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Luminescence Detection Methods

Fluorescence/phosphorescence (referred in this article simply as
luminescence) based-detections arguably are the most widely used
detection technique for biological assays, imaging, and sensing. This
is primarily due to its high detection sensitivity and the commercial
availability of a large number of fluorescence probes [1-3]. Key to
the usefulness of luminescence methods is the ability to separate the
luminescence signal of interest from the background. Such background
includes scattered excitation photons and autofluorescence of sample
matrices and substrates and it is often several orders of magnitude higher
than the signal luminescence of interest. This low luminescence signal
intensity relative to background sometimes presents a huge challenge
when high detection sensitivity is required for the application at hand.
Conventional luminescence detection technique uses wavelength
differences to separate the luminescence of interest from background
photons through optical filters or monochromators. Wavelength-based
separation techniques sometimes face significant hurdles because most
of the widely used luminescence probes have a very small Stokes shift
and a broad luminescence spectrum. Hence, the complete elimination
of the much stronger scattered excitation background is almost
impossible. Complicating the issue further is the fact that the auto
fluorescence from complex biological sample matrices and substrates
sometimes overlaps with the luminescence of the probe. This makes it
impossible to completely reject the background and results in a lower
signal/noise ratio and therefore lower detection sensitivity.

An alternative technique for separating the luminescence signal
from background is to take advantage of the lifetime difference
between the fluorescence of the probe and the background photon [4].
The scattered excitation and other background photons are generally
short-lived and decay rapidly. If the probe luminescence lifetime is
much longer, the photon counting/measurement can start only after
all the background and excitation photons disappear. The cycle can be
repeated and the time-delayed luminescence signal can be summed.
Because of the lower noise level, time-resolved luminescence (TRL)
detection techniques can achieve more than two orders of magnitude
higher detection sensitivity than the conventional luminescence
detection techniques. In addition, the TRL detection technique needs
only low-cost electronic components to achieve the luminescence
signal separation and often doesn’t need to use expensive band-pass
optical filters or mono chromators. Furthermore, TRL detection
techniques allow possible transmission detection of the luminescence
signal that can collect the luminescence more effectively by placing
the detector close to the probe. Transmission measurement mode also
makes it possible to construct miniaturized detectors.

Probes

Although TRL detection promises many advantages over
conventional luminescence detection techniques, lack of a wide
variety of useful probes has significantly hindered its wide adoption.
In addition to the desirable features of conventional luminescence
probes such as strong absorption in the visible or near IR region and
high luminescence quantum yield, suitable probes for time-resolved

luminescence detection need to have a luminescence lifetime of >1 ps
to realize the theoretical benefits of the technique. The long lifetime
requirement is critical for all the background to be completely rejected
and also if low cost electronics are to be used to achieve the separation.

A review of the scientific literature has revealed only two major
classes of compounds that are suitable for practical TRL-based
detection. The most widely used class of probe is lanthanide-based
chelates, primarily europium-chelates [5]. The lanthanide-based
chelates have very strong absorption around 330-375 nm and emit
strong fluorescence at ~615 nm with a ~500 ps lifetime. Their large
Stokes shift (~250 nm) is also beneficial. However, the requirement for
a UV excitation light source is a significant drawback. More recently,
new classes of lanthanide chelates have been developed that have a
better excitation profile near or in the blue region. These chelates can
be excited by low cost light sources (390 to 420 nm LEDs).

A second class of suitable probes is noble metal chelates, specifically
platinum and palladium chelates, which emit strong phosphorescence
at 650 nm with a long lifetime (500 ps) and exhibit a large Stokes shift
[6,7]. Those chelates can be easily excited by low cost, commercially
available, UV LEDs or blue LEDs (390 to 420 nm). However, the
phosphorescence nature of platinum and palladium chelates’
luminescence makes it vulnerable to oxygen quenching. This dictates
that signal will be measured in an oxygen-free environment. This
inconvenience has prevented realization of their commercial potential.

Although the association constants of the lanthanide ions and
their common ligands (as well as the noble metal ions and their
cyclic ligands) are very high, the dissociation of these metal chelates
is still possible. Such disassociation will significantly diminish the
luminescence intensity, which will result in lower detection sensitivity
when the concentration of the chelates in the assay is very low. The
chelate dissociation issue at low concentration can be overcome
by using particles that encapsulate those luminescence molecules.
The polymeric matrix cannot just only prevent the chelates from
dissociating, but would also provide signal amplification because
one particle can contain a large number of chelates. Recently, both
micro- and nano-particles have been developed and commercialized
to encapsulate those chelates to achieve signal amplification, and at
the same time, to prevent the chelates from dissociating at very low
concentration [8]. Europium-based nanoparticles with various surface
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functional groups are commercially available from a number of
vendors. The surface functional groups allow covalent attachment of
various biological molecules such as antibodies to the particle surface.
For phosphorescent nanoparticles, the benefit of encapsulation also
includes minimization of oxygen quenching under ambient conditions
so that an oxygen-free measurement environment is no longer a
constraint. Several types of polymers have been used to encapsulate
phosphorescent molecules to reduce the oxygen quenching, including
polymer styrene, polyacrynitrile, silica, and halogen-containing
polymers [9,10]. Polystyrene-based phosphorescent particles have
proven less than ideal because of relatively low intensity and short
lifetimes. This is due to the relatively high level of oxygen permeability
and the resulting phosphorescence quenching.

