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A B S T R A C T

Heavy metal contamination in water bodies has raised global concerns due to its significant threats to both public 
health and ecosystem. Copper (Cu), one of the most widely used metals, is also an essential trace element in 
physiological systems. Excessive intake of Cu from water can cause toxicity, potentially resulting in serious 
health risks. Ensuring water safety necessitates the critical detection of copper ion (Cu2+). Here, we report a 
ratiometric bioluminescent detection method for Cu2+, DERK-Cu(II), which is based on the Distinct Enzymatic 
Reaction Kinetics of two luciferase variants. In DERK-Cu(II), the blue luminescent luciferase exhibits lower 
catalytic efficiency than the green luminescent luciferase, thus it is less inhibited by Cu2+. Consequently, the 
luminescence color of their mixture is dependent on the Cu2+ concentrations, enabling us to find an optimal 
mixing ratio at which luminescence color changes evidently from green to blue. Building on this, we established 
a quantitative detection method for Cu2+ using a smartphone and successfully measured the Cu2+ concentrations 
in several water samples. The method we developed, using the difference in reaction kinetics of two enzymes 
with the same substrate specificity, would become a versatile approach applicable to the development of other 
enzyme-based indicators.

1. Introduction

Copper (Cu) is an indispensable trace element for humans. It serves 
as a key catalytic cofactor in a wide range of physiological processes, 
including cellular respiration, neurotransmitter metabolism, and redox 
homeostasis [1–4]. However, an excessive level of Cu in the human body 
can lead to heavy metal poisoning, causing significant production of 
reactive oxygen species (ROS) and resulting in oxidative damage to 
organs [5,6]. A classic disease such as Wilson’s disease is also associated 
with Cu overload [7]. Water is potentially a major resource of Cu 
exposure for public health [8], as the cupric ion (Cu2+) is the most 
common oxidation state of Cu in water, with high biological availability 
[9,10]. Corrosion of the Cu pipes, widely used in household plumbing, is 
the most common reason for elevated Cu2+ level in domestic water [11]. 
Additionally, with the rising global production of Cu, the continuous 
release of Cu2+ into environmental waters and the consequent threats to 
ecosystems have become global concerns [12]. Therefore, numerous 
countries and organizations have established safety guidelines for Cu2+

in drinking water, such as < 2 mg/L as recommended by the World 
Health Organization (WHO) and <1.3 mg/L by the United States Envi-
ronmental Protection Agency (USEPA) [13].

Detecting Cu2+ is an essential task for ensuring safe water use. 
Representative conventional methods for Cu2+ detection include elec-
trochemical analysis, atomic absorption spectroscopy (AAS), inductively 
coupled plasma optical emission spectrometry (ICP-OES), and induc-
tively coupled plasma mass spectrometry (ICP-MS) [14–18]. Although 
these methods offer high sensitivity and accuracy, they are costly and 
time-consuming, requiring professional instruments and well-trained 
operators. Optical detection of Cu2+, including colorimetric and fluo-
rescent methods based on chemical dyes, nanoparticles, and porous 
materials, has been extensively developed to simplify procedures 
[19–21]. However, these methods still require large optical detecting 
instruments, which hampers their application in portable field analysis. 
Sun et al. designed an integrated portable device for fluorescence-based 
Cu2+ detection, using a black box equipped with an LED flashlight, 
smartphone, and so on [22]. However, the components are complex and 
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unstable; the drift in LED excitation light intensity can affect the reli-
ability. Consequently, the optical detection of Cu2+ for field analysis 
remains limited by various detection conditions.

