
A Semisynthetic Bioluminescence Sensor for Ratiometric 
Imaging of Metal Ions In Vivo Using DNAzymes Conjugated to 
An Engineered Nano-Luciferase

Mengyi Xiong‡,a, Yuting Wu‡,b, Gezhi Konga, Whitney Lewisb, Zhenglin Yangb, Hanxiao 
Zhangc, Li Xua, Ying Liua, Qin Liua, Xuhua Zhaoc, Xiao-Bing Zhanga, Yi Lub

aMolecular Science and Biomedicine Laboratory, State Key Laboratory of Chemo/Biosensing and 
Chemometrics, College of Chemistry and Chemical Engineering, Hunan University, Changsha, 
Hunan 410082 (PR China)

bDepartment of Chemistry, University of Texas at Austin, Austin, Texas 78712 (United States)

cDepartment of Biochemistry and Molecular Biology, Shanxi Medical University, Taiyuan, Shanxi 
030001 (RP China)

Abstract

DNA-based probes have gained significant attention as versatile tools for biochemical analysis, 

benefiting from their programmability and biocompatibility. However, most existing DNA-based 

probes rely on fluorescence as the signal output, which can be problematic due to issues like 

autofluorescence and scattering when applied in complex biological materials such as living cells 

or tissues. Herein, we report the development of bioluminescent nucleic acid (bioLUNA) sensors 

that offer laser excitation-independent and radiometric imaging of the target in vivo. The system 

is based on computational modelling and mutagenesis investigations of a genetic fusion between 

circular permutated Nano-luciferase (NLuc) and HaloTag, enabling the conjugation of the protein 

with a DNAzyme. In the presence of Zn2+, the DNAzyme sensor releases the fluorophore-labelled 

strand, leading to a reduction in bioluminescent resonance energy transfer (BRET) between 

the luciferase and fluorophore. Consequently, this process induces ratiometric changes in the 

bioluminescent signal. We demonstrated that this bioLUNA sensor enabled imaging of both 

exogenous Zn2+ in vivo and endogenous Zn2+ efflux in normal epithelial prostate and prostate 

tumors. This work expands the DNAzyme sensors to using bioluminescence and thus has enriched 

the toolbox of nucleic acid sensors for a broad range of biomedical applications.
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A fusion protein of Nano-luciferase and HaloTag was engineered to construct a DNAzyme sensor 

for metal ion detection in vivo, utilizing bioluminescent resonance energy transfer (BRET).
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Introduction

Metal ions play vital roles in numerous essential activities within living 

systems, encompassing functions such as osmotic regulation, catalysis, metabolism, 

biomineralization, and signaling.[1] Both deficiencies and excess of metal ions have been 

implicated in the development of various diseases, including anemia, neurodegenerative 

disorders, and cancers.[2] Consequently, the detection and quantification of different metal 

ions in cells or tissues are crucial not only for unraveling their regulatory mechanisms in 

physiological environments but also for gaining valuable insights into potential therapeutic 

approaches. To achieve these objectives, instrumental techniques such as atomic absorption 

spectroscopy (AAS),[3] inductively coupled plasma mass spectrometry (ICP-MS)[4] and 

X-ray fluorescence microtomography[5] are employed for the measurement of metal ions. 

These techniques are sophisticated in measuring metal ions in bulk samples, detecting the 

speciation, distribution, and accessibility of metals in cells, tissues, and whole organisms in 

living bodies is still a challenge. To overcome these limitations, probes based on a variety 

of molecules, including small molecules,[6] polymers,[7] and proteins[8] have been reported. 

While these probes have successes in detecting some metal ions, it has been difficult to 

apply the methods generally to detecting other metal ions because it is quite challenging to 

rationally design these sensors with high selectivity against other metal ions and species. In 

addition, most of these sensors requires careful design and synthesis of molecules that can 

not only bind metal ions selectively, but also couple the binding into detectable signals such 

as fluorescence. As a result, there are only a limited number of metal ion probes.

