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Abstract: Bioluminescence is light emission based on the luciferin-luciferase enzymatic reaction in
living organisms. Optical signals from bioluminescence (BL) reactions are available for bioanalysis
and bioreporters for gene expression, in vitro, in vivo, and ex vivo bioimaging, immunoassay, and
other applications. Although there are numerous bioanalysis methods based on BL signal measure-
ments, the BL signal is measured as a relative value, and not as an absolute value. Recently, some
approaches have been established to completely quantify the BL signal, resulting in, for instance,
the redetermination of the quantum yield of the BL reaction and counting the photon number of
the BL signal at the single-cell level. Reliable and reproducible understanding of biological events
in the bioanalysis and bioreporter fields can be achieved by means of standardized absolute opti-
cal signal measurements, which is described in an International Organization for Standardization
(ISO) document.
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1. Introduction: Why Do We Have to Quantify the Optical Signal?

Optical signals from bioluminescence (BL), chemiluminescence (CL), and fluorescence
have been used in analytical methods to measure biological samples in the fields of life
science and medicine. Components of biological samples or biological parameters, includ-
ing cellular and metabolic activities, and gene expression, are transformed into an “optical
signal”, and the mechanism or function at the cell, tissue, or body levels is investigated. One
of the optical signals is BL, which is based on the chemical oxidation of luciferin catalyzed
by the luciferase enzyme. The intensity of the optical signals on the BL is determined by
the efficiency of the enzymatic reaction and the number of luciferins and cofactors. For
instance, the optical signal of firefly BL is determined by the amount of luciferin, luciferase,
and adenosine triphosphate (ATP), as well as the enzyme efficiency, including the quantum
yield (QY) of the luciferin-luciferase reaction [1,2].

Ten luciferins have been identified in bioluminescent organisms, along with several
corresponding luciferases [3]. Firefly D-luciferin, coelenterazine, Cypridina luciferin, and
their derivatives have been commercialized, and are primarily used in reporter assays,
in vivo and in vitro imaging, and immunoassay [4-9]. Several companies, such as Promega
and Toyobo, have also commercialized luciferase genes.

The firefly luciferin-luciferase reaction has mainly been applied to in vitro gene expres-
sion analysis as a reporter gene assay for screening bioactive compounds or toxicants [10-14].
This reaction has also been used to evaluate in vitro cellular functions as well as in vivo can-
cer growth and tracing [15-18]. Coelenterazine-based luciferase reactions have been used
for gene expression analysis and in vivo imaging [19-23]. Cypridina luciferin-luciferase
reactions have also been used in gene expression analysis, in vivo imaging, and immunoas-
says [24-30].
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We constructed a reporter plasmid vector containing the target promoter and luciferase
gene sequences for the gene expression analysis reporter assay. The promoter region
regulates the expression of the luciferase gene in living cells after transfection of the
plasmid into the target cells. The expressed luciferase protein catalyzes a reaction with
luciferin to produce an optical signal, resulting in the evaluation of changes in promoter
activities influenced by factors such as compounds. Therefore, it is possible to identify
active compounds from natural resources and detect toxicants from chemicals.

The promoter region was found to regulate the expression of luciferase genes in living
cells for in vitro imaging after transfection of a plasmid containing the luciferase gene into
the target cells. For the imaging experiment, luciferin was added to the medium, penetrated
the cells, and reacted with the expressed luciferases to generate light emission, resulting in
the visualization of the events of living cells. For in vivo imaging, after transfection of the
plasmid containing the luciferase gene into target tumor cells, we selected stable cell lines
expressing luciferase, followed by transplantation into model animals. For in vivo imaging
experiments, luciferin was injected into the body after an appropriate period for tumor cell
growth to generate an optical signal. BL signals indicate the location and growth of tumor
cells in the body. BL imaging (BLI) is measured using special equipment and is indicated
by brightness in the image.

Luciferase-fused antibodies are used in sandwich or competitive immunoassays,
the so-called bioluminescent enzyme immunoassay (BLEIA) [31,32]. By constructing a
calibration curve, the target antigen bound to a luciferase-fused antibody can be quantified
with high sensitivity and a large dynamic range.

The optical signals of BL methods are measured by sensitive photodetectors, including
photomultipliers, photodiodes, CCD, and CMOS sensors, and are converted into the
amount of target molecules based on the calibration curve between the light intensity
and the number of target molecules. In particular, immunoassays using BL are highly
quantitative and reliable and have been commercialized by many companies. However,
the measured optical signals are relative values; therefore, the detected optical signals
collected on different days using different equipment or luminescent probes cannot be
compared directly.

BL signals by reporter-gene assays or BL imaging have mainly been shown as intensity
or brightness in relative light units (RLU). However, the relative intensities of the BL signal
cannot be compared quantitatively between blue and red light, because the detection
efficiency of the photodetectors depends on the wavelength of the incident light. To
effectively use BL methods, the BL signal must be measured using a new quantitative
measurement procedure.

2. What Is an Absolute Optical Signal? How Is an Absolute Optical Signal Quantified?

In bioluminescence-based biological analysis methods, optical signals are emitted from
biological samples owing to the BL reactions. The absolute values of the BL signals can be
interpreted as the power of the light flux or the number of quantum photons emitted from
the biological samples. In radiometry, the power of the optical signal is described as the
total radiant flux (W), and the quantum photon flux is the total photon flux (photons s~ ).
The energy of a single quantum photon can be described as follows:

E=hv=hc/A, 1)

where E is the energy of the quantum photon, & is Planck’s constant, v is the frequency, c
is the velocity of the light, and A is the wavelength. Thus, spectrometric information is
also mandated with total radiant flux (W) information to provide the total photon flux
(photons s~ 1).

The responsivity of the photodetectors can be calibrated to measure the absolute optical
signal values of the samples. Here, we define the “responsivity” of the photodetectors as
the sensitivity (e.g., in counts photon™!) to the incident radiant flux or photon flux. The
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responsivity of photodetectors is usually calibrated by manufacturers using the linear flux
of directional monochromatic light sources at each representative wavelength. However, BL
optical signals from biological samples are not directional, but diffusive and non-directional,
unlike lasers. Therefore, the optical signal emitted from a biological sample is partially
detected by the photodetector in the device, which includes a luminometer, plate reader,
and microscope. It is also true that the wavelength spectrum of a BL optical signal is
broad and often consists of multiple spectral components, whereas lasers emit single- and
narrow-wavelength light.

Thus, the absolute responsivity of a device depends on the spatial angular distribution
profiles of the optical signal emission as well as the wavelength spectrum of the optical
signal from the biological sample under examination. Therefore, information on the
absolute responsivity of the photodetector in a device is insufficient to determine the
responsivity of the entire device. The absolute responsivity of the device for measuring the
BL optical signal can be determined using a calibrated reference light source. The reference
light source to be employed should have angular distribution profiles similar to those of the
biological sample under examination as well as a power level within the detection range of
the target device. Spectral matching is also essential when the device is not spectrometric
because its responsivity depends strongly on the spectrum to be measured. The best
reference light source for the absolute calibration of the BL optical signal measurement
device was the same BL sample to be tested with a known calibrated value, referred to as
the “optical reference light source”.

