quartz, are conventionally used in DNA hybridization and single-nucleotide polymorphism
TG assays [171]. Regarding fluoroimmunoassays, several proposed TR-FIA assays could
not be directly applied to plasma or whole blood samples. A proposed solution was to
employ dry-reagents immobilized in the wells [172], ready for the addition of the samples.
Using the simple protocol of overnight drying and vacuum sealing, the TR-FIA assay of
PAPP-A was successfully applied in serum, plasma, and whole blood [127]. The sensing
luminophores can also be embedded in polymer films. For instance, a very unique approach
was proposed for the preparation of multiparametric sensing polymer films reactive
simultaneously to oxygen and temperature. A temperature-sensitive film of poly(vinyl
methylketone) containing an Eu(lll) dye was combined with layers of oxygen-sensitive
polystyrene film using a Pt-porphyrin dye. The use of multiple gated windows to discriminate
luminescence decays from two different probes allowed for the multiplexing measurement of
oxygen and temperature [173].

Furthermore, TG analyses provide a way to probe biomolecular interactions in solution in a
context that is much closer to their real, complex intracellular environment. Even if a
molecular interaction can detected in vitro, the actual functional state may or may not be
related to such interaction. Directly probing molecular interactions in a native tissular
environment is a challenging task. However, the specificity provided by TG-analyses allows
these studies to be performed. For instance, a TG-FRET-based study reported the
interactions between the protein p53 and different protein partners in cellular extracts [174].
Furthermore, the oligomerization state of oxytocin receptors in mammary glands of lactating
rats was described using TG-FRET assays of full tissue [175]. To overcome the large
autofluorescence in the full tissues, the assay was performed using a Tb(lll) cryptate as the
donor in the FRET process due to its very long luminescence lifetime, brightness and
quantum vyield.

TG-imaging has been shown to be useful for identifying specific targets in very complex
matrices; for instance, this technique has been used for the identification of specific
microorganisms in water and food safety inspections. In such applications, water dirt or food
debris constitute examples of extremely challenging matrices that contain a large excess of
particles or microorganisms that may not be the sought targets. In these samples, many
microorganisms and interferent substances emit luminescent light across the whole spectral
range which could mask the targets using conventional UV excitation. TG-imaging was
clearly shown to overcome this problem in the direct identification of the very rare
waterborne pathogens Giardia lamblia cysts in environmental water dirt and Cryptosporidium
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parvum oocysts in fruit juice concentrates; both microorganisms were labelled with an Eu(lll)
cryptate [144]. In fact, this procedure was automatized for the human-free detection of these
microorganisms [176], which improved the efficiency of the current official E.P.A. protocol
[177]. Silica-encapsulated Eu(lll) nanoparticles have been successfully used for the TG
luminescence imaging detection of two environmental pathogens in highly fluorescent grape
juice samples [85]. The results demonstrated the practical utility of the new nanoparticles as
visible light-excited biolabels in TG luminescence bioassay applications.

Tissular and in vivo imaging directly benefit from the TG approach. Using nanosecond TG-
imaging with triangulenium derivatives, Na,K-ATPase channels were imaged within highly
autofluorescent retinal tissue sections from brown Norway rats [178]. Even the most
challenging task of live organism imaging has been recently accomplished using TG-imaging
and different luminophores, such as Eu(lll) complexes in Caenorhabditis elegans [179]. An
example of live organism sensing is the vitamin C burst detection in live, small planktonic
crustacean, Daphnia magna [158], which is shown in figure 7. TG-imaging of tumour
xenografts in live mice has also been accomplished due to the long luminescence lifetime of

silicon nanoparticles [80, 81]. The combination of neodymium-doped nanoparticles and long
(=100 ps) luminescence lifetimes and the incorporation of a pulse delayer into conventional
infrared small animal imaging systems have allowed the acquisition of autofluorescence-free

live mice in vivo images [84]. The autofluorescence is discarded synergically by the TG-

imaging approach, and the background contribution in the near-infrared (NIR) spectral region
is negligible. Thus, this type of NIR-emitting nanoparticles with long luminescence lifetimes is
a very promising multifunctional optical contrast agent with potential applications in
numerous fields, such as in vivo three-dimensional fluorescence tomography, in vivo deep
tissue therapies and real time monitoring of thermal events in animal models.

Figure 7.- Bright-field (left), full window (centre) and TG (right) luminescence images of
Daphnia magna loaded with 1 mM vitamin C and incubated with 5.0 yM of a vitamin C,
Eu(lll)-cryptate sensor for 1h. Modified from Song et al. [158] under the terms of the
Creative Commons Attribution License. Copyright © 2015 Song et al.

