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a b s t r a c t

Genetically encoded sensors have been extensively utilized for the analysis of biomarkers. However, their

applications remain limited by the scarcity of analyte-binding proteins or peptides and the challenges as-

sociated with translating analyte recognition into a quantifiable signal. Herein, we report a novel class

of activable chimeric sensors that harness bioluminescent resonance energy transfer (BRET) between

nanoluciferase proteins and fluorescent small-molecule probes. We demonstrated that the responsiveness

of these hybrid sensors can be significantly enhanced by modulating the electrostatic surface potential of

the fusion protein in the vicinity of the recognition site. As proof of concept, we engineered two chimeric

bioluminescent sensors, Bp7-pH and Bp7-NO, for the detection of pH and nitric oxide (NO), respectively.

Both sensors exhibited strong BRET signal modulation upon exposure to their target analytes, leading to

distinct and quantifiable shifts in luminescence color. Importantly, we successfully applied these sensors

for field-deployable imaging of pH and NO dynamics in a murine wound infection model. Given the vast

array of existing fluorescent molecular sensors, the detection targets of these chimeric bioluminescent

sensors can be easily modified by altering the recognition moieties. Collectively, this work establishes a

generalizable and tunable design strategy for developing highly sensitive chimeric bioluminescent sen-

sors, with broad applicability in physiological and pathological monitoring.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Genetically encoded sensors, featuring noninvasive and real-

time imaging capability, have been widely developed to detect and

visualize molecular and cellular biological processes [1–3]. Using

specific peptides as recognition moieties to modulate the lumi-

nescence of protein of interest (POI) through protein-protein in-

teractions or protein-ligand binding, these sensors have proved

to be powerful tools for monitoring various biomarkers such as

metal ions [4–6], amino acid [7] neurotransmitters [8,9], and nu-

cleotide [10]. For bioactive species, particularly reactive oxygen

species (ROS), unnatural amino acids with recognition groups are

integrated into fluorescent proteins or firefly luciferase via genetic

code expansion technology. The fluorescence or bioluminescence of

the protein sensor is enhanced when the analyte undergoes a spe-

cific chemical reaction with the unnatural amino acid. While much

progress has been made, this class of sensors can detect only a
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limited number of bioactive species, including H2O2 [11], H2S [12],

ONOO− [13,14], and formaldehyde [15]. The development of genet-

ically encoded sensors for a broader range of bioactive species re-

mains challenging. Therefore, expanding the applicability of geneti-

cally encoded sensors to detect a wider variety of bioactive species

continues to be a significant research focus.

Semisynthetic genetically encoded sensors combine the features

of genetic encoding with the versatility of synthetic chemistry, of-

fering enhanced functionality in molecular detection [16,17]. The

sensing mechanism typically relies on the competition between a

tethered fluorescent ligand and the analyte for binding to a pro-

tein [18]. This hybrid approach enables the development of sen-

sors with enhanced specificity, sensitivity, and functionality across

many analytes, such as NAD+ [19], NADPH [20], coenzyme A [21],

and Acetyl-CoA [22]. Despite these advances, the detection range

of current semisynthetic sensors is still limited by their recogni-

tion modules that are proteins or peptide chains.

Fluorescent molecular sensors, featured with precisely struc-

tural tunability [23–25], have been developed for highly spe-
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Scheme 1. (a) Schematic representation of the fabrication of highly activable chimeric bioluminescent sensors via surface electrostatic optimization. (b) Application of the

sensors for field-deployable imaging of bioactive species during wound infection.

cific and real-time detection of diverse analytes, including reactive

species [26–28], enzymes [29,30], and nucleic acid [31]. We ex-

plored the potential of combining small-molecule fluorescent sen-

sors with genetically encoded proteins for the detection of bioac-

tive species. Our group used to utilize synthetic molecular sensor

as recognition modules in the fabrication of semisynthetic genet-

ically encoded sensors [32]. However, the response capability of

the recognition modules was abolished after implantation into the

circular permutated Nanoluciferase-HaloTag fusion protein (cpHN-

Luc), for which the molecular sensors have to be activated prior to

their labeling to the protein, severely hindering their applications

complex systems. Therefore, there is a pressing need to explore

a more universal strategy for the development of semisynthetic

sensors.

