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Abstract: Laser-induced fluorescence (LIF) has been a valuable analytical technique since the 1970s
that has only been made more useful through advances in other scientific fields such as biochemistry.
Moreover, advances in laser and detector technology have seen a decrease in LIF detector costs and an
increase in their ease of use. These changes have allowed for LIF technology to be widely adopted for
various sensor designs in combination with advanced instruments. With advances in biochemistry
necessitating the detection of complex metabolites, labelling with fluorescent chemical reagents may
be necessary to improve detection sensitivity. Furthermore, advances made in fluorescent labeling
technologies have allowed for the use of LIF in the detection of nanoparticles as well as for imaging
techniques using nanoparticles as signal amplifiers. This technology has become invaluable in the
detection of environmental pollutants, monitoring of biological metabolites, biological imaging, and
cancer diagnosis, making it one of the most valuable analytical science techniques currently available.

Keywords: laser-induced fluorescence; aptamer; biochemical agents; fluorescence detection; metal
oxide nanoparticles; sensor design

1. Introduction

Laser-induced fluorescence (LIF) spectroscopy is a technique that can empower a
chemical analysis laboratory to easily monitor the concentration of inherently fluorescent
compounds and enable the development of new analytical methods that utilize fluorescent
labeling [1]. Fluorescence detection functions by shining light on a sample at the analyte’s
optical excitation wavelength and collecting the light from the analyte at its emission
wavelength perpendicular to the incident beam. The incident beam can be produced from
a variety of sources including lasers, light-emitting diodes, tungsten–halogen bulbs, and
arc lamps (containing mercury, xenon, or deuterium). These light sources have their own
advantages and disadvantages, and the intended use of the detector dictates which source
can be used [2]. LIF spectroscopy offers several advantages over absorption spectroscopy.
First, LIF has excellent detection sensitivity because a signal is observed against a dark
background. Second, the emitted radiation can be collected at various angles with respect
to the collimated laser beam, making it possible to obtain two- and three-dimensional
images. Third, LIF imaging of translucent and opaque materials is particularly attractive
due to the strength of the resonant absorption process compared with the non-resonant
Rayleigh techniques in Raman spectroscopy. Fourth, by dispersing the fluorescence, it is
also possible to learn about the transitions from the excited state to various lower energy
levels of the fluorescent molecule. Fifth, because of the delay between the excitation and
detection events, it is possible to study the processes the excited molecule undergoes in the
intervening time [3]. This technology has seen many improvements and novel uses over
the last couple of decades. As new LIF-based research and applications rise in number
every year [4], the justification for any science or engineering laboratory not having an LIF
detection system continues to dwindle. A pioneering LIF application can be found in the
early work by Hofzumahaus and Holland, wherein the measurement of tropospheric OH
radicals achieved a detection limit of 8.2 × 106 •OH/cm3 [5]. Ambient air was expanded

Chemosensors 2021, 9, 275. https://doi.org/10.3390/chemosensors9100275 https://www.mdpi.com/journal/chemosensors

https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com
https://doi.org/10.3390/chemosensors9100275
https://doi.org/10.3390/chemosensors9100275
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/chemosensors9100275
https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com/article/10.3390/chemosensors9100275?type=check_update&version=2


Chemosensors 2021, 9, 275 2 of 23

through a nozzle into a fluorescence cell and irradiated by a pulsed frequency-doubled dye
laser. The laser wavelength was tuned to selectively excite the •OH radicals on a single
rovibronic transition at 308 nm. The OH-resonance fluorescence, emitted mostly between
307 and 311 nm, was detected by a gated photomultiplier/photon counter assembly.

As synthetic biochemistry and biomedical engineering make scientific advances, there
has been a growing need for sensitive methods of detecting biological metabolites, proteins,
endoplasmic reticulum membranes, living cells, cancers, and organelles [6–9]. Most tissues
contain several different fluorescent compounds, which include the amino acid tryptophan,
the oxidation-reduction mediator NADH, the connective components elastin and collagen,
porphyrin, as well as pyridoxal acid. However, the amounts of fluorophores are different
between normal and abnormal tissues. Their unenhanced autofluorescence patterns seem
capable of detecting neoplasms [10]. Quantitatively, LIF is a powerful tool widely used in
glycan analysis with fluorophore-labeled carbohydrates where each species has a common
response factor. Electrospray ionization mass spectrometry (ESI-MS), on the other hand,
while revealing important structural information about individual analytes, generally have
different response factors for the quantitative analysis of different species. For improved
quantitation with ESI-MS, laser-induced fluorescent images were collected at the Taylor
cone of the electrospray interface, enabling simultaneous optical quantitative optical and
qualitative MS detection of fluorophore-labeled sugars. The limit of LIF detection was
40 attomoles; the intra- and inter-day peak area reproducibilities were 4.2% and 6.8%,
respectively [11]. Furthermore, the need extends to the detection of environmental con-
taminants that have been found in foods through processing and packaging activities.
Fluorescence detection is a popular technology of detecting contaminant molecules, as
many are either inherently fluorescent or can be made to be fluorescent through label-
ing [12–15]. This technology is also popular for its cost effectiveness compared to other
advanced technologies like mass spectrometry [16]. In addition, fluorescence detection
does not suffer some of the issues that affect mass spectroscopy, such as the inability to
distinguish between molecules (or fragments) with identical mass-to-charge ratios with-
out capital investment on high-resolution mass spectrometers, difficulty with ionizing
samples to form molecular ions, and complicated troubleshooting that mass spectrometry
instrumentation can cause [16,17]. Furthermore, mass spectrometry is not necessarily
the best available technique for virological analysis because of the time-consuming and
tedious image collection process. LIF is applicable to the visual classification of viruses,
reducing the time and costs for this analysis. Rossi et al. performed experimental tests in
which different viruses were irradiated with a UV laser beam at 266 nm and the emission
spectra were recorded by a spectrometer. Their classification techniques demonstrated the
feasibility of discriminating viruses. The development of a rapid virological analysis allows
fast responses to epidemiologic events, thus reducing their risks to public health. Moreover,
a cost reduction translates to an increase in the number of sampling sites monitored, with
potential enhancement of prevention and control of disease spread [18]. All these scientific
papers contributed towards the ever rising number of LIF publications, based on the yearly
statistics retrieved from Google Scholar between 2001 and 2021, as shown in Figure 1.

In this review, the development of LIF detector technology for biological, catalytic,
chemical, environmental, enzymatic, radiological and toxicological sciences since 2010 is
described. Detection system designs are classified based on the excitation light source,
molecular probes/tags [19,20], sample cell configuration, and electrooptical detector spec-
ifications. Advanced technologies of laser-induced breakdown spectroscopy (LIBS) and
spectrometers based on cutting-edge quantum cascade (QC) and interband cascade (IC)
lasers are accounted for a comprehensive review.
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Figure 1. Yearly statistics of scientific papers published between 2001 and 2021 in the research area of
laser-induced fluorescence.

2. Designing a LIF Detection System

LIF is a method of choice for real-time field screening of residual organic contaminants
in ground water, undisturbed vadose, capillary fringe, and subsurface soils. The technology
is intended to provide highly detailed, qualitative to semiquantitative information about
the distribution of subsurface contamination that fluoresces, such as petroleum products
containing polycyclic aromatic hydrocarbons (PAH) [21]. Detection systems based on LIF
can be custom built in the laboratory from commercially available components that meet
the specific design needs of the researchers. Three-dimensional printed parts can be used
in conjunction with these components to significantly reduce costs and construction time
of the bench-top system [22]. NASA has built a high-performance LIF instrument for the
detection of airborne formaldehyde [23]. Rotational-state specific excitation at 353 nm is
achieved by using a compact fiber laser (10 mW output power), with a single-pass design
for stable signal response and a stand-alone data acquisition system. The accuracy of
reported mixing ratios of tropospheric formaldehyde is ±10% based on calibration against
IR and UV absorption of a primary HCHO standard. Precision at 1 Hz is typically better
than 20% above 100 parts per trillion by volume (pptv), with uncertainty in the signal
background contributing mostly to variability at low mixing ratios. The detection limit (for
a signal-to-noise ratio of 2) is 36 parts per trillion (ppt), and the time response at typical
sample flow rates is 0.19 s [24].