To overcome these limitations and broaden the scope of metal ion detection, DNAzymes, 

a class of DNA molecules that perform an enzymatic function by using target metal ions 

as cofactors, have emerged as a promising alternative. Through the process of in vitro 
selection, DNAzymes with high selectivity for a wide range of metal ions can be obtained.
[9] The metal ion-selective binding and DNAzyme activity can be readily transformed 

into fluorescent signals by conjugating a fluorophore/quencher pair to the ends of two 

hybridizing DNA strands and utilize the difference of melting temperatures before and 

after metal ion-dependent cleavage. This approach has been successfully employed to 

develop DNAzyme-based fluorescent probes for numerous metal ions, including Li+, Na+, 

Ag+, Mg2+, Zn2+, Ca2+, Cu+/Cu2+, Fe2+/Fe3+, Mn2+, Pb2+, UO2
2+, Hg2+, and Cd2+.[10] 

Since this approach separates the DNA domain for selective binding to metal ions from 

the fluorophore/quencher for signaling output, the DNAzyme sensors can readily utilize 

different fluorophores for signaling without compromising selectivity. Despite the progress, 

only a few of these DNAzyme probes have been applied for in vivo imaging in animals 

and other species.[11] The limited application of fluorescent sensors for in vivo imaging 

is partially attributed to challenges associated with autofluorescence and scattering from 

tissues, which arise from the use of exciting lasers to activate the fluorescent probes.[12] This 
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autofluorescence and scattering contributes to a poor signal-to-noise ratio and decreased 

sensitivity, which largely hampers their applicability for in vivo imaging.

Bioluminescent techniques provide a promising solution for low background bioimaging. 

Bioluminescence is a chemical process that relies upon the interaction of an enzyme, termed 

luciferase, and substrate that produce “cold light”.[13] Bioluminescence offers an advantage 

over fluorescence that it does not require external excitation. As a result, bioluminescence 

can minimize the background signal caused by autofluorescence and scattering, which 

are often generated by the external excitation of complex biological materials such as 

living cells or tissues. Importantly, bioluminescence can also avoid photobleaching and 

the generation of toxic radicals, thus allowing for prolonged measurements.[14] Given 

such features, bioluminescence is extensively used in the investigation of protein-protein 

interactions, exploring gene regulation and cell signaling, as well as being converted 

into biosensors for point-of-care (POC) assays in complex samples and for in vivo 
bioluminescence imaging.[15] Despite their potential, most of these sensors are genetically 

encoded sensors or semisynthetic sensors that require protein tagging and analyte analog 

modules. In contrast, bioluminescent sensors based on DNA have rarely been explored, 

due to the difficulty in building the connection between luciferase and DNA sensors.[16] 

Although commercialized Renilla Luciferase-Streptavidin fusion protein could modify the 

luciferase onto biotinylated DNA, the energy transfer efficiency is usually insufficient for in 
vivo applications because of the long distance between luciferase and DNA molecules due 

to the size of streptavidin-biotin complex and the limitations caused by the Renilla luciferase 

on its size, stability, and luminescence efficiency.[15a]

To meet such a challenge, we report herein a versatile and generalizable method to construct 

bioluminescent nucleic acid (bioLUNA) sensors for ratiometric detection of metal ions 

in vitro and in vivo. As shown in Scheme 1, the sensor consists of two moieties. The 

first is the signaling readout moiety consisting of a fusion protein with an engineered 

circular permutated Nano-luciferase (cpNLuc), which is 150-fold brighter than traditional 

luciferase, and a HaloTag, whose labeling site is close to the catalytic domain of cpNLuc. 

This moiety allows both the biorthogonal labeling of DNA sensors and the generation of 

bioluminescence signals. The second moiety is a Zn2+-specific DNAzyme, which serves 

as the metal ions sensing part that ensures the sensor response to the metal ion. The 3’ 

terminal of the DNAzyme strand is conjugated with a chloroalkane for the connection to 

the fusion protein and the 5’ end of the substrate strand is modified with a fluorophore. 

