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Abstract

Chemiluminescence (CL) and bioluminescence (BL) are both fascinating natural phenomena involving the
emission of light by a chemical reaction without the need for an excitation source. Both CL and BL have been
used extensively in research and technology development and have become valuable tools in fields ranging
from chemistry to medicine and beyond. Specifically, they offer unique advantages in the design of highly
sensitive and specific detection probes for biosensors. In the CL field, novel probe designs, integration of
nanomaterials, and synthetic strategies have led to enhanced sensitivity, selectivity, and versatility in
biosensor applications. This in combination with portable microfluidic technologies has facilitated the
detection and quantification of biomolecules, metabolites, pathogens, and environmental pollutants with high
accuracy and low cost. Similarly, the exploration of bioluminescent proteins has led to the engineering of
genetically encoded bioluminescent probes enabling the development of biosensors, molecular diagnostics
methods, and real-time imaging and detection within living systems. Further, the development of
bioluminescent reporter assays and biosensors has shown application in high-throughput screening, drug
discovery, and biological mechanistic studies. The integration of BL and CL technologies into point-of-care
devices has found applications in medical diagnostics, environmental monitoring, and food safety. This review
highlights recent advancements in both CL and BL technologies, mainly focusing on their implications in
biosensor development.
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1. Introduction

Advanced biosensors are portable devices consisting of multiple interconnected steps including samples
preparation, selective isolation of analytes trough sensing elements, transduction and amplification of signals,
acquisition and data analysis. Amog the various forms of luminescence, such as fluorescence,
phosphorescence, triboluminescence, and radioluminescence, chemiluminescence (CL) and
bioluminescence (BL) represent enabling detection technologies for high sensitive, low-cost, rapid, sensitive,
reproducible, and miniaturized biosensors.

CL and BL processes are forms of luminescence that derive their energy from chemical reactions rather than
light absorption.The high-energy intermediates in a chemical process in CL undergo decomposition to yield
products in their electronically excited states. A metabolic biotransformation is also responsible for the
creation of the high-energy intermediate in BL. Both approaches can produce singlet (and triplet) excited
species, which emit visible light when they drop back to their ground state.

This review will focus on the phenomena of CL and BL which thank to these mechanisms emerge among the
lumnescence techniques for their easier integration in robust analytical devices to be used as improved
biosensors.

The primary benéefit lies in their high potential for detectability. The photons are generated in darkness through
a chemical reaction, making them easy and efficient to measure without any non-specific signals that typically
arise from the photoexcitation source in photoluminescence; as a consequence, very low limit of detection
can be reached combining CL and BL in biosenosrs format without the need for a long and labouriuus sample
pretreatment to reduce matrix effect.

The process of detecting light generated over the dark background as in the case of CL and BL does not
require sophisticated instrumentation and has been widely utilized in the bioanalytical field due to its superior
analytical performance as compared to other detection technologies such as colorimetry or fluorescence.[1-
3]. Several technological solutions are now available for ultrasensitive CL and BL detection due to the much
simplified optics needed for signal measurement, in contrast to photoluminescence, where the optics
geometry is crucial to minimizing the excited light interference. The main contribution is represented by
improved high sensitive CCD and CMOS systems able to measure emitted light and also image the emitting
area. The new implemented systems allow for the reduction of instrumental noise even in small, portable and
battery-powered devices, like cellphone. At the same time, an exponential increase in photodiode sensitivity
systems can be reached. In addition, in order to increase light output and extend the kinetics of the reaction
to a glow-type emission enabling a easier CL-signal measurement, several enhancers acting as a mediators
were developed.

Currently, there are fewer CL and BL-based biosensors in the market as compared to electrochemical or
Surface Plasmon Resonance (SPR) biosensors [4-6]. Most of the available CL and BL-based biosensors are
incorporated in lateral flow immunoassay (LFIA) formats that have found wide applications in point-of-care
testing (POCT) and home tests. On the other hand, clinical chemistry automated immunoanalyzers
predominantly employ a variety of CL probes such as luminol, dioxetanes, acridinium esters, as well as
electrochemiluminescent principles for sensitive detection of biomarkers with high analytical precision and
accuracy that conform to both internal and external quality control standards. Given the wide application of
CL in automated clinical chemistry [7], it is surprising that this detection method has not been able to have
an impact in other fields of analysis, which begs several questions. Why is it that while CL has gained
significant popularity in automated analysis, there are so few real biosensors available in the market? What
is the main issue hindering progress, and how can advancements in material sciences, nanotechnology,
chemistry, and molecular biology help to further improve CL-and BL-based biosensors? The transfer of
technology from automated large analyzers to miniaturized lab-on-a-chip devices seems to be an
unexplained barrier, as the technological complexities regarding components and design are relatively simple
to overcome. The low commercialization of CL-and BL-based biosensors mirrors the general trend of
biosensors based on other detection systems, where despite the demonstrated adequate analytical
performance, very few devices have entered the market.

To date, the use of bioluminescence in analysis has been almost exclusively centered on the use of a few
photoproteins and the firefly enzyme luciferase as a label for detection. Over time, the use of the
luciferin/luciferase system has evolved from the firefly luciferase to other luciferases and to the incorporation
of the luciferase gene from luciferase and other organisms as reporter molecules in many different modalities
of bioanalytical systems and biosensors for the detection of molecules in a host of biological, environmental,
food, clinical and pharmaceutical applications [8-11]. Examples include the insertion of the luc and lux genes



from different luciferases into various organisms, from tobacco plants to mammalian cells[12]. Photoproteins,
such as aequorin that utilize coelenterazine have been also genetically modified and their substrates
chemically altered to endow the reporter with unique characteristics for use in bioanalysis [13]. The use of
various luciferases as reporter genes has revolutionized molecular biology and cell-based biosensors, with
genetically modified genes enhancing the stability and modulating the emission properties of the luciferases.
Further, bioluminescent substrates have also been the focus of extensive studies. Wild-type luciferins and
coelenterazine have been modified chemically or caged to produce substrates with different emission
wavelengths, including near-infrared for in vivo biosensing and imaging. The different luciferases have been
employed in a myriad of cell-based biosensors to detect a range of analytes via reporter gene technology in
biomedicine. In other examples, energy transfer-based technologies have been developed such as
Bioluminescence Resonance Energy Transfer or BRET, where the bioluminescence emitted by a
bioluminescent reporter excites a fluorescent probe shifting the wavelength of emission, typically to a red
wavelength, thus avoiding interference from naturally occurring luminescence in samples and yielding lower
detection limits [9]. BRET is not limited to the use of luciferase, as other bioluminescent reporters, such as
aequorin have also proven successful in BRET-based bioanalytical assay formats.

This review paper aims to provide an in-depth analysis and exploration of the recent advancements in CL
and BL systems focusing on biosensors applications. Herein, we discuss the latest breakthroughs in the field,
including innovative (nano) techniques and methods, as well as their potential applications in the
development of state-of-the-art miniaturized biosensing technologies.

2. Chemiluminescent new labels and their performances

Labels based on CL are extensively used in bioanalysis as they are highly efficient in signal generation. The
early discovery of the luminol/H20; luminescent reaction in 1928, gave rise to basic research focused on
understanding the chemistry and mechanism of light production of the CL labels dioxetanes, acridinium
esters, and luminol [1]. Although these molecules have different molecular structures, they all share a
common process in the production of light, which involves the activation of a functional group that is
responsible for the emission of CL (Figure 1). Most CL reactions mimic the firefly luciferase/luciferin
mechanism of CL emission. This mechanism relies on the creation of a dioxetanone intermediate through
the oxidation of a stable intermediate in a singlet excited state, leading to the emission of light through
radiative decay[14].
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Figure 1. Nature inspired CL probes: the probe reacts with reactive oxygen species, followed by the generation of the
high-energy four-membered ring cyclic peroxide, so-called 1,2-dioxetane. Since the O—O bond has enough energy to
allow the molecule to decompose into an electronically excited product, i.e., into two carbonyl fragments, it results in the
production of light.

In clinical chemistry up to 70% of the automated immunoanalyzers are based on CL systems. Abbot and
Siemens analyzers utilize acridinium esters analogues as labels, while Siemens and Beckman employ the
alkaline phosphatase enzyme and dioxetane derivatives as substrates for their CL-based detection. Ortho
utilizes horseradish peroxidase, HRP, as a label and luminol/H-O- as the substrate, while DiaSorin employs



direct labeling with isoluminol. Roche holds around 25% of the CL market with electrogenerated CL
technology[3]. Despite the wide use of CL technologies in clinical analysis, still, one of the most challenging
aspects of CL is achieving high efficiency in generating light from the controlled decomposition of molecules.
Balancing the conditions to produce an excited state that emits visible light while maintaining this process at
a level where it is sensitive enough to detect just a few molecules of a specific labeled probe is quite
demanding. Nowadays commercially available high-sensitivity light detectors suited for biosensor formats
are made from charge-coupled devices (CCD), complementary metal-oxide semiconductors (CMOS), single
photon avalanche diodes (SPAD), photomultipier tubes (PMT), and silicon photodiode detectors that can
detect a small number of photons.

2.1 Luminol
2.1.1 Luminol-based chemiluminescent systems

HRP luminol/H;0; system

The most widely used CL principle in biosensor development and immunoassays generally uses the HRP
catalyzed luminol/H20, system, wherein HRP is used to label for primary or secondary antibodies, DNA
probes, and other recognition elements like aptamers or molecularly imprinted polymers (MIP). It was not
until 1983 that the simple luminol/H202 system's enhancer concept was introduced, enabling another
dimension in terms of the magnitude of light emission. As originally observed by Thorpe and Kricka, the
addition of enhancers (phenols, iodophenols, phenothiazines, and substituted boronic acids) to the process,
serving as mediators of electron transfer, considerably increases light production and long-duration kinetics
with steady-state emission over many minutes [15], allowing the development of numerous miniaturized
biosensors [1, 16, 17]. In a recent paper, we compared the analytical performances of a conventional
biosensor configuration based both on HRP/luminol/lenhancer CL and on widely established
electrochemistry-based detection, often considered the most sensitive method of detection. We concluded
that both, CL and electrochemical detection systems using the same experimental conditions and reagents
reach comparable detection limits and sensitivity[18].

Luminol analogues and natural oxidase enzymes

Besides addressing the limitations in signal kinetics through enhancer utilization, the prevalent CL substrates
exhibit substantial drawbacks tied to their poor water solubility and instability. Recent reports involving
derivatives of luminol substrates, featuring varied substituents and integrated moieties, aim to overcome
these issues. Notably, m-carboxy luminol has showcased an ability to augment the CL signal, leading to a
decreased limit of detection and an expanded dynamic range in immunoassay systems [19]. Recent
developments in phthalhydrazide derivatization of luminol have positioned it as a highly sensitive tool for
bloodstain imaging, immunoassays, and analyzing glucose/glucose oxidase reactions. These CL probes emit
in the green spectrum, providing longer wavelength emissions compared to conventional luminol-based
systems [20].