The absolute value, that is, the total radiant flux (W) or total photon flux (photons s,
of the optical reference light source can be measured using an integrating sphere spec-
trometer [33], as shown in Figure 1a. An integrating sphere equipped with a spectrometer
can measure the absolute value of light sources with both directional and non-directional
geometries. The absolute responsivity of the integrating sphere spectrometer was calibrated
using a calibrated standard lamp of spectral irradiance (WW cm~2 nm™!), as shown in
Figure 1b. The standard lamp used was traceable to the national standards of photom-
etry and radiometry at the National Metrology Institute of Japan in National Institute
of Advanced Industrial Science & Technology (NMIJ/ AIST). The target optical reference
light source was placed in a sphere to measure the spectral total radiant flux (tW nm 1)
(Figure 1c).

An ideal optical reference light source has long-lasting and stable optical signal in-
tensity properties. However, the optical signal intensity from the optical reference light
source tends to be influenced by the quality of the reagents, and hence has poor repro-
ducibility. The reference solution was duplicated by dividing the homogeneous reaction
solution into two test tubes [33]. One of them was set in the integrating sphere system,
and the other was set in the device to be calibrated. By simultaneously measuring the
homogeneous optical reference solution sample in the integrating sphere and the device to
be calibrated, the absolute total radiant flux (tW) determined by the integrating sphere
and the output value (e.g., in counts) measured by the device to be calibrated provide
the absolute responsivity (counts tW ') of the device. Using Equation (1), spectral total
radiant flux of the optical reference light source can be transferred into the spectral total
photon flux (photons nm~! s71), followed by the wavelength integration to give total pho-
ton flux (photons s-!) (Figure 1d). Relations between the total photon flux value and the
output value (count) of a luminometer is the photon number-based absolute responsivity
(counts photon™1).

Thus, a calibrated device is available for absolute measurement as long as the optical
signal of the sample has spectral and spatial properties identical to those of the optical
reference light source. The quantum yield (QY) of the BL reaction can be investigated as an
application of absolute BL measurements using absolutely calibrated luminometers.
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Figure 1. Integrating sphere equipped with a spectrometer to measure the absolute optical signal
value of optical reference light source. (a) Integrating sphere spectrometer with a standard lamp.
(b) Schematic illustration of calibration of the absolute sensitivity of the apparatus based on a
“2nm~1) and aperture area (cm?) are known.
(c) Measurement of spectral radiant flux (WW nm~1) of luminescence solution. (d) Example of the

standard lamp whose spectral irradiance value (uW cm

absolute spectrum of an optical reference light source (bioluminescence reaction solution using native
luciferases from Pyrearinus termitilluminans and Phrixothrix hirtus). Note that the y-axis describes an
absolute value: spectral total radiant flux (uW nm1). Using the equation E = hv = hc/ A, spectral
total radiant flux can be transferred into spectral total photon flux (photons nm~! s~1). Wavelength
integration of the spectral total photon flux gives the total photon flux (photons s 1), which can be
applied to calibrate of the absolute responsivity of luminometers.

3. Determination of Quantum Yield on Luminescence Reaction

The QY of the BL reaction, which is defined as the probability of single-photon
production from a single reactant molecule, is a basic characteristic for interpreting the
molecular mechanism of luminescence reactions. To determine the QY of the BL reaction,
the total number of photons emitted diffusively from the reaction solution, or total photon
flux (photons s~1), must be measured. For this purpose, the optical signal measurement
device must be calibrated.

In 1959, Seliger and McElroy reported a value of 0.88 using a North American
Photinus pyralis native luciferase [34]. In 1962, Shimomura and Johnson reported the QY
of Cypridina luciferin-luciferase reaction to be 0.28 [35]. In 1965, Lee and Seliger reported
a QY value of 0.012 for a luminol chemiluminescence reaction [36]. After this report, the
QY value of luminol was re-examined, and it converged to approximately 0.01, which was
used as a reference to validate the optical apparatus for measuring the absolute photon
flux from the luminescence reaction solution [37]. In 1986, Shimomura et al. also reported
the QY of a photoprotein Aequorin to be 0.23 [38,39], but this value was corrected to 0.17
by Shimomura as the molecular weight of the photoprotein was revealed [40]. The QY of
the BL reaction of coelenterazine and Renilla luciferase was reported by Loening et al. to
be 0.069 [41].
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The QY value of 0.88 in the firefly BL reaction reported in 1959 has long been cited
as evidence of the most efficient luminous reaction. However, this report was published
before the chemical structure determination of firefly luciferin molecules, and the synthe-
sized compound was unavailable [42]. Therefore, in 1959, only native luciferin samples
purified and isolated from firefly bodies were available. Notably, firefly luciferin is a chiral
compound, and White et al. reported that a purified native luciferin sample was racem-
ized [43]. This indicates that the QY value of 0.88, reported in 1959, would be corrected
to an impossible value of 1.76, because native racemized luciferin was provided for the
QY measurement, and only one of the optical isomers was active as the bioluminescence
substrate. Nevertheless, the QY value of 0.88 was the only reported value for a long time
that was based on the original experimental data. Therefore, it is important to re-examine
the QY value of P. pyralis luciferase. Furthermore, there are various luminous beetles with
different BL colors despite using identical firefly luciferin substrates [44]. Studies using
luciferases from curious luminous beetles are in strong demand.

Ando et al. reported a re-examination of the firefly bioluminescence reaction quantum
yield in 2008, which was 0.41 [45], differing significantly from the value of 0.88 reported
in 1959. Ando et al. used a multichannel spectrometer whose spectral responsivity was
calibrated in conjunction with a geometric treatment to precisely determine light collection
efficiency [46]. QY values of firefly luciferin analogues were also reported using the same
instrumentation [47].

To crosscheck the calibration system, the luminometers should be calibrated using
an independent calibration system based on different measurement traceability sources.
An integrating sphere spectrometer system was used to calibrate a commercially available
luminometer against the absolute optical signal value of the firefly BL reaction solution [33].
The QY value of the same P. pyralis BL reaction solution was measured using a luminometer
calibrated absolutely using the integrating sphere, and the result was 0.48, which was in
agreement with the value reported by Ando et al. within the uncertainty of the measurements.

We also measured the quantum yields of various beetle BL reactions using the same
method (Table 1) [33,48]. Quantitative analysis of firefly bioluminescence reactions using
various enzymes revealed that the kinetic parameters, such as K, kcat, and QY, of native
luciferases were comparable. This result indicates that the concentration of the “active”
luciferase enzyme was the most important factor in obtaining high optical signal intensity.
This result suggests that a better result with high optical signal intensity in BL reaction
applications would be obtained by crucial efforts to optimize the reaction conditions for
luciferase enzymes, each of which has different ideal conditions for the BL reaction. It
has also been suggested that more rigid enzymes are more useful for applications because
stable enzymes can maintain enzymatic activity.

Table 1. Luminescence maxima and QYs for beetle luciferases.