An instrument was designed for LIF detection of NO2 to determine the peroxy nitrates,
alkyl nitrates, hydroxyalkyl nitrates, and HNO3 total, attaining a detection limit of 90 ppt in
field observations [25]. A single-photon LIF sensor was recently developed for atmospheric
measurements of nitric oxide (NO) in the atmosphere. Rapid tuning of a narrow-band laser
on and off of a rotationally resolved NO spectral feature near 215 nm and detection of the
red-shifted fluorescence provides for interference-free direct measurements of NO with
a detection limit of 1 pptv for 1 s of integration, or 0.3 pptv for 10 s of integration. The
instrument has been deployed on the NASA DC-8 aircraft and provided more than 140 h
of NO measurements over 22 flights autonomously [26]. Analysis of dissolved organic
matter (DOM) concentration and composition is essential for quantifying biological and
chemical oxygen demand in natural waters; however, manual water sampling is costly and
time consuming over large areas. An airborne LIF light detection and ranging (LiDAR)
system was designed to assess the DOM concentration of the Annapolis River and Basin
(Nova Scotia, Canada) as well as three rivers and their estuaries (in Prince Edward Island,
Canada). Two flight missions were conducted in the summers of 2008 and 2009 and positive
correlations were found with traditional sample collection [27].

Fluorescent PAH molecules may be contained in non-aqueous phase liquids (NAPLs)
including petroleum fuels/oils, coal tars, and creosotes. Direct push logging of the inherent
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fluorescence of an NAPL with depth provides rapid and cost-effective delineation of NAPL.
A clear sapphire window is fitted into the side of a direct probe that is pushed through the
soil column. As this sapphire-windowed probe is advanced steadily into the soil column
at approximately 2 cm/s, pulses of laser light are sent down via fiber optics to exit the
window and shine onto the passing soil. Any resulting fluorescence that comes back into
the window is brought up by a second fiber for data processing and analysis in real time.
LIF systems can log up to 30 m below the ground surface, taking approximately 45 min
from start to finish [28].

There is always a need for forensic laboratories to conduct evidence analysis in a post
blast scenario. The development of portable sensors for fast screening of crime scenes is
required to reduce the number of evidences useful to be collected, optimization of time
and resources. A multispectral LIF imaging system is able to detect evidence of different
materials on very confusing areas at distances up to tens of meters. A short analysis time,
but with sufficient accuracy of forensic evidence at the original crime scene, was a main
requirement in the system design. Plastics (polypropylene, polyethylene and polyester)
were identified and their locations in the examined area were highlighted through data
processing. By proper choice of emission bands, the LIF imaging system can be used for
the rapid detection of other material classes (textiles, woods, and varnishes) [29].

The capsid protein purity of adeno-associated virus (AAV) is considered a critical
quality attribute of gene therapy products. However, the viral capsid proteins are present in
extremely low concentrations. A one-step denaturation and fluorescence labeling procedure
for AAV capsid proteins (using the Chromeo™ P503 dye) enabled the establishment of
a capillary electrophoresis-sodium dodecyl sulfate method with LIF for AAV detection.
The method has been validated to be accurate and precise with a linear dynamic range of
8.0 × 107–3.0 × 1011 vector genomes per mL (vg/mL). The detection limit and quantitation
limit were established to be 8.0 × 107 vg/mL and 4.2 × 108 vg/mL, respectively [30].
LIF is also a very sensitive detection method in micro total analytical systems (µTAS)
owing to the good monochromaticity, strong collimation and high optical density of diode-
pumped solid-state lasers. Due to its important role in µTAS, different optical structure
arrangements of LIF detection have undergone continuous development [31].

3. Excitation Light Sources

Arc lamps are the most popular light sources used in fluorescence detectors [32]. Arc
lamps, like other lamps, have the advantage that they offer a wide spectrum, which can be
separated by a monochromator to allow one lamp to be used in a variety of fluorescence
applications [33]. Arc lamps function by using high voltages to form a sustained arc of
electrons between two plates [34]. The gas that is used to facilitate the arc of electrons is
what gives the lamp its spectrum, as well as determining the stability of said spectrum [33].

Unlike arc lamps, tungsten–halogen bulbs function by passing electricity along a wire
of tungsten in the presence of a halogen gas [35]. This causes the tungsten to heat up
and release gaseous tungsten, which then reacts with the halogen, producing light, before
redepositing the tungsten onto the wire [36]. As the tungsten of these lamps needs to
reach very high temperatures in order for it to function, they do not have a very long life
compared to other light sources [37].

Light-emitting diodes (LEDs) are a light source of growing popularity owing to
their comparatively small size and low cost [38]. Unlike previously described lamps,
multiple different colored LEDs are required in a fluorimeter in order to cover the same
wavelengths emitted by a lamp [39]. LEDs function by using running electricity through a
semiconducting material (e.g., GaAs), which causes electrical holes to be filled, releasing
energy as light [40]. Additionally, the intensity of light offered by conventional LEDs is
low compared to available lasers, despite both having similarly narrow spectra [41].

LIF is one of the most sensitive detection methods. Lasers were first utilized in fluo-
rescence detectors in 1968 when Richard Zare used a He-Ne laser to perform spectroscopy
on gas-phase potassium molecules [42]. Laser light offers many advantages not possible
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with the other above-mentioned sources. Firstly, unlike lamps and LEDs, lasers produce
thin beams of light with photons moving in the same direction, and thus do not diminish
in intensity as quickly as other light sources [43]. This allows for a longer distance covered
between the light source and sample without losing excitation light intensity by the inverse-
square law [44]. Furthermore, like LEDs, lasers offer a very small selection of wavelengths
in the output beam, which negates the need for a monochromator which is necessary when
using arc lamps [45]. Moreover, lasers can also be pulsed at very high frequencies to apply
higher intensity light as compared to continuous wave lasers, but at a frequency such that
the fluorophore can relax to its ground state before being excited again [46]. However, this
higher light intensity can cause photodegradation, which can negatively impact sensitivity
as the fluorophore molecules are degraded [46,47].

LIF is an important technology for the detection of organic molecules as well as
minerals on the surface of Mars [48]. Frequency multipliers of the Nd-YAG laser output
(1064 nm) produce harmonic wavelengths that are suitable for fluorescence excitation of
perchlorate (at 355 nm) and PAH (at 266 nm and 355 nm but not 532 nm) [48]. A LIF-based
detection system was evaluated for the influence of time-resolved data on the biological
agent classification accuracy. A multi-wavelength sub-nanosecond laser source was used
to acquire spectral and time-resolved data from a standoff distance of 3.5 m from seven
different bacterial species and six types of oil. Classification performed with a decision tree
algorithm showed that accuracy was increased from 86% for spectral data only to more
than 92% when combined with time-resolved data [49].

As real-time detection and monitoring of microbial contamination on solid surfaces
is mandatory in a range of biomedical, safety and security applications, a LIDAR device
was designed using the LIF method based on dual wavelength sensing with multispectral
pattern recognition system. Microbial simulants (bacteria, bacterial spores, fungal conidia
and virus) were assessed and the spectra of dead versus living E. coli showed differences at
various sensing wavelengths [50].

A variant of LIF imaging of increasing interest is multiphoton microscopy. This
technique uses IR rather than visible or UV light in order to excite fluorophores [51]. This
is possible as the sum of the energies of the two (or more) IR photons (often of different
energy) used can excite the fluorophore [52]. While this would convolute LIF detection, it
is preferred in imaging as IR light penetrates tissues deeper than visible and UV light [53].
Moreover, the use of two IR photons excludes all fluorophores other than the target that
will fluoresce. It allows for multidimensional imaging, as two laser excitation beams must
cross at a spatial point to induce fluorescence [54].

4. Molecular Probes/Tags

As not every molecule is highly fluorescent, especially under visible light, molecules
must be labeled with fluorescent tags in order to detect them [55]. A wide selection of
fluorescent tag products are commercially available, including labeled antibodies and
conjugates, as well as reactive dyes and labeling kits. Over thirty reactive dyes have been
synthesized for LIF applications across the visible, far-red and near-IR spectra. Their high
performance offers superior brightness, photostability, and solubility [56].