Luminol-based CL detection has been widely used in highly sensitive bioassays and biosensors due to
minimal background interference and the need for non-costly basic equipment; however, limited
understanding of the reaction mechanism and occasional compromised selectivity have driven exploration
into novel catalytic methods, luminol derivatives, or analogues to boost the sensitivity of these important
sensor tools. Experimentation involving the substitution of the HRP enzyme with peroxidases from alternative
natural sources seeks to improve enzyme turnover and stability[21]. Comparison of conjugates produced by
labeling an antibody by soybean peroxidase (SbP) and HRP peroxidases in the CL-based ELISA revealed a
significantly lower emission decay rate in the case of SbP, demonstrating its potential for enhancing luminol
oxidation.

Co-reactants, CRET and coupled reactions

A further strategy to improve emission properties includes the incorporation of co-reactant molecules in the
luminol reaction. Various substrates acting as acceptors have been proposed for a Chemiluminescence
Resonance Energy Transfer (CRET), where energy from the CL emission is transferred to the acceptor.
Commonly utilized acceptors encompass organic-fluorescent molecules, while nanomaterial-based
acceptors like quantum dots, semiconducting polymers, and gold nanoparticles have expanded CRET
applications in biosensing, bioimaging, and biomedicine [22]. The advantages of CRET-based bioassays are
rooted in their high energy-transfer efficiency, substantial quantum yield, and emission in red-shifted
wavelengths.

Recent endeavours focus on developing CRET-based systems that achieve high efficiency by minimizing the
distance between the CL molecule and acceptor. DNA-nanostructures have been engineered to precisely



control the proximity between the donor and acceptor, integrating DNAzymes and oligonucleotides capable
of specific catalytic reactions. These tools harness the peroxidase-like activities of DNAzyme, such as a
hemin/G-quadruplex, which efficiently catalyzes the oxidation of luminol by H»O2, generating CL utilized to
excite the fluorescein (FAM), enabling CRET with superior analytical performance compared to fluorescent
probes [23, 24]. Future advancements in CRET may involve employing novel acceptors with red-shifted
emissions to reduce the distance between the emission and acceptor components. These acceptors are
anticipated to display improved quantum yield and stability. Integrating signal ampilification techniques could
enable high-throughput and multiplex analysis in a homogenous format.

2.1.2. New developments in HRP or luminol-based CL biosensors

Traditional immunoassays rely on large equipment, skilled operators, complex operations, costly reagents,
and lengthy assays. The growing need for real-time detection, high accuracy, informativity, reproducibility,
portability, and simultaneous monitoring of multiple parameters has spurred research in developing new
formats like multiplex immunoassays, LFIA, and microfluidic devices. These advancements aim to fulfill
requirements for POCT and One Health [25] approaches. The subsequent sections will explore recent trends
using HRP and or luminol-based CL-system in these fields.

CL-multiplex sensors

Multiplex biosensors hold significant promise in the realm of One Health, offering a robust tool to
simultaneously monitor various parameters, bridging human, animal, and environmental health factors. This
section primarily focuses on the latest strides in designing portable multiplex devices, particularly intriguing
from a POCT standpoint. A ground-breaking pivotal milestone in portable CL-based multiplex sensors was
established in 2011 by Roda et al., setting a benchmark for CL-multiplexing [26]. Subsequent advancements
refined these devices, addressing the challenge of limited efficiency in CL signals through amplification
techniques. Notably, Zong et al. introduced a novel multiplex immunosensor array employing a dual-signal
amplification strategy, enabling rapid and highly sensitive detection of multiple mycotoxins in herbal
medicine[27]. In 2023, ground-breaking developments in this field emerged from the groups of Yu and Jia.
These researchers engineered a multiple CL detection system by integrating a low-cost plastic optical fiber
array with a multipixel silicon photomultiplier[28] (Figure 2). Thank to the improved limit of detection compared
to a camera-based system using a cooled detector, the compactness and the geometry flexibility, the system
results suitable for the integration with paper-based and other assay formats in a potential robust point-of-
care biosensor with multiplexing capabilities.
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Figure 2. Schematic diagram and assay procedure of the SiPM-based fiber-integrated CL detection system (SFCD).
(A) 3D exploded schematic of the SFCD structures (in the physical object of SFCD, the lower end of the optical
fibers was attached to the SiPM multichannel array). (B) Workflow of the CL measurement on multiplex yPADs by
the SFCD using the detection of ABEI as an example (C) Dynamic curves of CL emission of different concentrations
of ABEI measured by SFCD and lens-based CL system. Adapted from reference 18 with permission.

Jia et al. developed a CL optical fiber aptamer-based biosensor for ultrasensitive on-site assay of multiplex
mycotoxins in food samples[29]. The entire analysis process is achieved through a microplate lifting system,
controlled by a stepper motor, and a data processing system. The microplate contains wells with all necessary
reagents for the analysis. To enable multiplexed analysis, eight optical fibers are bundled through a coupler,
with two fibers dedicated to sensing each target in a compact and portable design. To improve the applicability
to complex matrices as POCT device, samples pretreatment and integration with efficient exctraction
methods should be considered.

CL- Lateral flow immunoassay (LFIA)

In traditional CL-LFIA devices, the HRP-labelled antibody is immobilized on the conjugate pad, and another
analyte specific antibody is fixed in the test line on an NC membrane. As the antigen moves from the sample
pad to the conjugate pad, an antigen-antibody-HRP conjugate forms on the conjugate pad. The sample then
advances to the test line, binding to the immobilized antibody and creating an antibody-antigen-antibody-
HRP complex. Subsequently, a mixture of luminol, chemiluminescent enhancer, and hydrogen peroxide
(H20) is introduced to the CL-LFA, resulting in a blue glow at the test line whose intensity correlates with the
antigen concentration in the sample[30]. Considerable effort has been devoted to the creation of simple
analytical tools for these LFIA detection methods, including the CL signal readout. The use of a smartphone
to image and quantify luminescence for direct quantification of analytes in biological matrices represents an
important breakthrough. An example includes a CL-LFIA based on the use of a smartphone for signal
detection in the quantitation of salivary cortisol for clinical applications. The system integrates a cartridge for
the LFIA strips, a system to trap on a pad all the needed reagents, and a smartphone adaptor able to function
as a mini-dark box and optical alignment for the CL signal acquisition[31]. One the most striking POCT
applications of such format emerged as a result of the IN SITU Bioanalysis project, financed by the Italian



Space Agency (ASI) in collaboration with NASA, which led to the development of a CL-LFIA device suitable
for the highly sensitive detection of cortisol from the astronauts’ saliva inside the ISS during space
missions[32] (Figure 3). The compact biosensor includes a plastic cartridge containing the fluidic system
where reagents displacement is due to pressing buttons and capilarity. A CL reader based on an
ultrasensitive cooled charge-coupled device camera is employed for CL measurement. In order to improve
the potentialities of the system as POCT device, cartridge miniaturization and procedure automation could
be designed.
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Figure 3. LFIA based biosensor for the measurement of salivary cortisol levels on board the International Space
Station. (A) Enclosed fluidic component containing the LFIA strip and the associated reagents. Inset: magnified view
of the LFIA strip within the fluidic element, highlighting the region captured by the CL reader. (B) 3D-prited plastic
housing. (C) CL reader. (D) LFIA strip showing T-line and C-line areas. (E) Comparison of calibration curves obtained
by analysing cortisol standards in oral fluid and PBS. (F)Comparison of CL signal intensities measured in the
experiments performed onboard the ISS and in the parallel tests carried out on ground using twinned LFIA cartridges.
Adapted from reference 22 and published with permission.

In that regard, Deng et al. devised a self-contained lateral flow assay format that obviates the need for manual
storage and in situ mixing of luminol and H2O,[33]. The system integrates three parts: the LFIA strip, the CL
substrate pad, and a polycarbonate holder able to prestore all the reagents. One of the fundamental novelty
is the use of sodium perborate to control the release of H,O..

Other CL-LFIA formats showing interesting analyiical features such as high sentivity, robustness and
multiplexed potentialities were recently reported. Kim et al. introduced a CL-LFIA platform for detecting
cortisol in human serum with high sensitivity, leveraging gold nanoparticles as substrates for HRP and with
potentialities as in situ detection system [34]. In another study, Roda et al. developed an ultrasensitive CL-
LFIA format to rapidly determine SARSCoV-2 (IgA) and IgG -specific immunoglobulins in saliva and serum
[35]. The format is based on a dual colorimetric and chemiluminescence detection based on nanogold and
HRP probes. The signal-to-noise ratio was improved by adding the CL substrate directly on the detection
zone, with increased detectability and reduced analysis time.

All the described systems show some drawbacks, mostly related to complex procedures and sample
treatment. Crucial areas for advancing POCT feasibility involve developing systems that automate certain
processes, such as immunoreactions, enzymatic reactions for signal generation/amplification, and additional
washings. Recently, a novel multistep immunoassay platform has been proposed for CL detection of
microbes on an LFA strip: it consists of a disposable rotary device, controlled by a smartphone acting also
as detector, which is able to connect the strip to the various reagents/wash buffer reservoirs allowing an
automation of all the steps of the assay [36].

Microfluidic devices
Microfluidic chip technology integrates processing, separation, reaction, and detection into a microchannel
chip, enabling low consumption and fast and efficient sample analysis. It features small sample and reagent



volumes, rapid analysis, low cost, automation, portability, high throughput, and compatibility with other
techniques The field of microfluidic devices is expansive and varied, with numerous literature sources
summarizing significant developments in this area [37]. These highlight recent innovations in the field that
emerged over the last two years. In terms of Point-of-Care Treatment (POCT) applications, Li et al.
engineered a portable luminometer to facilitate the use of centrifugal microfluidic chip in early risk assessment
of diabetes[38]. The automation of the procedure was achieved through a centrifugation assisted washing
processes. Additionally, Kumar et al. developed a fully portable, pocket-sized, self-powered device with
integrated incubation for CL detection[39]. CL-systems based on luminol-HRP have also been exploited for
microfluidic paper-based analytical devices (UPADs) In some examples, the implementation of origami
techniques in the yPADs microfluidic devices allowed the development of versatile 3D paper-based tools with
multiplexed capabilities. Among the latest efforts, Calabria et al. developed a microfluidic paper-based
platform for integration of CL-based bioassays for space applications[40]. The origami-like structure of the
device allowed the preloading of all the reagents in the dried form on the paper substrate simplifying analytical
protocols and facilitating autonomous assay execution. A three-dimensional microfluidic WPAD designed for
high time-resolved CL emission has been proposed for multiplexed analysis. The system showed low
detection limits for glucose, lactate, cholesterol, and choline, thus, demonstrating potential use as POCT
diagnostic tool[41]. To further expand the use of these systems to multiplexed analysis, a precie and rational
design of yPAD reopresents the main issue.