Bioluminescence, a useful optical tool, is generated through the 
oxidation of luciferin substrate catalyzed by luciferase [23]. Since this 
reaction does not require external excitation light, it is particularly 
well-suited for field analysis [24,25]. All reported bioluminescent Cu2+

indicators are of the intensiometric type, relying on Cu2+-responsive 
caged imidazopyrazinone luciferins to generate “turn-on” intensity sig-
nals [26,27]. On the other hand, the ratiometric type of indicator can 
provide an intuitive signal response through changes in the emission 
spectrum, enabling a digital or a smartphone camera to capture the 
bioluminescent image [28–30]. This detection method can significantly 
reduce the need for professional instruments and operational 
complexity. To achieve sufficient brightness, many studies have utilized 
NanoLuc (Nluc) luciferase [31], which was engineered from the marine 
luciferase, Oplophorus luciferase (Oluc) (reference: Osamu Shimomura 
paper). Nluc is one of the brightest bioluminescent proteins currently 
known; its conjugation with multiple fluorescent proteins can expand 
the bioluminescence color palette, based on the principle of biolumi-
nescence resonance energy transfer (BRET) [32]. Nluc has become a 
comprehensive platform for developing various bioluminescent probes 
for both in-vitro and in-vivo detection [33–35].

Interestingly, reports have indicated that the bioluminescence of 
several marine luciferases, all reacting with the same natural luciferin, 
coelenterazine, can be potently inhibited by micromolar concentrations 
of Cu2+ [36–39]. The mechanism was identified as a specific reaction 
between the imidazopyrazinone structure in coelenterazine and Cu2+, 
leading to the formation of an inert substrate [40]. This characteristic 
enables the detection of Cu2+ through the inhibition of bioluminescence 
resulting from substrate depletion.

Herein, we developed the first reported bioluminescent ratiometric 
Cu2+ indicator for the in-vitro detection of Cu2+ that offers high sensi-
tivity and ion selectivity. The sensing principle is based on specific 
inhibitory effect of Cu2+ on the bioluminescence of imidazopyrazinone- 
based luciferases. We constructed two bioluminescent proteins with 
different colors based on Nluc, each displaying different Cu2+ response 
levels. The protein mixture, comprising these two proteins mixed at an 
optimal ratio, exhibited sufficient brightness and a significant emission 
color change at micromolar concentrations of Cu2+. Using this indicator, 
we established an easy, rapid, and convenient method for detection of 
Cu2+, demonstrating its application in copper contaminated and envi-
ronmental waters using a smartphone camera.

2. Materials and methods

2.1. Gene construction

For the expression of Nluc mutants in Escherichia coli (E. coli), cDNAs 
of Nluc were separately amplified into two segments by PCR using KOD- 
Plus (Toyobo Life Science) and specific primer pairs. These primers 
contained mutation sequences and the recognition sites of restriction 
enzymes, BamHI and EcoRI, respectively. The oligonucleotide primers 
were synthesized by Hokkaido System Science. The purified segments 
served as templates for the subsequent overlapping PCR, facilitating the 
fusion. For the construction of fNanoBiT, cDNAs of LgBiT and SmBiT 
(Promega) were fused using overlapping PCR. For the construction of 
Green-Nluc(D9R), cDNAs of the C-terminal 10 amino acid truncated 
mNeonGreen and N-terminal 5 amino acid truncated Nluc(D9R) were 
fused via a linker encoded by “GGGTTT” using overlapping PCR. All 
cDNA products were then digested with restriction enzymes (Takara- 
Bio) and extracted from the agarose gel with QIAEX II kit (QIAGEN). The 
segments were cloned in-frame between BamHI and EcoRI sites in 
pRSETB vector (Invitrogen) using T4 ligase in Rapid Ligation Buffer 
(Promega). The transformation of E. coli strain XL-10 gold with the 
ligated plasmids was carried out using heat shock. Plasmid DNAs were 

purified from cultured E. coli using the alkali-SDS method. The se-
quences were verified using dye terminator cycle sequencing with the 
BigDye Terminator v1.1 Cycle Sequencing kit (Thermo Fisher 
Scientific).