Luciferase AMax | (nm) QY +ot

Pyrearinus termitilluminans, wild type 539 0.61 0.019
Phrixothrix hirtus, wild type 625 0.15 0.017
Pyrocoelia miyako, wild type 554 0.45 0.055
Pyrocoelia miyako, mutant N230S 606 0.21 0.0072
Pyrocoelia miyako, mutant S199T 559 0.48 0.056
Pyrocoelia miyako, mutant S200A 556 0.46 0.036
Photinus pyralis, native $ 566 0.48 0.039
Photinus pyralis, recombinant wild type 560 0.45 0.055

All values were measured at 24 °C and pH 8.0. The relative standard uncertainty of QY measurements was
approximately 15%. t Maximum of the bioluminescence spectrum. } Standard deviation of QY measurements.
§ Reported in ref. [33]. Others were in ref. [48].
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For comprehensive quantitative understanding of BL reaction efficiency, further in-
vestigations have been conducted, e.g., QY of firefly BL reaction in biomolecular con-
densates [49]. We also investigated the QY using coelenterazine and its derivatives [50].
Notably, the highest QY value, 0.61, was observed when firefly luciferin was used with
luciferase from the Brazilian click beetle Pyrearinus termitillumineans. Although the ex-
tremely high QY value of 0.88 was corrected, the QY value of 0.61 is still the highest
among all luminescence reactions. To date, the firefly BL reaction remains the most efficient
light-production system.

4. Establishing an Ultra-Weak Light Source as an Optical Reference

For QY investigation using absolutely calibrated luminometers, the BL reaction so-
lution was employed as an optical reference light source with spectral and geometrical
properties identical to those of the target BL sample. However, the BL reaction solutions
were not stable or not reproducible. Therefore, they were not suitable optical reference
light sources for general users of biological analysis methods using BL and CL. Ultra-weak
light sources based on light-emitting diodes (LED) are already commercially available as
optical reference light sources for checking the reproducibility and intermediate precision
of BL and CL measurement devices for quality control purposes. Optical references are also
recommended in an international standard document (ISO 24421) to verify the reliability of
biological analysis methods using BL, CL, fluorescence, and absorption [51,52].

Optical reference light sources must only be reproducible in terms of the optical signal
intensity to check the reproducibility of the devices. Therefore, absolute calibration is not
mandatory. However, all devices must always be checked using optical references with
the same optical properties because different references may have different optical signal
intensities. Therefore, absolute optical signal measurements are required to confirm the
uniformity of LED-based optical reference light sources.

An integrating sphere can also be used to measure the absolute value of total radiant
flux (WW cm~2 nm~!) of LED-based optical reference light sources that have a surface
emission geometry (Figure 2). Absolutely calibrated LED-based optical reference light
sources are available not only for quality control purposes, but also for quantitative imag-
ing applications.

b

LED (Optical reference
light source)

LED (Optical reference
light source)

Spectral radiant flux
(uW nm-1)

Integrating
sphere

Integrating
sphere

Figure 2. Integrating sphere equipped with a spectrometer to measure the absolute optical signal
value of LED-based optical reference light sources. (a) Calibration of the absolute sensitivity of the

2 nm~') and aperture

apparatus based on a standard lamp whose spectral irradiance value (WW cm™
area (cm?) are known. (b) Measurement of spectral radiant flux (WW nm ') of LED-based optical
reference light source where wavelength integration of spectral radiant flux (WW nm ™) gives radiant

flux (LW).
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To design a suitable optical reference light source to calibrate the imaging apparatus,
several specifications must be considered: (1) a low-level and wide-range power (uW to
fW) of light; (2) a planar emission surface to be set on the image plane or the sample
position of BL measurement systems; (3) an emission area with sizes comparable to those of
various samples (mm to um); (4) a simple angular emission pattern, such as Lambertian or
hemispherical; and (5) a long lifetime. Considering the above points, regarding the emission
color or spectrum of BL samples, Yoshita et al. designed and developed planar LED devices,
which were applied as optical reference light sources for quantitative measurements and
analyses of photoluminescence (PL) intensity [53]. They demonstrated and confirmed the
utility and applicability of an LED-based optical reference light source for quantitative
luminescence intensity measurements in Lambertian-type low-level radiation sources.

Based on the concept of an LED-based optical reference light source using low-level
solid radiant sources, ATTO Corporation developed the planar optical reference light source
“KohshiUni [54]”. Figure 3a shows a schematic of KohshiUni, which consists of a small
surface-mounted LED chip, ND filter, and light diffusion plate coated with metal. The
photoetching technique was used to create a 250 um circular pinhole in the coated metal.
Light was emitted through the pinhole. Figure 3b shows an image of the LED-based optical
reference light source captured using the CCD camera unit. Figure 3c shows the profile
of the optical signal on the surface of the planar optical reference light source, suggesting
a simple uniform emission pattern. For device specifications, the light output power can
be adjusted according to the target by changing the output power of the LED (pW level),
ND filter, and emission area size. Furthermore, this device can be placed on the image
plane or sample position of the BL measurement system. Finally, the absolute photon
flux of this device was 7.18 x 108 photons s! at 632 nm, as evaluated by the integrated
sphere spectrometer. Based on the relations between the relative conversion efficiency and
wavelength in the CCD camera, detected photon number can be introduced from the values

at 632 nm.
a 250 pm b ¢ 5 250 um
Metal mask <« @ 20,000
‘ T o
E Diffusion plate § om0 ]
£ ND Filter 2 hw
R ——
A LED _ 7.18 X 108 S o,
‘ photons s at ‘é
38 mm 632 nm o
[ =
- 0

Figure 3. Construct of the LED-based optical reference light source (ref. [53]). (a) Schematic illus-
tration of the planar light emitting diode (LED) device with a circular aperture in cross-sectional
views. (b) Absolute optical image of the planar LED with an aperture size of 250 um. This LED
showed an absolute optical signal of 7.18 x 108 photons s~! at 632 nm. (c) Dispersion profile of
absolute optical signal of the planar LED with an aperture size of 250 pm.

The BL optical signal depends on various systems based on the different colors and QY
of the chemical reaction. However, the number of photons produced by the BL reaction can
be converted into the number of luciferins. An LED-based optical reference light source can
convert the relative light unit to the absolute photon number. When we use an LED-based
optical reference light source in BL measurement, we can directly compare the optical
signals in various BL systems.
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5. Quantification of Bioluminescence Optical Signal from the Living Cells

In 1981, Trube et al. monitored the increase in calcium ions in living muscle tissue using
the calcium-binding photoprotein aequorin [19]. In 2000, Rehemtulla et al. established a
stably expressed firefly luciferase in a 9L cancer cell line and transplanted it into living mice,
demonstrating the possibility of tracing cancer cell growth and evaluating anticancer drugs
in vivo [15]. To date, chronological research using BL optical signals in living cells has been
the most exciting research area. Wilsbacher et al. established the clock gene Perl-promotor
driving optical signals in trans-genetic living mice and visualized the circadian rhythmicity
of the Perl gene in living tissue over one week [55]. In addition, this group established a
Perl-promoter driving optical signal in Rat-1 cells and visualized circadian rhythmicity at
the single-cell level [56]. Noguchi et al. monitored two clock genes of Perl and anti-phased
Bmall genes by using green- and red-emitting beetle luciferases at the cell population
level [57].