Herein, we present a versatile and adaptable approach to de-

velop chimeric bioluminescent sensors for ratiometric detection of

reactive species. As depicted in Scheme 1, the sensor comprises the

fusion protein cpHNLuc and an engineered molecular sensor. Their

efficient bioorthogonal conjugation is achieved through a rapid,

specific, and irreversible covalent reaction between the HaloTag do-

main in the cpHNLuc and the chloroalkane ligand anchored on the

molecular sensor, which establishes precise spatial proximity and

enables highly efficient bioluminescent resonance energy transfer

(BRET). Our findings reveal that the electrostatic surface potential

surrounding the synthetic molecular sensors on the protein signif-

icantly influences sensor reactivity. After systemic optimization of

the surface electrostatic potential, a cpHNLuc variant was screened

for constructing chimeric bioluminescent sensors. Given the strong

correlation between changes in pH and nitric oxide (NO) levels

with wound infection, we have developed two chimeric biolumi-

nescent sensors for field-deployable and high signal-to-background

ratio (SBR) imaging of pH and NO Both sensors exhibited strong

BRET signal modulation upon target activation in the presence of

the furimazine substrate, providing powerful tools for accurate and

convenient assessment of wound status and adjustment of treat-

ment strategies. Moreover, the modular design allows straightfor-

ward integration of diverse synthetic molecular sensors, making

this platform readily adaptable for detecting a broad spectrum

of biomarkers, which substantially extends the detection scope of

conventional genetically encoded sensors.

To develop activity-based chimeric bioluminescent sensors with

high sensitivity and robust imaging capabilities, several key cri-

teria must be satisfied: (1) Efficient BRET between luciferase and

fluorophore; (2) the small-molecule sensor labeled with luciferase

retains excellent responsiveness to target analyte. In our previ-

ous study, efficient BRET bioluminescence detection system by sys-

tematically optimize the spectral overlap and the spatial distance

between donor and acceptor. Unfortunately, the small-molecule

sensor exhibited a markedly reduced response to analytes when

embedded into the cpHNLuc scaffold [32]. We hypothesized that

the local electrostatic surface potential surrounding the synthetic

molecular sensors within the protein scaffold may significantly its

reactivity [33]. Structural modeling displayed in Fig. S1 (Support-

ing information) revealed that the HaloTag labeling site of the

original cpHNLuc0 was surrounded by negatively charged amino

acid residues (AARs), including Glu144, Glu148, Asp339, Glu353,

Glu366, and Glu368. This resulted in a strongly negative elec-

trostatic environment, which may electrostatically repel negative

charged analyte such as ClO−.
To test this hypothesis, we evaluate the reactivity of chimeric

bioluminescent sensors constructed from cpHNLuc variants engi-

neered to possess different surface potentials. Specifically, a se-

ries of cpHNLuc variants (cpHNLuc1–cpHNLuc9) were designed by

systematically replacing the negatively charged AARs in cpHNLuc0

with lysine (Table S1 in Supporting information), thereby introduc-

ing localized positive charges to reverse the electrostatic poten-

tial near the labeling site (Fig. 1a). As the number of substitu-

tions increased, the calculated surface electrostatic potential grad-

ually shifted from negative to positive (Fig. 1b). All cpHNLuc vari-

ants were successfully expressed in Escherichia coli, as confirmed

by SDS-PAGE analysis (Fig. S2 in Supporting information).

Then, we designed and synthesized a small-molecule pH sen-

sor, H-FITC (Scheme S1a in Supporting information). As expected,

H-FITC showed significant pH-dependent enhancement in both

absorption and fluorescence intensity across the pH range of

5.0-9.0 (Fig. S3 in Supporting information). This behaviour can
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Fig. 1. Evolution of cpHNLuc for chimeric bioluminescent sensors construction. (a) Structure simulation of cpHNLuc0 and its mutation sites (marked as green). (b) Surface

potential of the labeling site on cpHNLuc0 and its variant cpHNLuc7, with a color gradient from red to blue representing electrostatic potential from negative to positive.