After hybridizing the enzyme strand and the substrate strand, the fluorophore is close 

to the catalytic site of cpNLuc and an effective BRET occurs between cpNLuc and the 

fluorophore upon addition of the furimazine substrate. Once the DNAzyme is activated 

by Zn2+, the substrate strand will be cleaved into two shorter product strands. Due to the 

length change of the cleaved product, the melting temperature of the fluorophore-labeled 

cleavage product strands and the enzyme strand is reduced and becomes lower than room 

temperature. Thus, the product strand dehybridizes from the enzyme strand, which releases 

the fluorescent moiety spatially away from the cpNLuc, resulting in a dramatic change of the 

BRET signal. Given the advantages of the high signal-to-background ratio and brightness, 

the sensor realized sensing both exogenous Zn2+ in vivo, as well as endogenous Zn2+ efflux 
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in normal epithelial prostate and prostate tumors. This sensor provides a powerful tool for 

the comparison of Zn2+ concentrations between animals with and without prostate tumor.

Results and Discussion

Rational design and engineering of the luciferase-HaloTag fusion protein for labelling 
oligonucleotides

To design a BRET bioLUNA sensor with the superior performance of signal transformation, 

several key factors should be fulfilled: (1) high brightness of the bioluminescence when 

the luciferase reacts with its substrate; (2) short distance between the bioluminescence 

generating site on luciferase and the signal acceptor on DNA sensor; (3) high efficiency 

of labeling the DNA sensor with luciferase. To meet these challenges, we chose a 

previously reported circular permutated HaloTag-NLuc fusion protein, which consists of 

an engineered Nano luciferase with superior brightness in the reaction with furimazine and 

a HaloTag protein for bioorthogonal labeling.[17] To facilitate the proximity of the catalytic 

site responsible for processing the furimazine substrate on cpNLuc and the self-labeling 

site on HaloTag, the HaloTag protein is split between 155Thr and 157Asp and fused 

with cpNLuc. This strategic fusion allows for the efficient interaction between the two 

domains, enabling the catalytic function of cpNLuc and the self-labeling ability of HaloTag 

without compromising the brightness of the luciferase or the self-labeling capacity of the 

HaloTag with chloroalkane-contained groups.[18] Despite these features, our molecular 

structure modeling of this cpHNLuc protein indicates that its labeling pocket of the split 

HaloTag is exposed closely to the NLuc (Figure 1A), resulting in a substantial steric 

hindrance to capture the chloroalkane-modified DNA. As demonstrated in Figure S1, the 

labeling efficiency of cpHNLuc0 to the DNA was only 20.4%, while the C terminal fusion 

of HaloTag to NLuc achieved a labeling efficiency of 63.8%. Additionally, the surface 

electrostatic potentials of the fusion protein further revealed that the labeling site of HaloTag 

was surrounded by negatively charged amino acid residues (AARs), which may reduce 

the labeling efficiency due to the electrostatic interactions between the negatively charged 

oligonucleotides and protein. This modeling prediction was validated by experimental 

results, which showed a low labeling efficiency of 20% in the cpHNLuc reaction with 

oligonucleotides (see Figure 2B and Figure S3 for cpHNLuc0). Therefore, the existing 

cpHNLuc is unsuitable for the construction of nucleic acid sensors based on BRET.

