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Abstract. Even though we accept that the known history of energy use started with the first fire 
lit by man, we can see its scientific definition in the vis-viva equation. The phenomenon of energy 
has been explained by the theories produced as a result of the observations of kinetic events, 
instead of imitating them from nature. All algorithms developed by human beings to obtain energy 
work against nature and may cause disruption of the ecological balance. However, non-human 
alive beings living in the integrity of nature can produce energy in harmony with nature. This 
study aims to draw attention to this energy conversion process, which we will define as cold 
energy. 
Keywords: bioluminescence, sensor, energy source. 

1. Introduction 

In physics, the law of conservation of energy states that the total energy in an isolated system 
does not change and its quantity is said to remain constant over time. Energy can neither be 
destroyed nor created, but the form of the energy can change. The problems encountered in the 
concept of energy are energy conservation, losses, and the need for external energy to benefit more 
from the existing energy. 

The light emitted by a bioluminescent organism is produced by the energy released from 
chemical reactions occurring inside or emitted by the organism. Bioluminescence, the light 
produced by plants or animals, is much more common in the ocean than on land. In fact, it is 
estimated that 90 percent of animals living below 500 meters’ depth in the pelagic zone of the 
ocean are bioluminescent. Common bioluminescent animals in the pelagic zone include fish, 
squid, shrimp, and jellyfish [1-3]. 

The optical “cousin” of bioluminescence is the fluorescent phenomenon. In fluorescent 
compounds, energy from one color (i.e. wavelength) of light is converted to another color. 
Fluorescence is often associated with bioluminescence (Fig. 1). 

Although bioluminescence was noticed much earlier, it was first described by Robert Boyle as 
the emission of light by the living creatures. This light comes in an eye-catching blue-green color. 
While sea creatures are prone to blue glow, the glow seen in land creatures has a wider color scale 
(such as yellow, orange, blue, green). The blue-green light emitted by some creatures living in the 
deep seas and fireflies is formed by the oxidation of luciferin in the presence of the luciferase 
enzyme. As a result of this oxidation, living things can make radiation [4]. 

During the bioluminescence event, all chemical energy is converted to light energy, that is, the 
efficiency is 100 % and there is no heat loss. 

Biological radiation event occurs between 400-460 nm wavelengths. Thus, colors such as blue, 
green, orange, etc., appear. In addition, depending on the wavelength in the water and the type of 
the luciferin, the radiation in the seas is more blue. Luminous creatures can use these features in 
nature in ways such as lighting, hunting, camouflage and communication. Anglerfish, vampire 

https://crossmark.crossref.org/dialog/?doi=10.21595/jmai.2022.22953&domain=pdf&date_stamp=2022-10-25


BIOLUMINESCENCE SENSOR: ENZYMES, REACTION AND UTILIZATION AS AN ENERGY SOURCE.  
BURAK YAĞDIRAN, SEZGIN ERSOY, BÜŞRA NUR GÜLTEKIN, MELIS YAĞDIRAN 

2 JOURNAL OF MECHATRONICS AND ARTIFICIAL INTELLIGENCE IN ENGINEERING  

squid and some octopus’ species use this glow to scare the predator or attract their prey. 

 
Fig. 1. Wavelength sizes and color (created in BioRender.com) 

2. Bioluminescence 

In the last decades, the use of light emission theory in biological analysis and experiments has 
increased rapidly [5] and emitted light was followed as a detection strategy. This showed that the 
type of light emitted varies. Luminescence is the emission of light that is the result of a chemical 
reaction and is not due to heat generation or a thermal change [6]. This type of light is clearly 
differing from the light of incandescent bulb, which produces heat and incandescent bulbs heat up 
during use. Luminescence can be divided into two types: 

– Light emitted from a biological source: we call it bioluminescence. Again, we see 
Chemiluminescence, which is light emitted from a non-biological source due to a chemical 
reaction. Fluorescence, which is the product of a fluorophore, a molecule that emits light at a 
different wavelength, is another type of emitted light commonly used in biological research that 
absorbs energy from a light source. 

– Although they are seen as close concepts, each contains a difference. Bioluminescence is 
produced by an enzymatic reaction, which is different from fluorescence, which absorbs excitation 
energy from a light source (Fig. 2). Both bioluminescence and fluorescence are widely used in 
scientific applications. However, bioluminescent reporters have a much more sensitive detection 
capacity and a wider dynamic range compared to fluorescent reporters due to their enzymatic 
nature [7]. 