2.2. Protein purification

Bioluminescent proteins were produced in E. coli strain JM109(DE3), 
which was cultured in 200 mL of LB bacterial medium containing 0.1 
mg/mL carbenicillin at 23 ◦C for 60 h. Harvested cells were gently 
diluted in 10 mL of PBS and lysed using a French Press (Thermo Fisher 
Scientific). Proteins were purified through affinity chromatography on a 
Ni-NTA column (QIAGEN). The buffer was exchanged to 20 mM HEPES 
(pH 7.2) using a PD-10 desalting column (GE Healthcare). Protein 
concentrations were determined using the Bradford method (Protein 
assay kit, BioRad). The purified proteins were rapidly frozen in liquid 
nitrogen and stored at − 80 ◦C.

2.3. Ion selectivity test

Aqueous solutions of metal ions were prepared by dissolving LiCl, 
NaCl, KCl, MgCl2, CaCl2, RbCl, MnCl2, FeCl3, CoCl2, NiCl2, ZnCl2, CuCl2, 
CdCl2, and PbCl2 (Wako Chemicals) in Milli-Q water. 100 μL of 2 nM 
purified protein (20 mM HEPES, pH 7.2) was loaded into a 96-well plate, 
followed by the addition of each metal ion to a final concentration of 2 
μM. The bioluminescence intensity of each well was measured 20 s after 
the addition of coelenterazine-h (CTZ-h) (Wako Chemicals) using a 
microplate reader (SH-9000, Corona Electric).

2.4. Measurement of bioluminescence intensity upon addition of Cu2+

A series of Cu2+ solutions with concentrations ranging from 0 to 10 
μM was prepared in advance. 100 μL of 2 nM purified Nluc and its 
variants (20 mM HEPES, pH 7.2) were mixed with 50 μL of Cu2+ solu-
tions, achieving final concentration ranging from 0 to 2 μM. Biolumi-
nescence intensities were measured using a microplate reader 20 s after 
adding 100 μL of 5 μM CTZ-h. The normalized intensities were plotted 
against Cu2+ concentrations, with fitting curves obtained from dose- 
response nonlinear regression analysis (GraphPad Prism 9.5).

2.5. Titration of CTZ-h on luciferase activity

CTZ-h was initially dissolved in methanol to a concentration of 5 mM 
and then refrigerated. Before titration, CTZ-h was diluted to 0.05, 0.1, 
0.2, 0.4, 0.8, 1.6, 3.3, and 6.5 μM using HEPES (20 mM, pH 7.2). 50 μL of 
2 nM purified proteins were loaded into a 96-well plate, followed by the 
addition of 50 μL of CTZ-h at various concentrations using an automatic 
dispenser in a microplate reader. The initial bioluminescence was 
measured within 12 s after adding CTZ-h. To convert relative lumines-
cence units into photon numbers, a luminol chemiluminescence stan-
dard was used for calibration [41]. The calculated initial velocities 
(photons/s) were plotted against the concentration of CTZ-h and fitted 
to the Michaelis-Menten equation (GraphPad Prism 9.5).

2.6. Ratiometric detection of Cu2+ using developed method

For detection using a smartphone camera, 100 μL of 50 nM mixed 
proteins and 50 μL of Cu2+ solutions were added to a 96-well plate. 100 
μL of 5 μM CTZ-h was manually dispensed into each well using a multi- 
channel pipette. The image was captured using a smartphone camera 
(HUAWEI P40 Pro) 30 s after the substrate was added. The camera was 
positioned perpendicular to the plate and the image was captured in the 
dark, under the following settings: ISO 6400, exposure time of 1/10 s, 
white balance of 6000, and manual focus. The image was transferred to a 
computer and separated into three color channels (blue, green, and red) 
using ImageJ software. The intensity of each channel was calculated as 
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the average value within each well. The calculated color ratios were 
plotted against Cu2+ concentrations and modeled using an exponential 
growth curve. The limit of detection (LOD) was calculated using the 
formula RLOD = R0 + 3σ0, where RLOD represents the ratio of detection 
limit, R0 is the average of blank ratios, and σ0 is the standard deviation of 
the blank ratios. For spectral measurements, the reaction mixture was 
individually loaded into a transparent cuvette. The spectrum was 
measured 30 s after the substrate was added, using a multi-channel 
spectrophotometer (PMA-12, Hamamatsu Photonics) with an exposure 
time of 5 s.

