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Abstract 

We describe a nitroreductase activatable lanthanoid-based turn-on probe for two-photon 

imaging. The terbium-based luminescent probe is non-fluorescent in its inactive state but can be 

selectively activated by nitroreductase, leading to the release of the sensitizing antenna that 

facilitates energy transfer to the lanthanide center, resulting in an intense luminescence signal. 

We show the probe’s capability to selectively sense nitroreductase not only in bacterial lysates 

but also in live bacteria of the ESKAPE family. Moreover, the probe effectively detects mammalian 

nitroreductase in prostate cancer cells, which is expressed under mild hypoxic conditions. The 

results obtained set the stage for a new generation of activatable lanthanoid-based probes that 

are suitable for two-photon excitation. 

 

Introduction 

Optical imaging tools contribute significantly to the deciphering of complex biological processes. 

Furthermore, beyond this, they are now also an indispensable technique in medical diagnostics 

for rapid, non-invasive, real-time monitoring of pathological processes ranging from the 

molecular level to whole organisms. Lanthanide complexes have been widely explored in this 
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context due to their exceptional fluorescent features in comparison with organic fluorophores, 

such as long luminescence lifetimes, high photostability, large Stokes shift, simple tuning of the 

emission wavelengths from visible to near-infrared and fingerprint emission bands.1, 2 In 

particular, when put in combination with two-photon excitation microscopy, lanthanide probes 

offer several advantages for the noninvasive imaging of biological systems.3, 4 Two-photon 

excitable lanthanide luminescent probes combine the unique f-element spectroscopic properties 

with the intrinsic advantages of nonlinear two-photon excitation, making them particularly 

attractive for bioimaging applications. The shifted excitation in the near-infrared spectral range 

largely reduces photo bleaching and photo-damage, and furthermore allows for high-contrast, 

high-resolution deep-tissue imaging, thereby avoiding commonly encountered limitations such 

as light attenuation, autofluorescence, and scattering are minimized.5, 6 However, effective 

excitation of the lanthanide requires an organic chromophore as a sensitizing antenna, which in 

turn enables energy transfer, as well as surmounts the Laporte-forbidden f–f transitions and the 

resulting low extinctioncoefficient.1, 7, 8  Bioresponsive activatable lanthanoid probes have been 

previously investigated by us as well as others using caged antenna precursors.8-14 Such probes 

are turned on when in contact with the analyte, which triggers the sensitizing antenna. This offers 

substantial advantages over traditional always-on probes, due to their inherently increased 

sensitivity that results from the triggered signal amplification alongside the strongly reduced 

background signal. While sensitization of lanthanides luminescence using two-photon excitation 

was established over a decade ago,15, 16 it is only recently that elegant studies have been 

conducted using two-photon excitable lanthanide luminescent probes for bioimaging 

applications. 17-26  

However, activatable bioresponsive two-photon excitable lanthanide luminescent probes have 

surprisingly not been investigated so far to the best of our knowledge, and reports on activatable 

carbostyril antennas remain scarce.10 

As part of our program investigating nitroreductase (NTR) probes, 10, 27-29 we were particularly 

interested in the design and development of a DOTA-based two-photon excitable lanthanide 

luminescent probe for the detection of nitroreductase. NTRs are a family of flavin-containing 

bacterial enzymes, which catalyze the reduction of nitro functional groups and other nitrogen-
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containing functionalities in the presence of NADH or NADPH as a cofactor.30 They are present in 

bacterial pathogens, namely in multidrug-resistant members of the ESKAPE family 

(Acinectobacter baumannii, Pseudomonas aeruginosa, Staphylococcus aureus, Enterococcus 

faecium, Klebsiella pneumonia, and Escherichia coli), and are responsible for the vast majority of 

healthcare-associated bacterial infections. Moreover, NTRs are overexpressed in hypoxic cancer 

cells.31 Hypoxia is a feature common in most solid tumors and a key determinant of cancer growth 

and propagation.32, 33 Consequently, sensing hypoxic cancer cells could lead to efficient early 

detection of tumors and thus more favorable clinical outcomes.34, 35 However, although NTRs are 

potentially highly relevant diagnostic markers for the detection of bacterial infections29, 36, 37 and 

tumor cells38-42, activatable lanthanide-based probes that take advantage of the favorable 

features of lanthanide luminescence still remain rarely exploited.10 

Herein, we describe the first robust enzyme-responsive lanthanoid-based luminescent probe 

using two-photon excitation for the highly selective detection of nitroreductases in live bacteria 

and cancer cells. This terbium-based two-photon excitable probe is (1) simple to synthesize; (2) 

gives a turn-on emission over zero background; (3) is highly sensitive, selective, and stable; (4) is 

able to selectively detect nitroreductases in live bacteria of the ESKAPE family, as well as in live 

prostate cancer cells in mild hypoxic environments.  