The most notable examples of LIF applications in biology is tagging proteins with
green fluorescent protein (GFP) and its many derivatives [57]. Many proteins can be tagged
with this protein by adding a DNA sequence encoding GFP in frame with the protein
to be tagged; the resultant fusion protein will be fluorescent, with minimal impact on
protein function [58]. Other common dyes such as fluorescein, rhodamine, and various
Alexa Fluors must be chemically bonded to their targets, which makes them only viable
when labeling can be done outside a biological system [59–61]. When this technology is
applied to antibody labeling, cells and tissues can be fluorescently labeled based on the
expression of a target protein [62]. Antibody labelling can be invaluable in the research
of drug delivery vehicles, as their path to the target tissue can be monitored [63]. This
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can allow researchers to modify their targeting methods or delivery vehicles based on the
results from the fluorescence experiments.

In addition to conventional fluorophore labeling, advances in nanoscience have al-
lowed for LIF labeling with fluorescent nanoparticles called quantum dots (QDs) [64]. QDs
are nanoparticles made of semiconducting materials whose size and material composition
dictate its fluorescence properties [65]. The mechanism of QD fluorescence differs from
conventional fluorophores as they utilize quantum confinement in order to create band-
gaps that produce fluorescence [66]. Quantum confinement occurs when the diameter of a
nanoparticle approaches the de Broglie wavelength of the electron wave function [67]. A
potential well is formed, and the band gap becomes proportional to the particle size [68].
QDs have several advantages over more conventional probes, mainly their high quantum
yield, broad absorption spectrum, narrow and size-tunable emission wavelengths, as well
as superior durability especially to photobleaching [69].

QDs can be categorized into three types: core-type, core-shell, and alloyed [70]. Core-
type QDs can be distinguished by the fact that they are composed of a single material,
such as CdTe [71]. Core-shell QDs are distinguished from core-type as they contain two
distinct layers of semiconductors, with the outermost layer having a higher band gap than
the core [72]. Core-shell QDs have several advantages compared to core-type QDs, most
notably their increased quantum yield, stability, and adjustable wavefunction engineer-
ing [73,74]. Alloy-type QDs, like core-shell QDs, consist of two different semiconductors;
but rather than being in distinct layers, they are alloyed together, forming a homogenous
nanoparticle [75]. These QDs are easier to produce than core-shell QDs and offer simi-
lar advantages over core-type QDs [76]. In addition to being distinct types, they can be
combined into QDs with distinct layers, one or more of which are alloyed [77].

As most QDs contain cadmium and another heavy metal, they pose some risk of heavy
metal poisoning when introduced into the body; thus there has been growing interest in
less toxic forms of QDs for use in imaging [78]. Some examples of QD semiconductors
which contain comparatively less toxic heavy metals are InP, CuInS2, Ag2S, ZnS-AgInS2,
silicon, and graphene [79]. These materials, although less toxic than CdTe, do have some
toxicity, thus requiring extensive toxicity tests before they can be approved for medical
use [80].

In addition to the fluorophore action that QDs provide, nanostructures such as
nanoparticles and nanorods can also serve to quench the fluorescence of other fluo-
rophores [81]. This can be useful as a method for the detection and imaging of compounds
that would otherwise have low fluorescence intensity due to the molecular properties
or a low fluorophore concentration. However, the use of nanostructures can increase
their intensity [81] or produce a higher fluorescence output in imaging [82]. In addition
to the more common metal or metal oxide nanoparticle enhancement, research has also
shown that carbon-based nanoparticles show similar enhancement, which could prove to
be useful, and as such nanoparticles may be more suitable for use in vivo compared with
other nanostructures [83].

The most logical application for these fluorophores is in combination with targeting
molecules such as antibodies and aptamers [84]. This can be seen in Santana et al., in which
researchers were able to attach a ZnS-AgInS2 QD to an anti-vascular endothelial growth
factor (VEGF) receptor antibody [85]. The goal of this was to target brain cancer cells so
that the tumors could be imaged and treated by blocking VEGF receptor activity with the
antibody conjugate [85]. Results showed a statistically significant decline in cell viability
of U87 cancer cells tested compared to the HEK 293T cell control [85]. Other research by
Dobhal et al. focused on imaging of exosomes, vesicles released from cells, as they are useful
as biomarkers [86]. Specifically, by attaching an InP-ZnS QD-anti-CD63 antibody conjugate
to CD63 (a protein known to be expressed on the surface of exosomes), the authors were
able to image the exosomes for use as biomarkers of complex cell processes [86].
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5. Sample Cell Configurations

Two common optical geometries, as shown in Figure 2, can be constructed for LIF
detection—an orthogonal design and a collinear design, for collection of fluorescence.
Using Cy5.29 dicarbocanine dye, a limit of detection (LOD) of 7.4 × 10−11 M was obtained
using the orthogonal geometry and 1.2 × 10−12 M using the collinear geometry [87].
Latest advancements have resulted in a significant increase in sensitivity to achieve a
signal noise ratio of 2300:1 based on the water Raman peak [88]. Capillary electrophoresis
(CE) can be coupled with sheath-flow LIF detection to offer outstanding sensitivity for
biochemical analysis. In CE-LIF, a plug of sample is electrophoretically driven down
a fused silica capillary by applying a high voltage between the inlet and outlet ends.
Molecules of different sizes and charge states travel at different velocities down through
the narrow capillary channel. However, a major drawback remains with the complexity
of the traditional optical configuration. Confocal LIF detection in CE analysis can be
simplified using fiber optics and micro gradient-index lenses for modular optical design
with a sheath-flow cuvette. The system performance affords a concentration detection limit
of 8 ± 2 pM and mass detection limit of 57 zeptomoles for sodium fluorescein [89].
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Microfluidic chips/devices for CE analysis were conventionally constructed with LIF
detection in an orthogonal optical arrangement. Sensitive detection could be achieved by
detecting the fluorescence light emitted in the microchannel through the sidewall of the chip
to reduce background noise due to scattered light from the excitation beam. A fluorescence
collection angle of 45 degrees in the chip plane could yield better signal-to-noise ratios as
the scattered light intensity decreased to only 1/38 of that obtained at an angle of 90 degrees.
A detection limit (S/N = 3) of 1.1 pM fluorescein was obtained, which is comparable to
that of optimized confocal LIF systems [90]. Microfluidic CE has the potential to analyze
single cells. However, detection at the low concentration limit of biological dynamic range
involves coupling the fluorescence into confocal set-ups using externally cooled photo-
multiplier tubes (PMTs). The integration of photodetector elements directly on-chip is
desirable. A LIF detection scheme embedded a high refractive index micro-ball lens in a
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carbon-blackened polydimethylsiloxane panchromatic filter. The lens-filter layer enables
simultaneous excitation rejection and fluorescence enhancement to couple fluorescence
from a microfluidic channel to a surface photodetector [91]. A strategy combining minimal
system design and low-cost system construction was adopted to achieve instrumental
miniaturization. The total size of the microfluidic CE-LIF bioanalyzer was minimized to
90 mm length × 75 mm width × 77 mm height and the instrument cost was reduced to
USD500. After attaining a detection limit of 1.0 nM sodium fluorescein, this bioanalyzer
was applied to colorectal cancer diagnosis by the polymerase chain reaction-restriction
fragment length polymorphism method [92]. Another LIF detector was developed for pes-
ticide residues based on a microfluidic sensor array, utilizing a spectral recognition method
for unsupervised pattern recognition to analyze the characteristic fingerprint-like fluores-
cent spectral patterns [93]. The detector system responded to pesticide concentrations of
10 ppb [93].

Beam divergence at the exit end of the first optical fiber attenuates the power density
of optical excitation, and coupling at the entrance end of the second optical fiber makes it
inefficient to collect the fluorescence light from a microfluidic chip. The excitation power
and coupling efficiency can be significantly increased by using an on-chip micro-lens system
with integrated optical fibers, specially designed by Code V® lens design software [94].
Numerical simulations can be conducted to optimize the distance between all optical
elements. The micro-lens was produced using direct lithography of SU-8 photoresist [94].
The emitted light can be collimated by an objective and passed through a variety of optical
filters in order to increase the spectral selectivity of the detection method [4,94,95]. A
modular microfluidic CE system with LIF detection was constructed to analyze amino
acids (valine, serine, alanine, glycine, glutamic acid, and aspartic acid) in borate buffered
solutions at concentrations ranging from 10 mM to 50 mM (pH 9.5). Among them, the
35 mM borate buffer generated the highest resolution before Joule heating dominated.
The limits of detection for alanine and glycine were determined to be 2.1 nM and 2.9 nM,
respectively [96].