2.7. Preparations of water samples

For copper contaminated water samples, various amounts of copper 
solids were immersed in 10 ml of 0.1 M NaCl solution overnight. Stan-
dard solutions were prepared by dissolving CuCl2 powder in the same 
NaCl solution. For environmental water samples, sample 1 and 2 were 
collected from the rivers in Ginzan, Inagawcho, Hyogo prefecture, 
Japan. Sample 3 was collected from the moat surrounding Nisanzai 
Kofun, Mozu Nishinocho, Sakai, Osaka, Japan. All collected samples 
were filtered with a 0.22 μM membrane filter (MilleX-GP, Merck Milli-
pore Ltd) and acidified with 3 M nitric acid for preservation. Prior to 
testing, the pH was adjusted to 7.2 with 10 mM HEPES. The standard 
solutions were prepared using CuCl2 powder dissolved in the same 
buffer.

2.8. Detection of Cu2+ in water samples

For detecting copper contaminated water, 50 μL of standard Cu2+

solutions ranging from 0 to 10 μM and three samples were loaded into 
each well of a 96-well plate, along with 100 μL of 50 nM protein indi-
cator. 100 μL of 5 μM CTZ-h was simultaneously added using a multi- 
channel pipette, and an image was captured with a smartphone cam-
era 30 s later. The smartphone camera setting was as follows: ISO 6400, 
exposure time of 1/10 s, white balance of 6000, and manual focus. For 
environmental water detection, 100 μL of standard Cu2+ solutions 
ranging from 0 to 2 μM and three samples were loaded into each well, 
along with 100 μL of 50 nM protein indicator. All the other conditions 
were identical to those used for the copper contaminated water samples. 
To determine the Cu2+ concentration (C), the regression relationship 
R––R0*exp(k*C) was established based on data from each set of standard 
wells. Here, R represents the ratio of the blue to green channel in-
tensities, and R0 and k are parameters derived from the non-linear 
fitting. The Cu2+ concentration in the sample was determined by 
calculating C = ln(R/R0)/k. As a control method, ICP-OES (ICPS-8000, 
SHIMADZU) was employed to measure the samples, following the 
operational manual.

Fig. 1. Inhibition of bioluminescence by Cu2+ in Nluc and its related variants. (A) Metal ion selectivity in inhibition of Nluc bioluminescence. The bioluminescence of 
Nluc was measured in the presence of various metal ions. The data were normalized against the intensity of the blank control. (B) Comparison of bioluminescence 
intensity of Nluc and its related variants in the presence of Cu2+. The intensities were normalized to the Nluc intensity of the blank. (C) Cu2+ dose-response curves of 
Nluc(D9R) and fNanoBiT variants. The data were fitted to an inhibitor dose-response equation. (D) Titration curves of CTZ-h illustrating the initial reaction velocity 
of Nluc(D9R) and fNanoBiT. The data were fitted to the Michaelis-Menten equation. Average data and standard deviations across all figures are presented for n = 3.
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3. Results and discussion

3.1. Difference in inhibitory effect of Cu2+ on bioluminescence among 
luciferase variants

First, we analyzed the inhibitory effect of Cu2+ on the reaction be-
tween Nluc and CTZ-h, an analogue of native coelenterazine with 
enhanced intensity [42]. The ion selectivity test, using Nluc with CTZ-h 
as a substrate, demonstrated that Cu2+ specifically inhibited the biolu-
minescence intensity of Nluc compared to other common metal ions 
(Fig. 1A). This result suggested that Nluc and CTZ-h could be effectively 
used for the specific detection of Cu2+. Based on the knowledge that 
Cu2+ inhibition of bioluminescence is due to luciferin inactivation, we 
hypothesized that the extent of Cu2+ inhibition might vary depending on 
the different catalytic efficiencies of luciferase for the luciferin substrate. 
To test this hypothesis, we prepared a series of Nluc variants including 
the variants with single amino acid mutant (D9R, H57A, and K89R), the 
circularly permuted variants (cp53 and cp70), and the fusion type of 
NanoBiT (fNanoBiT), which was created by fusing two subunits of a split 
Nluc system (Fig. S9) [43,44]. We compared the changes in biolumi-
nescence intensities of these variants in the presence or absence of Cu2+