 
Fig. 2. Bioluminescence and Fluorescence process (created in BioRender.com) 

3. Bioluminescent reaction 

Luciferases likely evolved at many stages throughout evolution, producing enzymes that 
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differed in expression pattern, substrate specificity, cofactor requirement, and enzyme kinetics. 
As a result of these evolutionary changes, some organisms, such as bacteria and fungi, can emit 
light continuously, while other organisms emit bioluminescent flashes of varying duration and 
intensity. For example, luminescence from a dinoflagellate may last 0.1 seconds, while 
luminescence from jellyfish may last dozens of seconds. The variation in the bioluminescent 
output of different luciferase enzymes allowed the scientists to classify them according to their 
output kinetics to accommodate different experimental designs. Luciferase enzymes with flash 
kinetics have maximum sensitivity due to their high signal intensity, although they degrade rapidly 
in emitted light. Conversely, enzymes with irradiation kinetics are less sensitive but emit light 
stably for at least 60 minutes [7]. 

Luminescence methods, such as time-resolved fluorescence, are used in steady-state 
techniques and BL kinetic study. For example, it has been applied to understand the mechanism 
of action of fluorescent dyes, organic oxidizers, organic and inorganic heavy atomic compounds, 
and metallic salts. There are five most common mechanisms of toxicity produced by exogenous 
molecules in living organisms: 

a) changing the population and energy transfer of electron-excited states; 
b) altering the efficiency of the mono-tertiary transformation in the presence of the external 

heavy atom; 
c) variation of the rates of coupled reactions; 
d) interactions with enzymes and variation of enzymatic activity; 
e) non-specific effects of electron acceptors [8]. 

3.1. Bioluminescent experimental applications 

Bacterial luciferase immobilized systems are used in many fields such as research and clinical 
laboratories. It can be used to analyze many chemicals and enzymes in the environment. 

The properties of the luminescent reagent become stable when the enzymes and cells are 
immobilized on the solid. Thus, the sensitivity, specificity and stability of light generating systems 
can be exploited by immobilizing these structures. With this method, many chemical analyzes can 
be analyzed at low cost. Increasing its sensitivity can be achieved in a micro-environment with 
high concentrations. In this approach, it functions as a micro-nano sensor [9]. 

3.2. In vivo imaging 

In vivo imaging has the ability to monitor molecular events in live animals such as Mus 
musculus (Mouse), Rattus norvegicus (Rat), Cavia pocellus (Guinea Pig). Therefore, it is a 
non-invasive method that is rapidly gaining acceptance in biomedical research. In animal models 
of disease, cells, pathogens, proteins or other molecules are labeled with bioluminescent 
luciferases. Its visualization is possible by localized or systemic addition of the substrate. Due to 
its low wavelength, light can pass through the tissue. The level of penetration depends on the 
wavelength of the emitted light and the bioluminescence emitted from inside the experimental 
animal can be detected by a sensitive detection system. However, luciferases that emit light at 
wavelengths greater than 600 nm have the highest sensitivity for in vivo imaging applications 
[10]. 

Luciferase reporters also provide information on the locations and distributions of cells of 
interest in in vivo monitoring setups on small animals. Especially in stem cell transplantations, 
bioluminescence reporter genes are used in long-term follow-up of stem cells given to animals. 
Recently, with the transfer of the gene encoding the luciferase enzyme, transgenic animals (light 
producing transgenic animals, LPTA or light producing transgenic, LPT) have been started to be 
produced and these test animals are used in the investigation of cancers, metabolic diseases and 
infections. Mouse and zebrafish are the most common transgenic animals transformed in this way. 
Especially in mice, bioluminescence reporter genes placed under the promoters of genes encoding 
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some germline important proteins facilitate in vivo monitoring of the functions of the proteins 
encoded by the relevant genes [11-14]. Photorhabdus luminescence (Xenorhabdus luminescence) 
bacterial species is important as a bioluminescent prokaryotic species. In its genome, this 
bacterium carries the genes encoding the luciferase enzyme called lux and the genes that enable 
the formation of the aldehyde substrate of this enzyme as an operon (lux operon, luxCDABE). In 
this operon, luxA and luxB genes encode subunits of the luciferase enzyme, while luxC, luxD and 
luxE genes encode elements of the multienzyme complex that provides the aldehyde substrate of 
lux luciferase from fatty acid [13, 15-16]. Today, skin, bone tissue, digestive tract, urinary tract, 
lung, tooth, middle ear infections are created experimentally on animals with many viruses, 
bacteria, parasites and yeast species modified with lux CDABE operon or other bioluminescence 
reporter genes. Thus, the course processes of these infections and their responses to treatment 
protocols can be followed. With these studies, it is aimed to better understand the development 
processes of infections and to develop more advanced strategies in the fight against these 
infections. It is also possible to monitor the expression levels of pathogenic bacterial genes  
[12-13, 15]. 