Based on the above observations and inspired by previous research demonstrating enhanced 

reaction efficiency of HaloTag protein by adjusting its surface potential,[19] we hypothesize 

that replacing the negatively charged AARs close to the DNA labeling site with positively 

charged AARs would potentially enhance the efficiency of the DNA labeling reaction, by 

reducing the intermolecular electrostatic repulsion between the split HaloTag and negatively 

charged oligonucleotides. However, if too many positively charged AARs are introduced to 

the HaloTag, they might hinder the labeling reaction by causing intramolecular competition 

between the positively charged AARs and the DNA labeling site in attracting the negatively 

charged oligonucleotides. Therefore, it was crucial to evaluate the target mutation sites to 

find a right balance between the two competing forces. A previous study suggested that 

the amino acid residues from P152 to Q175 in the alpha-helical structures of HaloTag 
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(PDB: 4KAF) were potential sites for mutation.[19a] Even if the alpha helix was cleaved 

into two fragments (P143-155T and D339-Q348) in cpHNLuc, they were still shown to 

be amenable to mutations with minimal structural perturbation. The molecular modeling 

demonstrated that the mutations of the negatively charged Glu144, Glu148, and Asp339 

to positive charged lysine (K) would effectively reverse the local electrostatic potential 

around the labeling site of the cpHNLuc (Figure 1B). Additionally, the negative charged 

Glu353, Glu366, and Glu368 in V350-G359 and E366-R373 alpha helixes were also chosen 

as potential mutation sites against intermolecular electrostatic repulsion, and they were 

changed to lysine stepwise (Figure 1C).

As a result of the above molecular modeling, we have rationally designed a series of variants 

of cpHNLuc containing single, double, or multiple mutations (Figure 1D). They were 

constructed and expressed in Escherichia coli followed by purification using Ni-chelating 

affinity chromatography. When assessed by SDS-PAGE, all the variants were well expressed 

except cpHNLuc7, which brings unwanted side products due to low expression yield (Figure 

S2). Thus, the cpHNLuc0 to cpHNLuc6 variants (see protein sequence in Table S4) were 

adopted for the following investigations.

The capability of the cpHNLuc variants for engineering the bioLUNA sensors

To investigate the ability of these proteins to bind oligonucleotides, a chloroalkane-modified 

ssDNA L21 (see the sequence in Table S3) was incubated with the variants because the 

chloroalkane has been shown to be covalently conjugated to the Asp106 amino acid via 

a self-catalytic reaction (Figure 2A).[20] The time-dependent reactions of these variants 

with the oligonucleotide were monitored via SDS-PAGE (Figure S3), which were further 

quantified by the kinetic curves (Figure 2B) and the parameters can be found in Table S1. 

We demonstrated that the single mutation at E144K or E148K (cpHNLuc1 and cpHNLuc2) 

would increase the labeling efficiency from 20.6% of the wide type cpHNLuc0 to 37.2% and 

33.5%, respectively, confirming our predication from the modeling study that the positively 

charged AARs around this labeling site could accelerate the labeling reaction. Since both 

E144K and E148K single mutation was effective in increasing the labeling efficiency, we 

combined the two mutants in cpHNLuc3, resulting in a remarkable improvement of labeling 

efficiency to 79.7% and a rate constant of 0.18 min−1 which was 15-fold higher than the 

wide type cpHNLuc0. Interestingly, further addition of the D339K mutation (cpHNLuc4) 

resulted in an even higher labeling efficiency of 91.6% and a rate constant of 0.31 min−1. 

This labeling efficiency was demonstrated to be independent from the length or sequence of 

DNA strands (Figure S4).

To further maximize labeling efficiency, we replaced the Glu353 and Glu366 in V350-G359 

and E366-R373 alpha helices near the labeling site with lysine to generate cpHNLuc5 and 

cpHNLuc6 (Figure 1C). The cpHNLuc5 and cpHNLuc6 displayed slightly increased labeling 

efficiency of 93.8% and 92.0% in comparison with cpHNLuc4 (Table S1), demonstrating 

the E353K and E366K could reduce the intermolecular electrostatic repulsion which 

benefits the final efficiency of oligonucleotides labeling. However, the rate constants of 

the reaction dropped significantly to 0.11 min−1 and 0.09 min−1, probably because the 

over-mutation resulted in an unwanted intramolecular competition that hamper the labeling 
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rate. Collectively, our findings suggest that cpHNLuc4 represents a promising candidate 

variant capable of striking a delicate balance between intermolecular electrostatic repulsion 

and intramolecular competition.