(Fig. 1B). Cu2+ inhibited the bioluminescence of each variant differ-
ently. Among these, the greatest differences in inhibition rates were 
observed in the D9R variant (73 %) and the fNanoBiT variant (49 %). In 
the Cu2+ dose-response curves for these two variants, the decrease in 
bioluminescence of fNanoBiT occurred relatively gradually (Fig. 1C). 
The inhibition slopes of the Cu2+ dose-response curves were − 1.84 for 
Nluc(D9R) and − 0.46 for fNanoBiT, indicating that Cu2+ significantly 
affects the bioluminescence reaction of Nluc(D9R) to a greater extent 
than that of fNanoBiT. To clarify this difference in bioluminescence in-
hibition among luciferases from a reaction kinetics perspective, luciferin 

titrations were performed to calculate the initial reaction velocities. 
Nluc(D9R) exhibited higher catalytic efficiency than fNanoBiT, as 
demonstrated by its higher Vmax and lower Km (Fig. 1D). During sub-
strate depletion, enzymes with high catalytic efficiency exhibited a 
significant decrease in reaction velocity as substrate concentration 
diminished. Therefore, Nluc(D9R) was found to be more inhibited by 
Cu2+ than fNanoBiT, attributed to its higher catalytic efficiency toward 
the substrate.

3.2. Development of bioluminescent proteins with different colors and 
Cu2+ dose-responses

Leveraging the difference in reaction kinetics between Nluc(D9R) 
and fNanoBiT, a new detection method for Cu2+ can be developed. 
When the bioluminescence of both is detected simultaneously, it be-
comes necessary to distinguish between them by modifying the wave-
length. We conceived the idea of altering the emission color of luciferase 
through the use of BRET. The green fluorescent protein “mNeonGreen” 
was selected as the energy acceptor because of its high brightness [45]. 
It was confirmed that mNeonGreen itself exhibits no significant fluo-
rescence fluctuation in the presence of common metal ions (Fig. S4). We 
then constructed a fusion protein of Nluc(D9R) and mNeonGreen 
(Green-Nluc(D9R)) (Fig. 2A). The emission color shifted greatly from 
blue peaking at 460 nm to green peaking at 520 nm (Fig. 2B). To 
determine the Cu2+-dependent intensity changes of these two emission 
colors, the bioluminescence was quantitatively measured using a 
microplate reader. The result showed that the bioluminescence intensity 
ratio of the two proteins gradually increased as the Cu2+ concentration 
ranged from 0 to 2 μM. This suggests that the ratio of bioluminescence 
from these two different colors could be utilized to detect Cu2+ con-
centrations (Fig. 2C).

Fig. 2. Development of two bioluminescent proteins with distinct colors and varying levels of Cu2+ inhibition. (A) Schematic illustration of fNanoBiT and Green-Nluc 
(D9R): fNanoBiT is a fusion of LargeBiT (Lg) and SmallBiT (Sm); Green-Nluc(D9R) is a fusion of mNeonGreen and Nluc(D9R) connected with the linker, GGGTTT 
(gray). (B) Bioluminescence spectra of fNanoBiT and Green-Nluc(D9R), normalized to their respective peak values. (C) Cu2+ dose-responses for fNanoBiT and Green- 
Nluc(D9R), measured with a microplate reader. Intensity ratios were calculated and plotted; average values and standard deviations are presented for n = 3. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.3. Ratiometric detection of Cu2+ using a smartphone camera