In monitoring setups created for bioluminescence imaging, in the first step, expression vectors 
that will express the luciferase gene together with the targeted gene are created. As vectors, 
liposomes, viruses that have lost their ability to infect, adenoviral expression vectors, lentiviral 
vectors whose expressions can be subsequently induced and mostly used for therapeutic purposes, 
lamellar vesicles formed from lipopolamine and plasmid DNA are widely used [17-18]. 

 
Fig. 3. Schematic representation of the in vivo BLU technique applied to small animals:  

a) In vivo administration of the Luciferin-expressing vector, b) In vivo administration of the  
bitoluminance substrate, c) reception and processing of data received by imaging 

Bioluminescence and fluorescent radiation can be monitored together with the technique called 
BRET (Fig. 3). It is especially used for in-vivo monitoring of protein interactions that occur in 
signal production. The protein present in the signal channel is marked with a bioluminescence. It 
is also marked fluorescently by the protein that comes after it or interacts with it [19]. 

3.3. Bioluminescent bacteria 

By producing bioluminescent bacteria (BLB) on a living organism, their effects can be easily 
recorded. A bioluminescence (BL) inhibition assay is generally evaluated for its speed and cost 
advantages and is the first method of choice in applications. The BLB test protocol can be simply 
applied specifically to liquid samples or extracts. This also allows chemical analyzes to be 
performed at low cost. The operation of the bioluminescence sensor occurs when the stimulus is 
present. Although it is difficult for the tests to consist of turbid or colored samples, it allows kinetic 
analyzes to be analyzed without extraction. With the modifications of this feature, it can be made 
easier to analyze in solid phase tests. Researchers have shown that assays based on Vibrio Fischeri 
Bioluminescence are more useful when compared to analyzes involving a wide range of chemicals 
such as nitrification inhibition, respirometry, and other bacterial tests such as ATP. These analyzes 
provide relevant results in the toxicity bioanalysis of organisms such as algae, crustaceans and 
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fish, which are mostly in the sea [20-21]. 
Luminous bacteria can be seen in air, water and land creatures. They are free-living or parasitic 

[22]. These creatures have been observed by sailors over time and can be monitored with today's 
satellite technology. These images are the lights that are formed in the form of light filtering or 
glow extending along the horizon [23]. Bioluminescence is the characteristic of living things seen 
in 666 of 113 living species. Most of the studies examining these creatures have been on fireflies 
[24]. 

3.4. Imaging and tomography 

The basis of current nuclear medicine applications is based on a similar mechanism. In order 
to view the pathophysiological process in living things, it is based on the principle of detecting 
the annihilation photons emitted from the radiopharmaceutical substance given externally by 
means of special detectors and creating an image. Current nuclear medicine imaging methods: 

– Scintigraphy evaluations; Diagnostic examinations using special radiopharmaceuticals for 
certain organs. Bone scintigraphy, parathyroid gland, adrenal gland scintigraphy displays with this 
method. 

– A single-photon emission computerized tomography (SPECT) and Positron Emission 
tomography (PET): These are methods that allow evaluating the functions of organs at the cell 
level. It is mostly used in the fields of oncology, cardiology and neurology in daily practice. In 
neurology cases, it is encountered in the diagnosis and follow-up of neurological masses and in 
the diagnosis and follow-up of neurodegenerative diseases. In craniological applications, it is used 
in the investigation of coronary artery diseases, in the diagnosis of myocardial infarction and in 
the evaluation of cardiac functions afterward. For this purpose, glucose, amino acid, hormone 
molecules and metabolic precursors containing radioactively labeled isotopes (eg Carbon-11 (¹¹C), 
Fluorine-18 (¹⁸F), Gallium-68 (⁶⁸Ga) etc.) and releasing positrons are used. It is a method of 
obtaining images by detecting and processing the annihilation photons with 511 keV energy, 
which are released by the interaction of the positron released from these externally given positron 
emitting radiopharmaceuticals with the electrons in the body, using NaI(TI) (Sodium Iodide 
Thallium) crystals. SUV (standardized uptake value) values are used when evaluating the image. 

SPECT creates an image with the principle of single photon emission radiating in one 
direction, while PET creates images with the principle of double-sided photon emission occurring 
at the same time. 