2.1.3. Nanomaterials in luminol-based CL

Nanomaterials have gained immense attention across various fields due to their extensive specific surface
area, efficient charge transfer, exceptional optical properties, controlled functionalization, and superior
biocompatibility. The rapid progress in nanotechnology has paved the way for integrating nanomaterials into
CL-based systems, enabling development of highly efficient CL tools [42]. In various CL systems, a variety
of nanomaterials have served as sensitizers and catalysts. Unlike natural enzymes, nanozymes are synthetic
nanomaterials designed to mimic the catalytic functions of enzymes with additional advantages such as
catalytic enhancement, greater stability, tunability, low toxicity, and ease of production, rendering them highly
appealing for catalyzing CL in biological systems. Nanomaterials in luminol-based platforms can accelerate
the production of oxygen-related species such as hydroxyl radicals, superoxide radical anions, and singlet
oxygen which are essential to oxidize CL substances into luminophores. The most prevalent and typical of
these NPs are noble metal NPs, which include silver, gold, and platinum, andnoble metal nanoclusters. An
artificial enzyme, miniaturized Fe(lll)-MimochromeVI*a (FeMC6*a), was recently applied in the development
of a synthetic peroxidase-based batch-assay for H2O, determination, with a rapid light emission detection
(~2 min) without the need of enhancers[43]. In another development, CuSe nanoprobes was exploited for
the accurate and high sensitive multiplexed quantification of bacteria in a POCT format[44].

Nanomaterials, with their significant specific surface area and facile modification, are also frequently
employed as carriers for CL reagents or enzymes with improved luminescence efficacy. Among versatile
nanostructured materials, mesoporous silica nanoparticles (MSNs) have drawn great attention because of
their unique pore structure with large pore volumes and surface areas and good biocompatibility being able
to encapsulate various guest molecules, enhancing their performance in bioanalysis and imaging through
diverse stimuli such as changes in pH or magnetism, reduction, light, enzymes, and dual-responsive factors
[45]. One promising option to enhance quantum yield involves the investigation of the surface-plasmon linked
CL system that uses various nanostructures made of different metals. Nanosystems possess the capability
to enhance CL emission by utilizing SPR when the distance between the CL species and the metal falls within
the range of 5-20 nm. This enhancement is attributed to the overlap between the luminol emission band and
the plasmon absorption of the nanoparticles. Such tools prove invaluable, particularly in achieving ultralow
limits of detection crucial for precise analyses. A (CQDs) carbon dots-based sensor was proposed for the
sensitive detection of H>O2 and glucose with limits of detection of 11.7 yM and 12.6 pM, respectively, showing
promise for blood glucose analysis or in vivo applications[46]. Sun et al. devised a new microfluidic CL
biosensor novel microfluidic CL biosensor employing multiple signal amplification techniques to swiftly and
accurately detect E. coli O157:H7 [47]. Signal amplification relied on a probe combining DNA and gold
nanoparticles, featuring a catalytic hairpin assembly. Similarly, Li et al. introduced a microfluidic system
equipped with a signal amplification mechanism for detecting HIV p24 antigen[48].

2.2. Dioxetane

A ground-breaking milestone in the chemistry of dioxetane as CL probes in bioanalysis was achieved circa
35 years ago with the synthesis of triggerable dioxetanes by Schaap et al[49]. The new adamantylidene—
dioxetane contains a stable dioxetane moiety, and light emission is a result of the chemiexcitation process of



the unstable phenolate formation following the removal of the phenol protective group[50]. Since no oxidation
steps are required for CL emission, these substrates can be employed as versatile CL probes for different
applications. Indeed, the activation of light emission depends on the selection of the specific protecting group.
The types of protecting groups can be (1) an ester bond cleavable by esterase or (2) a beta-glucuronide
hydrolyzed by a beta-glucuronidase enzyme. For example, the 1,2-dioxetane-specific substrates can give CL
emission in the presence of beta-galactosidase and phosphatase alkaline enzymes (ALP). Among them, the
most popular is the alkaline phosphatase substrate CDP-Star® used as a triggerable CL substrate commonly
hydrolyzed by the ALP enzyme[51] which however has inherent drawbacks such as high purification cost and
low stabilityTo reduce these drawbacks and improve light emission, alternative catalysis systems involving
for example the use of Ce(lV) ions [52] and deoxyribozymes [53] have been developed.

2.2.1 New dioxetane CL systems

Initially the intensity of the emission under aqueous conditions of these phenolate compounds was relatively
low, thus limiting their potential applications in ultrasensitive biosensing. A first approach to address this issue
was reported by Shabat et al by preparing an adamantylidene-dioxetane conjugated with fluorescent
molecules[54]. In the suggested CL probes,the energy initially triggered in the excited benzoate transfers to
the fluorophore. This transfer induces an indirect amplification of the CL signal through CRET. Further, both
non-covalent and covalent interactions with fluorophores were explored to develop probes based on this
energy transfer mechanism for biosensing and imaging applications[55]. After this first indirect CL approach,
Shabat et al demonstrated that the introduction of an electron-withdrawing group (EWG) on the phenolate
donor of benzoate allows for an improved direct CL emission with a 3000-fold increase in quantum yield
under physiological conditions[56].

This class of phenoxy-dioxetane-based luminophores has been applied to develop CL probes for biosensing
and imaging of various enzymes and analytes[57]. The sensitivity improvement of biosensors based on these
probes is related to a rapid chemiexcitation process where photons are released within a short period of time
resulting in an increase in signal to background ratio (S/N). The authors proposed that the excitation process
initiates with an electron transfer from the phenolate donor to the dioxetane moiety. Consequently, enhancing
this mechanism relies on increasing the electron density of the phenolate and the radical-stabilizing
characteristics of the phenoxy moiety. Leveraging these mechanisms, a new generation of acrylate-anion-
substituted and styryl-substituted dioxetanes, designed computationally by the same authors, was
synthesized. These compounds were engineered to expedite the chemiexcitation rate. Their rapid
chemiexcitation kinetics facilitated the development of straightforward and sensitive bioassays, including the
detection of NADH and NADPH[51].

Increasing the efficiency of light emission involves introducing EWG substituents, which not only amplify the
chemiluminescent signal but also induce a red shift in the emitted luminescence wavelength. This shift allows
broader applications in biological samples that might otherwise absorb the original blue emission of the
dioxetanes. Another approach to achieve efficient light emission involves enhancing the chemiexcitation rate,
transitioning to a flash mode without compromising the quantum yield. A recent advancement showcased
the replacement of the spiro-adamantyl-dioxetane unit with a spiro-cyclobutyl-dioxetane. This alteration
accelerated the chemiexcitation process. This modification enabled the detection of the enzyme f-
galactosidase with a Limit of Detection (LoD) value 125-fold lower than the previously described adamantyl
analogue. It allowed for the detection and imaging of B-galactosidase activity in E. coli bacterial assays[50].

2.2.2. Dioxetane-based biosensors: focused applications

The class of 1,2-dioxetanes have shown promising applications as imaging tools for biological systems,
aiding in disease diagnosis, therapeutic response monitoring, and surgical guidance. These probes provide
high sensitivity and specificity, along with real-time biosensing imaging capabilities [58]. These probes when
activated by target biomarkers under physiological conditions spontaneously generate CL signals without
requiring additional excitation sources, enzymes, or oxidants. In the realm of analytics, their primary
applications involve the detection and/or imaging of small molecules and ions[59], visualization of enzyme
activity[60], and monitoring of diseases and infections. Addressing certain limitations associated with these
systems as biosensing probes, recent studies have focused on improving the scale-up of synthesis and
modulating the emission wavelength.

Recently, Li et al. introduced a family of bicyclic dioxetane CL probes with tunable emission wavelengths,
i.e., 525 to 800 nm[61]. These probes demonstrated high specificity and allowed in vivo imaging of 3-Gal,
H>02, and superoxide in ovarian and liver cancer cells. Gunduz et al. notably introduced the first mitochondria-
targeted 1,2-dioxetane derivative, enabling the detection of diverse leucine aminopeptidase (LAP) particularly
within cancer cells[62]. To overcome tissue penetration limitations, probes extending their excitation to the



near infrared (NIR) have shown promise[63]. For more comprehensive insights into the potential and
applications of chemiluminescent 1,2-Dioxetanes in imaging, detailed highlights are available elsewhere[64].
Surprisingly, the significant effort that has been dedicated to new dioxetane probe synthesis for imaging
applications has not been matched by an equivalent effort to incorporate these probes in the development of
biosensors/bioassay. This discrepancy is notable considering that these probes often demonstrate superior
sensitivity, signal intensity, shorter assay times, and stability compared to luminol/HRP. The main causes of
such disparity are mainly represented by the higher costs and low availability of such compounds.

Wang et al. developed a POCT fully automated bioassay for the detection of cyclic citrullinated peptide
(CCP)[65]. This method is based on a sandwich immunoassay where the analyte initially is captured by
magnetic beads coated with high-affinity antibodies. Subsequently, the analyte also binds to antibodies
conjugated with alkaline phosphatase, which initiates the chemiluminescent reaction of the dioxetane probe
used in the test. Kumar et al. proposed an indicator displacement assay for the detection of the herbicide
paraquat at a micromolar concentration in biofluids[66]. The assay centers around cucurbit[8]uril (CB8), which
can host the target analyte as well as the 1,2-dioxetane probe used in the assay. The intensity of the CL
signal relies on the interaction between the dioxetane and unoccupied CB8, resulting in a CL signal that is
inversely proportional to the analyte concentration. In a recent development by Zhu et al., they concurrently
introduced a dioxetane probe for both in vitro and in vivo detection of B-galactosidase. They also devised a
specialized (POCT) instrument tailored for this purpose (Figure 4)[67].
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Figure 4. Overview of a POCT system for the detection of B-galactosidase (B-gal) in vitro/vivo. (A) structure and CL
mechanism of the probe. (B) POCT detection procedure. (C) Relationship between light intensity and reaction time in the
presence of B-gal at different concentrations. (D) Signal intensity of detection system vs B-gal concentration. (E)
Relationship between chemical light intensity and B-gal concentration. (F) Chemiluminescence imaging of the responses of
HD-B-gal (10 uM) to different concentrations of B-gal in PBS solutions using a black well-plate. Adapted from 55 with
permission.