These examples illustrate the excellent performance of TG analyses in homogeneous and
heterogeneous assays and TG-imaging in complex media.
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3.- Time-gated detection of fluorescence in
industry

A great proportion of the applications described in the previous section were performed in an
academic environment. However, as evidenced by the important challenges of such
experiments, many research studies have rapidly transferred to industry. Several companies
have been funded to develop novel luminophores, and these compounds are usually
protected by exploitation patents [14, 15, 49, 64]. The development of improved
luminophores for antibodies and enzyme substrates has introduced several business lines in
different companies. For instance, Almac Sciences developed 9-aminoacridine peptide
derivatives for a fluorescence lifetime-based assay of the activity of caspase-3, which is a
cysteine protease that plays an essential role in apoptosis, using FRET from the fluorophore
to a tryptophan sidechain in the peptide substrate [40]. Innotrac Diagnostics Oy developed
improved Eu(lll) chelates for quantitative TR-FIA assays [180].

Similarly, large worldwide companies dedicated to instrumentation development have
focused on expanding the possibilities of fluorescence-based equipment (fluorescence
spectrometers, plate readers, etc.) by incorporating time-resolved and TG capabilities. The
interest in these techniques in the drug discovery field due to their pharmaceutical
implications has increased the awareness of the possibility of entrepreneurship and
business.

Several companies offer instruments based on time-resolved fluorescence for plate readers
and spectrometers. PerkinElmer is among the most active companies in the field and has
acquired technologies initially developed by Wallac Oy, Finland. PerkinElmer manufactures
the VICTOR™ microplate reader series, which includes the benchtop multimode plate
reader VICTOR Nivo™ system. PerkinElmer also manufactures the EnVision® 2105
Multimode Plate Reader, which is an ideal instrument for high-throughput screening due to
its maximum sensitivity across all detection technologies. Previously, the AIO
immunoanalyzer manufactured by Innotrac Diagnostics Oy measured time resolved
europium fluorescence in dried wells. Currently, Innotrac instruments are commercialized by
Radiometer Medical Aps, which is located in Denmark. Other relevant instruments used in
TG analyses with plate readers are listed in Table 2. Other companies offer time-resolved
fluorescence spectroscopy instrumentation, such as Edinburgh Instruments (United
Kingdom) with their LifeSpec Il, Mini-tau and FLS100 and FS5 spectrofluorometer; Horiba
Scientific (Japan), with a wide range of readers and spectrofluorometers; and PicoQuant
GmbH (Germany), which is devoted to single-photon timing instrumentation, with the
FluoTime series for lifetime measurements and MicroTime instruments for FLIM microscopy.
Stanford Computer Optics (United States), Photonic Research Systems Ltd. (United
Kingdom), LOT-QuantumDesign (Germany) and Photon Force Ltd. (United Kingdom)
specialize in cameras capable of measuring time-resolved fluorescence.

In addition to these instruments, several assays based on TG detection are commercially
available. The French company Cisbio commercializes homogeneous time-resolved
fluorescence (HTRF®) assays [95, 181] as described above. These assays are broadly used
to study kinase and protease activities based on TG-FRET. The so-called KinEASE assay
consists of three biotinylated substrates, a monoclonal antibody labelled with an Eu(lll)
cryptate, and FRET acceptor-labelled streptavidin [182]. This general assay has been
validated in studies of hundreds of different kinases [181, 183]. For instance, in a joint
application note by Cisbio Bioassays, BioTek Instruments Inc. and Enzo Life Sciences, the
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phosphorylation levels of ERK and the cAMP response element-binding protein (CREB)
have been shown to dose-dependently decrease in SH-SY5Y cells treated with amyloid-8
peptides [184], suggesting a physiological mechanism of cognitive impairment in Alzheimer’s
disease.

PerkinElmer commercializes the DELFIA® (dissociation-enhanced lanthanide fluorescence
immunoassay), which is a TG intensity technology [185]. These assays were designed to
detect the presence of a compound or biomolecule using lanthanide chelate labelled
reagents [186]. PerkinElmer has also developed two other different assays, i.e., the
lanthanide chelate energy transfer (LANCE®) and LANCE Ultra TR-FRET assays. These two
assays are simple, highly sensitive and highly reproducible immunoassays used to study cell
cytotoxicity and cell proliferation. The LANCE assay is primary applied to measure caspase-
3 activity using a high-throughput screening approach [187].

PerkinElmer has also developed a homogeneous, PCR-based assay with TG detection to
simultaneously amplify and quantify DNA alleles using lanthanide probes and quenchers.
This methodology, i.e., the so-called TruPoint-PCR and competitive TruPoint-PCR assays,
was commercially released in 2004 [188]. Subsequently, this assay was improved by the
company using nonoverlapping FRET acceptors in an anti-Stokes energy transfer [189].
Other companies have also contributed with new assays. For instance, researchers from
GlaxoSmithKline have employed an HTRF screening platform to identify inhibitors of the
NOD1, which is a receptor involved in several inflammatory disorders, signalling pathway
[190]. Edinburgh Instruments proposed an efficient method for data treatment to avoid false
positives in time-resolved FRET experiments investigating kinase activity [191]. Both the
absolute values of activity and the kinetics of the interactions are important for the
pharmaceutical industry in drug discovery [192]. Therefore, the company Bayer HealthCare
proposed a TG-FRET-based method to probe drug-target association and dissociation rates
[193] and applied this method in proof-of-concept experiments to investigate enzymatic
activity, protein—protein interactions, and G protein-coupled receptors (GPCRs), which are
the three main current paradigms in drug discovery.