The bioluminescence emitted from Nluc is sufficiently bright for 
detection with non-professional optical detectors such as smartphone 
cameras, offering convenience and portability [28,30]. Consequently, 
we detected the bioluminescence of the two proteins with the addition of 
Cu2+, using a smartphone (Fig. S5). Since the different intensity changes 
of these two proteins in response to Cu2+ were evident in the image, it 
was hypothesized that the emission color of their mixture could be 
altered by Cu2+. To analyze the color change, the original smartphone 
image was split into blue, green, and red color channels. By mixing these 
two proteins at different ratios, we compared their color ratios (blue/-
green) in scenarios with or without Cu2+ (Fig. S6). When fNanoBiT and 
Green-Nluc(D9R) were mixed at a 2:1 ratio, the bioluminescence color 
ratio exhibited a change of nearly 160 %, caused by 2 μM of Cu2+. The 
dominant color of the mixed bioluminescence, initially green, shifted to 
blue in the presence of Cu2+. This color shift was also clearly docu-
mented through emission spectral measurements using a spectropho-
tometer (Fig. 3A). We explored a procedure for effectively detecting this 
Cu2+-dependent color changing process using a smartphone camera 
(Fig. 3B). Given that time-dependent bioluminescence decay may in-
fluence the overall color appearance, it is crucial to detect the reaction 
mixtures at the same time point after the reaction initiates. The substrate 
was simultaneously added to all samples using a multi-channel pipette. 
Under optimized conditions, the bioluminescent image captured by the 
smartphone camera revealed a Cu2+-dependent gradient color transition 
from green to blue (Fig. 3C). The ratios of blue to green color were 
plotted against Cu2+ concentrations on the graph (Fig. 3D). The expo-
nential growth curve displayed a nearly linear increase in the color ratio 
as Cu2+ concentration ranged from 0 to 2 μM, demonstrating a high 

correlation efficiency (R2 = 0.98). The limit of detection (LOD) was 
calculated to be 0.16 μM through the calculation. We named this Cu2+

detection method, which utilizes Distinct Enzymatic Reaction Kinetics, 
as “DERK-Cu(II)”. To confirm the smartphone camera detection results 
by an alternative method, the same measurements were performed using 
a spectrophotometer (Fig. S7). The results from both methods were 
highly consistent, confirming the reliability of using a smartphone 
camera as a detector for detecting the changes in emission color ratios 
(Fig. S8). To assess the impact of pH on our detection method, we 
analyzed the emissions of the indicator both with and without Cu2+ at 
various pH levels, employing a range of HEPES buffers. The findings 
revealed that pH variation significantly affected the emission color ra-
tios. (Fig. S9). Therefore, we underscored the importance of employing a 
buffer solution to ensure consistent pH in reaction mixtures, thereby 
minimizing potential errors due to pH fluctuations.

3.4. Competitive ion selectivity

To verify the selectivity and reliability of DERK-Cu(II), we assessed 
its performance in the presence of various common metal ions. Li+, Na+, 
K+, Mg2+, Ca2+, Rb+, Mn2+, Fe3+, Co2+, Ni2+, Zn2+, Cd2+, and Pb2+

were added to the reaction mixture at ten times the equivalent of Cu2+

(Fig. 4). The results indicated that these ions did not independently “turn 
on” the signals nor significantly affect the bioluminescence color ratios 
when co-added with Cu2+. Therefore, the developed detection method 
demonstrates high selectivity for Cu2+ and maintains a stable response 
in the presence of other metal ions, enabling its use in analyzing complex 
samples.