6. Electrooptical Detector Technologies

Usually, LIF systems are constructed in research labs to detect chemical analytes in
biological samples, using a low-power continuous-wave laser as the excitation source.
However, as the luminosity of emitted light is often very low, methods of amplifying
the signal are necessary [97]. The most common method used to amplify low luminosity
light signals into an electric signal is the photomultiplier tube (PMT) [98]. When photons
interact with a series of dynodes of an increasingly positive potential within the vacuum
tubes in a PMT, electrons are being ejected, which will then be multiplied, producing a
100-million-fold increase in signal strength [99], resulting in an exponentially amplified
signal [100].

There have been several advances in PMT technology since their development by
Kubetsky in 1930 [101,102]. One of the first such advancements was the development of
the avalanche photodiode (APD) in the 1950s by Nishizawa [103]. An APD differs from a
PMT in that the former utilizes a single amplification event in a diode, which allows the
detector to be significantly smaller, but at the cost of signal-to-noise ratio [104]. As a result
of their very small size compared to PMT, APD are very commonly utilized in optical fiber
based detectors [105].

The most significant advancement was the development of silicon photomultipliers
(SiPM) [106]. SiPMs are a combination of APD and PMT, where the electrons are multiplied
similarly to an APD but amplified similarly to a PMT [107]. This difference leads to a more
compact, cost effective, and resilient tool that uses lower operating voltages [108].

Two single-mode optical fibers can be framed up in a V-shaped configuration for
transmitting the excitation light and detecting the induced fluorescence to construct a
scanning LIF detection system for microfluidic CE analysis [109]. Ultra-compact spec-
trometer modules based on proven diffraction grating technology can be purchased for
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spectral resolution of emission wavelengths across the visible to near-infrared range. These
spectrometers offer an cost-efficient module for both independent researchers and Op-
tical Emission Spectroscopy manufacturers of analytical instruments, who do not want
to sacrifice performance and robustness for compactness [110]. Either a PMT, charge
coupled device (CCD), or APD can be used as the detector. A high-speed APD provides
responsivity between 400 and 1000 nm, as well as extremely fast rise and fall times at all
wavelengths. The responsivity of the device is independent of modulation frequency up to
about 800 MHz. The detector chip is hermetically sealed behind a flat glass window in a
modified TO-18 package, affording a useful diameter of 0.5 mm as the photosensitive sur-
face. It is also packaged in a TO-18 lightpipe, which allows efficient coupling of light to the
detector from an optical fiber up to 0.25 mm in diameter [111]. The detector output signal
is acquired by a current-to-voltage conversion circuit, amplifying circuit, and peak-holding
circuit. The digital peak signal can then be processed by a computer [44].

A virtual instrument system based on LabVIEW was reported for the design and
operation of LIF detection. This system achieves synchronous control of equipment and ac-
quisition of real-time fluorescence data by communication with a computer via GPIB, USB,
RS232 and parallel ports. It can perform sequences of operations automatically to obtain
the excitation and emission spectra. The system opens up new possibilities for researchers
and increases the efficiency of complicated operations of functional components at the click
of a button in LabVIEW. The authors will provide a copy of the virtual instrument system
upon request [112].

7. Commercial Availability of LIF Detection Systems

When the LIF technology was initially developed, the instruments were manufactured
in laboratories [113]. When the technology was growing in popularity in the 1970s, it was
very difficult to incorporate lasers in commercially available LIF detectors at the time [114].
However, with the advent of viable lasers, commercial LIF detectors were put on the market
by several leading scientific instrument companies.

The SCIEX 800 Plus pharmaceutical analysis system comprises a 488-nm laser module
with an output power of 3 mW. With LIF detection, low fluorescence emission light
intensities are measured against a dark background. These intensities are easily influenced
by changes in the optical path. Due to this uncertainty, LIF detector response is annotated
in relative fluorescent units (RFU). A calibration is performed to correct for these changes
by using fluorescein (1 × 10−7 M in water). The LIF detector system is designed to guide
the fluorescence emission light via a fiber optic cable to the photomultiplier detector.
Flashlight can be used to verify fiber optic output. To check noise, drift and baseline
stability, fluorescein solution is run with laser off for 5 min followed by laser on for 5 min.
A flat baseline with a small step increment of RFU at 5 min should verify good operation
of LIF [115].

Planar LIF is an optical imaging technique based upon fluorescence emitted from
chemical species excited by planar laser light to measure instant whole-field concentration
or temperature maps. Essentially a sheet of laser light is passed through a flow field, and
the subsequent fluorescence emission is captured on a 2D CCD imaging sensor, imaging
fiber optics, or time-gated digital camera to acquire spatial information. Planar LIF can be
used for a range of concentration, pressure, temperature and velocity measurements in
different liquid and gaseous flow environments. Current applications are found in sprays,
combustion diagnostics, flame radicals, process engineering, biomedical engineering, and
fluid mechanics/dynamics research [116]. In studies involving mixing of fluids, one
of the fluids is marked with the dye tracer compound, whereas the other is fresh fluid.
A laser light sheet illuminates a thin plane in the flow and the tracer absorbs some of
the excitation light to emit fluorescence. Commonly used dyes for measurements in
liquids are rhodamine 6G (for concentration measurements), rhodamine B (for temperature
measurements). Commonly used tracers for measurements in gas phase flows are ketones
such as acetone. A camera equipped with a sharp cut-off or narrow-band filter is used
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to record only the fluorescence light [117]. For pulsed UV LIF applications usually an
image intensifier amplifies the LIF signal. The conversion of LIF images into meaningful
concentration or temperature fields is based on calibration measurements.

CE coupled to LIF detection offers a highly specific method with exceptional sensitivity
for the analysis of proteins, peptides or glycans. Detectors from Picometrics Technologies
SAS (Toulouse, France) can be combined with the Agilent 7100 CE seamlessly. Picometrics
ZetaLIF detectors are ultra-sensitive solutions for all separation techniques such as liquid
chromatography (capillary, micro, nano, or ultraperformance) and CE. This detector enables
an unrivalled level of sensitivity for LIF measurement owing to a broad range of lasers
(offering an excitation wavelength from 266 nm to 785 nm) and a wide variety of filter
blocks for selecting an optimal emission wavelength [118]. Due to the fiber optics approach
used by Picometrics detectors, LIF analysis can readily be combined on-line with any
Agilent CE/MS instrument to deliver CE-LIF-MS data. This system combines the power
of highly sensitive LIF detection with identification (or structure analysis) of compounds
delivered by mass spectrometry [119].

8. Modern LIF Technologies

There have been several advances in LIF technology since their inception in the 1970s.
One of the most notable improvements came with the advances in laser diode (also referred
to as semiconductor lasers) technology [120]. The first laser diodes were bulkier, less
powerful, and did not operate well at room temperature as compared to more modern
diodes [121]. These advancements have made diode lasers both cheaper and smaller
compared to more conventional gas laser technologies [122].

In addition to the advancements in diode technology, the use of fiber optics has
also been a great improvement to LIF technologies [123]. Optical fibers use total internal
reflection along a very thin glass conduit of high-refractive index (>1.480) as a waveguide
in order to transport light signals across large distances without losing signal strength [124].
Due to the waveguide mitigating any significant loss of light intensity that occurs over
long distances of propagation, lower intensity fluorescence can be detected [125]. Optical
fibers are commonly implemented into fluorescence detectors either after the light source,
before the detector, or both [126]. Designs that implement optical fibers do offer distinct
advantages over those that do not, although there are disadvantages that prevent them
from being used in every system. Most notable of these disadvantages are the increase in
cost compared to systems that do not use fiber optics, and the fragile nature of these glass
fibers if not physically protected by a cladding [127,128]. However, when implemented
properly, optical fibers allow for distinct separation of both the light source and detector
from the sample, allowing for less stray light in a compact design [129].