The company KinaSense LLC developed a family of time-resolved luminescence biosensors
of protein kinases based on peptide substrates that enhance lanthanide ion luminescence
upon phosphorylation, enabling the rapid, sensitive screening of kinase activity. These
substrates chelate lanthanide ions directly upon phosphorylation, eliminating the need for
chemical labelling with a separate lanthanide chelate and resulting in a higher lanthanide
luminescence intensity and longer luminescence lifetime. These researchers used curated
proteomic data from endogenous kinase substrates and known Tb(lll)-binding sequences to
build a generalizable in silico pipeline using tools that generate, screen, align, and select
potential phosphorylation-dependent Tb(lll)-sensitizing substrates that are most likely to be
kinase specific. This approach was used to develop several substrates that are selective to
specific kinase families and amenable to high-throughput screening applications. Overall,
this strategy represents a pipeline for developing efficient and specific assays for virtually
any tyrosine kinase using high-throughput screening-compatible lanthanide-based detection.
The tools provided in the pipeline also have the potential to be adapted to identify peptides
for other purposes, including other enzyme assays or protein-binding ligands [194—197].
Recently, a more flexible strategy for a multiplexed, antibody-free kinase assay was reported
using TG-FRET between QD nanoparticles and phosphorylation-dependent lanthanide-
sensitizing peptide biosensors [195].

Finally, collaborative studies among companies have enriched the field through the design of
novel assays based on TG analyses. For example, collaborations among the companies
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Biosyntan GmbH, Novartis Pharma AG, and AssayMetrics Litd. created a fluorescence
lifetime-FRET-based assay for studying the activity of tyrosine kinases [198] and serine
proteases [199] and the identification of protease inhibitors [42]. Amersham Biosciences,
and subsequently, GE Healthcare collaborated to create a patented method for measuring
enzymatic activity based on time-resolved fluorescence via acridone and quinacridone dyes
[200, 201].

Table 2 Plate readers used for time-resolved luminescence measurements.

Entry Instrument Manufacturer
1 Victor 1420 multilabel plate counter Perkin-Elmer Life Sciences, Wallac
QY, Turku, Finland
2 1230 Arcus fluorometer for time-resolved measurement of LKB Wallac, Turku, Finland

DELFIA enhanced fluorescence in tube format

3 1234 DELFIA fluorometer for time-resolved measurement LKB Wallac, Turku, Finland

of enhanced fluorescence in plate format

4 DELFIA plate-wash Perkin-Elmer Life Sciences, Wallac
QY, Turku, Finland

5 AIO® immunoanalyzer Innotrac  Diagnostics Oy, Turku,
Finland

6 CLARIOstar® spectrofluorimeter BMG Labtech, Ortenberg, Germany

7 PHERAstar® FSX spectrofluorimeter BMG Labtech, Ortenberg, Germany

8 FLUOstar® Omega BMG Labtech, Ortenberg, Germany

9 POLAstar® Omega BMG Labtech, Ortenberg, Germany

10 Nanotaurus® Edinburgh  Instruments,  United
Kingdom

11 LF502 NanoScan® FLT-TRF IOM, Germany

12 Synergy Neo2 Multi-Mode Reader BioTek, Vermont, USA

13 Synergy H1 Multi-Mode Reader BioTek, Vermont, USA

14 Synergy 2 Multi-Mode Microplate Reader BioTek, Vermont, USA
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Cytation 5 Cell Imaging Multi-Mode Reader