(c) The chloroalkane of H-FITC covalently conjugated to cpHNLuc variants to construct a series of chimeric pH bioluminescent sensors (Bp0-pH to Bp9-pH). The BRET ratio

(I520/I450) of the sensors at pH 5.0 (d) and 9.0 (e). Data are shown as mean ± SD (n=3).

be attributed to the protonation process occurring under low pH

conditions, which promotes the formation of weakly fluorescent

ring-closed spiroform. Conversely, under high pH conditions, de-

protonation favours the formation of ring-open structures, thereby

significantly enhancing fluorescence. Then, a series of semisyn-

thetic pH-responsive bioluminescent sensors, named Bp0-pH to

Bp9-pH, were developed from the corresponding proteins cpHN-

Luc0 to cpHNLuc9. This was achieved by covalently conjugating

the chloroalkane group of H-FITC to the Asp106 residue of the

cpHNLuc variants through a biorthogonal labeling reaction (Fig.

1c). Successful coupling of H-FITC to cpHNLuc was confirmed by

SDS-PAGE analysis (Fig. S4 in Supporting information). Spectral

analysis revealed strong overlap between the absorption spectrum

of H-FITC and the bioluminescent emission spectrum of cpHNLuc0

(Fig. S5a in Supporting information). Bioluminescence spectrum

of the Bp0-pH exhibited not only the characteristic Nanoluciferase

emission peak at 450nm, but also a strong new emission peak at

520nm (Fig. S5b in Supporting information). This result indicates

the occurrence of efficient BRET between the donor and acceptor

components.

Next, we evaluated the pH responsiveness of the biolumines-

cent sensors. As shown in Figs. 1d and e, in an acidic environment

(pH 5), the cpHNLuc0, which possesses a negatively charged sur-

face, exhibited a relatively low BRET ratio. This likely due to the

enhanced accessibility of protons (H+) to the sensor, leading to

quenching of FITC fluorescence. In contrast, cpHNLuc7, cpHNLuc8

and cpHNLuc9, which feature increasingly positively charged sur-

faces, showed higher BRET ratios under the same acidic conditions.

The electrostatic repulsion between the positively charged protein

surface and H+ ions may reduce proton access to the FITC moi-

ety, thereby mitigating fluorescence quenching. A similar trend was

observed in an alkaline condition (pH 9), negatively charged cpHN-

Luc variants displayed weaker BRET signals compared to their pos-

itively charged counterparts. This may be attributed to repulsion

between the negatively charged protein surface and hydroxide ions

(OH−), which restricts ion access to the sensor and results in a di-

minished FITC fluorescence enhancement. These findings suggest

that substituting negatively charged AARs close to the labeling site

with positively charged ones can improve sensor-analyte interac-

tions by optimizing local electrostatic environments. Among these

variants, cpHNLuc7 exhibited the largest BRET dynamic range and

was therefore selected for the construction of subsequent chimeric

bioluminescent sensors.

We then used the Bp7-pH bioluminescent sensor for both visual

and quantitative detection of pH (Fig. 2a). Bioluminescence spectra

of Bp7-pH were recorded in buffers solution with various pH. As

shown in Fig. 2b, the emission intensity at 520nm increased sig-

nificantly as the pH rose from 5.0 to 9.0, resulting in approximately

a 10-fold enhancement in the BRET ratio (I520/I450), from 0.73 to

7.17. The sensor exhibited an apparent pKa of 7.00±0.02, making

it well-suited for monitoring physiological pH variations (Fig. 2c).

A major limitation of traditional bioluminescent probes is signal

decay caused by substrate consumption, which hinders their ap-

plications in quantitative analysis. Our BRET overcomes this issue

through self-calibration. As shown in Fig. 2d, the emission ratio

(I520/I450) of Bp7-pH kept constant within 15min at different pH

(Fig. 2d). Additionally, a distinct bioluminescence color shift from

blue to yellow was visually observed as the pH increased from 5.0

to 9.0 (Fig. 2e). These changes could be captured using a standard

smartphone camera. Image analysis software was used to extract

the green and blue channels, and the resulting green-to-blue in-

tensity ratio served as a visual indicator for pH (Fig. 2f).