In addition to advances in available parts, other advances in technology, especially
separation technologies, have necessitated integration with LIF detection [130]. Common
technologies include, but are not limited to, high-performance liquid chromatography, CE,
microfluidics, and flow cytometry [131–135]. Most of these integrations simply involve
the replacement of a standard cuvette with a flow cell (or in the case of CE, a section of
optical window along the capillary) after the separation [136]. However, this is not the only
way to do it, especially when improvements like sheath flow hydrodynamic focusing is
adapted [137].

9. Sensors (Site Characterization and Analysis Penetrometer System)

Site Characterization and Analysis Penetrometer System {SCAPS) is a cone mounted
sensor developed in the 1990s for use in detecting soil contamination [138]. The sensor,
which contains an LIF detection system, must be inserted into the ground, and then
volatile soil contaminants can diffuse through a membrane incorporated in the device,
where they can be detected by LIF [139]. A hydraulic system can be truck-mounted on
these sensors to facilitate real-time chemical measurements. It is best used for screening
petroleum hydrocarbon compounds in soil/water and monitoring the performance of PAH
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cleanup [140]. A compact spectrometer used 405 nm excitation to acquire LIF spectra in
the 450–930 nm spectral range on a solid surface via an optical-fiber coupled measurement
head. The protype instrument was successfully tested on biological soil crust for the
detection of chlorophyll at concentrations down to 5 ng/cm2 [141].

10. Laser-Induced Breakdown Spectroscopy

In recent years, LIBS has been widely used in many fields of scientific research for
chemical element detection. In LIBS, a sample is excited with intense laser pulses and the
emitted light is analyzed, which generally falls in the visible or infrared spectral region.
LIBS is ideal for sample analysis as it does not require sample preparation, and generally
removes less than 1 µg of material during laser ablation [142]. LIBS is fast, causes little
sample damage (ablation crater radius < 70 µm), can be applied on-line, and applicable in
remote field locations [143]. The LIBS plasma (or ablation vapor plume) was produced by
a Q-switched Nd:YAG laser at 1064 nm, and the resultant radiation was detected using a
Paschen–Runge spectrometer equipped with photomultipliers [144]. The photomultiplier
signals were processed by a fast gateable multichannel integrator for the simultaneous
analysis of different elements [145]. LIBS is often combined with molecular LIF to study
plasma-borne molecules [146]. The experiments are normally performed in air at atmo-
spheric pressure. When excited by a nanosecond optical parametric oscillator laser tuned at
283.31 nm, emission from Pb atoms was then observed at 405.78 nm with a detection limit
of 180 ppb over 100 laser shots. In the double pulse resonant LIBS system, a wavelength-
tunable laser was divided into reflection and transmission beams by using a beam splitter.
The reflected laser pulse was firstly used to ablate the sample, and then the transmis-
sion laser pulse was used to resonantly excite the target atoms in the vapor plume [147].
Femtosecond LIBS for in situ ammonia (NH3) measurements was demonstrated when a
femtosecond laser beam (λ = 800 nm) was focused at NH3 molecules, photolysis generated
electronic-excited NH fragments with subsequent fluorescence detection at 336 nm to attain
a lower limit of 205 ppm [148]. Data from single-line LIBS for seven major rock-forming ele-
ments (Al, Ca, Fe, Mg, Si, Na and K) were collected to produce pseudo-logs of geochemical
data that are representative of stratigraphy [149]. The optimal LIF excitation locations were
the center of the plasma for Fe, but the periphery for Cr and Ni. By focusing an excitation
laser beam at the optimal locations, not only excitation efficiency, but also the accuracy of
quantitative LIBS-LIF analysis, were improved compared to those with excitation at the
plasma center in conventional LIBS-LIF [150]. Ground-state Co atoms in LIBS plasma were
resonantly excited by a tunable laser at 304.40 nm. The LIF detection limit was 0.8 µg/g in
steel matrix [151]. LIBS-LIF was validated to enhance the spectral intensity of uranium in
ores and eliminate spectral interference. In contrast with atomic lines, uranium ion lines
are more suitable for determination of uranium. A detection limit of 35 µg/g was achieved,
demonstrating the excellent potential of LIBS-LIF in the exploration of uranium in natural
resources [152]. LIBS-LIF could also eliminate spectral interference effectively and improve
the ability of LIBS to detect trace heavy metals (0.6 ppm Pb) in soil [153]. Utilizing the
combination of carbon in steel industry and nitrogen in ambient gas to generate carbon-
nitrogen (CN) radicals by LIBS resonantly, the excited CN radicals could be stimulated by
laser (λex = 421.60 nm) to emit fluorescence (λem = 388.34 nm) [154]. Remote detection of
atmospheric haloalkanes of interest at a high altitude poses considerable technological or
logistic challenges. Laser sources could be used to remotely excite and fragment the target
haloalkane molecules, followed by their identification and quantification using optical
emission [155]. Hitachi’s Vulcan Handheld LIBS Metal Analyzer represents one of the
fastest metal analyzers available today. Results are available in seconds with only a pull of
the trigger [156]. LIBS can be used to determine the elemental composition of bacterial cells;
the use of standoff or remote apparatus helps minimize the risk to the operators during
bacteriological identification of unknown specimens [157].
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11. Detection of Viruses in Wastewater Using LIF

One of the most important aspects in controlling a viral outbreak is monitoring the
number of infected people in a population. However, with the possibility of a large
population not tested for the virus in question, they will not be included in the number
of infected cases, leading to an inaccurate estimate of infection cases. One such method
is to screen wastewater for viruses and use the viral count as a metric for the number of
infected [158]. This method allows outbreaks to be predicted weeks in advance without
delays in getting the total population tested.

There are several methods that can be used to detect these viruses, but most employ
either labelling of viral particles or using polymerase chain reaction amplification of the
viral DNA or RNA [159]. Those which utilize labels, primarily use immunolabeling
with fluorescent labels that can be detected through LIF [160]. This technology has been
demonstrated to be invaluable during the COVID 19 pandemic as these data allowed for
governments to limit citizen virus exposure by issuing lockdowns before they became
obviously necessary based on case data [161].