In contrast, the improvement of several types of luciferases, such as color difference
beetle luciferases, secreted-type luciferases, and enhanced Renilla luciferase, has been
used to visualize various cell functions in living cells. The green- and red-emitting beetle
luciferases visualized the circadian rhythmicity of two clock genes, Perl and Bmall, in
a single cell [58] and the dynamics of the expression of the two genes at the subcellular
level [59]. Secreted Cypridina luciferase was used to visualize the secretion process of
proteins [25] and evaluate the potential of the signal sequence in the secretion process [60].
Enhanced GFP-fused Renilla luciferase visualizes chromatin movement in living single
cells [22]. Enhanced Nano-lantern luciferase visualizes cell function in living single cells [61].
Gregor et al. established an autonomous bioluminescence mammalian cell using a bacterial
bioluminescence system and visualized cell morphologies at the single-cell level [62]. In
particular, the bioluminescence imaging of the chronological system contributed to the
Nobel Prize in 2017.

We used highly sensitive cooled CCD, EM-CCD, and CMOS cameras to visualize
the light intensity of the optical signal. First, the imaging equipment must be calibrated
with an optical reference light source to quantify the optical signal from several detectors
with varying color sensitivities. Enomoto et al. used an LED-based optical reference light
source with pulse-width modulation (PWM) and a light-emitting aperture at an emission
wavelength of 632 nm, which stabilized the light output over time [63]. It is important
to evaluate the total radiant flux (W) of this light source, which is linked to a national
metrology institute (for instance, NMIJ/AIST of Japan), based on the absolute sphere
method. The procedure is summarized as follows.

Step (1) A schematic example of the calibration of the BLI system of the inverted mi-
croscope based on the LED-based optical reference light source signal is shown in Figure 4a.
The photon flux of the LED-based optical reference light source (7.18 x 10* photons s~! at
632 nm) was used to calibrate the light scope system, which resulted in one RLU of this
system being determined to be 0.13 photons at 632 nm. Second, the photon number of the
optical signal was converted to 0.122 photons RLU ™! at 538 nm, which was the target color
light output for adjusting the expressed luciferase from blue to red based on the relative
spectral sensitivity of the camera. In this case, the light outputs were assumed to exhibit a
linear relationship within the assumed range.
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Figure 4. Outline of absolute bioluminescence imaging from procedure to results (ref. [63]).
(a) Schematic illustrations of the setup and procedure for the calibration of the spectral response
of the bioluminescence imaging system based on the LED-based optical reference light source:
7.18 x 10® photons s~! at 632 nm in the photon flux of the LED-based optical reference light source
were detected at a signal of 8.60 x 107 RLU on the CCD camera. Relative spectral response (inside
figure) of the imaging system, normalized with respect to that at 632 nm. (b) Absolute biolumines-
cence imaging of the green-emitting (TK-Eluc) and red-emitting (SV40-SLR) luciferase-expressing
cells. BLI was visualized by the BLI system, having been subjected to exposure for 10 min following
the addition of 0.2 mM firefly luciferin, which was measured under the same conditions as that of the
LED-based optical reference light source. The BLI of the selected cells was determined by the spectral
photon flux (photons s~1 um~2) as a total absolute optical signal.
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Step (2) Optical images of the BLI of stable cell lines expressing TK-regulated
green-emitting luciferase (TK-Luc) and SV40-regulated red-emitting luciferase (SV40-
SLR) are shown in Figure 4b. For example, the optical signal of 513 RLU s~ ! cell ™! in
Cell#1 of TK-Luc was converted to 1.17 & 0.14 x 10* photons s~ ! cell ! as an absolute
value. The optical signal of 944 RLU s~ ! cell ! in Cell#1 of SV40-Luc was converted to
8.00 £ 0.94 x 103 photons s ! cell ! as an absolute value.

Furthermore, the number of luciferase proteins was counted based on the quantum
yield of the luciferin-luciferase reaction. Despite using different color luciferases, the light
signal outputs could directly reflect promoter activities at the single-cell level. This implies
that we can directly compare gene expression in different-colored luciferase-emitting cells
or using different BLI systems.

6. Application of Bioluminescent Immunohistochemistry

Immunohistochemistry (IHC) is an important technique for sensitive detection sys-
tems, including colorogenic substrates, fluorescent probes, and BL probes [64—68]. IHC
detects target molecules in cell or tissue sections using antigen-specific antibodies. However,
IHC images are not yet suitable for quantitative analysis, despite their ability to quantify
the signals of the immune assay. In an immune assay, the calibration curve between the
amount of antigen and the optical signal of the antibody reaction can quantify the target
molecule. For IHC, it is difficult to create a calibration histogram between the amount
of antigen and the optical signal of the imaging. Among several techniques, BL-IHC has
the potential to visualize target antigens quantitatively and rapidly [69]. In this case, it
is important to construct a calibration curve between the amount of antigen and optical
signal of the antibody-fused luciferase-luciferin reaction.

Protein chip technology was used to calibrate the amounts of antigen and optical
imaging signals [70]. Protein microarray was used to spot the target antigen on a suitable
slide using the same IHC procedure. In the microarray experiments, spotted slides were
first incubated with blocking buffer and then with a diluted antibody-fused luciferase
probe. After washing the slide twice or thrice with PBS and adding luciferin, the BLI system
captured the light signal of the luciferin-luciferase reaction, creating a calibration curve
between the antigen and antibody. The calibration curve revealed the amount of antigen in
the BL-IHC images.

Figure 5a shows the procedure of IHC visualization, that is, immunohistochemical
staining of serial paraffin sections using antibody-fused luciferase (B), in comparison with
the peroxidase labeling procedure (A) [71]. The optical signal of BL-IHC can be absolutely
counted by the imaging system, whereas the signal using the indirect secondary labeling
system visualizes antigen distribution. This review also introduces an example of the
calibration process of absolute BLI histochemistry, as follows:

Step (1) The calibration schematic process of the BLI system using the optical signal
of the LED-based optical reference light source, which is characteristic of the total flux
and light distribution on the stage of upright microscopy, is shown in Figure 5b. The
photon flux of the LED-based optical reference light source (3.92 x 10% photons s~ at
474 nm) was used to calibrate the light scope system using CCD camera, resulting in one
RLU of this system being determined to be 0.398 photons at 474 nm and converted to
2.36 x 108 photons s~ ! mm—2).

Step (2) An example of protein-chip imaging and the calibration curve between the
target antigen and antibody-fused luciferase are shown in Figure 5c. The protein mi-
croarray containing the control antigen protein (Carcinoembryonic antigen, CEA protein)
for 0.2-1.0 mg mL~! per spot (~0.014 mm?) using a Protein Microarrayer Robot. Follow-
ing incubation with blocking buffer, the spotted slides were incubated with antibody-
fused luciferase. Finally, after washing, the antibody-fused luciferase and luciferin re-
action visualized the optical signal of the protein microarray, which was approximately
480-1000 photons s ! mm~2. The calibration curve between the antigen and photon num-

bers indicates a linear relationship ranging between 1.0 and 4.0 ng mm 2.