BioTek, Vermont, USA

17 EnVision 2105 multimode plate reader Perkin-Elmer Life Sciences, Wallac
QY, Turku, Finland

18 EnSpire™ multimode plate reader Perkin-Elmer Life Sciences

19 EnSight™ Multimode Plate Reader Perkin-Elmer Life Sciences

20 EnVision 2105 multimode plate reader Perkin-Elmer Life Sciences

21 FlexStation 3 Multi-Mode Microplate Reader Molecular Devices LL, Sunnyvale,
California, Estados Unidos

22 TUNE- SpectraMax® Paradigm® Multi-Mode Microplate Molecular Devices LL, Sunnyvale,

Detection Platform California, Estados Unidos

23 Infinite® 200 PRO TECAN, Zirich, Switzerland

24 Spark® Multi-Mode Microplate Reader TECAN, Zirich, Switzerland

25 Varioskan Lux reader Thermo Fisher, USA

26 SENSE multimodal plate readers HIDEX (Finland)

27 Tristar? S LB 942 Multimode Microplate Reader Berthold Technologies GmbH & Co.
KG, Bad Wildbad, Germany

28 Mithras Multimode Microplate Reader LB 940 Berthold Technologies GmbH & Co.

KG, Bad Wildbad, Germany

4.- Detection of miRNA by fluorescence

4.1.- miRNAs as important biomarkers

Cancer is a devastating family of diseases involving numerous interconnected biochemical
processes and constitutes a medical challenge in our current society. Interestingly, the
progress of the disease starts much early than its first clinical symptoms, highlighting the
importance of early diagnosis using relevant, accessible and specific biomarkers. Rapid,
non-invasive, multi-analyte tests represent a paradigm for early cancer diagnostics [202].
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Recently, circulating microRNAs (miRNAs) have attracted much interest as valuable
biomarkers due to the following important features: miRNAs are very specific to numerous
diseases, their concentration is sensitive to the different pathological stages and they are
easily accessible in biological fluids (plasma, serum, urine, etc.) obtained in liquid biopsies.
miRNAs are small non-coding RNA fragments (18-22 nucleotides) whose main function is to
regulate the expression of certain genes, normally by silencing them, when hybridized with
the correspondent region of messenger-RNA, resulting in the degradation or repression of
the gene [203, 204]. In vertebrate organisms, up to 1000 different miRNAs regulate at least
30% of the genes. Currently, several pathological processes are known to cause miRNA
deregulation, and significant differences exist between regular and pathological conditions.
mMiRNA expression levels have been recently studied to identify specific biomarkers for
breast [205], lung [206] and prostate cancer [207], diabetes [208] and leukaemia [209].

4.2.- Steady-state luminescence detection of miRNA

Overall, quantitative PCR (qPCR) is the most popular technique used for miRNA profiling
mainly due to its high sensitivity. qPCR is used in combination with the retro-transcription
reaction (RT) to quantify the expression levels of specific miRNAs of interest. This technique
comprises the following two steps: first, a reverse transcription from miRNA to cDNA,
second, a qPCR. The following are the two most common strategies used for reverse
transcription: polyadenylation of the miRNAs and the use of oligo (dT) primers and miRNA-
specific stem-loop primers [210].

gPCR allows for the quantification of the synthesis of the PCR product at each amplification
cycle in real time. This process allows for a quantitative analysis of the quantity of the initial
product of reverse transcription (cDNA of target miRNA). The signal that is generated and
quantified is represented by the fluorescence emitted by fluorescent dyes that bind the DNA
molecules produced at each amplification cycle. gPCR signals can be generated using the
following two different technologies:

a) Molecules intercalate into the synthesized DNA helix and show visible fluorescence
staining only after they are incorporated into the neo-synthesized DNA strands. The
emitted fluorescence of these molecules increases proportionally to the number of
DNA strands produced. Therefore, the quantity of amplified product can be
determined at each amplification cycle, and at the end of the phase of extension, the
emitted radiation of the fluorophore can be detected. The most commonly used
intercalator is SYBR® Green, which is an asymmetrical cyanine dye that is
intercalated into the double strand of the DNA during the amplification reaction. The
resulting DNA-SYBR® Green complex absorbs blue light at 488 nm and emits green
light at 522 nm. During the denaturing phase, SYBR green is free in the reaction
mixture; then, during the annealing phase, SYBR green is positioned in a nonspecific
manner in the minor grooves of the DNA. During the elongation phase, the dye
intercalates into the DNA molecule and, following excitation, emits fluorescence
proportional to the number of copies of DNA produced during the amplification [211].

b) Fluorescent synthetic oligonucleotide constructs can selectively provide fluorescence
to the amplified segments (probes). In this approach, the fluorescent signal is
detected only as a result of the probe's hybridization with the DNA target under
interrogation. The following two types of probes are typically used: (i) TagMan probes
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and (ii) hybridization probes. (i) TagMan probes comprise dual-labelled oligomers
with fluorophores at each end, a reporter and a fluorophore quencher. If the probe
hybridized with the target DNA, the quencher is close to the fluorophore and blocks
the emission of the fluorescent signal. During the elongation phase, in each
amplification cycle, the 5°-3" exonuclease activity of Taq polymerase cleaves the
dual-labelled probe. Thus, the reporter is released into the reaction mixture and
moves away from the quencher, resulting in a fluorescence signal. In qPCR
experiments using TaqMan probes, the fluorescent signal depends on the
exonuclease activity of the Taq DNA polymerase. (ii) Hybridization probes allow for
the detection of the signal by hybridizing to the target sequence [212]. There are
different models of hybridization probes, including a probe that exploits the energy
transfer process. FRET probes are formed using two differently labelled probes, i.e.,
an oligonucleotide labelled at the 3'-end with the donor dye and an oligonucleotide
labelled at the 5'-end with a FRET acceptor. The two probes are designed to
hybridize with the target DNA. The detected signal is proportional to the quantity of
hybrid probe; thus, the resulting fluorescence signal enables quantitative
measurements of the accumulation of the product during PCR [213]. Other
hybridization probe variants consist of beacon and scorpion probes [214, 215].