In addition to the labeling efficiency, the properties of bioluminescence, including brightness 

and energy transferring efficiency, are the important questions that we evaluated next for 

these variants. Since the mutations were entirely conducted on the HaloTag region of 

the fusion protein, the ability to generate bioluminescence by these luciferase proteins 

should not be affected. We found that all the variants exhibited comparable brightness to 

the original cpHNLuc0 in the reaction with furimazine, and the cpHNLuc4 showed even 

approximately 190% higher brightness after the labeling of oligonucleotide (Table S1). The 

capability of the variants in the signal transformation was also evaluated by testing the 

BRET ratio between the protein and sensors, by incubating the proteins with a chloroalkane 

and Cy3 dual-labeled DNA molecular beacon (cpHNLuc-MB), so that the Cy3 receptor was 

near the catalytic site of cpNLuc. The bioluminescent spectrums of this cpHNLuc-MB were 

then collected with the supply of furimazine. As displayed in Figure 2C, the cpHNLuc3, 

cpHNLuc4, cpHNLuc5 and cpHNLuc6 showed high BRET ratios (565 nm / 450 nm), among 

which the cpHNLuc4 possessed the best BRET with a ratio of 3-fold. The emission color 

of those sensors also turned from blue to red with the increased BRET ratio (565 nm / 

450 nm). After treatment with DNase I, an endonuclease that degrades oligonucleotide, 

the BRET ratio decreased, while the color of emission light returned to blue (Figure S5). 

Moreover, no BRET was observed when the protein was incubated with a non-chloroalkane-

labeled DNA hairpin (Figure S6). These observations indicate that the BRET signals were 

caused by the conjugation of the DNA to proteins. Also, cpHNLuc4 was a promising 

candidate for the construction of bioLUNA sensors due to its high labeling efficiency, 

brightness of bioluminescence intensity, and high energy transfer when conjugated with a 

DNA sensor. To investigate the capacity of bioLUNA sensor in eliminating background, 

either the fluorescent or bioluminescent signal of cpHNLuc4-MB conjugate was measured 

in PBS buffer and blood. As shown in the added Figure S7, while the fluorescent signal 

of the sensor is distinct from the background in the PBS buffer (Figure S7A), the sensor’s 

fluorescent signal is not very different from the background’s fluorescent signal (Figure 

S7B), due to the autofluorescence of the blood sample. In contrast, the BRET signal of 

the sensor in the same blood sample (Figure S7D) is almost the same as the BRET signal 

in the buffer (Figure S7C). These results demonstrated that the bioLUNA can minimize 

background and have the potential for assay in complex environments.

In addition to the protein and DNA conjugation, the spectral overlap between the emission 

of energy donors and the absorption of the acceptor can also determine the efficiency 

of energy transfer. To achieve the best energy transfer efficiency, we evaluated the 

spectra of fluorophores that are commonly used to modify oligonucleotides (Figure S8), 

including fluorescein (FAM), cyanine 3 (Cy3), 5-carboxytetramethylrhodamine (TAMRA), 

and cyanine 5 (Cy5). The cpHNLuc4 was labeled with the capture DNA strands L21, 

followed by the hybridization of complementary strands with one of the fluorophores. Based 

on the normalized BRET spectra of the fluorophores we tested (Figure 2D), the Cy3- 

and TAMRA-labeled DNA strands exhibited a relatively higher emission intensity, with 

a BRET ratio of nearly 4-fold (Figure 2D), and superior signal-to-background ratios of 
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51 and 59-fold, respectively (Figure S9). Therefore, Cy3 and TAMRA were the optimal 

energy receptors for the BRET-based bioLUNA sensors. Moreover, since the absolute 

bioluminescence intensity of NLuc is determined by the protein concentration and the 

consumption of substrate, the signals from such a reaction are often not consistent and 

thus can hinder quantitative analyses. This issue can be addressed by the ratiometric nature 

of the BRET sensor. As shown in Figure S10, the emission ratios do not shift in the 

presence of different concentrations of the sensor, suggesting the stability of this ratiometric 

BRET signal. These results demonstrated that the cpHNLuc4 and Cy3 pair was a promising 

candidate for the construction of BRET bioLUNA sensors.