Biosensors 2023, 13, 223

110f15

Step (3) Optical images of BL-IHC of colon cancer cells using anti-CEA-fused luciferase
are shown in Figure 5d. Based on the calibration curve, the RLU image was changed to an
absolute light signal in the BLI image and was converted to the target antigen. For example,
as an absolute value, the optical signal of 1,624 RLU s~! mm~2 in ROI 1 of cancer tissue
was converted to 6.24 & 0.78 x 10% photons s~! mm~2. Based on the calibration curve
shown in Figure 5¢, the amount of CEA in ROI 1 was estimated to be approximately 1.8 pg.

The optical signal of BL-IHC can be used to directly count the amount of the target
antigen in the selected area using an optical reference light source. We can evaluate
cancer stages absolutely if there is a relationship between the number of antigens and
the cancer stage. This approach could pave the way for new avenues in quantitative

diagnostic pathology.
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Figure 5. Outline of bioluminescence immunohistochemistry from procedure to results (refs. [69,71]).
(a) Procedure for immunohistochemical staining of serial paraffin sections using indirect peroxidase
labeling methods (A) and direct antibody-fused luciferase labeling (B). (b) Schematic illustrations of
the setup and procedure for calibrating the bioluminescence imaging system based on the LED-based
optical reference light source. At 474 nm, the photon flux of the LED-based optical reference light
source contained 2.36 x 108 photons s~!, corresponding to 4.98 x 10® RLU on the CCD camera.
(c) Calibration curve between antigen count and photon numbers in the antigen-dotted protein
microarray. (d) Absolute bioluminescence imaging immunohistochemistry of surgical pathological
specimens and light imaging (inside photo). Antigen distribution and determination of photon
number of three randomly selected spots in the colon cancer (shown in white).
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7. Closing Remark: Open to Quantitative Biology by Quantifying the Optical
Light Signal

Scientists have been content with the qualitative analysis of biological phenomes.
However, they aim to determine the number of receptor proteins on the cell membrane
or the number of ATP molecules in living cells. The light output can be converted into
an absolute photon number based on an optical reference light source. The light output
of the firefly luciferin—luciferase reaction is proportional to the amount of ATP in excess
of luciferin and luciferase, allowing us to count the number of ATP molecules based on
the QY of this reaction. Using antibody-fused luciferase, the light output depends on the
amount of target antigen based on the calibration, resulting in counting of the number
of target molecules. Furthermore, the absolute photon number can be used to count the
number of molecules by using the QY of the luciferin-luciferase reaction. In conclusion, the
absolute number of biological molecules can open up to the current quantitative biology
and progress in understanding biological functions in vitro and in vivo.

Author Contributions: K.N. and Y.O. contributed equally to this study. Conceptualization, K.N. and
Y.O.; writing—original draft preparation, K.N. and Y.O.; writing—review and editing, K.N., HK,,
TE., YI, and Y.O.; supervision, Y.O.; project administration, K.N. and Y.O.; funding acquisition, K.N.
and Y.O. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by a KAKENHI Grant-in-Aid for Scientific Research (Grant
Nos. 21K05321, 23615013, 19850033, and 21510238) from the Japan Society for the Promotion of
Science (JSPS).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Shimomura, O. Bioluminescence Chemical Principles and Methods; World Scientific Publishing Co. Pte Ltd.: Singapore, 2006.

2. Wilson, T.; Hastings, ].W. Bioluminescence: Living Lights, Lights for Living; Harvard University Press: Cambridge, MA, USA, 2013.

3. Syed, A].; Anderson, ].C. Applications of bioluminescence in biotechnology and beyond. Chem. Soc. Rev. 2021, 50, 5668-5705.
[CrossRef]

4. Gross, S.; Piwnica-Worms, D. Spying on cancer: Molecular imaging in vivo with genetically encoded reporters. Cancer Cell 2005,
7,5-15. [CrossRef]

5. Nakajima, Y.; Ohmiya, Y. Bioluminescence assays: Multicolor luciferase assay, secreted luciferase assay and imaging luciferase
assay. Expert Opin. Drug Discov. 2010, 5, 835-849. [CrossRef] [PubMed]

6. Roda, A.; Guardigli, M. Analytical chemiluminescence and bioluminescence: Latest achievements and new horizons.
Anal. Bioanal. Chem. 2012, 402, 69-76. [CrossRef]

7. Class, B.; Thorne, N.; Aguisanda, F,; Southall, N.; McKew, ]J.C.; Zheng, W. High-throughput viability assay using an autonomously
bioluminescent cell line with a bacterial Lux reporter. J. Lab. Autom. 2015, 20, 164-174. [CrossRef] [PubMed]

8.  Ohmiya, Y. Simultaneous multicolor luciferase reporter assays for monitoring of multiple genes expressions. Comb. Chem. High
Throughput Screen. 2015, 18, 937-945. [CrossRef] [PubMed]

9. Kotlobay, A.A.; Kaskova, Z.M.; Yampolsky, I.V. Palette of luciferases: Natural biotools for new applications in biomedicine.
Acta Nat. 2020, 12, 15-27. [CrossRef]

10. Tabei, Y.; Murotomi, K.; Umeno, A.; Horie, M.; Tsujino, Y.; Masutani, B.; Yoshida, Y.; Nakajima, Y. Antioxidant properties of
5-hydroxy-4-phenyl-butenolide via activation of Nrf2/ARE signaling pathway. Food Chem. Toxicol. 2017, 107, 129-137. [CrossRef]

11. Saiki, P; Kawano, Y.; Nakajima, Y.; Van Griensven, L.J.L.D.; Miyazaki, K. Novel and stable dual-color IL-6 and IL-10 reporters
derived from RAW 264.7 for anti-inflammation screening of natural products. Int. J. Mol. Sci. 2019, 20, 4620. [CrossRef] [PubMed]

12.  Kimura, Y,; Fujimura, C.; Aiba, S. The modified IL-8 Luc assay, an in vitro skin sensitisation test, can significantly improve the
false-negative judgment of lipophilic sensitizers with logKow values > 3.5. Arch. Toxicol. 2021, 95, 749-758. [CrossRef]

13.  Wakuri, S.; Yamakage, K.; Kazuki, Y.; Kazuki, K.; Oshimura, M.; Aburatani, S.; Yasunaga, M.; Nakajima, Y. Correlation between

luminescence intensity and cytotoxicity in cell-based cytotoxicity assay using luciferase. Amnal. Biochem. 2017, 522, 18-29.
[CrossRef]


http://doi.org/10.1039/D0CS01492C
http://doi.org/10.1016/j.ccr.2004.12.011
http://doi.org/10.1517/17460441.2010.506213
http://www.ncbi.nlm.nih.gov/pubmed/22823259
http://doi.org/10.1007/s00216-011-5455-8
http://doi.org/10.1177/2211068214560608
http://www.ncbi.nlm.nih.gov/pubmed/25447977
http://doi.org/10.2174/1386207318666150917095903
http://www.ncbi.nlm.nih.gov/pubmed/26377545
http://doi.org/10.32607/actanaturae.11152
http://doi.org/10.1016/j.fct.2017.06.039
http://doi.org/10.3390/ijms20184620
http://www.ncbi.nlm.nih.gov/pubmed/31540402
http://doi.org/10.1007/s00204-020-02934-9
http://doi.org/10.1016/j.ab.2017.01.015

