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Abstract. Firefly luciferase-based systems represent a highly efficient and ver-
satile platform for molecular imaging, biosensing, and functional protein analy-
sis. This study systematically explores the biochemical mechanisms underlying
luciferase-catalyzed bioluminescence, highlighting key factors affecting activity,
including pH, temperature, and essential cofactors. Advances in luciferin ana-
logues, such as Akal.umine-HCl, have extended emission wavelengths into the
near-infrared region, enabling deeper tissue imaging with enhanced sensitivity
and reduced autofluorescence. Engineered luciferase mutants demonstrated im-
proved catalytic efficiency and stability, as validated by cellular uptake and in
vivo imaging performance. Additionally, luciferase-based assays provide power-
ful tools for real-time ATP detection, offering insights into cellular energy me-
tabolism and tumor microenvironments. The integration of split-luciferase and
BRET systems further expands the application scope to dynamic monitoring of
protein—protein interactions with high spatiotemporal resolution. Collectively,
these findings deepen our understanding of luciferase’s structure—function rela-
tionships and pave the way for next-generation bioluminescent probes with im-
proved performance in biomedical research, diagnostics, and environmental
monitoring.
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1 Introduction

In recent years, the molecular mechanism of firefly bioluminescence and its application
in molecular imaging have seen systematic advancements, reflecting the close integra-
tion of basic research with clinical needs. At the molecular level, firefly biolumines-
cence is a highly specific enzymatic reaction, in which luciferase catalyzes the oxida-
tive transformation of the luciferin substrate. This reaction exhibits remarkable bio-
chemical features: first, it has a quantum yield exceeding 90%, with an energy conver-
sion efficiency far superior to that of conventional chemiluminescent systems; second,
it is strictly dependent on ATP as an energy source, a characteristic that confers unique
biological specificity in live-animal imaging [1].
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However, further studies have revealed that the luminescent properties of this system
are regulated by multiple factors. On the molecular scale, the conserved amino acid
residues at the active site of luciferase form key catalytic regions essential for enzy-
matic activity. In terms of environmental factors, the reaction operates optimally at a
pH range of 7.5 to 8.0 and is sensitive to temperature changes within 25-30°C, with
magnesium ions (Mg?") required as essential cofactors. While these finely tuned regu-
latory mechanisms ensure high specificity, they also pose limitations to the stable ap-
plication of the system under complex biological conditions [2] [3]. This review
uniquely integrates recent biochemical and structural insights into luciferase systems,
with a focus on their translational potential in tumor imaging, ATP biosensing, and
protein interaction analysis.

2 Bioapplications of Luciferase System

2.1  In Vivo Tumor Imaging

The bioluminescence of fireflies represents an efficient cold light phenomenon,
wherein approximately 90% of the energy is converted into light energy. The emitted
light is typically green, yellow, or blue in color, depending on the specific type of lu-
ciferin used and the surrounding environmental conditions. The underlying mechanism
of this light emission involves the catalytic action of luciferase on luciferin, in the pres-
ence of oxygen and ATP, resulting in the formation of a high-energy intermediate that
ultimately releases photons. However, the emission peak of D-luciferin is approxi-
mately 562 nm, which limits its penetration through biological tissues, particularly in
deeper tissues such as internal organs, thus hindering effective deep-tissue imaging.
Moreover, while optimal temperatures can enhance enzyme activity, extreme tempera-
tures inhibit the reaction altogether, further complicating its application [2].