Construction of a BRET DNAzyme sensor

To construct a BRET DNAzyme sensor using the cpHNLuc4 variant, we chose Zn2+-specific 

8–17 DNAzyme as a proof of concept, because it is the most well-studied and broadly 

used DNAzyme for cellular and in vivo applications,[21] and Zn2+ plays important roles in 

biological systems.[22] As shown in Figure 3A, the DNAzyme labeled with chloroalkane 

can be conjugated to cpHNLuc4, followed by hybridization with a Cy3-modified substrate 

strand to form a BRET DNAzyme (bioLUNA-Dz) sensor. The high BRET signal should 

be observed between the protein and Cy3 with a supply of furimazine. In the presence 

of Zn2+, the substrate strand would be cleaved by the DNAzyme and the Cy3-contained 

fragment would be released from the sensor due to the change in melting temperature. This 

release increased the distance between the protein and Cy3, which can cause an increased 

bioluminescence signal of cpHNLuc4 and a decreased emission from Cy3. To investigate 

the activity of the sensor, SDS-PAGE was used to visualize the cleavage of the substrate 

strands. As shown in Figure S11, with the addition of Zn2+, most of the substrate strand 

was cleaved. In contrast, the substrate strand remained intact in the absence of Zn2+. This 

difference demonstrated the Zn2+-dependent activity of bioLUNA-Dz.

Next, we investigate the quantitative relationship between the BRET signal and Zn2+ 

concentrations. After the bioLUNA-Dz sensor was incubated with different concentrations 

of Zn2+, the emission spectra were recorded by fluorometer without turning on the excitation 

laser. As shown in Figure 3B, the sensor exhibited a higher BRET peak of Cy3 at 565 nm 

than the bioluminescence at 450 nm without Zn2+, indicating the efficient BRET between 

the protein and Cy3. The Cy3 signal kept decreasing with increasing Zn2+ concentrations, 

while the bioluminescence of NLuc recovered. The metal ion titration curve showed that 

the BRET ratio (450 nm / 656 nm) increased from 0.27 to reach a plateau of 1.55 after the 

concentration of Zn2+ reached 40 μM (Figure 3C). A linear relationship was observed with 

Zn2+ concentrations ranging from 0.6 to 4 μM (Figure 3D), and a limit of detection (LOD) 

of 0.20 μM Zn2+ was achieved (calculated based on 3σ/ slope). Moreover, the selectivity of 

the sensor towards the common metal ions in the biological system was also investigated. 

The results demonstrated that the bioLUNA-Dz exhibited a nearly 6-fold BRET signal 

change in the presence of Zn2+, while only the background signal was observed after 

incubation with other metal ions (Figure 3E).
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Applying the BRET DNAzyme sensor for imaging metal ion in vivo.

To demonstrate the capability of this bioLUNA-Dz in imaging metal ions in vivo, we 

performed a subcutaneous test in BALB/c mice. The mice were continuously anesthetized 

with 2% isoflurane on the operating stage of in vivo imaging system (IVIS). The right leg 

was pretreated with reaction buffer (50 mM Tris, 150 mM NaCl, pH 7.4) containing 50 

μM Zn2+ and the left leg was injected with an equal volume of reaction buffer without 

Zn2+ as a control. A 25 μL reaction buffer containing 20 nM bioLUNA-Dz sensor and 

furimazine (1:25 dilution) was injected into each leg. The luminescence signal of cpHNLuc4 

and Cy3 was collected to calculate the BRET ratio (NLuc / Cy3). As displayed in Figure 