Results and discussion 

Design of the probe. The general design strategy for the construction of our NTR-responsive two-

photon excitable turn-on probe was to employ a non-sensitizing caged antenna precursor that, 

upon reaction with the enzyme, triggers a fragmentation cascade and releases the antenna. This 

in turn then enables the energy transfer to the lanthanide center upon two-photon excitation 

(Scheme 1). A prerequisite for establishing a DOTA-based two-photon turn-on probe is the 

availability of a robust non-sensitizing caged antenna precursor and an efficient energy transfer 

to the lanthanoid upon enzyme-triggered release of the antenna.  

Although carbostyrils are well-known antennas for sensitization of different lanthanides, they 

have barely been exploited under two-photon excitation.15, 43 We hypothesized that 7-

aminocarbostyrils would be a suitable antenna for the envisioned two-photon excitation and 
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could lead to an efficient energy transfer for the lanthanide. Upon NTR-mediated reduction of 

the nitro group of the para-nitrobenzylcarbamate to the corresponding aniline, a spontaneous 

and irreversible disassembly of the linker would be induced, releasing the 7-aminocarbostyril 

sensitizing antenna. This design concept is highly modular, as a potentially new analyte can be 

made detectable simply by varying the trigger moiety of the enzymatically cleavable cage. 

 

Scheme 1. Design and mode of action of our activatable biphotonic lanthanide probe for detection of 

nitroreductases. 

Theoretical Calculations. To further support this hypothesis, we carried out time-dependent 

density functional theory (TD-DFT) calculations, using the caged p-

NO2benzylcarbamatecarbostyril (p-NO2BCC) and the activated 7-aminocarbostyril (AMC) 

antennas as simplified models. The emission intensities are primarily determined by the molar 

absorptivity of the S0→S1 transition of the antenna, the efficiency of intersystem crossing (ISC) 

between the antenna excited states and the T1→5DJ energy transfer between antenna and 

lanthanide.44-47As shown in Table S1, AMC exhibits an oscillator strength of 0.23 for the S1 excited 

state, indicating a significant molar absorptivity of the S0→S1 transition of the antenna. Moreover, 

the energy gap of the T1→5D4 transition of AMC is 0.428 eV, which is sufficiently large to minimize 

back-energy transfer (ΔE ≥0.229 eV).48 The high molar absorptivity of the S0→S1 transition 

together with a favorable energy gap between T1→5D4 predicted an efficient energy transfer to 

the lanthanide, which should consequently enable a pronounced luminescence emission of the 

uncaged probe. Moreover, the installation of the NTR activatable para-nitrobenzylcarbamate 
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should cage the chromophoric unit according to our DFT calculations and provide a non-

fluorescent, self-immolative NTR sensitive trigger moiety. The DFT calculations indicated that the 

LUMO+1 and HOMO of p-NO2BCC are predominantly resident on the carbostyril part, while the 

LUMO and HOMO-3 are situated on the p-nitrobenzylcarbamate acceptor section (Figure 1a). In 

this case, the excited state of the fluorophore transfers electrons to the acceptor's LUMO, leading 

to fluorescence quenching through a d-PET mechanism.49 In addition, the energy gap of the 

T1→5DJ transition for the caged antenna p-NO2BCC is very small (0.015 eV), leading to efficient 

back-energy transfer between the antenna and the lanthanide (Table S1). These results indicated 

that there was an efficient intended suppression of any lanthanoid luminescence by the caging 

characteristics of the p-NO2BCC antenna precursor.  

To support the envisioned TPA properties of probe 8, we conducted a computational study of the 

AMC system at the SAOP/DZP level.50 The TPA-simulated profile is represented in Figure 1b, and 

the theoretical imaginary part of the third-order hyperpolarizability (γTPA) and TPA cross section 

(σTPA), a quantitative measure of the probability of the two-photon absorption, are summarized 

in Table S2. The results show that our probe exhibits high TPA cross section values (σTPA> 500G) 

within a wavelength range of 640-720 nm. These values are in the range of the best two-photon 

absorption cross-sections described for lanthanide ligands and related complexes51-61 and are far 

higher than for most organic dyes62 or endogenous chromophores found in biological media63. 