According to previous studies, the healthy skin typically has a

slightly acidic pH, while infected or chronic wounds exhibit a sig-

nificant higher pH [34,35], The skin pH can serve as a real-time in-

dicator of wound healing processes. Regular monitoring of wound

pH is essential for tracking healing progress, adjusting treatment

protocols, simplifying care, and reducing patient stress. Therefore,

we further developed simple cassettes for smartphone-based vi-

sual of wound pH by using Bp7-pH (Fig. 2g). The experimental
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Fig. 2. (a) Schematic illustration of Bp7-pH for visual and quantitative pH detection. (b) Normalized bioluminescence spectra of Bp7-pH at different pH levels. (c) Plot of the

emission intensity ratio (I520/I450) versuspH values in the range pH 5.0–9.0. (d) The emission ratio of Bp7-pH towards different pH over time (1–15min) after the addition of

furimazine (final concentration 50μmol/L). (e) Bioluminescent images of Bp7-pH at various pH 5.0–9.0, with green and blue color channels separation by software. (f) The

color ratio (green/blue) of Bp7-pH as a function of increasing pH. (g) Schematic illustration of the smartphone-based imaging device. (h) Photograph and bioluminescence

image (after incubation with Bp7-pH) of a mouse with infected wound (left) and normal wound (right) using a smartphone. (i) The color ratio (green/blue) of the infected

(left) and normal (right) wound. Data are shown as mean ± SD (n=3).

procedures involving animals were approved by the Institutional

Animal Care and Use Committee of Hunan University (No. SYXK

2022–0007). As the shown in Figs. 2h and i, bioluminescent emis-

sion of infected wound appeared more yellow, indicating a higher

pH compared to normal wounds. These results demonstrate the

bioluminescence-based ratiometric sensor Bp7-pH enables both vi-

sual and quantitative measurement of pH in complex samples.

To demonstrate the generalizability of this strategy, we de-

signed and synthesized a NO sensor, H-TMR-NO. NO is a ubiqui-

tous, uncharged free radical that serve as a key signaling molecule

in both intracellular and intercellular communication, playing cru-

cial roles in physiological and pathophysiological processes, such

as inflammatory, cancer, and neurodegeneration diseases [36–39],

Although numerous fluorescent sensors and a few bioluminescent

turn-on sensors have been developed for NO detection (Table S2

in Supporting information) [40–44], the development of ratiomet-

ric bioluminescent sensors remains limited, hindering simultane-

ous visual and quantitative analysis of NO levels. To address this,

we incorporated an o-phenylenediamine-based recognition moiety

into a rhodamine scaffold to construct H-TMR-NO, followed by at-

tachment of a chloroalkane linker via amide coupling (Scheme S1b

in Supporting information). Upon exposure to NO, the sensor ex-

hibited a new absorption band centered at 553nm (Fig. S6a in

Supporting information), along with a marked enhancement in flu-

orescence emission at 580nm (Figs. S6b and c in Supporting in-

formation). Kinetic analysis showed that the reaction completion

within 30min (Fig. S6d in Supporting information). The fluores-

cence enhancement is attributed to the reaction of NO with the

o-phenylenediamine group, forming a reactive benzotriazole inter-

mediate that rapidly hydrolyzes to yield the fluorophore H-TMR.