This two-sided strategy represents a notable advancement in rapid and precise target detection, which could
potentially have applications in both research and the clinic. In line with a similar approach, Wang et al.
engineered an ultrabright chemiluminophore by attaching a benzothiazole moiety to the dioxetane core of
Schaap’s adamantylidene-dioxetane[68]. Such probes have been exploited in the development of portable
smartphone-based analysis of organophosphorus compounds (OPs) on cabbage leaves in situ. The OPs are
quantitatively visualized on the surface of cabbage, thus demonstrating feasibility of OPs analysis in
agriculture.

Two notable contributions from the Shabat group have paved a significant path in the advancement of
multiplex sensors utilizing chemiluminescent dioxetane. The first involves the creation of a novel 1,2-



dioxetane chemiluminescent framework where chemiexcitation was activated by two enzymes[69]. The probe
is a dihydroxyphenyl-adamantylidene-1,2-dioxetane molecule, in which each hydroxy group is capped by a
different analyte-responsive group, Trigger | (B-galactose) and Trigger Il (Phosphate group) susceptible,
respectively, to B-galactosidase and alkaline phosphatase. Because the excited state induced by both
enzymes leads to the same light emission, simultaneous detection of the two enzymes based on wavelength
resolution isn't feasible. Instead, their simultaneous detection relies on time-resolved trigger sequences,
achieved by altering the pH of the incubation medium. More recently the same group synthesized a library of
new phenoxy-1,-dioxetane, differing by ortho substituents, able to produce light with different
wavelengths[70]. Two of them, characterized by a different emission spectrum, but with similar quantum
yield properties, were selected and functionalized with two different trigger groups susceptible to alkaline
phosphatase and NAD(P)H quinone oxidoreductase 1 (NQO1), respectively. These findings indicate the
potential for a chemiluminescent duplex system capable of simultaneously detecting various enzymatic
activities of these enzymes in different bacterial strains under physiological conditions. This suggests that
dioxetane analogues with varied wavelength of emission and triggerable groups could enable the creation of
biosensors with multiplex capabilities, allowing the quantification of analytes with differing concentrations
within a given matrix. Furthermore, nanopatrticles have been harnessed to enhance chemiluminescence by
aiding dioxetane fluorescence, optimizing spatial arrangements for energy transfer, and even generating
dioxetane derivatives in situ. For a comprehensive understanding of these materials, Zhang et al. have
provided an in-depth review of such advancements[71].

2.2.3 Thermochemiluminescence

Recently the use of the thermochemiluminescence (TCL) as a label in luminescence-based biosensors and
microdevices has been revisited by us after their first report by Hummelen et al in 1986. In conventional CL,
triggering the CL reaction usually involves adding specific chemicals, which extends the assay protocol and
complicates the biosensor format, affecting user-friendliness. To address this challenge, we utilized the TCL
detection method. TCL is a chemical luminescence phenomenon where the reaction generating the light
signal is solely activated by heat resulting in a reagent-less approach (Figure 5)[72].
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Figure 5. Examples of TCL reaction (A) Thermally Induced Fragmentation of acridine-containing 1,2-dioxetane,
which decomposes at relatively low temperature (<100 °C) into 2-adamantanone and ethyl 9-oxo-10(9H)-acridine
acetate. (B) The O-O bond of peroxides is a weak bond compared to bond between C-H, C-O or C-C especially to
a double-bonded carbonyl C=0. It takes little expense of energy to break an O-O bond; yet, once it is broken, the
two oxygen, now separated, are ready to form two new strong C-O bonds. Adapted from reference 60.



The concept of TCL was initially introduced in the late 1980s for immunoassay. However, it fell out of favour
due to limitations. The adamantylidene adamantane 1,2-dioxetane probe used in TCL exhibited poor
luminescence quantum vyield. Moreover, its decomposition necessitated very high operating temperatures
(200-250 °C), imposing significant constraints on device design and material choices. Recently, we reported
a breakthrough by synthesizing new highly efficient 1,2-dioxetane analogues. These analogues display
notably higher luminescence quantum yields and require lower triggering temperatures. This advancement
holds promise for reviving TCL as a viable method for bioanalytical applications, circumventing the limitations
encountered previously[73]. To enhance assay sensitivity through passive amplification, we introduced them
into organically modified silica nanoparticles (ORMOSIL NPs) alongside a compatible fluorescent acceptor.
This combination yielded a dual effect: first, signal amplification occurred due to the abundance of CL
molecules on nanoparticles, and second, there was heightened emission as a result of energy transfer to the
fluorophore. This process holds promise in the development of rapid, one-step biosensors tailored for POCT
applications. In that regard, the detection of valproic acid in blood and saliva was demonstrated with analytical
performance compatible with the needs of therapeutic drug monitoring[74].

2.3. Acridinium esters

Acridinium esters (AE) stand out among CL compounds, particularly in clinical diagnostic automated
immunoassays. Their popularity stems from their exceptional stability and remarkable detection limits, often
reaching the attomole range. The CL emission mechanism involves AE reacting with H.O; in the presence
of an alkali, resulting in the generation of an unstable dioxetanone intermediate in an excited state. This
excited state undergoes decay emission, contributing to the observed CL.

2.3.1 New acridinium esters CL systems

The utilization of derivatives with altered kinetics and optimal pH of CL emission has extended beyond
covalent linkage to proteins, now encompassing nucleic acids. Altering substituents on aromatic rings, such
as electron-withdrawing groups, has been a focus in modifying AE, impacting their photophysical properties.
Numerous previous attempts have aimed to achieve CL emission under neutral conditions, extensively
exploring parameters related to emission kinetics, detection/quantification limits, and stability in aqueous
solutions[75, 76]. The introduction of electron-withdrawing groups has resulted in prolonged CL emission with
higher intensity at pH 8. This advancement has facilitated the quantification of hydrogen peroxide and choline
with a remarkable limit of detection (LoD) of 0.01 uM under neutral conditions[77]. Recent computational
studies have delved into derivatives containing sulfur, selenium, and tellurium. These compounds exhibit
favourable kinetic profiles of light emission and enhanced stability, showcasing promising potential as
immunodiagnostic probes[78]. The recent work by Best et al. presents a compelling strategy for multiplexing
applications. Leveraging the CL emission of acridinium, the study utilized this emission to trigger an
intramolecular energy transfer among various fluorophores. This innovative approach resulted in a highly
multiplexed emission. An added benefit is the implementation of red-shifted CL detection, ensuring specific
detection while minimizing background signals in the bioassay[79].

2.3.2. Acridinium esters-based biosensors: recent applications/biosensor formats

The historical significance of AE-based CL systems lies in facilitating the technological transition of POCT
assays to automated analyzers available in today's market. Consequently, numerous patents employing AE
biosensing have been filed, somewhat limiting the development of novel systems due to patent coverage
across various bioanalytical configurations and formats. In recent years, immunoassays utilizing AE-labeled
antibodies as transducers have emerged, often incorporating modified magnetic beads as recognition
elements. These advancements have been employed in detecting biomarkers in the biomedical and food
industries. For instance, Wang et al. and Chen et al. introduced CLIA using AE-labeled antibodies to detect
insulin-like growth factor | (IGF-I)[80] and echinococcosis IgG[81] antibodies in human serum, respectively.
He et al. introduced a novel time-resolved CL assay for HbA1c/Hb detection, combining an immunoassay for
HbA1c and a CL biosensor for total Hb[82]. These developments illustrate the growing applications and
innovations in AE-based CL assays, particularly in detecting diverse biomarkers across different sample
types. Lee et al.'s work introduced a serum-based bioassay for detecting neurofilament light chains using a
readily accessible platformaccessible platform[83]. The assay employs magnetic bead capture with one
antibody and utilizes AE chemiluminometric detection with another antibody for direct detection. In another
study by Liu et al., an automated CLIA was developed to measure neutralizing antibody (NAb) levels[84].
This research highlighted the significance of SARS-CoV-2 NAb as a crucial biomarker for diagnosing COVID-
19 seroconversion, prognosis, and assessing vaccine effectiveness.

For food monitoring applications, Fu et al. proposed an automated micromagnetic particles (MMPs) based
CLIA for cortisol detection in milk[85]. In this approach, acridinium ester-labelled cortisol antigens competed



with cortisol molecules in the sample for binding to polyclonal anti-cortisol antibodies. Immune complexes
were captured using goat anti-rabbit IgG-conjugated MMPs, enabling magnetic separation. The automated
CLIA instrument significantly reduced testing time to within 40 minutes, eliminating errors associated with
manual operations.

Immunoassays based on various microfluidic chip formats have also been developed. Min et al. created a
compact, automated microfluidic CLIA system for quantifying ferritin in serum samples based on acridinium
ester-labeled antibodies[86]. The platform, comprising of a microfluidic chip and an instrument, is adaptable
for detecting various clinical targets and shows potential for point-of-care testing of diverse biomarkers in
clinical settings. However, an important drawback is the short shelf-life of the microfluidic chips with pre-
loaded reagents, antibodies, and antigens. Gopinathan et al introduced a unique enzyme-linked DNA
aptamer assay performed on an integrated microfluidic platform, aiming for highly sensitive and selective
detection of cardiac troponin | (cTnl), a reliable biomarker for acute myocardial infarction (AMI)[87]. This
innovative assay was applied to analyze clinical serum samples from four AMI patients and one non-patient
sample, all conducted entirely on the microfluidic platform. Every step of the assay, except for recording CL
intensity, was executed within this integrated microfluidic system.

2.3.3. Acridinium - nanoparticles

The unique quenching capabilities of AuUNPs on AE CL emission offer an intriguing alternative to the
conventional luminol system for CL-based biosensors. Leveraging these properties, the differential
interaction of unmodified AuUNPs with ss- and dsDNA has led to the design of an innovative homogeneous
CL sensor capable of detecting sequence-specific DNA[88]. An ultrasensitive and rapid sandwich-type CLIA
was developed for the clinical determination of human epididymis protein 4 (HE4) in human serum, a novel
specific biomarker of ovarian cancer by using AE and magnetic particles (GMP). The system demonstrated
a high reliability and accuracy. A highly sensitive and precise CLIA was developed for the clinical
determination of cardiac troponin (cTnl) in human serum[89] based on the use of hydrogel microspheres
sensitive to temperature as novel signal enhancers. The isopropylamide group on the microsphere's surface
formed strong hydrogen bond interactions at low temperatures, locking the AE in a gel state. As the
temperature increased, the hydrogen bonds in the AE- microspheres weakened, causing the gel to collapse,
and exposing the AE to the external environment.