4A, the emission of both NLuc and Cy3 can be observed on the legs. While both the 

emissions from NLuc and Cy3 were found to decrease, the ratio of NLuc to Cy3 has been 

demonstrated to remain the same (see Figure S10), indicating that such a ratiometric sensor 

can overcome background fluctuations. The quantification results in Figure 4B showed a 

comparable BRET ratio (NLuc / Cy3) on both legs after the initial injection and the ratio 

was observed to keep increasing on the right leg pretreated with Zn2+, while the control 

group did not show appreciable change of the signal. After a reaction time of 20 min, the 

right leg of the mice showed a 1.8-fold increase in BRET ratio compared with the left leg, 

demonstrating the successful performance of the bioLUNA-Dz sensor in vivo.

After demonstrating the ability of bioLUNA-Dz in imaging metal ions in vivo, the sensor 

was further applied to detect Zn2+ in prostate cancer (PCa) in mice (Figure 4C). Males 

have a high concentration of mobile Zn2+ in their healthy prostate cells, but this level 

decreases dramatically in prostate cancer cells.[23] With the stimulation of D-glucose, the 

normal human epithelial prostate cells can secrete Zn2+ and subsequential increase the 

extracellular Zn2+ concentration, while the zinc-deficient prostate cancer cells fail to change 

the level of Zn2+ in their cellular microenvironment. If this difference in Zn2+ secretion 

can be identified by our bioLUNA-Dz sensor, the BRET signal changes could be used 

for the diagnosis of prostate cancer.[24] To demonstrate the diagnostic potential of our 

sensor, DU145-Luc, a human prostate cancer cell line that stably expresses firefly luciferase 

was xenografted into the ventral prostate of immunodeficient mice (NOD-SCID/Sja). The 

growth of the tumor could be visible by the bioluminescent signal of the luciferase after 

intraperitoneal (i.p.) injection of D-luciferin, the substrate of firefly luciferase (Figure S12). 

The mice were fasted for 12 hours prior to the anaesthetization by i.p. injection of chloral 

hydrate. An 8 mm incision was made on the hypogastrium to expose the prostate. Then, 

25 μL of reaction buffer containing 50 nM of bioLUNA-Dz sensor and furimazine (4: 25 

dilution) were orthotopically injected into the ventral prostate of the healthy prostate or the 

tumor site. The bioluminescent imaging was collected after a reaction time of 20 minutes. 

Subsequently, D-glucose was then injected to stimulate the secretion of Zn2+, followed by 

the collection of BRET signal after another 20 minutes. Compared to the low BRET ratio 

(NLuc / Cy3) before the injection of glucose, a remarkable increase in the BRET ratio 

(2.68 times) was observed in the prostate after glucose stimulation, resulting from Zn2+ 

secretion by normal prostate cells. In contrast, the DU145 tumor exhibited a significantly 

lower BRET ratio either before or after glucose stimulation. These results are consistent with 

the Zn2+-deficient environment of poorly differentiated adenocarcinoma (Figure 4D and 4E). 

Noticeably, the BRET signaling was similar in healthy prostate tissue and PCa tissue before 
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glucose stimulation, indicating that the Zn2+ deficiency was mainly inside of cancer cells 

but not in the tumor microenvironment. Finally, the mice were sacrificed and the prostates 

were taken out to further confirm the formation of prostate tumors (Figure S13). These 

results demonstrated that the bioLUNA-Dz sensor offered an effective and reliable tool for 

ratiometric metal ions imaging in vivo.