These results suggested a very promising suitability of our probe for two-photon microscopy.  
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Figure 1. a) Frontier molecular orbital energy levels and electron density of HOMO-

3/HOMO/LUMO/LUMO+1 of fluorophore of p-NO2BCC. b) Theoretical two-photon absorption profile of 

ligand of AMC computed at the SAOP/DZP level. 
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Synthesis of the probe. The caged probe precursor 6 and the probe 8 were prepared in a short, 

high-yielding synthesis shown in Scheme 2. Firstly, the 7-aminocarbostyril antenna 2 was 

synthesized starting from 3-phenylenediamine 1, followed by the introduction of the para-

nitrobenzylcarbamate cage moiety. Deprotection of the acid group of the carbostyril antenna 

allowed the attachment of 4 to the asymmetricallysubstituted DOTA moiety64 via amide coupling. 

Key intermediate 5 was then obtained after cleavage of the tert-butyl groups with 4M HCl in 

dioxane. This conjugate 5 was used directly to prepare the Tb(III) caged probe 6 and the uncaged 

7-aminocarbostyril 7. This circumvented the chemoselectivity issues encountered in the amide 

coupling step when unprotected 7-aminocarbostyril was used instead of para-

nitrobenzylcarbamate acid 4. The uncaging was performed using 2M NaOH at 50°C under strict 

control of short reaction times, affording 7 in 51% yield. Terbium complexation to the final 

compounds 6 and 8 was then accomplished by reaction with Terbium(III) trifluoromethane 

sulfonate in HEPES buffer. 

 

Scheme 2. Synthesis of activatable luminescent probe and respective activated probe. a) Diethyl-1,3-

acetonedicarboxylate, ZnCl2, DMSO, 100 °C, 20 h, 60%. b) 4-Nitrobenzyl chloroformate, pyridine, DMF, 0-

25 °C, 18 h, 65%. c) Lithium hydroxide, DMF/water, 25 °C, 18 h, 53%. d) EDC:HCl, HOBt, 1-(2-ethylamine)-

4,7,10-tris(tert-butoxycarbonylmethyl)-1,4,7,10-tetraazacyclotetradecane, DMF, 18 h. e) 4M HCl in 

dioxane, 50 °C, 18 h, 80% (2 steps). f) Tb(III) trifluoromethane sulfonate, HEPES buffer, 18 h, 45 %. g) 2M 

NaOH, methanol, 50 °C, 2 h, 51%. h) Tb(III) trifluoromethane sulfonate, HEPES buffer, 18 h, 42%. 
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Photophysical characterization.  

The spectroscopic absorption, excitation, and fluorescence properties of probes 6 and 8 were 

determined in Tris-HCl buffer at pH 7.4 (Figure 2a). The caged probe 6 and activated control 8 

showed absorption maxima at 330/344 and 346 nm, respectively. The excitation spectra were 

similar to their absorption spectra, confirming terbium sensitization by the antenna. Caged probe 

6 was essentially non-emissive when excited at 345 nm, while the activated probe 8 displayed 

intense lanthanide luminescence under time-resolved conditions (75 µs), which confirms the 

predicted characteristics of the DFT calculations.  

The total luminescence quantum yield of probe 8 was determined to be 1.92%, which is amongst 

the best values for turn-on luminescent probes featuring an analyte-triggered antenna 

formation.10 

In addition, the two-photon-excited emission spectra of probe 8 at different incident intensity in 

0.05 M Tris-HCl buffer (pH 7.4) were measured (Figure S1d, ESI†). As shown in Figure 2b, the  

fitted slope between integrated fluorescence  intensity and pulse intensity was 2.0, which follows 

the square-law dependent intensity at low excitation.65 
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Figure 2. a) Normalized absorption (black), excitation (monitored at 545 nm, dotted black), and time-

resolved fluorescence spectra of activated probe 8 (75 µs delay, red) and time-resolved fluorescence 

spectrum of caged probe 6 (75 µs delay, blue), each 20 µM in 0.05 M Tris-HCl buffer (pH 7.4); b) Plots of 

https://doi.org/10.26434/chemrxiv-2024-r7kh0 ORCID: https://orcid.org/0000-0002-1602-2330 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-r7kh0
https://orcid.org/0000-0002-1602-2330
https://creativecommons.org/licenses/by-nc-nd/4.0/


8 
 

integrated fluorescence intensity of two-photon-excited fluorescence emission spectra of probe 8 (50 µM) 

versus laser power. The excitation wavelength is 720 nm and the pulse width is about 140 fs. c) Time-

resolved fluorescence spectra of caged probe 6 (20 µM) upon titration with different concentrations of 

NTR (0.03125, 0.0625, 0.125, 0.25, 1.0 µg/mL) in 0.05 M Tris-HCl buffer (pH 7.4) containing 50 µM NADH 

at 37 °C for 2 h. Inset: Linear correlation between NTR concentration and emission intensity at 545 nm, 