12. Fluorescence Detection of Transition Metal Oxide Nanoparticles

Metal oxide nanoparticles (MONPs)—Al2O3, CeO2, CuO, Fe3O4, Mn3O4, TiO2, ZnO,
ZrO2—represent a field of materials chemistry that has attracted considerable interest in the
last couple of decades due to their industrial and technological applications [162]. MONPs
are employed as biomedical materials in biosensing, dentistry, diagnosis, immunotherapy,
regenerative medicine, tissue therapy, and wound healing. Their surface properties can
be tailor-made by introducing ligand functionality that provides target specificity, for
example, the addition of antibodies to their surfaces with specificity for a target cell [163].
Advances in the development of functionalized MONPs are witnessed over a broad range
of applications including biomedical imaging, cancer treatment, catalysis, chemical sensing,
drug delivery, theranostics, and treatment of wastewater containing heavy metals [164,165].
In addition, nanoparticles can effectively be combined with antibiotic drugs because it is
easier for the nanoparticles to enter bacterial cells compared with antibiotic drugs alone, as
nanoparticles are endocytosed and can be functionalized to target specific cells, whereas
the drugs alone passively defuse into cells [166]. Supposedly, nanoparticles are able to
participate in subcellular reactions because their size is similar to biological molecules. For
instance, ZnO nanoparticles have been found to inhibit Staphylococcus aureus (Gram-positive
bacteria) cells. It is well-known that they have ability to penetrate the Pseudomonas aerugi-
nosa (Gram-negative bacteria) and S. aureus (Gram-positive bacteria) cells [167]. As most
cell membranes are negatively charged, it is postulated that positively charged nanopar-
ticles have a higher affinity for bacteria. However, their antifungal, antimicrobial and
antiviral properties come along with biotoxicology [167]. Exposure to Al2O3 nanoparticles
may result in adverse health consequences of disturbed redox homeostasis, hepatocellular
toxicity, neurodegeneration, and DNA damage [168]. Furthermore, PbO nanoparticles are
graded as toxic and dangerous for the environment and human health [169]. The greater
surface area per mass of MONPs renders these nanoparticles biologically more active [170].
Public health concerns about their unintended release in the environment are triggering the
need for a better understanding of their potential hazards to humans, and it is imperative
to assess their eco-toxicological impact on aquatic eco-systems. MONPs are reported to
have wide-ranging antimicrobial activities and be potent against bacteria, viruses, and
protozoans. Normally, smaller nanoparticles have higher antibacterial activity and are more
toxic (than big nanoparticles) because their larger surface area-to-volume ratio enhanced
production of reactive oxygen species. These oxygen species can be produced by nanopar-
ticles through a variety of mechanisms including surface-catalyzed photodecomposition
of O2, Fenton-like reactions, and reactions with organic molecules on the nanoparticle
surfaces [171]. Exposed surfaces that are less stable require less energy to form oxygen-free
functions, thus increasing the antimicrobial activity of the nanoparticles [172].
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A predominant mechanism leading to toxicity involves damage to proteins, cell mem-
branes and DNA [173]. Benchmark dose analysis is an effective tool to rank sensitivity
and toxicity across MONPs. Specifically, bronchial (BEAS-2B) and alveolar epithelial cells
(A549) are exposed to a concentration range (0.4–100 µg/mL) of aqueous MONP suspen-
sion. Eight toxicity endpoints representing the integrity of lysosomal/cell membrane,
oxidative stress level, glutathione based detoxification (glutathione S-transferase), oxida-
tive metabolism (cytochrome P450), alteration of the mitochondrial membrane potential,
alteration of phase II antioxidative enzyme (NAD(P)H:quinone oxidoreductase), and de
novo DNA synthesis can be determined. The sensitivity/toxicity decreases in the fol-
lowing order: ZnO > CuO > TiO2 > ZrO2 > CeO2 when lung bronchial cells are exposed
to these nanoparticles [174]. Algorithmic examination of MONPs by categorization into
toxicologically distinct clusters has divided them into sub-classes based on their dose–
response-recovery similarity. Fe2O3, SiO2 and TiO2 nanoparticles showed signs of elevated
immune system activity and cell membrane damage; ZnO and CeO2 nanoparticles ex-
hibited comparatively reduced toxicity across all five responses [175]. The potential toxic
effect of superparamagnetic iron oxide nanoparticles on various cell lines has centered on
cellular and molecular mechanisms in animal models [176]. A high dose of biologically
and chemically synthesized CuO nanoparticles induced adverse effects on hepatic, renal
and splenic tissues. At the same dose level, the biologically synthesized CuO nanoparticles
evoked more potent toxic effects than the chemically synthesized ones [177]. Particularly, it
has been confirmed that MONPs may induce serious genotoxic effects on various biolog-
ical targets. Given the difficulties of experimental assays for estimating the genotoxicity
of MONPs on diverse biological targets, development of alternative methodologies is
crucial to establish their level of safety. In silico modelling approaches, such as quantita-
tive structure–toxicity relationships based on perturbation theory machine learning, are
now considered a promising solution for predicting their genotoxicity rapidly and cost-
efficiently [178]. When a model of luminescent bacteria, Vibrio fischeri, was employed to test
the acute toxicity, the median effective concentration were 12 mg L−1 for ZnO nanoparticles
and 119 mg L−1 for CuO nanoparticles. For binary nanoparticle mixtures, the combined
effect was synergistic revealing a complex pattern of interactions [179].

Various antitoxic strategies, involving coatings and surface treatments, are emerging
to decrease the harmful results while maintaining the favorable properties of MONPs [180].
Mohanan et al. recommends adopting surface functionalization strategies for reducing
toxic response of ZnO nanoparticles in various applications [181]. Different strategies
of surface modification and functionalization of colloidal ZnO nanoparticles have been
reported to lower their toxicity [182]. However, their surface chemistry is not as established
as that of silica and alumina and modification of ZnO nanoparticle surface area could
lead to release of Zn2+ ions that enhance ROS production. Fe2O3 nanoparticles can be
coated with tartaric/adipic acid with potential for use as oral iron supplements [183].
Different coatings (dextran, chitosan, polyethylene glycol, carboxy-silane, and silica) can
affect the toxicity elicited by super-paramagnetic iron oxide nanoparticles in developing
zebrafish (Danio rerio). Ranging from embryotoxicity parameters (survival, hatching rate,
and anatomical malformations) to behavioral patterns (locomotion during the exploration
of a new environment, thigmotaxis, and the escape response to an aversive stimulus), the
toxic effect depends on the physical size, hydrodynamic diameters, and zeta potential of
the coated nanoparticles [184]. Mn3O4 nanoparticles can be doped with Zn, Cu or Cr to
regulate the Fermi energy level far away from the valence band energy, thus generating a
lower amount of •OH and hence reducing the toxicity [185].

In addition to toxicity [186], MONPs can impose rather unexpected but quite sig-
nificant effects on the structure and activity of biochemicals adsorbed on their surfaces.
Understanding of the interaction of nanoparticles with biomolecules (such as ZnO with
cysteine thiol groups in proteins) [187,188] is very important, as it can help better design
nanocomposites for applications in diagnostics, drug delivery, cell monitoring, and sensors.
It is well documented that protein adsorption is the first process that occurs upon implanta-
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tion of a biomaterial into the physiological environment. Hence, human cells do not contact
the biomaterial directly, but interact with the adsorbed protein layer. The orientation, con-
formation and packing arrangement of proteins are controlled by their tertiary structures in
relation to active sites at the nanoparticle surface. For instance, the decrease in fluorescence
intensity caused by collisional quenching, as revealed by the Stern–Volmer plots, indicated
an effective static quenching process by TiO2 nanoparticles whereas SnO2 nanoparticles
had a lower quenching efficiency for bovine serum albumin fluorescence [189]. CeO2
nanoparticles triggered the transition of hen egg white lysozyme secondary structure from
α-helix to β-sheet and induced the hydrophobic region of lysozyme to become exposed
to the solvent [190]. They also interact with bovine serum albumin with minor confor-
mational changes in the biomolecular structure [191]. MONPs all interacted with the
phosphate backbone of DNA, but exhibited different DNA adsorption affinity [192,193].
Some adsorbed DNA without quenching the fluorescence, while others strongly quenched
adsorbed fluorophores. They also displayed different affinity toward anions as probed by
desorption of DNA as a signaling molecule [194].

Surface modification with organic dyes, molecular fluorophores, and fluorescent la-
bels/probes made MONPs one of the most useful tools that chemistry has provided to
biomedical research, enabling the intracellular monitoring of targeted species by fluores-
cence lifetime imaging microscopy for various medical and biological purposes [195]. It
allows for upconversion to theranostics that unite diagnostic and therapeutic applications
to form a single agent, allowing for diagnosis, drug delivery and treatment response
monitoring [196]. Using the fluorescence lifetime difference exhibited by native doxoru-
bicin (∼1 ns) compared to conjugated doxorubicin (∼4.6 ns), the intracellular release of
conjugated doxorubicin was in situ monitored in H1299 lung cancer cells with time [197].
Environmental sensitivity of the fluorescence lifetime offers insights into the local envi-
ronment of a nanoparticle or its interaction with surrounding biomolecules [198]. Titania
(TiO2) and zirconia (ZrO2) serve as useful models for metal-oxide nanoparticles due to their
identical stoichiometry, comparable acid/base behavior (surface hydroxyl groups’ point
of zero zeta potential = 5.8 and 6.7) and similar refractive indices (2.5 and 2.2, compared
with 1.7 for alumina Al2O3). Fluorescent magnetic Eu3+-doped gadolinium oxide (Gd2O3)
nanoparticles were successfully fabricated for biomedical applications [199]. Luminescent
behaviors were different between the pristine and modified europium-doped lutetium-
oxide (Eu:Lu2O3) nanoparticles due to the influence of surface ligands or silver (Ag) on their
emission properties [200]. The fluorescence lifetime (τ) is expressed as τ0 = 1/(Γ + Γm + knr)
where Γ is radiative decay, knr is the non-radiative decay rate and subscript m denotes
metal, while the quantum efficiency of a scintillator material in the presence of a nearby
metal Q0 is expressed as Q0 = (Γ + Γm)/(Γ + ΓM + knr) and it indicates the possibility to
simultaneously decrease the decay time by 14% and increase the luminescence intensity
by introducing Γm. Attachment of GFP molecules to TiO2 and cadmium oxide (CdO) was
investigated with time correlated single photon counting [201]. Time-resolved experiments
show that the τ of GFP molecules bound to MONPs got shortened by 43% and 22% for TiO2
and CdO, respectively, due to photoinduced electron transfer caused by the interaction
of GFP molecules (donor) and MONPs (acceptor). Addition of polystyrene nanoparticles
(n = 1.59) to an aqueous solution of the common fluorescence dye molecule, Alexa 430,
with a low quantum yield, led to a significant enhancement in quantum yield and an
associated increase of the fluorescent lifetime by up to 55% [202]. The increased quantum
yield could be attributed to the hydrophobic effect on the structure of water (n = 1.33) in
the boundary layer around the polystyrene particles in suspension. Research into organic
dye-sensitized solar cells was reinvigorated by the improvement of organic dye sensitizers
designed to have electron donor and electron acceptor motifs located at opposite ends of the
molecule that were connected through a π-bridge motif. Certain organic dyes were found
to prevent injected electrons within the titania conduction band from being intercepted
by the oxidized redox species [203]. Structurally, the D35 dye contains a triphenylamine
donor motif, a thiophene π-bridge, and a cyanoacrylic acid acceptor motif [203]. When the
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D35 dye is bound to the titania nanoparticle surface at full coverage, the butoxyl groups
form a steric barrier at the electrode/electrolyte interface, inhibiting recombination. The
butoxyl groups also prevent dye molecules from aggregating to result in shorter excited
state lifetimes.