This transformation was further confirmed by mass spectrome-

try, which revealed a characteristic ion peak at m/z=636.5, cor-

responding to H-TMR (Fig. S7 in Supporting information). Collec-

tively, these results demonstrate that H-TMR-NO functions as an

efficient and selective fluorescent probe for NO detection, support-

ing its integration into bioluminescent hybrid sensors. By conju-

gating H-TMR-NO with cpHNLuc0 to cpHNLuc9 variants, we con-

structed a panel of activity-based bioluminescent NO sensors (Bp0-

NO to Bp9-NO), for both visual and quantitative detection of NO

(Fig. 3a). As shown in Fig. S8 (Supporting information), SDS-PAGE

analysis followed by Coomassie Brilliant Blue staining and in-gel

fluorescence scanning confirmed the successful covalent coupling

of H-TMR-NO to the cpHNLuc variants. We next assessed the bio-

luminescence response of each sensor to NO Among the variants,

Bp7-NO, comprising cpHNLuc7 conjugated with H-TMR-NO, dis-

played the most significant response, exhibiting a 93-fold increase

in the BRET ratio (I580/I450) upon treatment with 200μmol/L NO

(Fig. 3b). These finding indicate that Bp7-NO possesses high sen-

sitivity toward NO and is well-suited for applications requiring ro-

bust ratiometric bioluminescent detection.

The response of Bp7-NO toward different concentrations of NO

was next studied in HEPES buffer. With increasing NO concen-

tration, bioluminescence emission at 580nm showed a signifi-

cant enhancement at normalized bioluminescence spectra (Fig. 3c).

This indicates that more small-molecule probes were converted

into fluorophores, leading to high BRET efficiency. Within the

NO concentration range of 0 to 200μmol/L, the sensor exhibited

a concentration-dependent increase in the BRET ratio (I580/I450),

which rose from 0.01 to 1.20 (Fig. 3d). The sensor exhibited ex-

cellent linear response (R2 =0.992) between 0.5–10.0 μmol/L, with
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Fig. 3. (a) Schematic illustration of cpHNLuc-based bioluminescent sensors for NO detection. (b) The SBR of the bioluminescent sensors upon exposure to 200μmol/L NO.

(c) Normalized bioluminescence spectra of Bp7-NO with increasing NO concentrations (0–200μmol/L). Inset: bioluminescent images of the Bp7-NO in the absence (left)

and presence (right) of NO after adding furimazine substrate. (d) Emission ratio (I580/I450) of Bp7-NO as a function of NO concentration (0–200μmol/L). (e) Linear fitting

curve showing the relationship between emission ratio and NO concentration. (f) The SBR of Bp7-NO response to various kinds of biological molecules. (1) blank, (2) Mg2+

(1mmol/L), (3) Ca2+ (1mmol/L), (4) Fe3+ (1mmol/L), (5) NH4+(1mmol/L), (6) Fe2+ (1mmol/L), (7) S2O3
2− (1mmol/L), (8) SO4

2− (1mmol/L), (9) SO3
2−(1mmol/L), (10) NO2

−

(1mmol/L), (11) H2O2 (200μmol/L), (12) ONOO− (200μmol/L), (13) O2
•− (200μmol/L), (14) HO• (200μmol/L), (15) Cys (1mmol/L), (16) GSH (1mmol/L), (17) NO (200μmol/L).

(g) Emission ratio of Bp7-NO at different NO concentrations over time (1–30min) following the furimazine addition (final concentration: 50 μmol/L). Data are shown as mean

± SD (n=3).

a calculated detection limit of 99nmol/L (3σ /slope) (Fig. 3e). To

assess specificity, the BRET response of Bp7-NO was measured in

the presence of various potentially interfering species. As shown

in Fig. 3f, only NO elicited a significant increase in emission at

580nm, while no significant alteration in the BRET ratio was de-

tected with other interfering substances, including cations (Mg2+,
Ca2+, Fe3+, NH4+, Fe2+), anions (S2O3

2−, SO4
2−, SO3

2−, NO2
−), ROS

(H2O2, ONOO
−, O2

•−, HO•), and biothiols (GSH, Cys). Furthermore,

the emission ratio (I580/I450) remained stable over a 30min pe-

riod following addition of furimazine, at NO concentrations of 10,

60, and 200μmol/L (Fig. 3g). These results collectively confirm that

Bp7-NO is a highly selective, sensitive, and stable ratiometric bio-

luminescent sensor for quantitative NO detection.