More recently, techniques that address the challenges of existing miRNA assays and
maintain the high analytical sensitivity of gPCR have been reported. A major challenge in the
detection of biomedically relevant amounts of miRNAs is the very low concentrations at
which they are expressed and detected in bodily fluids. To solve this problem and achieve
multiplexing analysis capabilities, Krylov and his team proposed a capillary electrophoresis
separation using hybridization DNA probes labelled with a fluorescent dye and drag tags that
vary the mobility of different miRNA targets and allow for the separation [216]. These authors
further improved the method and boosted the sensitivity of the fluorimetric-based capillary
electrophoresis assay using an isotachophoresis preconcentration step [217].

David M. Rissin and colleagues recently described a PCR-free method for the detection of
miRNAs that integrates the dynamic chemical approach developed by DestiNA Genomics
Ltd. [218—220] with the Simoa™ (Single Molecule Array) technology (Quanterix). A peptide
nucleic acid (PNA) probe complementary to the miRNA sequence of interest was conjugated
to superparamagnetic beads. These beads were incubated with the miRNA sample, and a
biotinylated reactive nucleobase was added. When a target molecule with an exact match in
sequence hybridized to the capture probe, the reactive nucleobase is covalently attached to
the backbone of the probe by a dynamic covalent chemical reaction. Then, the single
molecules of the biotin-labelled probe were labelled with streptavidin-B-galactosidase, and
the beads were resuspended in a fluorogenic enzyme substrate, loaded into an array of
femtoliter wells and imaged using zero-mode waveguides for single-molecule fluorescence
imaging [221]. This dynamic chemical approach has also been applied to another
fluorescent platform (Luminex xMAP®) for the successful detection of miRNAs [222)].
Although sufficiently powerful, the examples described above address the problems derived
from complex matrices using different approaches. TG analyses offer an additional layer of
filtering that has also shown to be useful in miRNA detection, which is discussed in detail in
the following section.
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4.3.- Time-gated luminescence detection of miRNA

Routine and conventional analyses of circulating miRNAs are based on gPCR, which may
introduce numerous artefacts and low reproducibility during the amplification process [223].
Therefore, identifying a reliable, robust and sensitive method for the quantification of
miRNAs in biological fluids is warranted. An extremely sensitive technique, such the
fluorimetry, in conjunction with a tool that removes the complex background signal of
biological fluids, such as the TG detection method, may contribute to the use of miRNAs as
successful biomarkers.

The requirement for simple, homogeneous assays capable of detecting low copy numbers of
miRNAs in complex matrices led to the application of the TG approach for enhanced
selectivity. A patent placed by J. R. Lakowicz for the detection of specific DNA sequences in
complex matrices claimed several approaches under different configurations, including the
TG detection of a capturing probe labelled with long-lifetime metal complexes, particularly of
Ru, Os, Re, Rh, Ir, W, or Pt [142]. However, very few variations of the methods proposed by
Lakowicz are required for the application of such technology to miRNA detection.

A direct proof-of-concept experiment investigating the application of TG analyses to miRNAs
was reported in 2012 by L. Jiang and colleagues [224]. In this study, a capturing probe was
bound to magnetic beads, and an additional probe containing biotin was added. When the
target miRNAs were detected, both the miRNA and the additional tagging probe were
captured. Then, Eu(lll) complex-labelled streptavidin was added for the TG analysis, which
was performed using a time-resolved plate reader. Although not explicitly mentioned, the
authors used the DELFIA protocol; thus, the Eu(lll) signal was enhanced by the micellar
solution [185, 225]. This perhaps could be the main reason for the very low limit of detection
reported of 20 fM using clean, optimum solutions. Although the authors of this study
mentioned the possibility of differentiating single point mutations, the validity of this claim
must be considered carefully. Because a single common capturing probe was used, the
multiplexing capability was not implemented. The results showed that at the same
concentration, single or triple nucleotide mutants of let-7f miRNA exhibited approximately
20% of the signal of the target sequence. These results were used to support the specificity
of the assay. However, because the assay was based on a single dye, this study was only
feasible because the concentrations of the target and mutant sequences were previously
known. In a real case scenario, using this approach, differentiating a certain concentration of
target miRNA from a concentration five times larger in the mutant sequence would be
impossible. In fact, the coexistence of different mutants could contribute to the total signal,
and discriminating one signal from the others is impossible. Hence, although this study was
a preliminary report, the low limit of detection achieved by these authors demonstrated the
high potential of the TG analysis in miRNA analysis [224].

An important further step is the possibility of multiplexing several sequences in parallel and
identifying single point mutations on the miRNA sequence. In a very powerful approach
capable of the multiplex detection of different miRNA sequences in a single step, TG-FRET
from a Th-complex donor to either dye-fluorophore or QD acceptors of different colours has
been proposed.