Fig. 3. Ratiometric detection of Cu2+ using a combination of two developed bioluminescent proteins. (A) Bioluminescent spectra of mixed proteins, in the presence 
and absence of 2 μM Cu2+, were normalized to the intensity at 500 nm. (B) Schematic of the procedures used for Cu2+ detection with a smartphone camera. (C) 
Bioluminescent image captured by a smartphone camera of the protein mixtures treated with various concentrations of Cu2+. The original image was divided into 
three color channels: blue, green, and red. (D) Changes in emission ratios depending on Cu2+ concentration. Intensity ratios between the blue and green channels 
were calculated from the image shown in C. The figure displays a fitting curve derived from the exponential growth equation. Averaged data and standard deviations 
are presented for n = 3. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.5. Detection of Cu2+ in water samples

Due to its high sensitivity and stable signal response, DERK-Cu(II) 
can be used for the quantitative detection of Cu2+. To demonstrate its 
applicability, we used two practical samples. The first sample, copper 
contaminated water, refers to water with elevated Cu2+ levels resulting 
from the dissolution of solid copper, this simulates the issue of Cu2+

contamination in domestic water caused by copper products (Fig. 5
copper contaminated water). The samples were prepared by immersing 
solid copper in NaCl solution overnight to accelerate the release of sol-
uble Cu2+ due to increased corrosion rate [46]. The second sample is 
river water, demonstrating the applicability for environmental moni-
toring. Samples were collected from rivers in an old industrial area and 
from a moat surrounding an ancient tomb (known as KOFUN in Japa-
nese). Insoluble impurities and microorganisms were removed through 
filtering. Given the low Cu2+ concentration in environmental water, the 
sample volume in the reaction mixture was increased to 100 μL to cover 
the detection range (Fig. 5 environmental water). Quantitative detection 
was conducted by referring to the concentrations of corresponding 
standard solutions and using a smartphone camera (Fig. 5). To verify the 
accuracy of the developed method, ICP-OES was employed as a control 
method. The Cu2+ concentrations measured by the developed method 
were in high agreement with those of the control method, with errors 
less than 8 %. This result confirms that DERK-Cu(II) is highly accurate 
for the quantitative detection of soluble Cu2+ in water.

4. Conclusion

In this study, we demonstrated the development, characterization, 
and application of the bioluminescent protein-based Cu2+ detection 
method, DERK-Cu(II). To the best of our knowledge, this is the first re-
ported ratiometric type of bioluminescent Cu2+ detection. The sensing 

principle is based on the potent Cu2+ inhibitory effect on the biolumi-
nescence of imidazopyrazinone-based luciferase, as reported in several 
natural luciferases [36–39]. We achieved ratiometric detection by 
leveraging the difference in Cu2+ dose-responses among luciferase var-
iants, attributable to distinct kinetic properties, and by distinguishing 
their bioluminescent emission spectra using the BRET strategy. The 
ratiometric detection offers the advantage of providing a more intuitive 
readout, as it directly reflects Cu2+ concentration through the change in 
bioluminescence color. The developed method exhibits high sensitivity 
and selectivity at micromolar concentrations of Cu2+. These character-
istics enable the quantitative detection of Cu2+ in water samples.

Notably, due to its high brightness and significant color changes, 
DERK-Cu(II) can be performed using a smartphone camera. It does not 
require any professional detection instruments, significantly enhancing 
convenience and portability. Using this method, we successfully detec-
ted Cu2+ in copper contaminated and environmental waters with high 
accuracy. Collectively, the demonstrated results suggest that DERK-Cu 
(II) offers an easy, rapid, and convenient detection for the field anal-
ysis of Cu2+ in water.

Moreover, the DERK approach in this study, which employs a two- 
luciferase system based on distinct enzymatic reaction kinetics, would 
contribute to the development of other target detections. For example, 
applying DERK to luciferase-antigen fusion proteins for antibody 
detection could lead to new immunoassays, potentially simplifying 
operation and reducing equipment requirements. We expect DERK to 
become a versatile approach for developing multiple indicators for rapid 
field analysis and point-of-care diagnosis.
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Fig. 4. Competitive ion selectivity of DERK-Cu(II). (A) Bioluminescent images 
of the reaction mixtures with higher concentrations (20 μM) of different metal 
ions, captured by a smartphone camera. The right well of each grid was added 
with 2 μM of Cu2+. (B) Bioluminescent color ratios were measured in the 
absence (white) and presence (gray) of Cu2+, under varying metal ion condi-
tions. Data were normalized against the blank’s ratio without Cu2+. Average 
values and standard deviations for n = 3 are presented. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web 
version of this article.)