There has been an increase in the use of MONPs in the fluorescent detection of other
molecules, which in many cases can be altered and used as a means of detecting the
nanoparticles themselves [204]. For instance, Venkatesan et al. [205] attempted to use ZnO
nanoparticles as a means of detecting picric acid and found that their fluorescence increased
dramatically. Thus, by extension, picric acid can be used to detect ZnO nanoparticles [205].
Similarly, by attaching a silane linker and the fluorescent dye to TiO2 nanoparticles for
cell imaging, Kokot et al. [206] found this strategy to be applicable to detection of the
nanoparticles in water samples. Finally, Zhou et al. [207,208] used fluorescently labelled
DNA aptamers for the detection of specific species (e.g., Ochratoxin A and Aflatoxin B) in
food samples. In their work, the aptamers were not chemically bonded to nanoparticles,
making them easily detached in the presence of the target species as the three dimensional
shape assumed by the aptamers allowed them to overcome their adsorption onto the
nanoparticles, resulting in a lower fluorescence quenching effect for the development of
a sensitive detection method. Our laboratory has developed a similar detection method
for TiO2 nanoparticles involving coating with fluorescein isothiocyanate (FITC) labelled
anti-dopamine DNA aptamers, as illustrated in Figure 3. In this method, fluorescently
labeled aptamers are adsorbed onto nanoparticles, unbound aptamers are removed, and
bound aptamers are removed by adding their target, separated, and detected by LIF in
order to determine the concentration of nanoparticles in the sample.
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13. Conclusion/Future Developments

LIF technology, despite being developed during the latter half of the 20th century,
has only grown in usefulness as technology has developed. The advances in laser, de-
tector, fiber optics, and fluorescent labeling technologies have transformed a technique
that was once difficult to use, and limited in its scope, into one of the most prominent
detection and imaging techniques. In addition, as the fields of biology and biochemistry
have advanced, the needs for fluorescence detection has dramatically increased, further
increasing demand for LIF. Moreover, the use of nanoparticles in these fields have provided
methods of detecting nanoparticles by LIF, something which will become more necessary
as MONPs are found in increasing quantities in the environment [209]. With advances in
new technologies such as 3D printing, there is a promising future for LIF instrumentation
design and manufacturing [210].
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180. Długosz, O.; Szostak, K.; Staroń, A.; Pulit-Prociak, J.; Banach, M. Methods for reducing the toxicity of metal and metal oxide NPs
as biomedicine. Materials 2020, 13, 279. [CrossRef]

181. Sudhakaran, S.; Athira, S.S.; Varma, H.K.; Mohanan, P.V. Determination of the bioavailability of zinc oxide nanoparticles using
ICP-AES and associated toxicity. Colloids Surf. B Biointerfaces 2020, 188, 110767. [CrossRef]

182. Abdussalam-Mohammed, W. Comparison of Chemical and Biological Properties of Metal Nanoparticles (Au, Ag), with Metal
Oxide Nanoparticles (ZnO-NPs) and their Applications. Adv. J. Chem. A 2020, 3, 192–210. [CrossRef]

183. Garcia-Fernandez, J.; Turiel, D.; Bettmer, J.; Jakubowski, N.; Panne, U.; García, L.R.; Llopis, J.; González, C.S.; Montes-Bayón,
M. In vitro and in situ experiments to evaluate the biodistribution and cellular toxicity of ultrasmall iron oxide nanoparticles
potentially used as oral iron supplements. Nanotoxicology 2020, 14, 388–403. [CrossRef]

184. Oliveira, E.M.N.; Selli, G.I.; von Schmude, A.; Miguel, C.; Laurent, S.; Vianna, M.R.M.; Papaléo, R.M. Developmental toxicity of
iron oxide nanoparticles with different coatings in zebrafish larvae. J. Nanopart. Res. 2020, 22, 1–16. [CrossRef]

185. Feng, Y.; Chang, Y.; Xu, K.; Zheng, R.; Wu, X.; Cheng, Y.; Zhang, H. Safety-by-Design of Metal Oxide Nanoparticles Based on the
Regulation of their Energy Edges. Small 2020, 16, 1–10. [CrossRef]

186. Mileyeva-Biebesheimer, O. An Investigation into Metal Oxide Nanoparticle Toxicity to Bacteria in Environmental Systems Using
Fluorescence Based Assays; The University of Toledo: Toledo, OH, USA, 2011.

http://doi.org/10.1016/j.scitotenv.2020.140910
http://doi.org/10.3390/pathogens10050516
https://www.ottawapublichealth.ca/en/reports-research-and-statistics/Wastewater_COVID-19_Surveillance.aspx
https://www.ottawapublichealth.ca/en/reports-research-and-statistics/Wastewater_COVID-19_Surveillance.aspx
http://doi.org/10.2174/13816128113199990375
http://doi.org/10.3390/polym8040156
http://doi.org/10.4172/2090-4568.1000125
http://doi.org/10.1039/C6CS00636A
http://doi.org/10.3390/biomimetics5020027
http://doi.org/10.1177/0748233720936828
http://doi.org/10.1007/s11356-020-08441-9
http://www.ncbi.nlm.nih.gov/pubmed/32221830
http://doi.org/10.3109/10408449309104073
http://doi.org/10.1186/s12951-017-0308-z
http://www.ncbi.nlm.nih.gov/pubmed/28974225
http://doi.org/10.1007/s10311-020-01033-6
http://doi.org/10.1016/j.toxlet.2020.06.012
http://www.ncbi.nlm.nih.gov/pubmed/32562635
http://doi.org/10.1016/j.comtox.2019.100113
http://doi.org/10.1080/21691401.2019.1709855
http://doi.org/10.2147/IJN.S241922
http://doi.org/10.1016/j.chemosphere.2019.125489
http://doi.org/10.1007/s10661-020-08444-6
http://doi.org/10.3390/ma13020279
http://doi.org/10.1016/j.colsurfb.2019.110767
http://doi.org/10.33945/sami/ajca.2020.2.8
http://doi.org/10.1080/17435390.2019.1710613
http://doi.org/10.1007/s11051-020-04800-2
http://doi.org/10.1002/smll.201907643


Chemosensors 2021, 9, 275 23 of 23

187. Cao, M.; Cao, C.; Liu, M.; Wang, P.; Zhu, C. Selective fluorometry of cytochrome c using glutathione-capped CdTe quantum dots
in weakly basic medium. Microchim. Acta 2009, 165, 341–346. [CrossRef]

188. Alsudir, S.; Lai, E.P.C. Selective detection of ZnO nanoparticles in aqueous suspension by capillary electrophoresis analysis using
dithiothreitol and L-cysteine adsorbates. Talanta 2017, 169, 115–122. [CrossRef]