Hybrid imaging (SPECT/PET-CT, SPECT/PET-MR); SPECT or PET imaging, which is used 
to view the pathophysiological process, allows both anatomical and functional imaging to be 
combined by obtaining images simultaneously or at different times with CT (computerized 
tomography) or MRI (Magnetic resonance imaging) in which anatomical information is evaluated, 
and superposing the obtained images. provides. 

Computerized Tomography: The tomography device consists of a table on which the patient 
will lie in a circular mechanism called a gantry and a computer system that converts the obtained 
data into images. In this imaging method, a cross-sectional image of the examined region is 
obtained with the transmission feature by using X-rays, similar to direct radiography. There is an 
annular X-ray tube in the gantry and detectors to detect the post-transmission X-ray. During the 
examination, the rays coming out of the X-ray tube pass through the examined area. Afterwards, 
the x-ray attenuation value of each point obtained by the photoelectric effect and Compton 
scattering is measured by the detectors. This value differs between tissues. By taking advantage 
of this difference, the measured values are processed with analog-to-digital converters and 
converted into digital data and an image is obtained (Fig. 4). 

All these processes are repeated for each section, and in this way, the examined region is 
displayed cross-sectional. 

Natural radiations that occur in the bodies of living things or the radiations that occur due to 
excitation with light are very important in terms of biological monitoring. First, in 2002, Bhaumik 
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et al. established a bioluminescence monitoring device for mice using the enzyme-substrate 
system [25]. 

 
Fig. 4. Computerized Tomography (CT) schematic image (created in BioRender.com) 

3.5. Bioluminescent creatures 

Various kinds of luciferase enzymes have been discovered to date. The firefly luciferase 
enzyme is the catalyst for a reaction that glows green in the presence of oxygen and ATP, and its 
substrate is the D-luciferin compound. D-luciferin is converted into oxyluciferin compound, which 
makes the main radiation, as a result of a series of reactions. Many forms of luciferase have 
half-lives limited to a few hours. This leads to the use of these enzymes as reporters in in vivo 
monitoring setups. These enzymes are particularly useful tools for monitoring the circadian 
rhythms of living things [12]. Firefly luciferase is an enzyme that catalyzes the oxidation of firefly 
luciferin, a reaction that results in light emission [26]. 

Modern theory of the general and specific effects of the microenvironment on emission spectra 
has been used to explain spectral differences for both natural and mutant forms of insect luciferase, 
as well as for bioluminescent emitting oxyluciferin in model systems [27]. 

In previous studies, light levels and enzymes of fireflies were analyzed and their reactions were 
examined [28-29]. 

Table 1. The peculiarities of the main Luciferase enzymes [12, 25, 30-37] 
Name of the 

bioluminescent 
enzyme 

Species name Protein 
size (kDa) Substrate Max. emission 

wavelength (nm) Color 

Firefly Luciferase 
(FLuc) Photinus Pyralis 62 D-Luciferin 562 Y G 

Renilla Luciferase 
(RLuc) 

Renilla 
Reniformis 36 Coelentera 

zine 480-482 B G 

Gaussia Luciferase 
(GLuc) Gaussia Princeps 19,9 Coelentera 

zine 480-600 nm B G 

Bacterial Luciferase 
(Lux) 

Photorhabdus 
Luminescens 37-40 – 490 B G 

Vargula Luciferase 
(VLuc) 

Vargula 
Hilgendorfi 62 Vargulin 460 B V 

Merridia Luciferase Metridia Longa 24 Coelentera 
zine 480 B G 

NanoLuc (NL) 
Luciferase 

Optophorus 
Gracilirostris 19 Furimazine 480 B B 

Cypridina 
Luciferase (Cnl.) 

Cypridina 
Noctiluca –61,5 Cyprinidid 

Luciferin ~460 B B 

Y – yellow, B – blue, G – green, V – violet. 
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4. Method 

4.1. Sensor design 

Proteins that react chemically or physically to light, emit light as a result of the reactions they 
are exposed to, or reflect the light falling on them in different wavelengths and colors are called 
“photoactive proteins”. Photoactive proteins can be divided into three groups. 

Those in the first group are photoreceptors that cause the living thing they live in to react 
depending on light exposure. In the second group, there are fluorescent proteins. Molecular 
fluorescent molecules that reflect the wavelength of the light they are exposed to, and therefore 
change their color, are called fluorescent radiation. There are various fluorescent dyes that give 
fluorescent properties to the molecules to which they are attached, and proteins with natural 
fluorescent properties in living things. In the 1960s, Osamu Shimomura et al. conducted research 
with the shiny jellyfish Aequorea victoria. And they discovered a protein they called “Aequorin”. 
Even in the absence of oxygen, this protein reacted with calcium to emit blue light. Green 
fluorescent protein (GFP), another protein in jellyfish, sometimes absorbs this blue light and emits 
green light in response. In the third group, enzymes that produce bioluminescent radiation can be 
mentioned. Luciferin falls into this class. 