Biosensors 2023, 13, 223 13 of 15

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

Watthaisong, P.; Kamutira, P.; Kesornpun, C.; Pongsupasa, V.; Phonbuppha, J.; Tinikul, R.; Maenpuen, S.; Wongnate, T.; Nishihara,
R.; Ohmiya, Y.; et al. Luciferin synthesis and pesticide detection by luminescence Enzymatic cascades. Angew. Chem. Int. Ed. Engl.
2022, 61, €202116908. [CrossRef] [PubMed]

Rehemtulla, A.; Stegman, L.D.; Cardozo, S.J.; Gupta, S.; Hall, D.E.; Contag, C.H.; Ross, B.D. Rapid and quantitative assessment of
cancer treatment response using in vivo bioluminescence imaging. Neoplasia 2000, 2, 491-495. [CrossRef] [PubMed]

Akimoto, H.; Kwon, H.J.; Ozaki, M.; Yasuda, K.; Honma, K.; Ohmiya, Y. In vivo bioluminescence imaging of bone marrow-derived
cells in brain inflammation. Biochem. Biophys. Res. Commun. 2009, 380, 844-849. [CrossRef] [PubMed]

Morita, N.; Haga, S.; Ohmiya, Y.; Ozaki, M. Long-term ex vivo and in vivo monitoring of tumor progression by using dual
luciferases. Anal. Biochem. 2016, 497, 24-26. [CrossRef]

Doi, M.; Sato, M.; Ohmiya, Y. In vivo simultaneous analysis of gene expression by dual-color luciferases in Caenorhabditis
elegans. Int. J. Mol. Sci. 2020, 22, 119. [CrossRef]

Trube, G.; Lopez, ].R.; Taylor, S.R. Calcium transients in asymmetrically activated skeletal muscle fibers. Biophys. J. 1981, 36,
491-507. [CrossRef]

Srikantha, T.; Klapach, A.; Lorenz, WW.; Tsai, L.K; Laughlin, L.A.; Gorman, J.A.; Soll, D.R. The sea pansy Renilla reniformis
luciferase serves as a sensitive bioluminescent reporter for differential gene expression in Candida albicans. J. Bacteriol. 1996, 178,
121-129. [CrossRef]

Hoshino, H.; Nakajima, Y.; Ohmiya, Y. Single-cell imaging with fluorescent protein excited by luciferin-luciferase reaction.
Nat. Methods 2007, 8, 637-639. [CrossRef]

Wurdinger, T.; Badr, C.; Pike, L.; de Kleine, R.; Weissleder, R.; Breakefield, X.O.; Tannous, B.A. A secreted luciferase for ex-vivo
monitoring of in vivo processes. Nat. Methods 2008, 5, 171-173. [CrossRef]

Neefjes, M.; Housmans, B.A.C.; van den Akker, G.G.H.; van Rhijn, L.W.; Welting, T.J.M.; van der Kraan, PM. Reporter gene
comparison demonstrates interference of complex body fluids with secreted luciferase activity. Sci. Rep. 2021, 11, 1359. [CrossRef]
[PubMed]

Thompson, E.M.; Nagata, S.; Tsuji, EI. Vargula hilgendorfii luciferase: A secreted reporter enzyme for monitoring gene expression
in mammalian cells. Gene 1990, 96, 257-262. [CrossRef]

Inouye, S.; Ohmiya, Y.; Toya, Y.; Tsuji, F1. Imaging of luciferase secretion from transformed Chinese hamster ovary cells. Proc. Natl.
Acad. Sci. USA 1992, 89, 9584-9587. [CrossRef]

Nakajima, Y.; Kobayashi, K.; Yamagishi, K.; Enomoto, T.; Ohmiya, Y. cDNA cloning and characterization of a secreted luciferase
from the luminous Japanese ostracod, Cypridina noctiluca. Biosci. Biotechnol. Biochem. 2004, 68, 565-570. [CrossRef]

Kanjou, N.; Nagao, A.; Ohmiya, Y.; Ohgiya, S. Yeast mutant with efficient secretion identified by a novel secretory reporter, Cluc.
Biochem. Biophys. Res. Commun. 2007, 358, 429-434. [CrossRef]

Wu, C.; Mino, K.; Akimoto, H.; Kawabata, M.; Nakamura, K.; Ozaki, M.; Ohmiya, Y. In vivo far-red luminescence imaging of a
biomarker based on BRET from Cypridina bioluminescence to an organic dye. Proc. Natl. Acad. Sci. USA 2009, 106, 15599-15603.
[CrossRef]

Watanabe, T.; Enomoto, T.; Takahashi, M.; Honma, S.; Honma, K.; Ohmiya, Y. Multichannel perfusion culture bioluminescence
reporter system for long-term detection in living cells. Anal. Biochem. 2010, 402, 107-109. [CrossRef]

Moroz, M.A.; Zurita, J.; Moroz, A.; Nikolov, E.; Likar, Y.; Dobrenkov, K.; Lee, J.; Shenker, L.; Blasberg, R.; Serganova, I;
et al. Introducing a new reporter gene, membrane-anchored Cypridina luciferase, for multiplex bioluminescence imaging.
Mol. Ther. Oncolytics 2021, 21, 15-22. [CrossRef] [PubMed]

Wu, C.; Kawasaki, K.; Ogawa, Y.; Yoshida, Y.; Ohgiya, S.; Ohmiya, Y. Preparation of biotinylated Cypridina luciferase and its use
in bioluminescent enzyme immunoassay. Anal. Chem. 2007, 79, 1634-1638. [CrossRef]

Wu, C,; Irie, S.; Yamamoto, S.; Ohmiya, Y. A bioluminescent enzyme immunoassay for prostaglandin E(2) using Cypridina
luciferase. Luminescence 2009, 24, 131-133. [CrossRef] [PubMed]

Niwa, K.; Ichino, Y.; Ohmiya, Y. Quantum yield measurements of firefly bioluminescence reactions using a commercial lumi-
nometer. Chem. Lett. 2010, 39, 291-293. [CrossRef]

Seliger, H.H.; McElroy, W.D. Quantum yield in the oxidation of firefly luciferin. Biochem. Biophys. Res. Commun. 1959, 1, 21-24.
[CrossRef]

Johnson, FH.; Shimomura, O.; Saiga, Y.; Gershman, L.C.; Reynolds, G.T.; Waters, ].R. Quantum efficiency of Cypridina lumines-
cence, with a note on that of Aequorea. J. Cell. Comp. Physiol. 1962, 60, 85-103. [CrossRef]

Lee, J.; Seliger, H.H. Absolute spectral sensitivity of phototubes and the application to the measurement of the absolute quantum
yields of chemiluminescence and bioluminescence. Photochem. Photobiol. 1965, 4, 1015-1048. [CrossRef]