Fig. 5. Detection of Cu2+ in water samples using DERK-Cu(II). Bioluminescent 
images showing the quantitative detection of Cu2+ in samples of copper 
contaminated water (50 μL) and environmental water (100 μL). The images 
were captured using a smartphone camera. The image indicates the Cu2+

concentrations of the standard solutions (in wells to the left of the dashed line) 
and the sample labels (a–f) (in wells to the right of the dashed line). The table 
below displays the analyzed results. Average values and standard deviations for 
n = 3 are presented.
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Gutiérrez, Electrochemical detection of copper in water using carbon paste 
electrodes prepared from bio-template (grapefruit peels) functionalized with 
carboxyl groups, J. Electroanal. Chem. 837 (2019) 22–29, https://doi.org/ 
10.1016/j.jelechem.2019.02.005.

[16] R.T. Lima, J.L. Raposo Jr, A. Virgílio, J.A. Gomes Neto, Determination of copper at 
wide range concentrations using instrumental features of high-resolution 

continuum source flame atomic absorption spectrometry, Ecletica Quim. 35 (2010) 
87–92, https://doi.org/10.1590/S0100-46702010000400011.

[17] C. Cui, M. He, B. Hu, Membrane solid phase microextraction with alumina hollow 
fiber online coupled with ICP-OES for the determination of trace copper, 
manganese and nickel in environmental water samples, J. Hazard Mater. 187 (1–3) 
(2011) 379–385, https://doi.org/10.1016/j.jhazmat.2011.01.038.

[18] J.E. O’Sullivan, R.J. Watson, E.C.V. Butler, An ICP-MS procedure to determine Cd, 
Co, Cu, Ni, Pb and Zn in oceanic waters using in-line flow-injection with solid- 
phase extraction for preconcentration, Talanta 115 (2013) 999–1010, https://doi. 
org/10.1016/j.talanta.2013.06.054.

[19] G.C. Midya, S. Paladhi, S. Bhowmik, S. Saha, J. Dash, Design and synthesis of an 
on–off “click” fluorophore that executes a logic operation and detects heavy and 
transition metal ions in water and living cells, Org. Biomol. Chem. 11 (18) (2013) 
3057–3063, https://doi.org/10.1039/C3OB40075A.

[20] Y. Ma, H. Niu, Y. Cai, Colorimetric detection of copper ions in tap water during the 
synthesis of silver/dopamine nanoparticles, Chem. Commun. 47 (47) (2011) 
12643–12645, https://doi.org/10.1039/C1CC15048K.

[21] P. Liu, R. Hao, W. Sun, J. Li, Ratiometric detection of Cu2+ in water and drinks 
using Tb (iii)-functionalized UiO-66-type meta-organic frameworks, Anal. Methods 
15 (16) (2023) 1953–1958, https://doi.org/10.1039/D3AY00044C.

[22] Y. Sun, M. Wei, R. Liu, H. Wang, H. Li, Q. Kang, D. Shen, A smartphone-based 
ratiometric fluorescent device for field analysis of soluble copper in river water 
using carbon quantum dots as luminophore, Talanta 194 (2019) 452–460, https:// 
doi.org/10.1016/j.talanta.2018.10.019.

[23] Z. Yao, B.S. Zhang, J.A. Prescher, Advances in bioluminescence imaging: new 
probes from old recipes, Curr. Opin. Chem. Biol. 45 (2018) 148–156, https://doi. 
org/10.1016/j.cbpa.2018.05.009.

[24] M.E. Frischer, J.M. Danforth, T.F. Foy, R. Juraske, Bioluminescent bacteria as 
indicators of chemical contamination of coastal waters, J. Environ. Qual. 34 (4) 
(2005) 1328–1336, https://doi.org/10.2134/jeq2004.0245.
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