Niko Hildebrandt and his group demonstrated that QDs can act as efficient FRET acceptors
from the Tb complex (Lumi4) and that using QDs of different sizes, low amounts of target
biomolecules could be detected in parallel [226]. These authors applied this concept to the
multiplex detection of three different miRNA sequences, i.e., miRNA-20a, miRNA-20b, and
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miRNA-21 [227]. QDs of three different colours carried a capturing DNA strand could
hybridize to the Tb-complex-labelled reporter strand. Once the target miRNA sequence was
also present, the full structure hybridized, and FRET was detected from the Tb complex to
the QD (Figure 8A). Each reporter was specific to an miRNA target, which facilitated the
linkage to a specifically coloured QD. Using a parallel approach, the authors employed a
similar concept in which the acceptors were cyanine dyes (Cy3.5, Cy5, and Cy5.5) tagging
additional probes that could hybridize adaptor probes, connecting the Tb complex donor
probe and the target miRNA. A T4 DNA ligase catalysed reaction could fix the whole
complex and achieve stable FRET from the Tb donor to the cyanine acceptor (Figure 8B)
[228]. In both cases, the authors used the FRET ratio, which is defined as the TG-filtered
emission of the acceptor over the TGfiltered emission of the Tb complex donor, as the
analytical parameter in a similar manner to the use of this parameter in the HTRF approach.
The multiplexing determination required a careful accounting of the spectral crosstalk
between the different channels [229]. The limits of the detection of the three miRNAs were
below 1.5 nM in a multiplexing detection of the three targets in 5% [228] or 10% [227] serum
samples. This study confirmed the promising approach for the development of point-of-care,
rapid, PCR-free homogeneous assays with potential clinical applications.

A B

Tb (Lumi4) CyX

Target miRNA

Tb (Lumi4)

Target miRNA Ligase point

QD

Figure 8.- TG-FRET approaches used for the detection of miRNAs using probes containing
a Tb complex as donor and QD (A) [227] or cyanine dye (B) [228] acceptors.

One problem in the homogeneous detection and quantification of miRNAs in biological fluids
is their low copy numbers (concentration). Hence, the ampilification of the luminescent signal
is a valid technique to achieve a sensitive analysis that is free of enzymatic amplification
reactions. Considering this approach, X. Y. Chen and colleagues reported a method for
amplifying the signal of the target sequence using lanthanide-doped nanoparticles. Once the
target sequence is detected, the lanthanide ions are released from the nanoparticles using
mild acidic conditions, and the signal enhanced in micellar solution containing appropriate
antenna moieties [230]. The authors applied this concept to the development of a highly
sensitive assay for miRNA21 in which a molecular beacon opened upon binding the miRNA
target, and a sensing sequence carrying biotin is also hybridized. Then, avidin and
biotinylated Eu(lll)-loaded nanoparticles were added to the system. After washing, the
acidification and micellar enhancing solution were added, and the signal was read using TG
luminescence spectrometry. Because each nanoparticle carries several Eu(lll) ions, a single
miRNA21 molecule provides a high lanthanide emission signal, allowing for the desired
amplification for an ultrasensitive assay [231]. In this study, the authors reported an
extraordinary limit of detection in the femtomolar range. However, these results must be
carefully considered given the lack of linearity in the semi-log plots of the 10 fM - 100 pM
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region of the miRNA concentrations. The authors also tested the specificity of the assay
towards single- and triple-mismatched sequences at 1 nM concentration of all miRNA
strands based on a decrease in the fluorescence signal, but differentiating between 0.5 nM
of the correct target and 1 nM of the single nucleotide polymorph is impossible, and the
situation could be even more difficult if mixtures of the correct and mismatched sequence
coexist. Therefore, further improvements in state-of-the-art methods for the detection and
quantification of low concentrations of miRNAs are necessary for actual clinical application.

4.4.- Time-gated detection of miRNAs using FLIM

In this context, we sought to exploit commercial products with the strengths discussed in the
previous sections: the well-known sensitivity of fluorescence techniques along with the ability
of TG detection to easily remove background interferences in complex media and the
increasing interest in mMiRNAs as biomarkers for early, accurate and specific diagnosis of
several important diseases.

A simple approach to these ideas is to develop a lab-on-a-chip based application to directly
detect miRNA and avoid the use of amplification by polymerases. This application should
fulfil the following industrial requirements for final commercialization: detection of relevant
biomarkers; affordable materials, technology and distribution; easy application in final
research centres, hospitals, etc.; non-expertise in the final user; and optimized
usefulness/cost ratio. We suggested a simple design as shown in Figure 9. The chip used as
a platform supports a sample well in which the capturing beads are fixed. After the in situ
reaction with hybridization probes (reporters) and subsequent washing steps, the chip may
be ready for TG luminescence detection.

: ~ Diagnosis Chip
Long-lifetime probe
+

Target miRNa 32 2 => e Sample well

fluorescence detection

Figure 9.- Chip-based design for the direct detection of miRNA using a TG analysis.