Analytical performances of CL-based biosensors can be improved by the design of new probes through the
addition of co-reactants, the study of novel reaction mechanisms, and the integration of nanomaterials. The
implementation of microfluidic technologies and portable detection systems have contributed to diffuse the
use of these CL-based biosensors in different fields including the diagnosis to environmental monitoring and
pathogens detections. At the same time, new bioluminescent probes have led to the development of improved
BL-based biosensors characterized by high accuracy and robustness as it will be discussed as follow.

3. Bioluminescence

Bioluminescence is a light-producing phenomenon that occurs in native organisms for a variety of purposes,
ranging from defence to communication. The luminescence production typically involves a biochemical
reaction requiring the oxidation of a substrate (e.g., luciferin) by an enzyme (e.g., luciferase), independent of
incident radiation. This generation of light is of great interest to the research community as bioluminescent
proteins can be employed as the reporter element in a wide variety of biosensing systems. Bioluminescence
offers many advantages as a reporter, offering excellent sensitivity over fluorescence where phototoxicity
and autofluorescence are usually problematic during sampling. Bioluminescence has become a highly
intensive area of research, and bioluminescent reporters have been employed by biomedical researchers in
a wide range of applications, including gene regulation and signalling, protein—protein interactions, drug
screening, molecular imaging, cell-based assays, and non-invasive in vivo imaging[90-93]. An innumerable
amount of effort has been put both towards generating and engineering novel bioluminescent proteins as
well as devising intelligent methods to incorporate these reporters into biosensing systems.

This review provides an overview of the field of recent discoveries and advances in bioluminescent reporter
proteins, with a focus on bioanalytical and diagnostic applications. Furthermore, it provides a summary of
recent advances in bioluminescence-based biosensing systems and a perspective on future directions of the
applications of bioluminescent tools.

3.1 Established and recently discovered bioluminescence systems from terrestrial and marine
organisms

Bioluminescence refers to the production and emission of light by living organisms. Remarkably, a variety of
organisms have independently evolved bioluminescent capabilities for seemingly different objectives, ranging



from mating, to hunting, and even camouflaging purposes. The study of bioluminescence has shown that the
underlying mechanism of action involves a class of enzymes, called luciferases, catalysing the oxidation of
their substrates, called luciferins, via molecular oxygen. The oxidation of the luciferin substrates, facilitated
by their cognate luciferases, results in the formation of an excited-state intermediate. Excess energy is
released in the form of a photon of light as the excited-state intermediate returns to its ground state. Different
bioluminescent organisms utilize distinct luciferin/luciferase pairs, with some requiring additional co-factors
and co-enzymes. These differences are largely responsible for the changes in wavelength emission, thermal
lability, and pH and proteolytic stability between different bioluminescent systems. While there have been
over 40 bioluminescent systems discovered over the years, the structure and mechanism of action of
luciferin/luciferase pairs have only been well-characterized for 11 of them.

The earliest luciferins to have their structures elucidated were D-luciferin, employed by a vast majority of
bioluminescent insects, and coelenterazine, employed by many bioluminescent marine species. Although all
bioluminescent proteins emit light as a result of an oxidation reaction, the specific reaction that takes place
in Ca?*-regulated photoproteins differs from that of luciferases. For example, the photoprotein aequorin
tightly—but not covalently—binds its substrate coelenterazine. Upon addition of Ca?*, aequorin changes its
conformation and catalyzes the oxidation, producing coelenteramide and CO.. Coelenteramide is produced
in an excited state and upon relaxation to the ground state, emits a flash of blue light. The light intensity of
photoprotein-based bioluminescence is dependent on the concentration of the photoprotein itself since the
removal of colenteramide is time consuming. After equimolar saturation of photoprotein to coelenterazine,
the concentration of the substrate does not affect the bioluminescence intensity. For non-coleneteratzine
luciferase the oxidation of D-luciferin by cognate luciferases requires prior activation by ATP, which has
resulted in its adaptation for the measurement of ATP concentrations, as well as the monitoring of ATP-
forming and ATP-degrading reactions. Notably, D-luciferin, being the smaller molecule, is more water soluble
and less toxic than coelenterazine. However, D-luciferin luciferases are larger and more thermolabile than
coelenterazine luciferases, therefore making them more challenging to be stably expressed for in vivo and
biosensing purposes. Additionally, bioluminescence emission typically results in a broad spectrum limiting
their use in multiplex analysis. As such, when it comes to the use of these bioluminescent systems it is crucial
to consider these factors.

Another well-known and widely used bioluminescent system is that of Gram-negative bacterial
organisms[94]. In these bacteria, the set of enzymes required to produce bioluminescence are all genetically
encoded within the JuxCDABEG operon. In its simplest form, an operon consists of a cluster of genes under
the control of a single promoter. Promoters are sequences of DNA onto which proteins bind to initiate the
transcription of downstream genes. In the bioluminescence operon, luxA and luxB encode for the two
subunits of bacterial luciferase. The remaining luxC, luxD, and luxE genes encode for enzymes involved in
the synthesis of an aldehyde co-factor, and luxG encodes for a flavin reductase. The bacterial bioluminescent
system is unique in that it is an entirely self-propagating system, given the luciferase and the luciferin
biosynthesis are all genetically encoded for within a single operon. In contrast, organisms that rely on d-
luciferin and coelenterazine acquire them through their environment. As such, bacterial bioluminescence
lends itself to the development of transgenic auto-luminescent reporter systems. For instance, the
development of bacterial biosensors employing the luxCDABE operon as a reporter is a highly active field of
investigation. The expression of bacterial operons within eukaryotic cells, however, has proven to be difficult.

Currently known bioluminescent systems suffer from several drawbacks, ranging from ATP limiting steps,
broad light emission spectrum, broad need for the exogenous addition of a luciferin, and lack of genetic
compatibility, the search for, and characterization of, novel bioluminescent systems from diverse organisms
as well as modification of currently available BL proteins is an active field of investigation. Recently, a novel
luciferin was discovered to be employed by the bioluminescent New Zealand glowworm, Arachnocampa
luminosa[95]. Interestingly, the glowworm luciferase enzyme is in the same protein family as the well-known
firefly luciferase, which catalyzes D-luciferin. The novel luciferin, however, is entirely different from that of D-
luciferin given that it seems to be synthesized by the glowworm from xanthurenic acid and tyrosine. Further
characterization of its biosynthesis could prove useful in the development of transgenic eukaryotic systems
in which both the luciferin and luciferase are expressed, thereby circumventing exogenous addition of the
luciferin. Other investigators reported the discovery and characterization of a new bioluminescent system in
the larvae of Orfelia fultoni [96]. Like in A. luminosa, the luciferin appears to be endogenously synthesized,
however, it is unique in thar it has strong activity within a broad pH range, high bioluminescent activity at low
temperatures between 0-4 °C and is highly stable retaining full activity for more than four months when stored
at 4 °C in Tris-HCL buffer.



The recent discovery and characterization of the luciferin-luciferase bioluminescent system of the fungus
Neonothopanus nambi is among the most exciting recent discoveries in the field of bioluminescence[97]. In
N. nambi, luciferin is synthesized from its precursor hispidin by the enzyme H3H. Hispidin, in turn, is
synthesized by the hispidin synthase from caffeic acid, a widespread cellular metabolite in all plant species.
The luciferase, nnluz, catalyzes the luciferin via molecular oxygen resulting in bioluminescence. These three
genes, nnhisps, nnh3h, and nnluz, allow for the creation of artificially bioluminescent eukaryotes. One of the
key aspects of this bioluminescent system is that caffeic acid, the precursor to hispidin, is not considered
toxic at normal dietary levels since it is found in various food sources. Furthermore, the fungal luciferin is
water-soluble and cell-permeable, expanding the potential applications of this luciferin in bioimaging and
synthetic biology. The study showed that it is possible to transfer the bioluminescent system into organisms
that do not naturally produce caffeic acid, using the strain of yeast Pichia pastoris as an example. Introduction
of three additional genes coding for enzymes of caffeic acid biosynthesis from tyrosine in addition to the three
genes for fungal bioluminescence into its genome resulted in a strain of P. pastoris that exhibited autonomous
bioluminescence when grown in standard yeast medium.

The newly discovered fungal luciferin/luciferase system circumvents many of the performance issues of
autonomously glowing animals and plants based on bacterial bioluminescent systems. Take, for instance,
the recent publication demonstrating the development of autonomously glowing Nicotiana tabacum plants
[98]. The plants naturally produce caffeic acid, and with the addition of the N. nambi nnhisps (hispidin
synthase), nnh3h (hispidin-3-hydroxylase), and nncph (caffeoyl pyruvate hydrolase) genes, it was possible
to develop an autonomously glowing species that emits light at all developmental stages. Notably, the
expression of the fungal genes did not hinder plant growth, which has previously been the case with the
expression of bacterial genes. Further, light emission at all developmental stages was visible by naked eye,
allowing for capture of detailed images on common cameras. This has vast implications for the study of
dynamic processes in plants, such as development, pathogenesis, responses to environmental conditions
and effects of chemical treatment.

3.2 Enhancing analytical performance via modification of luciferase and luciferin pairs

While the search for novel luciferase/luciferin pairs has proven fruitful, synthetic modification of well-known
pairs to enhance analytical performance is still an active field of investigation. D-luciferin is one of the brightest
natural luciferins found to date, and as such has been widely adopted for in vivo imaging in small mammals.
Despite its intensity, the emission wavelength at 558 nm is readily absorbed by blood and tissue and is
relatively short-lived, thereby limiting its utility for deep tissue imaging. There is an extensive body of literature
detailing the synthesis of D-luciferin analogues aimed at extending the emission time and modifying the
wavelength emitted to near-infrared [99]. One particularly notable body of work details the development of a
synthetic D-luciferase analogue, Akalumine, which emits in the near-infrared wavelength of 675 nm[100].
Investigators employed Akalumine in single-cell bioluminescence imaging of deep-tissue in the lungs of mice
and brains of marmosets (Figure 6). Further advancements are necessary to expand additional luciferase
and luciferin pairs to achieve deep tissue imaging with longer wavlenth emission without compromising the
optical intensity.
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Figure 6. Application of Akalumine in single-cell BL imaging of deep-tissue in mice in vivo (A) Chemical structures
of D-luciferia and AkaLumine . (B) Images of solutions containing D-luciferin/Fluc, D-luciferin/Akaluc,
AkaLumine/Fluc, and AkaLumine/Akaluc. BL, BL (top). BF, bright-field (bottom). (C) Comparative BLI of cultured
cells with the four substrate/enzyme combinations described in (B). BL signals quantified and normalized to that of
the D-luciferin/Fluc system from three exeriments. (D) BLimages of mice intravenously injected with 103 HelLa cells
expressing Fluc or Akaluc. The AkaLumine-HCI/Akaluc signals were statistically compared to D-luciferin/Fluc
signals. (E) Bioluminescence images of mice 2 weeks after viral infection for expression of Fluc and Akaluc in the
right striatum. The AkaLumine-HCI/Akaluc signals were statistically compared to D-luciferin/Fluc signals (middle).
BL and BF images were alternately acquired using an electron-multiplying CCD (EM-CCD) camera.
Bioluminescence signals are shown in green (D-luciferin/Fluc) and red (AkaLumine-HCI/Akaluc). BF signals are
shown in black and white. The color bars indicate the total bioluminescence radiance (photons/sec/cm?/sr) [(C) and
(D)] and counts/min (E). R.S.1., relative signal intensity [(C) to (E)]. Reproduced from Reference 88.