O’Kane, D.J.; Ahmad, M.; Matheson, L.B.C.; Lee, J. Absolute calibration of luminometers with low-level light standards.
Methods Enzymol. 2000, 305, 87-96. [CrossRef]

Shimomura, O.; Johnson, F.H. Properties of the bioluminescent protein aequorin. Biochemistry 1969, 8, 3991-3997. [CrossRef]
Shimomura, O.; Johnson, FH. Calcium binding, quantum yield, and emitting molecule in aequorin bioluminescence. Nature 1970,
227,1356-1357. [CrossRef] [PubMed]

Shimomura, O. Isolation and properties of various molecular forms of aequorin. Biochem. ]. 1986, 234, 271-277. [CrossRef]
[PubMed]


http://doi.org/10.1002/anie.202116908
http://www.ncbi.nlm.nih.gov/pubmed/35138676
http://doi.org/10.1038/sj.neo.7900121
http://www.ncbi.nlm.nih.gov/pubmed/11228541
http://doi.org/10.1016/j.bbrc.2009.01.181
http://www.ncbi.nlm.nih.gov/pubmed/19338764
http://doi.org/10.1016/j.ab.2015.12.007
http://doi.org/10.3390/ijms22010119
http://doi.org/10.1016/S0006-3495(81)84748-0
http://doi.org/10.1128/jb.178.1.121-129.1996
http://doi.org/10.1038/nmeth1069
http://doi.org/10.1038/nmeth.1177
http://doi.org/10.1038/s41598-020-80451-6
http://www.ncbi.nlm.nih.gov/pubmed/33446782
http://doi.org/10.1016/0378-1119(90)90261-O
http://doi.org/10.1073/pnas.89.20.9584
http://doi.org/10.1271/bbb.68.565
http://doi.org/10.1016/j.bbrc.2007.04.140
http://doi.org/10.1073/pnas.0908594106
http://doi.org/10.1016/j.ab.2010.03.014
http://doi.org/10.1016/j.omto.2021.03.004
http://www.ncbi.nlm.nih.gov/pubmed/33851009
http://doi.org/10.1021/ac061754k
http://doi.org/10.1002/bio.1086
http://www.ncbi.nlm.nih.gov/pubmed/19291811
http://doi.org/10.1246/cl.2010.291
http://doi.org/10.1016/0006-291X(59)90082-8
http://doi.org/10.1002/jcp.1030600111
http://doi.org/10.1111/j.1751-1097.1965.tb09293.x
http://doi.org/10.1016/s0076-6879(00)05479-3
http://doi.org/10.1021/bi00838a015
http://doi.org/10.1038/2271356a0
http://www.ncbi.nlm.nih.gov/pubmed/4393938
http://doi.org/10.1042/bj2340271
http://www.ncbi.nlm.nih.gov/pubmed/3718467

Biosensors 2023, 13, 223 14 of 15

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

Loening, A.M.; Dragulescu-Andrasi, A.; Gambhir, S.S. A red-shifted Renilla luciferase for transient reporter-gene expression.
Nat. Methods 2010, 7, 5-6. [CrossRef]

White, E.H.; McCapra, F; Field, G.F,; McElroy, W.D. The Structure and Synthesis of Firefly Luciferin. . Am. Chem. Soc. 1961, 83,
2402-2403. [CrossRef]

White, E.H.; McCapra, F; Field, G.F. The structure and synthesis of firefly luciferin. J. Am. Chem. Soc. 1963, 85, 337-343. [CrossRef]
Viviani, V.R. The origin, diversity, and structure function relationships of insect luciferases. Cell. Mol. Life Sci. 2002, 59, 1833-1850.
[CrossRef]

Ando, Y.; Niwa, K.; Yamada, N.; Enomoto, T; Irie, T.; Kubota, H.; Ohmiya, Y.; Akiyama, H. Firefly bioluminescence quantum
yield and colour change by pH-sensitive green emission. Nat. Photonics 2008, 2, 44-47. [CrossRef]

Ando, Y,; Niwa, K.; Yamada, N.; Irie, T.; Enomoto, T.; Kubota, H.; Ohmiya, Y.; Akiyama, H. Development of a quantitative
bio/chemiluminescence spectrometer determining quantum yields: Re-examination of the aqueous luminol chemiluminescence
standard. Photochem. Photobiol. 2007, 83, 1205-1210. [CrossRef] [PubMed]

Ono, R.; Osawa, K.; Takahashi, Y.; Noguchi, Y.; Kitada, N.; Saito-Moriya, R.; Hirano, T.; Maki, S.A.; Shibata, K.; Akiyama, H.;
et al. Quantum yield of near-infrared bioluminescence with firefly luciferin analog: AkaLumine. J. Photochem. Photobiol. A 2023,
434,114270. [CrossRef]

Niwa, K.; Ichino, Y.; Kumata, S.; Nakajima, Y.; Hiraishi, Y.; Kato, D.; Viviani, V.R.; Ohmiya, Y. Quantum yields and kinetics of the
firefly bioluminescence reaction of beetle luciferases. Photochem. Photobiol. 2010, 86, 1046-1049. [CrossRef]

Nishihara, R; Kihara, Y.; Niwa, K.; Mimura, M.; Tomita, S.; Kurita, R. Quantum yield enhancement of firefly bioluminescence
with biomolecular condensates. Chem. Commun. 2022, 58, 13317-13320. [CrossRef]

Ikeda, Y.; Tanaka, M.; Nishihara, R.; Hiruta, Y.; Citterio, D.; Suzuki, K.; Niwa, K. Quantitative evaluation of luminescence intensity
from enzymatic luminescence reaction of coelenterazine and analogues. J. Photochem. Photobiol. A 2020, 394, 112459. [CrossRef]
ISO/FDIS 24421; Biotechnology: Minimum Requirements for Optical Signal Measurements in Photometric Methods for Biological
Samples. The International Organization for Standardization: Geneva, Switzerland, 2023.

Sasaki, A.; Ohmiya, Y. Standardization of luminescence, fluorescence measurements, and light microscopy: Current situation and
perspectives. Biophys. Phys. 2022, 19, €190037. [CrossRef] [PubMed]

Yoshita, M.; Kubota, H.; Shimogawara, M.; Mori, K.; Ohmiya, Y.; Akiyama, H. Light-emitting-diode Lambertian light sources
as low-radiant-flux standards applicable to quantitative luminescence-intensity imaging. Rev. Sci. Instrum. 2017, 88, 093704.
[CrossRef]

ATTO Homepage. Available online: https://www.attoeng.site/ledlightsources (accessed on 3 February 2023).