To achieve this goal, we collaborated with important companies in the fields of biotechnology
(DestiNA Genomics) [232] and optoelectronics detection (Optoi Microelectronics) [233] to
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further implement these concepts through a collaborative consortium involving universities
and companies from Germany, ltaly, Spain, and Brazil called miRNA-DisEASY [234].

As reported elsewhere [235], we considered two different approaches for the direct detection
of miRNAs by fluorescence lifetime imaging microscopy (FLIM). Both approaches employ a
chemical reporter (capture probes) of the target miRNA and the use of peptide nucleic acids
(PNA) that easily bind to the complementary oligonucleotide strand due to the absence of
negative charges in their skeleton. For the fluorescent probe, we used SeTau425 from Seta
Biomedicals, which is a chemically and photophysically stable fluorophore with a lifetime of
25 ns. Using the differences in the charges between the negative target miRNA and neutral
reporter PNA, we use beads with a positively charged surface, Q-Sepharose (QSph, GE
Healthcare), to separate the unwanted and unreacted material from the target duplex.
Fluorescence was detected by placing the sample over a coverslip in a FLIM confocal
microscope (Microtime 200, Picoquant GmbH, Germany) using an excitation source of a 5-
MHz pulsed, 440 nm laser, and the emission was collected using a 550/50 nm bandpass
filter. After the acquisition, TG filtering is performed to eliminate all sources of undesired
fluorescence mainly originating from the beads. We focused our attention on miRNA122,
which is a miRNA used in vitro to assess the cellular toxicity of new drugs and as a
biomarker for the diagnosis of severe liver failure.

In the first approach (A), a PNA probe (Rep1*) labelled with the fluorescent probe SETau425
is used to bind the target miRNA122 by hybridization. After the subsequent washing steps
and separation of unreacted materials, the hybridized duplex (D1*: Rep1*-miRNA122)
remains bound to the QSph beads. Target duplexes D1* were detected and analysed in the
confocal microscope. Figure 10 shows FLIM images of QSph beads incubated in the
presence and absence of D1* with different intensities and lifetimes. Expectedly, D1* has an
average decay of fluorescence that is similar to that of the fluorescent probe, i.e.,
approximately 25 ns, and the blank solution of QSph autofluorescence. The loading of D1*
onto the QSph beads is demonstrated by applying the principles of TG to remove the
background fluorescence. Based on the different decay of the fluorescence, we can obtain
the photons at a certain TW at which only SeTau425 fluoresces. Notably, the narrower the
TW, the lower the number of detected photons. Hence, finding a compromise based on the
background levels is recommended. The repetition rate of 5 MHz provides a total TW of 200
ns, and the application of TG from 55 ns completely eliminates the autofluorescence from
QSph as shown in figure 10, while the D1* FLIM images preserve emission to a certain
degree.
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Figure 10.- Average decays of fluorescence and FLIM images at different TG values for a
D1* 1 yM solution and a blank solution (QSph beads in phosphate buffer pH 6). The size of
the images is 80x80 pym?.

We sought to determine the limit of detection using our current FLIM setup in the described
approach. The output signal strongly depends on the following parameters: the selected
analysis TW as shown in figure 10, the time of acquisition per pixel, the loading of duplexes
per bead, the time of incubation, etc. We optimized these parameters to achieve a better
performance as follows: selection of TG of 55 ns and greater, the use of a single bead,
increasing the time of acquisition per pixel, and optimizing the time of incubation. Figure 11
shows the incubation of a 10 nM D1* solution without stirring using a single bead for
capturing. The changes in the intensity and lifetime indicate the loading of D1* onto QSph
beads over time. The detection is clearly visualized by applying different analysis TWs to the
acquired photons.

Figure 11.- FLIM images of a 10 nM D1* solution (PB pH 6) directly incubated with a QSph

bead at different times using two different analysis TWs. The size of the images is 80x80

umZ.
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We prepared different solutions of D1* (100 pM — 1 uM) and performed an analysis using the
described optimized approach with a detection TW of 55 ns onwards. We detected and
distinguished up to subnanomolar concentrations of D1* (Figure 12).

miRNA concentration

1uM 100 nM 10 nM 1nM 100 pM Blank

HZSns
Ons

3
80 um 0

A—

Figure 12.- TG-FLIM images (detection TW 55 ns onwards) of different D1* solutions
compared with a blank solution only containing beads in phosphate buffer at a pH of 6. The
size of the images is 80x80 um?.

DestiNA Genomics is a company [236] that specializes in nucleic acid testing with
proprietary technology. This company has developed methodologies using PNA capture
probes combined with aldehyde modified nucleobases, i.e., the so-called SMART bases, to
detect oligonucleotides and single nucleotide polymorphism. DestiNA Genomics’ patented
dynamic chemistry is capable of not only directly detecting miRNAs but also providing single-
base resolution [237] [221], adding an extra source of specificity to analyses of miRNAs.
This approach is a differential and unique feature of our method compared to other
approaches used for TG-based detection of miRNAs.