The advent of advanced molecular biology methods has enabled a rapid increase in direct modification of
luciferases to improve their binding affinities, stability, and intensity. Given their naturally smaller size and
higher stability than D-luciferin-utilizing luciferases, coelenterazine-based luciferases have been the target of
more protein engineering methods to improve their bioluminescent capabilities. A great example of the use
of protein engineering to improve upon natural bioluminescent systems is that of Nanoluc and Nano-lanterns.
NanoLuc, consists of a genetically modified luciferase from the marine copepod Oplophorus gracilirostris
(Oluc)[101]. Investigators at Promega identified the catalytic moiety of Oluc and mutated it via rational and
random mutagenesis to enhance thermal stability and light output. The resulting luciferase NanoLuc was
both smaller and significantly brighter than Oluc, making it ideal as a bioluminescent reporter. In fact,
NanoLuc has shown to out-compete fluorescent, colorimetric, and alternate bioluminescent reporter systems
when employed in whole-cell and cell-free biosensors in terms of limit of detection, dynamic range, response
time, and output visibility. Nano-lanterns consist of the luciferase from the sea pansy Renilla reformis (Rluc).
Blue light emitted by Rluc can be coupled through resonance energy transfer to the fluorophore of GFP,
forming an excited-state species that emits a photon of green light. This principle of bioluminescent
resonance energy transfer (BRET) has seen wide application for the study of spatial proximity between
proteins. Nano-lanterns improved upon this concept by engineering Rluc to produce brighter and more stable
mutants. By pairing the Rluc mutants with different fluorescent proteins investigators developed a suite of
Nano-lanterns that emit light of different colors [102]. Although BL imaging is used extensively in in vivo small
animal imaging, its application in the central nervous system remains challenging. Antares, consisting of
NanoLuc fused to two CyOFP1 fluorescent protein domains, undergoes energy transfer and emits in the red,
potentially improving imaging performance. However, it should be noted that luciferases combined with their
existing substrate show poor performance penetrating the blood brain barrier. In that respect, Su et al.



performed systematic evaluation and optimization of NanoLuc substrates specifically for in-brain applications
[103]. Existing NanoLuc substrates (Fz, HFz and FFz) and new rationally designed structural analogs of Fz
were rapidly screened and characterized, resulting in the development of cephalofurimazine (CFz) that
demonstrated the highest brightness in brain imaging. Using CFz injected through i.p., BL from Antares-
expressing neurons was recorded at video-rate in freely moving mice. However, the energy transfer is not an
efficient process resulting in low output signal, this problem still needs attentional and additional work to solve
it.

Bioluminescent probes have also found wide utility in activity-based sensing (ABS) systems. Since
bioluminescent emission occurs only upon the luciferase-luciferin reaction, the use of caged luciferins such
that the release of free luciferin is triggered by analyte presence, offers an excellent approach for ABS
development. In the caged state, the trigger group disables the luciferin-luciferase reaction whereas in the
presence of an analyte or a biochemical event (e.g., enzyme, small molecule flux) free luciferin is released,
which undergoes subsequent adenylation and oxidation to generate the transient dioxetanone intermediate
that then emits a photon upon relaxation to the ground state. Readers are referred to several extensive
reviews published on this topic. For example, a review by Su et al. discusses bioluminescent ABS probes for
tracking enzymes, reactive small molecule, and metal ion fluxes and applications of these tools [104]. A
review by Mezzanotte et al. discusses a broader perspective that includes recent innovations in transgene
engineering and signal acquisition [105]. These caged luciferins will help expand the applications of BL in
biosensor development. The time for release of the caged compound and control of the release in vivo can
still be a challenge.

The reliance of nano-lanterns on fluorescent proteins highlights the fact that bioluminescent proteins, albeit
possessing intrinsic advantages, are limited in diversity and versatility compared to fluorescent ones. The
limited availability of bioluminescent proteins with diverse bioluminescent wavelengths of emission limits their
applications in bioanalysis, especially in multiplex detection of analytes within a single well, as well as in
imaging both ex vivo and within living organisms. In that respect, several mutants of the jellyfish Aequorea
victoria’s aequorin (I emission=471 nm) and of the polyp Obelia longissima obelin ((I emission=491 nm)
luciferases have been reported [106]. The investigations employed a strategy that involved dual modifications
to the coelenterazine structure and mutations to the amino acid sequence of the apoproteins. The
bioluminescent activity of coelenterazine remained intact when modified, but resulted in a simultaneous
change in the | of emission. Alterations in the vicinity of the active site of aequorin and obelin caused a shift
in the lmax Of emission. Apoprotein mutations paired with chromophore analogues, led to even more significant
alterations. The combination of cysteine alterations and active site mutations resulted in the most significant
shift in wavelength ((I emission=518 nm) observed in photoprotein mutants to date. In another study by Yu
et al., it was shown that by employing a two-dimensional method that incorporates both temporal and spatial
resolution, it is possible to enhance the multiplexing capabilities of bioluminescent proteins [13]. Aequorin
mutants along with different synthetic coelenterazines were used to detect three distinct analytes
simultaneously in a single well. This differentiation was achieved by employing three unique time/wavelength
windows. By combining mutants of aequorin and using synthetic coelenterazines, "semi-synthetic" aequorins
were generated. These variants exhibit modified emission profiles and decay rates. This study involved the
genetic conjugation of two aequorin mutant proteins with three pro-inflammatory cytokines (tumor necrosis
factor a, interleukins 6 and 8), resulting in the production of aequorin-labeled cytokines. The fusion proteins
were merged with synthetic coelenterazines, resulting in proteins that had different emission maxima and
half-lives. This enabled the simultaneous detection of all three cytokines in a single sample. The assay's
validity was confirmed in serum by utilizing human physiological samples and comparing findings with
commercially available individual assays for each of the three cytokines. True multiplexing with additional
mutant-luciferin pairs to perfrom simultaneous analysis beyong three analytes would be benéficial
considering sensitivity of singal detection is a huge advantage when using bioluminescent protiens.

Bacterial bioluminescent systems have also been the subject of extensive modification aimed at improving
its light output and optimizing its use for employment in eukaryotic organisms. However, many of said efforts
have resulted in reduced activity and luminescence but doubled as opportunities to further the knowledge of
the underlying mechanisms and key residues of the bacterial luciferase. One particular group, however, has
had success in optimizing the luxCDABE operon for expression in mammalian cell lines [107]. Employing a
combination of codon optimization and enzyme engineering, investigators developed the ilux operon. that
has brighter emission in mammalian cells by 3 orders of magnitude compared to other approaches .

The advent of nanotechnology has also had profound implications for the modification of bioluminescent
systems to enhance their sensing and targeting capabilities. Hersh et al. created a EGFR-targeted
bioluminescent-dendrimer bioluminescent probe capable of selectively targeting pancreatic ductal



adenocarcinoma (PDAC) cells (Figure 16) [108]. PDAC is one of the most frequent forms of pancreatic cancer
and has very low survival rate. To selectively detect pancreatic ductal adenocarcinoma (PDAC) cells, they
employed an EGFR-specific affibody that was fused to Gaussia luciferase (GLuc). Subsequently, the fusion
protein was bound to a G5-PAMAM dendrimer nanocarrier. The dendrimer was employed to enhance protein
stability and bioluminescent signal localization. The bioluminescent complex was found to have a greater
absorption into PDAC cells in vitro and sekectively accumulated in PDAC tumors in live pancreatic cancer
xenograft mice. The bioluminescent complexes have the ability to accurately outline the shape of the tumor,
detect and pinpoint numerous masses, and determine the location of metastases. This supports the use of
nanocarriers to carry bioluminescent proteins, which can enhance the process of imaging bioluminescence
in living organisms. Another interesting use of nanomaterials for bioluminescence imaging involves the use
of graphene oxide (GO). GO is a fluorescent quencher that has been used in several applications, however
there has been only one demonstration of GO being used as a quencher for bioluminescence. In such an
example, Petrucci et al. employed Gaussia luciferase (Gluc) as a donor and GO as a quencher [109]. The
utility of this system in detecting two specific target analytes, namely HIV-1 DNA and IFN-y was
demonstrated. By incubating Gluc conjugated HIV-1 and IFN-y oligonucleotide probes with GO, investigators
monitored the interactions between the probes and their targets using a solution phase sensor system that
measures bioluminescence. The achieved limits of detection for IFN-y and HIV-1 DNA were 17 nM and 7.59
nM, respectively, and IFN-y was also detected in saliva. Utilizing GO as a quencher allows for enhanced
sensitivity while preserving the specificity of developed probes towards their intended targets, as well as
facilitates straightforward assay design and cost-effective, ecologically sustainable reporters. Combining
nanotechnology advances with bioluminescent reporters could be the next steps in biosensing.

3.3. Recent achievements in bioluminescent biosensors

A major trend in bioluminescent research involves devising sensors that enable homogeneous analyte
detection, frequently employing NanoLuc, a small and stable engineered luciferase [110] as the
bioluminescent reporter protein. For BRET-based sensor proteins, an analyte of interest can bind and induce
a conformational change that alters the distance and thus impacts the energy transfer between a NanoLuc
donor protein and a fluorescent acceptor. An advantage of these BRET-based biosensor proteins is that they
allow for ratiometric detection, which makes them independent of sensor concentration and thus much less
sensitive to substrate depletion and environmental condition alterations [91]. BRET-based sensors have
limitations, for example, a large shift in emission after BRET is needed to achieve high sensitivity, thus one
needs to account for conformational control of both the OFF- and ON-state of the sensor. Recent examples
include a highly sensitive detection system for NADPH[111] (Figure 7) and the Luminescent Antibody Sensor
(LUMABS) proteins for antibody detection. The LUMABS proteins switch from a high BRET state, in which a
NanoLuc domain and a green-fluorescent acceptor are kept in close proximity via two helper domains, to a
low BRET state induced via an increase in distance between NanoLuc and its acceptor caused by the binding
of the target antibody to recognition motifs at each end of the semiflexible linker in the sensor. Thus, the
LUMABS design grants it a modular nature allowing it to be applied to detect potentially any antibody, the
nature of the recognition motifs still affect the emission ratio and thus the sensors sensitivity [112].
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Figure 7. Design principle: A protein chimera between a
receptor and a luciferase (NLuc) is tethered via a SNAP-tag to
a ligand derivatized with a fluorophore. NADPH triggers ligand
binding to the receptor, thereby increasing BRET. Reproduced
from Reference 101.