Applications

Time-resolved luminescence assays

A large number of assays have been developed and reported in the
literature using TRL detection [11]. Applications cover a wide variety of
analytes and reactions, including ligand-receptor binding interactions,
detection of small molecules, nucleic acid hybridizations, and enzymes
assays [12-14]. In general, the probes used for TRL homogenous assays
are metal chelates, particularly europium chelates with various ligands.
Those chelates are modified to be water soluble and often covalently
attached to molecules of interest to form a conjugate. Not only are the
homogeneous TRL assays of academic interest, they are also of high
commercial interest. A number of commercial assay products have
been on the market that provides increased performance for high
through drug screening and medical diagnostics.

Time-resolved luminescence imaging

A less explored application of TRL-based detection is in the
field of imaging [15-17]. Two types of TR luminescence imaging
methods; frequency domain and time domain, have been reported.
Emerging research should find a wide range of potential applications
by discriminating and mapping different fluorophores. This will lead
to a better understanding of cells and tissue micro environments. This
in turn will lead to improved diagnosis of certain diseases and further
understanding of cellular and tissue molecular transport.

Time-resolved luminescent lateral flow assays

Recently TRL detection has been integrated into a low cost and
user-friendly lateral flow chromatographic assay platform to provide a
powerful point-of-care (POC) and over-the-counter (OTC) detection
platform [18,19]. Two new types of luminescent nanoparticles with
long luminescence lifetimes have made it practical to develop the
technology platform. One type of nanoparticle uses halogen-containing
polymers that encapsulate phosphorescent molecules (platinum and
palladium chelates) to minimize the oxygen dependent quenching of
phosphorescence [20]. The particles can be easily excited by low-cost
LEDs from 390 to 410 nm to emit strong phosphorescence at 650 nm
with about a 100 ps lifetime coupled with a large Stokes shift under
ambient conditions. A second type of nanoparticle encapsulates a
lanthanide chelate that has a strong absorption peak around 415 nm
and emits strong fluorescence at 615 nm with a fluorescence lifetime
of approximately 500 ps. Unlike commercial nanoparticles with long
luminescence lifetimes that can be effectively excited only by UV light,
the new particles can be efficiently excited from 400 to 430 nm. This
feature of excitation by visible light is tremendously advantageous for
cost, miniaturization and elimination of interference from complex
biological samples and platform matrices.

Key challenges/opportunities

Although TRL detection techniques have been widely utilized for
a number of applications, the limited options of compatible and truly
functional probes have remained a major hurdle for wider adoption.
Almost all the commercial probes suitable for TRL detection for
biological assays and medical diagnostics can be effectively excited
only by UV which as noted above, is not ideal. Most biological sample
matrices and substrates have significant absorption in the UV, which
can interfere with the excitation of those probes. UV excitation is also
not amenable for biological imaging due to potentially damaging live
cells. Moreover, the UV light resource is generally more expensive,
less powerful, somewhat hazardous, and is not very appropriate for
POC and OTC products. Therefore, there are tremendous needs
to develop new molecular probes with suitable spectral profiles,
preferably excitable at >450 nm. Another challenge is that most of
commercial instruments related to luminescence measurements don’t
have capability of measuring time-resolved luminescence. However,
this challenge could be easily resolved if suitable probes with excitable
wavelength of >450 nm were widely available. The same is true for
TRL imaging. A low cost CCD camera coupled with a time-gating
capability will be another key technological innovation of TRL imaging
with applications for biochip-based multiplexing systems such as
nucleic acid or protein microarrays. Another area of opportunity is
to use TRL for flow cytometric analysis of cells. Finally a significant
opportunity exists for developing detection systems and assays that
simultaneously use wavelength-based separation and lifetime-based
separation methods to accomplish analyte multiplexing. In combining
conventional and TRL detection techniques, it is possible to develop
particle arrays that can increase throughput exponentially. Similarly a
TRL imaging system utilizing the two detection methods can trace the
behaviors of a number of targets on the same spot and at the same time.
However, all of this innovation and new sensing modalities must begin
with the continued development of novel and differentially functional
time-resolved luminescent molecular probes and nanoparticles.
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