189. Togashi, D.M.; Ryder, A.G.; McMahon, D.; Dunne, P.; McManus, J. Fluorescence study of bovine serum albumin and Ti and Sn
oxide nanoparticles interactions. In Proceedings of the Diagnostic Optical Spectroscopy in Biomedicine IV, Munich, Germany,
17–21 June 2007. [CrossRef]

190. Cheng, Y.H.; Lai, C.M.; Lin, K.S.; Wang, S.S.S. Effects of metal oxide nanoparticles on the structure and activity of lysozyme.
Colloids Surf. B Biointerfaces 2017, 151, 344–353. [CrossRef] [PubMed]

191. Abraham, S. Spectroscopic Studies of Interaction of Protein with Cerium Oxide Nanoparticles. Asian J. Chem. 2018, 30, 1269–1272.
[CrossRef]

192. Wang, L.; Huang, Z.; Liu, Y.; Wu, J.; Liu, J. Fluorescent DNA Probing Nanoscale MnO2: Adsorption, Dissolution by Thiol, and
Nanozyme Activity. Langmuir 2018, 34, 3094–3101. [CrossRef]

193. Liu, B.; Ma, L.; Huang, Z.; Hu, H.; Wu, P.; Liu, J. Janus DNA orthogonal adsorption of graphene oxide and metal oxide
nanoparticles enabling stable sensing in serum. Mater. Horiz. 2018, 5, 65–69. [CrossRef]

194. Liu, B.; Liu, J. Comprehensive Screen of Metal Oxide Nanoparticles for DNA Adsorption, Fluorescence Quenching, and Anion
Discrimination. ACS Appl. Mater. Interfaces 2015, 7, 24833–24838. [CrossRef]

195. Ruedas-Rama, M.J.; Walters, J.D.; Orte, A.; Hall, E.A.H. Fluorescent nanoparticles for intracellular sensing: A review. Anal. Chim.
Acta 2012, 751, 1–23. [CrossRef]

196. Wolfbeis, O.S. An overview of nanoparticles commonly used in fluorescent bioimaging. Chem. Soc. Rev. 2015, 44, 4743–4768.
[CrossRef] [PubMed]

197. Basuki, J.S.; Duong, H.T.T.; Macmillan, A.; Erlich, R.B.; Esser, L.; Akerfeldt, M.C.; Whan, R.M.; Kavallaris, M.; Boyer, C.; Davis, T.P.
Using fluorescence lifetime imaging microscopy to monitor theranostic nanoparticle uptake and intracellular doxorubicin release.
ACS Nano 2013, 7, 10175–10189. [CrossRef] [PubMed]

198. Boreham, A.; Brodwolf, R.; Walker, K.; Haag, R.; Alexiev, U. Time-resolved fluorescence spectroscopy and fluorescence lifetime
imaging microscopy for characterization of Dendritic polymer nanoparticles and applications in Nanomedicine. Molecules 2017,
22, 17. [CrossRef]

199. Dutta, R.K.; Pandey, A.C. Fluorescent Magnetic Gadolinium Oxide Nanoparticles for Biomedical Applications. Nanosci. Technol.
2015, 2, 1–6.

200. Wei, H.; Cleary, Z.; Park, S.; Senevirathne, K.; Eilers, H. Fluorescence lifetime modification in Eu:Lu2O3 nanoparticles in the
presence of silver nanoparticles. J. Alloys Compd. 2010, 500, 96–101. [CrossRef]

201. Acikgoz, S.; Ulusu, Y.; Akin, S.; Sonmezoglu, S.; Gokce, I.; Inci, M.N. Photoinduced electron transfer mechanism between green
fluorescent protein molecules and metal oxide nanoparticles. Ceram. Int. 2014, 40, 2943–2951. [CrossRef]

202. Scalia, G.; Scheffold, F. Lifetime of fluorescent dye molecules in dense aqueous suspensions of polystyrene nanoparticles. Opt.
Express 2015, 23, 29342. [CrossRef]

203. Dryza, V.; Bieske, E.J. Does the triphenylamine-based D35 dye sensitizer form aggregates on metal-oxide surfaces? J. Photochem.
Photobiol. A Chem. 2015, 302, 35–41. [CrossRef]

204. Hahm, J.I. Zinc oxide nanomaterials for biomedical fluorescence detection. J. Nanosci. Nanotechnol. 2014, 14, 475–486. [CrossRef]
205. Venkatesan, G.; Vijayaraghavan, R.; Chakravarthula, S.N.; Sathiyan, G. Fluorescent zinc oxide nanoparticles of Boswellia

ovalifoliolata for selective detection of picric acid. Front. Res. Today 2019, 2, 2002. [CrossRef]
206. Kokot, B.; Kokot, H.; Umek, P.; van Midden, K.P.; Pajk, S.; Gravas, M.; Eggeling, C.; Koklic, T.; Urbancic, I.; Strancar, J. Controlled

Fluorescent Labelling of Metal Oxide Nanoparticles for Artefact-free Live Cell Microscopy. bioRxiv 2021. [CrossRef]
207. Zhou, X.; Pu, H.; Sun, D.W. DNA functionalized metal and metal oxide nanoparticles: Principles and recent advances in food

safety detection. Crit. Rev. Food Sci. Nutr. 2021, 61, 2277–2296. [CrossRef]
208. Velu, R.; De Rosa, M.C. Lateral flow assays for Ochratoxin A using metal nanoparticles: Comparison of “adsorption-desorption”

approach to linkage inversion assembled nano-aptasensors (LIANA). Analyst 2018, 143, 4566–4574. [CrossRef] [PubMed]
209. Honda, R.J.; Keene, V.; Daniels, L.; Walker, S.L. Removal of TiO 2 Nanoparticles During Primary Water Treatment: Role of

Coagulant Type, Dose, and Nanoparticle Concentration. Environ. Eng. Sci. 2014, 31, 127–134. [CrossRef] [PubMed]
210. Prikryl, J.; Foret, F. Fluorescence detector for capillary separations fabricated by 3D printing. Anal. Chem. 2014, 86, 11951–11956.

[CrossRef]

http://doi.org/10.1007/s00604-009-0140-8
http://doi.org/10.1016/j.talanta.2017.03.019
http://doi.org/10.1117/12.728354
http://doi.org/10.1016/j.colsurfb.2016.12.030
http://www.ncbi.nlm.nih.gov/pubmed/28043051
http://doi.org/10.14233/ajchem.2018.21207
http://doi.org/10.1021/acs.langmuir.7b03797
http://doi.org/10.1039/C7MH00804J
http://doi.org/10.1021/acsami.5b08004
http://doi.org/10.1016/j.aca.2012.09.025
http://doi.org/10.1039/C4CS00392F
http://www.ncbi.nlm.nih.gov/pubmed/25620543
http://doi.org/10.1021/nn404407g
http://www.ncbi.nlm.nih.gov/pubmed/24131276
http://doi.org/10.3390/molecules22010017
http://doi.org/10.1016/j.jallcom.2010.03.220
http://doi.org/10.1016/j.ceramint.2013.10.017
http://doi.org/10.1364/OE.23.029342
http://doi.org/10.1016/j.jphotochem.2015.01.007
http://doi.org/10.1166/jnn.2014.9099
http://doi.org/10.31716/frt.201902002
http://doi.org/10.1101/2021.04.19.440400
http://doi.org/10.1080/10408398.2020.1809343
http://doi.org/10.1039/C8AN00963E
http://www.ncbi.nlm.nih.gov/pubmed/30112551
http://doi.org/10.1089/ees.2013.0269
http://www.ncbi.nlm.nih.gov/pubmed/24669184
http://doi.org/10.1021/ac503678n

	Introduction 
	Designing a LIF Detection System 
	Excitation Light Sources 
	Molecular Probes/Tags 
	Sample Cell Configurations 
	Electrooptical Detector Technologies 
	Commercial Availability of LIF Detection Systems 
	Modern LIF Technologies 
	Sensors (Site Characterization and Analysis Penetrometer System) 
	Laser-Induced Breakdown Spectroscopy 
	Detection of Viruses in Wastewater Using LIF 
	Fluorescence Detection of Transition Metal Oxide Nanoparticles 
	Conclusion/Future Developments 
	References