Reporter-labelled antibodies have been used in immunoassays, imaging, diagnostics, targeted therapy, and
drug delivery. Nevertheless, the utilization of non-specific chemical conjugation may result in the production
of heterogeneous conjugates, which could potentially lead to the loss of antibody and bioluminescent reporter
functionality. The conjugation of bioluminescent proteins to antibodies is challenging because there is a
scarcity of distinctive amino acids that possess adequate chemical reactivity. Bioorthogonal conjugation



overcomes the limitations of traditional conjugation techniques and enables precise conjugation of antibodies
to bioluminescent proteins. Work by Moutsiopoulou et al. employ bioorthogonal conjugation to link an anti-
IFN-y antibody with a GLuc mutant that contains the N-terminal tyrosine[113]. This is achieved using the
Formylbenzene Diazonium Hexafluorophosphate reagent (FBDP). The performance of this immunoassay
was compared to classical methods demonstrating superior performance of the biorthogonal conjugated
protein. Other groups have focused on the development of mimopeptides, or mimotopes, which are epitope-
mimicking peptides, that have emerged as a useful tool to circumvent the drawbacks of laborious antigen
conjugations and possible user toxicity. Mimopeptides possess the remarkable capacity to bind to the
identical antibody paratope as the relevant antigen. Several mimopeptides have been designed by phage
display technology. In the work by Luque-Uria et al. two different immunoassays for the determination of
fumonisin B1 in wheat samples is reported using mimopeptides conjugated to luciferases[114]. Fusion
proteins were generated by combining a previously reported fumonisin B1 (FB1) mimopeptide with two
distinct luciferases, GLuc and NanoLuc. The production, expression, and the development of two
immunoassays based on these fusion proteins (A2- GLuc and A2-NanoLuc) was detailed. The assay showed
a limit of detection of 0.61 ng/mL and a dynamic range from 1.9 to 95 ng/mL. The analysis of spiked wheat
samples, a reference matrix material, as well as naturally contaminated wheat samples was performed using
the assay. Employing a similar strategy, the same group has also demonstrated the development of a
bioluminescent-immunoassay for the detection of mycophenolic acid[115].

An alternative design strategy for bioluminescent sensors uses a split version of NanoLuc (NanoBiT) and
depends on analyte-dependent control of intramolecular split NanoLuc complementation. NanoBiT consists
of a large protein domain (LgBiT, 18 kDa) and a smaller peptide domain (SmBiT, =1.3 kDa), whose affinity
can be systematically tuned between KD = 0.7 nM and 190 uyM. Based off of the so-called “lucCage” design,
sensors have been developed for analytes ranging from cardiac troponin to SARS-COV-2 antibodies[92, 116,
117]. In this two-component sensor system a target binding motif and SmBIT are fused creating a “latch”
domain that binds intramolecularly to a “cage” domain, averting SmBIT binding to the LgBiT containing sensor
component. Binding of the target analyte to the binding motif disturbs the interaction between the two
domains, enabling the complementation of SmBIT with LgBiT and an increase in bioluminescence intensity.
NanoBiT and split-NanoLuc sensors typically show a greater increase in sensor response compared to BRET
systems[110, 118]. Unfortunately, these sensor designs also require additional calibration steps to
compensate for matrix effects and time-dependent substrate turnover[118], thus optimal sensor design
choice will be dependent upon the analyte of interest and the expected relevant sample matrices. In vivo
application of split complementation technology is still limited.

Additionally, ternary Nluc (an extension of NanoBiT) has been developed as a ternary reporter
complementation system, which has a significant advantage such that individually none of the three
components are capable of catalyzing luminescence. Therefore, the reconstitution of luciferase is driven only
by analyte-induced interactions between tagged affinity reagents. This allows for the omission of wash steps
while minimizing the assay background and improving the sensitivity. The homogenous assay format can be
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Figure 8. Homogenous ternary Nlucbased immunoassay. B-strand peptide 521 (9) and VS-HiBIT (10)
sequences are chemically conjugated (via HaloTag (HT)) onto two anti IL-6 antibodies. When the two
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with substrate. B. Image of the lyophilized all-inclusive ternary Nluc-based IL-6 immunoassay reagent.
C. Lyophilized IL-6 assay in 96-well microtiter plate performance and shelf stability. From Reference
108.



performed using a simple plate reader in a resource-limited using low-cost, battery-powered instrument.
However, the drawback of this ternary assay system is it is not stable at room temperature and one of its
reporter components is very hydrophobic. To overcome these issues, Hall et al. performed directed protein
evolution of the peptide reporter component to improve chemical and thermal stability and aqueous solubility
[119]. An extensive assay component formulation was also performed to generate a single lyophilized reagent
that can be reconstituted in aqueous buffers or biological sample matrices for the detection of analytes using
a homogenous immunoassay format. Application of this lyophilized reagent was shown in the detection of IL-
6 in human serum as a proof of principle using lyophilized reagents directly stored on a plate at ambient
temperature (Figure 8).



Investigations on the microbiome, the community of microorganisms living on and within multicellular
organisms, has seen remarkable growth in the past two decades. While important correlations between
microbial community structure and host outcomes have been made, there is a growing need for mechanistic
studies on the molecular interactions between a host and its microbial tenants. The study of quorum sensing
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Figure 9. Development of a biosensor for detection of DPO. DPO activates vgmA derived from pSD8693, which in turn
activates the PvgmR promoter and luxCDABE expression, resulting in BL emission. (a) Screening method for
engineering the DPO biosensor. (b) Protocol optimization and characterization of optimal DPO sensing. (c) Analysis of
biosensor specificity to DPO. (d) Deployment of biosensor for DPO analysis. Reproduced from Reference 109.

(QS), a form of microorganismal communication based on small chemical molecules to coordinate gene
expression in a population-dependent manner, offers a unique window into the molecular underpinnings of
microbial behavior and interactions. Bioluminescent based whole-cell biosensors (WCBSs) have been shown
to be an excellent tool for the detection of QS helping understand microbiome at the molecular level [90, 120-



123]. Bacterial QS is a kind of communication based on secreted chemical molecules to coordinate gene
expression in a population-dependent manner[120]. QS has been found to typically control processes reliant
on the synchronized behaviour of large communities to be effective, such as virulence factor production,
bioluminescence, secondary metabolite production, competence, and biofilm formation to name a few[120].
The development of WCBSs for the detection of QS molecules relies on the re-purposing of existing QS
microorganismal genetic regulatory elements. Further, many WCBs rely on the use of the bacterial luxCDABE
bioluminescent cassette as a reporter system such as in the recent development of a WCB for the detection
of the QSM 3,5-dimethylpyrazine-2-ol (DPO) (Figure 9) [120]. This WCBS was engineered by utilizing the
Vibrio cholerae QS circuit, in which the vgmA protein binds to DPO and subsequently binds to the vgmR
promoter (PvgmR), among others, to upregulate the transcription of the vgmR gene. By employing a plasmid
in which vgmA is constitutively expressed, and the bioluminescent luxCDABE reporter is under transcriptional
control of PvgmR, the pSB8693 WCBS is capable of quantitatively detecting the bioavailable DPO in a dose-
dependent manner. Further, DPO biosensors were employed to show for the first-time presence of DPO in
human and mice stool expanding upon the available tools to study microbiome via QSMs levels. Developing
a mechanistic understanding of the microbiome and its resulting effects on its host is crucial to the
advancement of the field, and the study of QS via WCBS provides an optimal avenue for such work. In
general, the field of WCBS development for the detection of analytes continues to grow and improve.
Increasing the sensitivity and detection limits through use of more tightly regulated genetic circuitries that
result in expanded dynamic ranges of the dose-response curves. WCBS are incorporated into a variety of
matrices, such as agarose beads, paper strips, and even ingestible devices, to expand the sensing
capabilities of these sensors and enable the exploration of their role in otherwise inaccessible settings [124].
WCBs-based bioluminescent sensors have very high potential for use in a variety of in-lab as well as field
sensing.
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biosensor with integrated dual-color bioluminescent reporters for monitoring

inflammation using smartphone. From Reference 114. Michelini et al. reported a

smartphone-based platform,
for quantitative analysis of pro-
or anti-inflammatory activity in a 3D cell biosensor using a multicolor bioluminescent system[125].
Specifically, human cell lines were engineered with a NFkB reporter plasmid controlling the expression of a
red-emitting luciferase and a second plasmid that constitutively expressed green-emitting luciferase served
as a viability control (Figure 10). This is the first report of BL spheroid-based portable biosensing platform.
Such a tool could prove useful for an initial screening of environmental samples or toxic substances in a fast
manner at the point-of-need and could be further improved for additional applications. The use of smartphone
technology in the detection will serve to explore application of bioluminescent biosensors in POC and remote
settings.

Bioluminescence-based devices that are portable, cheap, simple, and operate in a continuous manner are
needed for ex vivo biosensing of a variety of biomolecules. In that regard, Aldo et. al. reported a universal



bioluminescent miniaturized platform for continuous monitoring of analytes, for example, ATP and bile salt
hydrolase[126]. A segmented flow sensor with immobilized luciferase was developed that was low cost and
had low power requirement. The air-segmented principle offers unique advantages in allowing sequential
analyses without memory or carry-over effects and flow injection allows continuous monitoring in ex vivo. The
platform contains miniature microperistaltic pumps and compact, sensitive light image detectors built on CCD
or BI-CMOS (smartphone camera) technology. This device is suitable for monitoring kinetic-related
processes or ex vivo dynamic events using BL principle. Luciferase was incorporated in two ways on a packed
column or immobilized on a nylon. The device was able to detect picomolar amounts of analytes and process
up to 900 samples using an immobilized luciferase system.