Bioluminescence, which is the conversion of chemical energy to light in living organisms, 
depends on two main components, an enzyme, luciferase, and its substrate, luciferin. In insects, 
the luciferase enzyme has been extensively studied and important enzymological, sequence and 
structural data are now available. 

Firefly luciferase is classified as Photinus-luciferin. Its substrate is firefly luciferin. The 
reaction requires ATP, oxygen and a metallic cation. It has been seen in the light of 
crystallographic studies that; The protein has two compact regions, a large N-terminal region and 
a small C-terminal region, which are joined by a flexible linker peptide that creates a large cleft 
between the two domains (Fig. 4). Here the C-terminal is delivered tripeptide Serine-Lysine-
Leucine responsible for peroxisome targeting. It is assumed that both regions contain amino acid 
residues on the surface. Mostly amino acid residues can be seen at the N-terminus and only one at 
the C-terminus. These residues are very important for bioluminescent activity. It produces light 
that carries only the N-site of the luciferase, which corresponds to 0.03 % of the volume. 

 
Fig. 5. N and C terminal, where amino acid residues important  

for bioluminescent activity are concentrated 

Photinus pyralis luciferase has no substrate in the gap-filling screen. The image shows the 
large N-terminal domain (N) connected by a short loop (L) to which the small C-terminal domain 
(C) is attached. The slit between the two domains is visible in the side view (Fig. 5). 

The typical emission spectrum for luciferase is in the yellow-green region (550-570 nm), with 
a peak at 562 nm in basic media (pH ∼ 7.5-7.8) [38]. 

However, luciferase is a pH sensitive enzyme and acid medium (pH ∼ 5-6) can shift the 
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emission to red (at 620 nm maximum) as well as higher temperatures and heavy metal cations 
[39]. Conformational changes affecting the active site microenvironment are believed to be 
responsible for differential color emission [40]. In Luciola cruciata mutant luciferase are remnants 
of the catalytic state of an “on” expression, which can result in energy loss from the mid-excited 
state, causing the emission of red light, instead of high-energy yellow-green light [40] 

With an increase in light emission intensity in vitro, it decays to low levels within a few 
seconds under the flash model, even under well-defined conditions. This decay is 5 % different 
from its initial level. The present substrate, this profile, is due to the formation of inhibitory 
products during the reaction [41-42]. 

The in vitro profile of light production by luciferase with high substrate concentrations is D -
LH 2 and ATP-Mg 2+ in the µM range. It reaches its maximum velocity in light output, and after 
its increase, a significant decrease in emission intensity is observed [43-44].  

 
Fig. 6. Variation with intensity of light emission in vitro 

5. Measurement of light 

The use of enzymes as sensors requires an interdisciplinary study. In this study, the design of 
the bioluminance sensor as a measurement system is discussed. It is in an equal container, which 
contains the enzyme and is freed from the effects of the external environment. Oxygen is contained 
in the environment at certain intervals and amounts. 

It reacts with the oxygen introduced into the system and generates radiation. Light waves are 
read with a lux-meter. Signals and data are processed with the software and the measurement is 
performed (Fig. 7). 

 
Fig. 7. Evaluation of radiation in bioluminance enzyme 
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6. Conclusions 

In line with academic studies, it can be seen that the Luciferin enzyme can be used as a sensor 
in ecology. Although bioluminescence is used in tests based on genetically modified bacteria, as 
well as in studies in biosensor format, it is seen that air values are used in the detection of 
enzymatic degradation in related studies [45, 46]. In soil-related measurements, studies have been 
carried out for the detection of General toxicity [47], Bioremediation [48] Inorganic pollutants 
[49, 50] Organic pollutants [51]. In the protection of water waste and water quality; General 
toxicity [52-54], Inorganic [55-57] and organic [21, 58, 59] pollutants are observed when used in 
genotoxicity [60] and seawater measurement [61, 62]. Enzymes play an important role in most 
biological processes – the transcription and translation of genetic information and signaling, as 
well as controlling energy transduction. They have a remarkable capacity to accelerate 
biochemical reactions by many orders of magnitude relative to their uncatalyzed counterparts. In 
vitro analyzes of these enzymes can be performed and modeled. These studies are recognizable 
by kinetic and electrical simulations. When these enzymes react with elements such as oxygen or 
calcium, they can become biosensors that provide quantitative data by measuring the energy they 
release. 
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