75 µs delay, λex = 345 nm. d) Fluorescence responses of caged probe 6 (20 µM) to various species in 0.05 

M Tris-HCl buffer (pH 7.4) after 2 h incubation at 37 °C (λex = 345 nm; λem = 545 nm; delay time: 75 s): 

NTR (1 µg/mL), Cys (1 mM), DTT (1 mM), GSH (1 mM), Hcy (1 mM), Arg (1 mM), Vc (1 mM), glucose (10 

mM), NaClO (10 mM), H2O2 (10 mM), CaCl2 (2.5 mM), MgCl2 (2.5 mM), KCl (10 mM), and NaCl (10 mM); e) 

The fluorescence emission spectra and f) fluorescence intensity (λem = 545 nm) of caged probe 6 (20 µM) 

in the enzyme reaction with different concentrations of inhibitor dicoumarin were collected at the 

excitation wavelength of 345 nm. As buffer medium 0.05 M Tris-HCl (pH 7.4) including 1.0 µg/mL 

nitroreductases and 50 µM NADH was used. 

 

Probing nitroreductase.  

Next, we exposed caged probe 6 to NTR analyte to investigate its ability to detect NTR in vitro on 

a biochemical level (Figure 2c). Upon successive increases of NTR concentration (upon 1 µg/ml) 

in the presence of NADH (50 µM), the emission intensities gradually increased, achieving a 12.5-

fold signal increase with 1 µg/ml NTR (Figure 2c). Moreover, we studied the effect of temperature 

and pH on the conversion reaction of caged probe 6 in the presence of NTR (Figures S3 and S4, 

ESI†), which confirmed that physiological conditions are the optimal conditions for detection (pH 

7.4 and 37 °C). Under these optimized conditions, time-resolved luminescence titrations at 545 

nm showed that the probe response to NTR was linear in the 0.03125−1 μg/ml [NTRs] range (R2 

= 0.9923, Figure 2c). The detection limit (3σ/k) was calculated to be at 8 ng/mL NTR. σ is the 

standard deviation (S.D.) of the measured fluorescence intensities of caged probe 6 (20 μM) 

without NTR at 545 nm. k is the slope of the linear regression equation. The rate of the uncaging 

reaction of 6 to probe 8 triggered by NTR was measured and the apparent kinetic parameters Km 

and Vmax were determined to be 51.55 µM and 0.025 µM/s, respectively (see Figure S4, ESI†), 

which were comparable to previous values reported for NTR.66 

Given the analyte complexity of the intracellular environment, we next assessed the specificity 

and stability of the caged probe 6 for the precise detection of NTR activity in the presence of high 

concentrations of various common bioanalytes. This is important to exclude undesired interfering 
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background reactions induced by species such as thiols (Cys, DTT, GSH and homocysteine-HCy), 

arginine (Arg), ascorbic acid (Vc), glucose (Glu), reactive oxygen species (NaOCl, H2O2) and 

inorganic salts (CaCl2, MgCl2, KCl and NaCl) in a cellular setting. As shown in Figure 2d, incubation 

of the caged probe 6 with all these analytes evoked no response, including reductive thiols at 

high concentrations. In stark contrast, a strong luminescence signal was observed in this setting 

when caged probe 6 was incubated in the presence of NTR. This luminescent response to NTR 

could be abolished in a concentration manner by preincubation with dicoumarine67, a known NTR 

inhibitor. A concentration-dependent luminescence decrease confirmed the triggered activation 

of our probe by a specific NTR-catalyzed reduction reaction (Figures 2e and f). 

Detection of NTR in bacterial lysates  

We then investigated the ability of the caged probe 6 to detect NTR in bacterial lysates. In order 

to obtain further insight, six strains of the ESKAPE panel were selected comprising five Gram-

negative K. pneumoniae, E. faecium, A. baumannii, P. aeruginosa, and E. coli, as well as one Gram-

positive S. aureus. The bacteria (OD600 = 10) were lysed by ultrasonication in the ice bath and 

were then centrifuged at 4 °C. The supernates were incubated with or without dicoumarin 

inhibitor for 2 h and subsequently with probe 6 for another 2 h before recording the emission 

signal at 545 nm. Probe 6 was particularly strongly activated in K. pneumoniae and E. coli, while 

the activation was less pronounced in the other strains (Figures 3a and b). The different 

responses could be attributed to different NTR expression levels in combination with different 

species of the enzyme itself due to the low conservation throughout these strains, as well as 

species dependent disparities in the intracellular permeation of the caged probe 6.29 A 

pronounced reduction of the luminescent signal intensity was observed upon the addition of 

NTR-inhibitor dicoumarin to the bacterial culture before treatment with the probe, again 

confirming the specificity of the probe 6 towards intracellular NTR activation. 
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Figure 3. a) Diagram of cell lysate extraction process; b) Fluorescence intensity of caged probe 6 (20 µM) 

activated by nitroreductase in bacteria lysate of the ESKAPE panel with or without dicoumarin (100 µM) 

(OD600 = 10; λex = 345 nm; λem = 545 nm; delay time: 75 s).  