3.4 Immobilization strategies to enable reproducible biosensors for analyte and effect based
detection

One of the main advantages of bioluminescent- over fluorescent-based systems is that they do not require
an excitation input signal to emit a quantifiable one. This makes them particularly suitable for the development
of point-of-care biosensors that utilize smartphones as the transducer element. For instance, Roda and
colleagues recently reported on the development of a low-cost wax-printed nitrocellulose paper biosensor
that immobilizes D-luciferin-based nano-lanterns for the detection of ATP[127]. Given that D-luciferin-based
bioluminescence relies on ATP, and ATP is found in virtually all prokaryotic and eukaryotic cells, this
bioluminescent system can be co-opted to detect bacterial contamination. In essence, when a sample is
introduced onto the paper, the presence of ATP will result in the emission of a bioluminescent signal. The
authors went on to show it is possible to pair the biosensor with a smartphone to detect Escherichia colilevels
in urine samples, highlighting the potential for the use of the developed biosensor as a point-of-care system
for the detection of urinary tract infections. Cevenini et al. reported on the development of a 3D printed
biosensor which reports on the toxicity of pollutants in water, food, and environmental samples via a
smartphone application[128]. Briefly, engineered embryonic kidney cells to constitutively express the green-
emitting Photinus pyralis luciferase and immobilized them into the wells of a 3D printed cartridge. When a
sample is introduced to the cells, the cartridge can slide into another 3D printed smartphone adapter which
lines the wells of the cartridge onto the camera of a smartphone. Using the developed application, the
bioluminescent signal from the cells can be quantified. Any decrease in signal compared to that of a control
within the cartridge is indicative of the toxicity of the tested sample. While more work needs to be done to
address the short lifespan of the cells when immobilized onto the cartridge, the developed system shows
great potential for use as a portable toxicity biosensor. A similar 3D-printed approach for the detection of
endocrine disruptors in surface, ground, and drinking water by immobilizing engineered Saccharomyces
cerevisae cells into the cartridge was also reported [129]. Yeast cells were engineered with a yeast-codon
optimized variant of NanoLuc such that it was under transcriptional regulation of human estrogen receptor.
In the presence of chemicals with estrogenic activity, the yeast cells produce NanoLuc and emit a
bioluminescent signal in a dose-dependent manner. The developed assay could find application for the rapid
on-site analysis of endocrine disrupting chemicals in a variety of water samples.

The recent advancement in the development of lab-on-a-chip (LOC) technologies has also allowed for the
development of a variety of biosensing devices relying on bioluminescence. LOC devices consist of
miniaturized platforms that integrate various laboratory functions onto a single microchip[130]. Advantages
of such devices include reduced sample and reagent consumption, faster analysis, and portability. There are
various examples of investigators co-opting LOC devices to develop bioluminescent POC biosensors[131,
132]. For instance, Mirasoli et al. recently developed a LOC system that allows for the real time-detection of
viral DNA in clinical samples [133] by Combination of loop-mediated isothermal amplification (LAMP) and
bioluminescent assay in real time (BART) onto a millimeter-sized chip . BART employs firefly luciferase (fluc),
D-luciferin, and ATP sulfurylase to detect real-time amplification of DNA. When viral DNA is amplified via the
LAMP reaction, ATP sulfurylase converts the inorganic pyrophosphate produced during nucleic acid
synthesis into ATP, which then enables the bioluminescent reaction of fluc and D-luciferin to occur.
Integration of both techniques onto a microfluidic device paired with a thin-film amorphous silicon
photosensor, resulted in the quantification of different concentrations of viral DNA in clinical samples.

4. New Perspectives in CL and BL biosensors: integration with artificial intelligence

The introduction of artificial intelligence (Al) in the form of Machine Learning (ML) algorithms represents one
of the latest ongoing trends in analytical chemistry [134]. ML can be beneficial both during the physical
development of the device as well as during data analysis: its algorithms can be designed to predict the
properties of materials before their synthesis, reducing extensive and costly trial-and-error experiments and
directing to the optimal combination of materials for the desired sensors [135]. In the context of data analysis



such algorithms are exploited to analyze big and multivariate datasets. Compared to traditional chemometrics
models they deal better with data characterized by nonlinear relationship (as that often found working with
sensing arrays), systems based on imaging analysis and wearable sensors for continuous monitoring of
various human conditions [136]. The use of ML is therefore expected to have a high impact on POC sensors.
Nowadays the main limitations of these algorithms are represented by their high data demand required for
their development and the knowledge gaps of chemists in this field, hindering the benefits of ML and the
robust validation procedure needed for the algorithms [134].

Coherently with the general trends, some works related to applications of ML to CL-sensing devices have
been recently published in literature. Li et al. developed a microfluidic chemiluminescence detection chip
able to discriminate and detect antibiotics based on a multicolor CL response [137] The authors exploited
traditional chemometric models to achieve antibody classification, while a deep neural networks (DNN)
algorithm was used to quantify them. Kazaket al. developed a CL-based machine learning-assisted assay
which provided superior results than traditional method [138]. The groups of Chen [139], Lapeyre [140] and
So [141] developed instead algorithms that, by using CL-signals, are able to analyze tumor markers and
predict the ammonia fraction and equivalence ratio of combustion flames. Concerning the use of Al as
device optimizations tools, Kumar et al. described the application of various ML algorithms to optimize the
performances of a CL system based on silver nanoparticles enhancement [142]

The application of ML to BL-sensors detection has not been exploited as much as other sensing modalities.
In recent years Huang et al. described a sensors array based on plasmids carrying a bioluminescence
reporter system. The use of a Multiclass Decision Forest (MDF) algorithm to analyze bioluminescence
patterns allowed successful categorization of unknown antibiotics [143].

5. Conclusion and Future Remarks

As discussed throughout this review, great progress has been made in the applications of CL and BL in
biosensing technologies. Typically, chemiluminescent assay utilizes direct labelling using isoluminol and
acridinium esters. These assays can achieve sensitivity levels down to the nanomolar range, with a notably
high signal-to-noise ratio and hence are attractive for designing biosensors and POCT systems. However,
there are certain limitations of CL labels. For example, acridinium salts exhibit significantly higher
chemiluminescence in aqueous solutions than isoluminol. However, this effect is hindered by slow reaction
rates with hydrogen peroxide due to their binding with bases, leading to a slower phenomenon. Therefore,
enzyme labels such as HRP are preferred over direct labels. In that respect, the substrate dioxetanes due
to their unique chemical properties and efficient light emission, have become valuable tools in the
development of sensitive and selective CL detection methods. To further boost the sensitivity of HRP-based
CL assays, electron transfer mediators like indophenols, substituted phenols, N-alkyl phenothiazines,
substituted boronic acids, and 4-dialkylaminopyridine have been employed. Despite all the advances
additional improvements can be made in terms of stability, signal-to-noise ratio enhancement, multiplexing,
imaging capability, and cost. In recent developments, novel hybrid molecules are under design, potentially
substituting enzyme-based labels. These hybrid molecules combine organic dyes, nanoparticles, polymers,
or other functional groups. Another strategy to improve labels could involve the synthesis of DNAzymes that
are thermostable. These could be engineered to mimic the activity of enzymes like HRP. Alongside these
advancements, nanoparticle-based systems have also been engineered to augment signal amplification. The
CL-based biosensors have increased in popularity recently with respect to other biosensor principles but are
still being optimized for commercialization and the technological transfer for automated CL clinical analysis.
The POCT system still employs microtiter and the preanalytical phase often requires multiple steps. New
hybrid labels show promise to greatly improve the analytical performance and detectability, and the use of
nanoparticles and nanomaterial greatly improves the stability and efficiency of biosensors.

The applied use BL reporters have made tremendous progress in the last few years. The early discovery of
bioluminescent luciferase and luciferin pairs, the ongoing search for novel systems, designing brighter and
better luciferin/luciferase pairs, and their integration into novel technologies have really helped push the field
forward. While we cannot predict when the next discovery of a novel BL protein will occur, the recently
characterized BL found in fungi discussed prior, indicate that finding novel BL proteins is a question of “when”
not “if’. Caged luciferins, while currently employed in BL biosensors for the detection of diseases-related
bioactive markers, metal ions detection, and pharmaceutical analysis, have the emission spectra
predominantly in the visible range and therefore overlap with the absorption spectra of certain naturally
occurring in vivo biomolecules. Continued rational design and generation of novel luciferins and substrates
can help to overcome these challenges and lead to greater deep tissue imaging. There is also much work to
be done as bioluminescent systems can still suffer from poor stability, bioavailability, and cell compatibility.
Given the broad utility of bioluminescence, along with the plethora of recent advances in employing this



technology, it is almost certain that developments in synthetic biology and computational chemistry will
continue to develop novel uses and devices for this ubiquitous reporter system. The field of BL biosensors
will continue to be driven to enhance sensor specificity, detection limits of the analytes, and stabilization of
the reagents. These enhancements are likely to lead to greater employment of advanced “caged” reagent
strategies due to enhanced efficiency.

Currently, CL and BL biosensors are characterized by their exceptional signal-to-noise ratio, sensitivity,
selectivity, low background, and are highly amenable to in vivo imaging. Therefore, as we have discussed
above in this review, CL and BL have been widely employed in biosensing approaches in many fields,
including immunology, genetics, pharmaceutical analysis, cytology, forensic medicine, liquid
chromatography, and imaging technology. CL and BL imaging approaches have substantially evolved with
the development of novel luminous substances and systems, as well as their integration with other molecular
biology and imprinted polymer methods. As we are now at the beginning of the era of machine learning and
artificial intelligence (Al), there is great potential for the incorporation of CL and BL-based biosensors. Al is
beginning to have an impact for clinicians, in the form of rapid and accurate interpretation of imaging; for
health systems, by improving workflow and reducing errors; and for patients, by empowering them with their
health data[144]. Thus, it is likely that Al will be integrated into CL and Bl biosensors both on the detection
end, with Al allowing for enhanced detection and resolution of generated signal, as well as on the
development end, allowing for Al to aid in logical, adaptable sensor design. Al design can assist with the
incorporation of additional detection elements, such as nanobodies and antibody mimetics that can be fused
with CL and BL proteins and reagents. Crucially, Al detection can enhance the ability to detect even low
levels of CL and BL, which capitalizes on their low background signals and could drive the rapid employment
of CL and BL biosensors for in vivo detection and clinical applications. While researchers have strived to
increase the intensity of the bioluminescent probes, there is still concerns from the medical community toward
being able to use bioluminescence in human imaging due to the depth of the organs. Thus, Al has great
potential to take current and future CL and BL biosensors for the laboratory to the clinic. CL and BL biosensors
hold exponential potential as tools that can be adapted, developed, and enhanced via breakthroughs in both
novel luminescence technology and Al.
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