The activity of luciferase is also significantly influenced by variations in pH levels,
with different species of fireflies exhibiting distinct optimal pH ranges for maximal
enzyme activity. Additionally, the concentrations of oxygen and ATP are crucial deter-
minants of the intensity of light emission, and metal ions such as magnesium can en-
hance the reaction's efficiency. Conversely, certain heavy metals act as inhibitors of
luciferase activity. These various factors contribute to the instability of luciferase in
complex biological environments, such as within living organisms, thus limiting its
ability to produce reliable and consistent results for detection purposes. Due to its in-
herent instability, luciferase is predominantly suitable for short-term experimental use,
and it fails to support long-term monitoring applications, such as tracking tumor growth
over several weeks [4]. This instability also necessitates repeated injections of luciferin
substrates during therapeutic applications, as enzyme inactivation occurs, leading to
increased costs and risks associated with treatment. Furthermore, as luciferase is com-
monly sourced from various species, its introduction into animal or human systems may
trigger immune responses, accelerate enzyme clearance, and potentially induce inflam-
mation.
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In response to these challenges, researchers have adopted innovative, interdiscipli-
nary strategies that integrate advances in chemistry, structural biology, and enzyme en-
gineering. In the realm of chemical modification, design of the luciferin core structure
has led to development of novel derivatives of AkaLumine-HCI. The peak emission
wavelength of AkaLumine-HCl is 675 nm, which has better deep tissue imaging ability
and is suitable for BLI at low doses. X-ray crystallographic analysis reveals that the
introduction of rigid moieties, effectively alters the molecular orbital energy distribu-
tion in a red-shift of the emission wavelength into the near-infrared region (approxi-
mately 677 nm). Spectroscopic characterization further confirms a substantial Stokes
shift of up to 115 nm, which significantly reduces interference from tissue autofluores-
cence. In the field of enzyme engineering, directed evolution techniques have produced
mutant luciferases exhibiting markedly enhanced catalytic efficiency along with im-
proved tolerance to physiological temperature fluctuations. The efficacy of these engi-
neered systems is further substantiated by cellular experiments: flow cytometry analy-
sis demonstrates a 2.3-fold increase in cellular uptake of the novel probes compared to
conventional systems, while fluorescence imaging visually illustrates their superior in-
tracellular distribution. Collectively, these technological advancements offer a multi-
faceted solution to the limitations of current bioluminescence imaging systems, paving
the way toward more sensitive and reliable applications in deep-tissue imaging and real-
time biological monitoring [6].
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Fig. 1. In vivo bioluminescence imaging using AkaLumine-HCI.
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Substrate-dependent emission spectra, serum half-life, and tumor imaging data
demonstrate the superior performance of Aka-HCl in deep-tissue bioluminescence im-
aging. Figure adapted from (Kuchimaru et al., 2016) [6].

The results in animal studies have further substantiated the clinical potential of the
newly developed bioluminescent imaging system (Figure 1). In standardized murine
models, near-infrared (NIR) probes demonstrated pronounced advantages: in subcuta-
neous tumor models, the signal-to-noise ratio increased by 7-fold, while in the more
challenging orthotopic lung metastasis models, detection sensitivity was enhanced by
up to 9-fold. Of particular interest are the dynamic imaging data, which revealed
through pharmacokinetic analysis that the plasma half-life of the novel probes was ex-
tended to 4 hours, thereby enabling prolonged and continuous monitoring. Tissue dis-
tribution studies uncovered another critical feature, showing that probe accumulation
in tumor tissues was 5 times higher than in normal tissues—a characteristic likely at-
tributed to the enhanced permeability and retention (EPR) effect. This red-shifted im-
aging system, developed through multiple rounds of mutagenesis, has not only enabled
single-cell detection in deep tissues but also exemplifies how rational protein engineer-
ing can overcome the optical limitations of wild-type luciferases. Recent reviews em-
phasize that such advances—particularly the creation of Akaluc—mark a turning point
in luciferase-based imaging by increasing brightness by up to 1000-fold compared to
native systems [5].

However, signal attenuation was still clearly observed in certain specialized micro-
environments, such as bone tissue, suggesting that further optimization of the probe’s
physicochemical properties is needed. From the perspective of translational medicine,
these findings not only provide valuable directions for improving the technology, but
also enhance our understanding of the underlying mechanisms of bioluminescent im-
aging in living systems. The limitations identified in the current study help to outline
future research priorities [3].

2.2 Molecular Activities

The luciferase system, known for its high specificity and sensitivity, has been increas-
ingly applied to the detection of small molecules in real time and under physiological
conditions. Recent developments have integrated luciferase with a variety of recogni-
tion domains or energy transfer systems to create functional probes capable of moni-
toring key molecular activities such as energy metabolism and signal transduction.

Since ATP is an essential substrate in the luciferase-catalyzed light-emitting reac-
tion, it naturally serves as a readout molecule in bioluminescent ATP assays. Smirnova
et al. reported that luciferase-based fusion constructs—such as those incorporating bi-
otin-streptavidin interactions or immobilized antibody complexes—have been success-
fully applied for ATP quantification in microbiological, food safety, and environmental
monitoring contexts. These systems achieve rapid detection with high sensitivity, often
reaching nanomolar levels [7].
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Fig. 2. Structure and function of the pmeLUC system.

Membrane-anchored luciferase enables spatial detection of extracellular ATP re-
leased through various cellular pathways. Figure 2 adapted from (Morciano, G., 2017)
(8]

However, potential limitations include non-specific ATP sources in complex biolog-
ical samples, which can lead to false-positive signals. Moreover, the enzyme’s sensi-
tivity to environmental conditions such as pH and temperature necessitates careful op-
timization for stable performance.