Wilsbacher, L.D.; Yamazaki, S.; Herzog, E.D.; Song, E.J.; Radcliffe, L.A.; Abe, M.; Block, G.; Spitznagel, E.; Menaker, M.; Takahashi,
J.S. Photic and circadian expression of luciferase in mPeriod1-luc transgenic mice in vivo. Proc. Natl. Acad. Sci. USA 2002, 99,
489-494. [CrossRef]

Welsh, D.K.; Yoo, S.H.; Liu, A.C.; Takahashi, ].S.; Kay, S.A. Bioluminescence imaging of individual fibroblasts reveals persistent,
independently phased circadian rhythms of clock gene expression. Curr. Biol. 2004, 14, 2289-2295. [CrossRef]

Noguchi, T.; Ikeda, M.; Ohmiya, Y.; Nakajima, Y. A dual-color luciferase assay system reveals circadian resetting of cultured
fibroblasts by co-cultured adrenal glands. PLoS ONE 2012, 7, €37093. [CrossRef]

Kwon, H.J.; Enomoto, T.; Shimogawara, M.; Yasuda, K.; Nakajima, Y.; Ohmiya, Y. Bioluminescence imaging of dual gene
expression at the single-cell level. BioTechniques 2010, 48, 460-462. [CrossRef]

Yasunaga, M.; Nakajima, Y.; Ohmiya, Y. Dual-color bioluminescence imaging assay using green- and red-emitting beetle
luciferases at subcellular resolution. Anal. Bioanal. Chem. 2014, 406, 5735-5742. [CrossRef] [PubMed]

Tochigi, Y.; Sato, N.; Sahara, T.; Wu, C.; Saito, S.; Irie, T.; Fujibuchi, W.; Goda, T.; Yamaji, R.; Ogawa, M.; et al. Sensitive and
Convenient Yeast Reporter Assay for High-Throughput Analysis by Using a Secretory luciferase from Cypridina noctiluca. Anal.
Chem. 2010, 82, 5768-5776. [CrossRef] [PubMed]

Saito, K.; Chang, Y.E; Horikawa, K.; Hatsugai, N.; Higuchi, Y.; Hashida, M.; Yoshida, Y.; Matsuda, T.; Arai, Y.; Nagai, T.
Luminescent proteins for high-speed single-cell and whole-body imaging. Nat. Commun. 2012, 3, 1262. [CrossRef]

Gregor, C.; Pape, ] K.; Gwosch, K.C,; Gilat, T.; Sahl, S.J.; Hell, S.W. Autonomous bioluminescence imaging of single mammalian
cells with the bacterial bioluminescence system. Proc. Natl. Acad. Sci. USA 2019, 116, 26491-26496. [CrossRef] [PubMed]
Enomoto, T.; Kubota, H.; Mori, K.; Shimogawara, M.; Yoshita, M.; Ohmiya, Y.; Akiyama, H. Absolute bioluminescence imaging at
the single-cell level with a light signal at the Attowatt level. BioTechniques 2018, 64, 270-274. [CrossRef] [PubMed]

Coons, A.H.; Creech, H.J.; Jones, R.N. Immunological properties of an antibody containing a fluorescent group. Proc. Soc. Exp.
Biol. Med. 1941, 47, 200-202. [CrossRef]

Avrameas, S. Enzyme markers: Their linkage with proteins and use in immuno-histochemistry. Histochem. |. 1972, 4, 321-330.
[CrossRef]

Ramos-Vara, J.A. Technical aspects of immunohistochemistry. Vet. Pathol. 2005, 42, 405-426. [CrossRef]

Leong, A.S.Y,; Leong, T.Y.M. Newer developments in immunohistology. J. Clin. Pathol. 2006, 59, 1117-1126. [CrossRef]

Jensen, K.; Krusenstjerna-Hafstrem, R.; Lohse, ].; Petersen, K.H.; Derand, H. A novel quantitative immunohistochemistry method
for precise protein measurements directly in formalin-fixed, paraffin-embedded specimens: Analytical performance measuring
HER2. Mod. Pathol. 2017, 30, 180-193. [CrossRef] [PubMed]


http://doi.org/10.1038/nmeth0110-05
http://doi.org/10.1021/ja01471a051
http://doi.org/10.1021/ja00886a019
http://doi.org/10.1007/PL00012509
http://doi.org/10.1038/nphoton.2007.251
http://doi.org/10.1111/j.1751-1097.2007.00140.x
http://www.ncbi.nlm.nih.gov/pubmed/17880516
http://doi.org/10.1016/j.jphotochem.2022.114270
http://doi.org/10.1111/j.1751-1097.2010.00777.x
http://doi.org/10.1039/D2CC04919H
http://doi.org/10.1016/j.jphotochem.2020.112459
http://doi.org/10.2142/biophysico.bppb-v19.0037
http://www.ncbi.nlm.nih.gov/pubmed/36349332
http://doi.org/10.1063/1.5001733
https://www.attoeng.site/ledlightsources
http://doi.org/10.1073/pnas.012248599
http://doi.org/10.1016/j.cub.2004.11.057
http://doi.org/10.1371/journal.pone.0037093
http://doi.org/10.2144/000113419
http://doi.org/10.1007/s00216-014-7981-7
http://www.ncbi.nlm.nih.gov/pubmed/25015042
http://doi.org/10.1021/ac100832b
http://www.ncbi.nlm.nih.gov/pubmed/20509619
http://doi.org/10.1038/ncomms2248
http://doi.org/10.1073/pnas.1913616116
http://www.ncbi.nlm.nih.gov/pubmed/31792180
http://doi.org/10.2144/btn-2018-0043
http://www.ncbi.nlm.nih.gov/pubmed/29939087
http://doi.org/10.3181/00379727-47-13084P
http://doi.org/10.1007/BF01005007
http://doi.org/10.1354/vp.42-4-405
http://doi.org/10.1136/jcp.2005.031179
http://doi.org/10.1038/modpathol.2016.176
http://www.ncbi.nlm.nih.gov/pubmed/27767098

Biosensors 2023, 13, 223 15 of 15

69. Wu, C; Wang, K.Y,; Guo, X,; Sato, M.; Ozaki, M.; Shimajiri, S.; Ohmiya, Y.; Sasaguri, Y. Rapid methods of detecting the target
molecule in immunohistology using a bioluminescence probe. Luminescence 2013, 28, 38-43. [CrossRef] [PubMed]

70. Matsubara, J.; Ono, M.; Honda, K.; Negishi, A.; Ueno, H.; Okusaka, T.; Furuse, J.; Furuta, K.; Sugiyama, E.; Saito, Y.; et al. Survival
prediction for pancreatic cancer patients receiving gemcitabine treatment. Mol. Cell. Proteom. 2010, 9, 695-704. [CrossRef]
[PubMed]

71.  Wang, K.Y,; Wu, C.; Shimajiri, S.; Enomoto, T.; Kubota, H.; Akiyama, H.; Ohmiya, Y. Quantitative immunohistochemistry using
an antibody-fused bioluminescent protein. BioTechniques 2020, 69, 302-306. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1002/bio.2333
http://www.ncbi.nlm.nih.gov/pubmed/22407540
http://doi.org/10.1074/mcp.M900234-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/20061307
http://doi.org/10.2144/btn-2020-0006

	Introduction: Why Do We Have to Quantify the Optical Signal? 
	What Is an Absolute Optical Signal? How Is an Absolute Optical Signal Quantified? 
	Determination of Quantum Yield on Luminescence Reaction 
	Establishing an Ultra-Weak Light Source as an Optical Reference 
	Quantification of Bioluminescence Optical Signal from the Living Cells 
	Application of Bioluminescent Immunohistochemistry 
	Closing Remark: Open to Quantitative Biology by Quantifying the Optical Light Signal 
	References