Wound infections caused by pathogenic bacteria can signifi-

cantly delay the wound healing and increase clinical burden. NO

plays a concentration-dependent role in different stages of wound

healing, so that elevating NO levels are characteristic of the inflam-

matory phase, whereas reduced levels indicate a transition to the

proliferative phase [45,46]. Given its dynamic involvement, real-

time in vivo monitoring of NO is crucial for evaluating wound sta-

tus, guiding therapeutic strategies, and deepening our understand-

ing of NO-mediated healing mechanisms.

Full-thickness, round skin wounds (∼1.0 cm in diameter) were

created on both sides of the dorsal surface in mice. Each wound

was pretreated with 25μL HEPES buffer containing 250nmol/L

Bp7-NO. The right wound was administered with 200 μmol/L NO,

while the left wound was treated with an equal volume of HEPES

buffer as a control. Following the addition of furimazine (1:50 di-

lution), bioluminescence signals from cpHNLuc7 (donor) and H-

TMR (acceptor) were collected from the wound sites (Fig. 4a).

Clear emissions from both cpHNLuc7 and H-TMR were detected.

As shown in Fig. 4b, the BRET ratio in NO-treated wound exhib-

ited a time-dependent increase, reaching a 2.6-fold enhancement

compared to the control wound after 20min. Although the ab-

solute signal intensities of cpHNLuc7 and H-TMR varied slightly

across different imaging time points, the BRET ratio in the control

group remained stable throughout the experiment. These results

confirm that the ratiometric bioluminescent sensor Bp7-NO effec-

tively compensates for background fluctuations and enables reli-

able in vivo detection of NO.

To evaluate the capability of Bp7-NO for detecting endogenous

NO, a bacterial infection wound model was established (Fig. 4c).

The left wound was inoculated with S. aureus (1×106 CFU/mL),

while the right wound received an equal volume of HEPES buffer

as a negative control. After substrate addition, bioluminescence

signals from cpHNLuc7 and H-TMR were collected and analyzed.

As shown in Fig. 4d, the infected wounds exhibited a significantly

higher BRET ratio compared to the uninfected controls, indicat-

ing elevated NO levels in response to bacterial infection. Notably,

Bp7-NO enabled bioluminescence imaging with a SBR over 375-

fold higher than that achieved by fluorescence imaging (Fig. S9 in

Supporting information). These results highlight the excellent sen-

sitivity and imaging contrast of Bp7-NO for monitoring endogenous

NO levels during bacterial infection in vivo.
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Fig. 4. The bioluminescent sensor Bp7-NO for sensing NO in vivo. (a) Schematic representation and bioluminescence imaging of BALB/c mouse wound model, showing

treatment with or without NO (200 μmol/L) in the right or left wounds. (b) Quantification of the emission ratio (H-TMR/cpHNluc7) for each wound at different imaging

time (10, 20, 40min). (c) Illustration and bioluminescence imaging of mouse wound model infected with or without S. aureus, subsequently treated with Bp7-NO. (d)

Quantification of the emission ratio (H-TMR/cpHNluc7) for each wound at different imaging time points (10 and 20min). Data are shown as mean ± SD (n=3).

In summary, we have developed a versatile platform of ac-

tivable chimeric bioluminescent sensors for ratiometric detection

of bioactive species. This strategy is based on rational engineer-

ing of a Nanoluciferase-HaloTag fusion protein, in which tuning

the electrostatic surface potential significantly enhances the inter-

action efficiency between small-molecule probes and their target

analytes. As a proof-of-concept, two representative sensors, Bp7-

pH and Bp7-NO, were constructed for pH and NO detection. These

sensors not only overcome the signal attenuation commonly as-

sociated with bioluminescent probes but also provide improved

imaging accuracy and ratiometric robustness. Furthermore, their

applicability was validated in a mouse wound infection model,

demonstrating the potential for field-deployable in vivo monitoring

of physiologically relevant analytes. Owing to the broad diversity

of available fluorescent small-molecule probes, this modular design

strategy can be readily extended to a wide range of targets, offer-

ing a powerful and generalizable approach to expand the toolkit of

genetically encoded biosensors.
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