2.3 Protein Interactions

Protein-level structural variation and intramolecular interactions within luciferase en-
zymes have been identified as key regulators of bioluminescent function and evolution-
ary diversification. Recent studies on cypridinid sea fireflies have demonstrated that
mutations at specific amino acid sites in the c-luciferase gene significantly affect emis-
sion wavelength (Amax) and light decay rate, providing valuable insights into the struc-
ture—function relationship of luciferase proteins [9].

Using RNA sequencing, in vitro protein assays, and spectral analysis, researchers
characterized 13 c-luciferase genes from 21 cypridinid species. At least four of these
were functionally validated, and multiple amino acid sites were found to be under pos-
itive selection. Notably, mutations at residue 160 were shown to influence both Amax
and light decay, indicating pleiotropy, where a single genetic change affects multiple
phenotypic traits. Such pleiotropic effects may underlie functional trade-offs in biolu-
minescent signalling [9].

Furthermore, the conformational stability of luciferase proteins under environmental
stress plays a critical role in maintaining enzymatic activity. A foundational study by
Watkins et al. showed that luciferase activity declined sharply at temperatures well
above or below the optimal range, likely due to partial protein denaturation or confor-
mational shifts, which disrupt the active site and reduce light output [2]. This finding
underscores the importance of environmental conditions in influencing protein func-
tion, especially in imaging applications requiring consistent signal performance.

Together, these studies illustrate how structural variation and environmental sensi-
tivity at the protein level shape the performance and evolution of bioluminescent lucif-
erases. Future work involving site-directed mutagenesis and high-resolution structural
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analysis will further elucidate these mechanisms and may support the rational design
of improved luciferase-based imaging probes. Figure 3 adapted from (DeLeo, D.M. and
H.D. 2021) [9].
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Fig. 3. Relationship between peak emission wavelength (Amax) and light decay rate among
cypridinid ostracods. Each point represents a c-luciferase sequence from a distinct species. The
distribution illustrates the potential correlation and pleiotropic constraints between emission
color and kinetic properties of the luciferase-catalyzed bioluminescence reaction.

3 Future Directions

To further advance the utility of luciferase-based bioluminescent systems, future re-
search should explore several critical directions. One priority is improving the stability
and catalytic efficiency of luciferase enzymes under diverse physiological conditions,
which is particularly important for prolonged in vivo imaging and clinical diagnostics.
This can be addressed through protein engineering strategies such as rational design
and site-specific mutagenesis, supported by high-resolution structural analysis. Another
promising direction involves the synthesis of novel luciferin analogues with enhanced
cell permeability, tenable emission profiles, and reduced background interference. Such
efforts will be essential to overcome current limitations in tissue penetration and im-
prove the quantitative accuracy of bioluminescent signals, especially in the red and
near-infrared spectral regions. Additionally, further development of ATP biosensors
and protein—protein interaction systems—such as split-luciferase and BRET probes—
will enhance dynamic cellular analysis and broaden diagnostic utility.
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4 Conclusion

In summary, this study highlights the remarkable potential of firefly luciferase-based
systems as powerful tools for molecular imaging, biosensing, and functional protein
analysis. From their highly specific ATP-dependent enzymatic mechanism to the di-
verse structural modifications that enable deeper tissue imaging, luciferase-based plat-
forms offer a unique combination of biological compatibility, high sensitivity, and flex-
ible engineering capacity. Advances in luciferin chemistry and enzyme evolution have
successfully addressed key limitations such as low tissue penetration and thermal in-
stability, leading to the development of near-infrared probes with enhanced pharmaco-
kinetics and improved in vivo performance. Furthermore, recent research on c-lucifer-
ase in sea fireflies reveals that protein-level variation—including pleiotropic and epi-
static effects—plays a crucial role in tuning light signal traits and evolutionary adapta-
tion. Collectively, these findings deepen our understanding of the biochemical and
structural basis of bioluminescence, while opening new avenues for developing next-
generation bioluminescent probes for real-time biological monitoring. Additionally, lu-
ciferase-based biosensors have shown significant promise in field-deployable and
point-of-care diagnostics, highlighting their versatility in low-resource settings [10].

Furthermore, luciferase-based ATP assays have proven to be indispensable tools for
real-time monitoring of cellular energy metabolism, apoptosis, and tumor microenvi-
ronment dynamics. By exploiting the strict ATP dependence of the luciferase reaction,
these assays provide highly sensitive and rapid detection of ATP fluctuations in living
cells and animals, enabling valuable insights into physiological and pathological pro-
cesses.

In addition, split-luciferase and BRET-based biosensors have expanded the utility of
luciferase to include the dynamic analysis of protein—protein interactions with excep-
tional spatiotemporal resolution. These systems allow non-invasive tracking of signal-
ing events in live cells, facilitating the elucidation of key molecular pathways involved
in cancer progression, immune responses, and other complex biological phenomena.
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