Using this approach, we studied the recognition of two different mMiRNA122 sequences. One
sequence, i.e., miRNA122-18G, has a guanidine nucleobase at a certain position of the
sequence, while the other, i.e., miRNA122-18A, bears an adenine at the same position.
Notably, approach A cannot differentiate among the single point mutations on the miRNA as
demonstrated in Figure 13. However, using the DestiNA advanced methodology, we
suggested a different approach (B) in which an unlabelled PNA probe (Rep2)
complementary to miRNA122 is modified at a certain position with an absent nucleobase
that is substituted for a reactive amine, thus creating a pocket in probe Rep2. In addition, a
SMART cytosine nucleobase (SMBC) is labelled with SeTau425 (SMBC*). Rep2 and SMBC*
are added in a single step to the solution containing the target miRNA and a reducing agent,
i.e., NaBH3;CN. In either miRNA122 sequence, Rep2 and miRNA122 hybridize (D2), but only
if the target miRNA contains a guanidine position in front of the pocket of Rep2, SMBC*
dynamically enters the pocket and covalently is fixed with NaBH;CN to D2*. Hence, the
labelled duplex D2* only forms with miRNA122-18G but not with miRNA122-18A. Capturing
and separating the unreacted material is performed similarly using QSph beads that are
subsequently imaged using confocal FLIM microscopy.
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In contrast to approach A, our results using approach B demonstrate the ability of SMBC*
along with Rep2 to distinguish miRNA122-18G from miRNA122-18A and highlight the
challenge of detecting single point mutations using conventional hybridization techniques
[235]. As shown in figure 13, the TG-FLIM images demonstrate the detection of miRNA122-
18G using both methodologies. Similarly, miRNA122-18A binds Rep1*, yielding a positive
result in approach A, while SMBC* hinders the dynamic incorporation into Rep2, resulting in
a negative result in approach B.

Approach A Approach B

FullGate J TG |FullGate Jl TG

miRNA122-18G

miRNA122-18A

Figure 13.- Comparison of approaches A and B differentiating single point mutations in
miRNA122. Target oligonucleotides, i.e., miRNA122-18G and miRNA122-18A, were reacted
with Rep1* (approach A) and Rep2 + SMBC* (approach B) for final D1* and D2
concentrations of 1 yM. FLIM images of the captured duplexes in QSph beads and a control
blank solution are shown. FLIM images at the full detection window are compared with TG-
FLIM images (detection TW of 55 ns onwards). The size of the images is 80x80 ym?.

The combination of advanced chemical recognition and TG fluorescence detection
represents a potential and promising methodology for directly detecting low concentrations
of miRNAs at a single nucleobase resolution, which is, indeed, a future pathway for in situ
detection kits for liquid biopsies and other sources of low amounts of miRNAs, including
complex matrices. In addition, this methodology has the potential to simultaneously
interrogate certain positions in oligonucleotides using four different SMART nucleobases
functionalized with four different fluorophores, allowing for multiplexing determinations. Thus,
four fluorophores with different lifetimes could be required.

5.- Outlook

The emission of luminescent photons is a multidimensional phenomenon involving several
aspects, including emission kinetics. Time-resolved luminescence acquisition allows for the
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detection of photons depending on the time of emission after an excitation pulse and the
discrimination of emitters with similar steady-state profiles but different lifetimes. Thus, time-
gated acquisition filters short- and long-lived components of luminescence by applying
certain detection TW during the detection, which is particularly useful for analysing species
of interest in complex media that have a usually short-lived background intensity with
undesired contribution to the total signal.

Advances in pulsed excitation and ultra-fast acquisition techniques have led to the
development of time-resolved fluorescence microscopy for the investigation of complex
samples, including biological processes in solution, tissues and cells. The resolution and
contrast of microscopy images have been improved using TG acquisition approaches due to
the elimination of short-lived fluorescence background. Thus, the improvement of long-lived
fluorophores is also crucial, and much progress has been achieved using organic, metal-
complex, lanthanides, nanoparticles and other luminophores. This progress has attracted
much interest in industrial and technological areas, which has led to the development of new
instruments, assays, and probes for biotechnological applications.

Due to recent advances in TG fluorescence lifetime microscopy, this instrumentation has
become widely accessible, allowing for its application to resolve cutting edge problems of
biological interest, in particular, the detection of new precise miRNA biomarkers. The
combination of fluorescence imaging sensitivity and the discrimination of background
interferences by TG acquisition paves the path for direct and in situ detection of analytes in
biological fluids obtained in liquid biopsies. In the future, these technologies could provide
breakthrough diagnostic and prognostic methods for early screening of biological samples
across the population, allowing for the detection of an eventual cancer and, therefore,
increasing the chances of the survival of patients.
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