Conclusion

In conclusion, we have successfully developed an efficient strategy for designing 

bioluminescent nucleic acid (bioLUNA) sensors, which to our knowledge, is the first 

demonstration of a DNA sensor for bioluminescent imaging in vivo. This objective was 

achieved by rational protein engineering of a biorthogonal HaloTag-luciferase fusion, which 

allowed significant improvement of the catalytic efficiency for oligonucleotide labeling 

and BRET between the protein and the fluorophore on DNA sensors. As a proof of 

concept, a Zn2+-dependent DNAzyme sensor was integrated into the protein. The sensor 

exhibited a low BRET ratio (D/A) initially, while a significantly increased BRET ratio 

(D/A) was observed in the presence of Zn2+. The sensor imaged exogenous Zn2+ in vivo, 

as well as the endogenous Zn2+ efflux in normal epithelial prostate and prostate tumor, 

making it a powerful tool for monitoring metal ions in metabolic processes and providing 

pivotal information for metal ions involved in medicine. Since several DNAzymes have 

been reported to be selective for other metal ions, the demonstrated BRET sensor can be 

expanded to bioluminescent sensors for other metal ions by replacing the Zn2+ DNAzyme 

with other DNAzymes.[25] It is also possible to expand this bioluminescent sensor to use 

other nucleic acids, such as DNA/RNA aptamers.[26] Therefore, our work may stimulate 

other groups to apply the engineered cpHNLuc in constructing other bioluminescent nucleic 

acid sensors.
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Figure 1. 
Evolution of cpHNLuc for efficient labeling of DNA sensor. (A) Structure simulation of 

the cpHNLuc before (cpHNLuc0) or (B) after (cpHNLuc4) mutation. The carbon structure 

of cpNLuc was marked as cyan. The electrostatic potential of HaloTag protein and an 

enlarged view of the labeling site were displayed. The false color from red to blue indicates 

the electrostatic potential ranging from negative to positive. (C) The potential mutation 

sites (marked as green) on the carbon structure of cpHNLuc. (D) Peptide sequences of the 

variants containing mutation sites were highlighted in purple.
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Figure 2. 
(A) The self-labeling of chloroalkane molecule-modified oligonucleotides onto cpHNLuc 

variants. (B) Labeling kinetics of the variants toward oligonucleotides. (C) The BRET 

ratio (565 nm / 450 nm) and the photograph of the variants before (Control) and after 

modification with a fluorescent molecular beacon. (D) Emission spectra of cpHNLuc4 

labeled with a capture DNA strand and hybridized with indicated fluorophores labeled 

complementary strands. The intensity was normalized to cpHNLuc4 maximum emission. 

Data are shown as mean ± SD (n=3).
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Figure 3. 
(A) Design and working principle of the BRET-based DNAzyme sensor. (B) Emission 

spectra and (C) emission ratio of 20 nm sensor after reaction with various concentrations of 

Zn2+. (D) The linear fitting curve of the sensor response to Zn2+ ranges from 0.6 to 4 μM. 

(E) The signal-to-background ratio of the sensor response to 100 μM of different metal ions. 

Data are shown as mean ± SD (n=3).
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Figure 4. 
The bioLUNA-Dz sensor for sensing in vivo. (A) Whole-body luminescence imaging of 

BALB/c mice after the injection of 20 nM sensor with or without 50 μM Zn2+ into the right 

or left leg, respectively. (B) Quantification of the emission ratio (NLuc / Cy3) on each leg 

at different reaction times. (C) Schematic of glucose-stimulated extracellular Zn2+ secretion 

with subsequent detection by bioLUNA-Dz sensor, which generates a signal in normal 

but not in cancerous prostate cells. (D) Luminescence imaging of DU145-bearing NOD-

SCID/Sja mice and normal NOD-SCID/Sja mice before or after stimulation of glucose. 

Twenty-five microliters of 50 nM sensor were injected into the normal prostate or prostate 

tumor through an incision. The glucose-stimulated extracellular Zn2+ secretion was realized 

by i.p. injection of 100 μL of 20 % (w/v) D-glucose. (E) The scheme and statistical analysis 

of bioLUNA-Dz sensor and glucose injection. *p<0.1, **p<0.01. Data are shown as mean ± 

SD (n=3).
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Scheme 1. 
Structure of the semisynthetic bioluminescence DNAzyme sensor and its application in 

ratiometric detection of Zn2+ in vivo.
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