 

Bacterial imaging using two-photon excitation 

Subsequently, we investigated whether our probe was able to detect NTR in live bacteria under 

two-photon excitation (λex = 720 nm) using confocal microscopy. We observed that caged probe 

6 was able to be activated in K. pneumoniae and E. coli after apparent intracellular uptake, 

showing a strong fluorescence signal at 550 nm (Figures 4a and b). The activation of the probe 

was attenuated by the presence of the NTR-inhibitor dicoumarin, where only faint fluorescence 

was observed (Figures 4c and S7b, S8 SI†), thereby illustrating NTR-specific activation. While the 

caged probe 6 was readily taken up by bacteria, the activated probe 8 was barely able to 

permeate into bacterial cells and only a very weak fluorescence signal was observed (see Figure 

4d and Figure S6a, ESI†). Overall, these results indicate enhanced intracellular enrichment of 

activated probe 8 due to lower permeability, which further contributes to localization, signal 

amplification and contrast. 
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Figure 4. The fluorescence imaging after incubating with a) Caged probe 6 (50 M) in K. pneumoniae; b) 

Caged probe 6 (50 M) in E. coli; c) Caged probe 6 with 100 M dicoumarin in K. pneumoniae and d) 

activated probe 8 (50 M) in K. pneumoniae in 0.05 M Tris-HCl (pH 7.4) for 2 h at 37 °C (λex = 720 nm, λem 

= 550 nm, scale bar = 2 µm). 

Fluorescent imaging of hypoxic cells. NTRs are overexpressed in hypoxic cancer cells, making 

them a target for cancer detection. To investigate if our probe was suitable to be activated under 

these conditions in mammalian cells, we selected prostate cancer cells PC-3 that are susceptible 

to hypoxia.68 The hypoxic environment for the cells was induced by limiting the oxygen supply to 

1% oxygen during cell culture, which is considered mild hypoxic conditions. Subsequently, the 

PC-3 cells were incubated with caged probe 6 under normoxic and hypoxic conditions, and were 

monitored by confocal two-photon microscopy. In the case of hypoxic PC-3 cells, strong 

fluorescence was observed at 550 nm, in stark contrast to the faint fluorescence observed under 

normoxic conditions (Figures 5a, b and d). We also tested the activated probe 8 under the same 

hypoxic conditions and observed a much less pronounced fluorescence signal compared to caged 

probe 6 (Figure 5c and d).  
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Figure 5. The fluorescence imaging of prostate cancer cells PC-3 after 2 h incubating with a) Caged probe 

6 (50 M) in a hypoxia environment (5% CO2, 1% O2);  b) Caged probe 6 (50 M) in a normal environment 

(5% CO2); and c) Activated probe 8 (50 M) in a hypoxia environment (5% CO2, 1% O2) ( λex = 720 nm, λem 

= 550 nm, scale bar =10 µm); d) Calculated mean fluorescence intensity of fluorescence imaging of by 

ImageJ. 

 

Conclusion 

In summary, we have developed the first versatile and robust enzyme activatable two-photon 

excitable lanthanoid-based fluorescent probe for the selective detection of nitroreductases. 

Construction of a new and simple caged carbostyril-based enzyme responsive antenna moiety 

permitted access to an essentially non-sensitizing antenna precursor, which, upon release, is 

suitable for two-photon excitation. We demonstrated that our probe is able to selectively sense 

NTR in lysates and in live bacteria. Using confocal fluorescence microscopy under two-photon 

excitation, we observed efficient intracellular uptake and activation in bacteria of the highly 

clinically relevant multi-resistant pathogens ESKAPE family, which are responsible for the 

majority of hospital infections. Moreover, the probe allowed detection of prostate cancer cells 

by two-photon fluorescence imaging, even in a mild hypoxic environment. These results show for 
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the first time how the enzyme activatable lanthanoid-based fluorescent probe can be applied in 

live bacteria and cancer cell detection, and may pave the way for novel diagnostic modalities in 

medical applications.  
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