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A B S T R A C T

Selective recognition of biomolecules is of paramount importance in medicine, biotechnology, and cellular 
biology. Adenosine triphosphate (ATP), the universal energy currency of living systems, represents a valuable 
analytical target in sensing technology. However, discriminating ATP from its closely related analogues (ADP, 
AMP) remains a challenge. Herein, we report the synthesis of two arene ruthenium metalla-rectangles incor
porating urea-based units. These water-stable assemblies are obtained from the dinuclear complex [Ru2(p- 
cymene)2{bis(2-hydroxyethyl)oxamidate}Cl2] and the bipyridyl connectors 1,1′-(1,4-phenylene)bis{3-(pyridin- 
4-yl)urea} (PPU) and 1,1′-(naphthalene-1,5-diyl)bis{3-(pyridin-4-yl)urea} (NPU) in the presence of silver triflate. 
Both metalla-rectangles are isolated as triflate salts, with the formula [Ru4(p-cymene)4{bis(2-hydroxyethyl) 
oxamidate}2(PPU)2](CF3SO3)4 (MRPPU) and [Ru4(p-cymene)4{bis(2-hydroxyethyl)ethanediamide}2(NPU)2] 
(CF3SO3)4 (MRNPU), respectively. Both metalla-rectangles can interact with fluorescein (FLU) to form weakly- 
fluorescent host-guest systems, resulting in discrete fluorescent indicator displacement assays (FIDA). The 
MRPPU rectangle shows in buffered aqueous solution a selective ATP recognition over purine nucleotides, as 
opposed to MRNPU, with an affinity of 2.4 × 104 M-1 and a detection limit of 22.0 μM. The dissimilar response of 
these two metalla-rectangles is rationalized from their molecular design, suggesting distinct binding interactions 
with ATP.

1. Introduction

Adenosine triphosphate (ATP) is an important nucleotide and the 
main energy carrier in living organisms [1,2]. It participates directly in 
vital physiological processes, including energy transfer [3], macromo
lecular synthesis (proteins, DNA, RNA) [4], active transport of ions in 
cells, cell division, muscle contraction, enzymatic activation, signal 
transduction, glycolysis and Krebs cycle [5–7]. Elevated or insufficient 
ATP levels in cells can result in the development of many diseases such 
as Parkinson, aggressive tumors, cancer, neurodegenerative diseases, 
ischemia and cardiovascular diseases [8–12]. Thus, the detection of the 
content and dynamic fluctuations of ATP in biological samples is of great 
importance in the regulation of the ATP level and the treatment of 
ATP-related diseases [8–12]. To date, ATP can be recognized using 
different techniques, including mass spectrometry (MS), 
high-performance liquid chromatography (HPLC), electrochemical 
study, bioluminescence analysis and ion chromatography [13–16]. 
However, these analytical methods suffer from limited sensitivity, so as 

an alternative, fluorescent-based probes and sensors can, not only in
crease sensitivity, but also offer simplicity, rapidity, low-cost fabrica
tion, real-time detection and dynamic imaging [17,18].

Selectivity, water solubility, high affinity and appropriate detection 
range (1–10 mM) are the main factors to keep in mind when designing 
ATP sensors. ATP is composed of a ribose, an adenine base and 
triphosphate, each part offering sites for interactions. Coordination 
bonds, π–π stacking, electrostatic interactions, and hydrogen bonds, are 
all possible interactions between ATP and sensors. The adenine can 
undergo π–π stacking with planar moieties, ribose can interact with 
boronic acid via covalent bonding, the negatively charged phosphate 
provides electrostatic interactions with positively charged moieties, 
while complexation with metal and hydrogen bonding with urea groups 
can also take place. This binding diversity enhances the recognition 
probability and selectivity of well-designed receptor towards ATP. Based 
on these interactions, different types of ATP sensors have been devel
oped, among them: chemosensors using metal ion complexes [19–22], 
sensors based on boronic acid [23,24], sensors based on urea derivatives 
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[25], sensors bearing pyrenyl groups to form excimers [26,27], sensors 
bearing polythiophene [28], sensors containing biomolecules [29], 
organic small molecules [30–32], covalent organic cages [33], organic 
macrocycles [34,35], metalla-macrocycles [36], metal-organic frame
works [37], metalla-cages [38,39] and aptamer-Au nano-particles 
sensing systems [40]. According to the structural design of sensors, 
different mechanisms are involved in the sensing mechanism of ATP, 
namely: quenching/recovery of fluorescence, FRET-based displacement 
(Förster resonance energy transfer), ICT-based sensing (intramolecular 
charge transfer), PET (photoinduced electron transfer), ESIPT (exci
ted-state intramolecular proton transfer), excimer/exciplex switching, 
allosteric switching, RDA (receptor displacement assay), IDA (indicator 
displacement assay) and host-guest interactions in supramolecular 
chemistry [41–44]. Nevertheless, high structural similarity exists be
tween ATP and other nucleotides like AMP (adenosine monophosphate), 
ADP (adenosine diphosphate), GMP (guanosine monophosphate), GDP 
(guanosine diphosphate), GTP (guanosine triphosphate), etc., which 
prevent a selective recognition of ATP in biological media. Different 
sensing array strategies have been developed to target analyte 
discrimination in sensing, including, colorimetric sensing arrays, met
al–ligand sensor arrays, polymeric microarray chips, peptide- or 
DNA-based arrays, nanoparticle-based colorimetric arrays [45–49]. 
Such platforms are usually associated to machine learning techniques, 
such as principal component analysis (PCA) [50,51], linear discriminant 
analysis (LDA) [50,52] and hierarchical cluster analysis (HCA) [53], to 
interpret complexed responsive patterns. Despite the power of these 
combinatorial methods [54–60], distinguishing ATP from other nucle
otides remains challenging.

Herein, we report the synthesis and characterization of two arene- 
ruthenium metalla-assemblies incorporating phenyl or naphthyl urea- 
based linkers. These metalla-rectangles interact with fluorescein (FLU) 
to form two host-guest systems, which significantly reduce the natural 
fluorescence of FLU. Then, the recognition of phosphorylated molecules 
was studied in aqueous media, exploiting fluorescent indicator 
displacement assay (FIDA) mechanisms. The phenyl derivative 
(MRPPU) acts as a powerful sensor with multiple interactions for good 
selectivity of ATP over phosphorylated molecules, whereas the naphthyl 
analogue (MRNPU) is a non-specific but versatile multiple nucleotide’s 

sensor. Our results compare favorably with those obtained from other 
metal-based assemblies previously used as ATP sensors.

2. Results and discussions

2.1. Synthesis and characterization of the metalla-rectangles

As illustrated in Scheme 1, metalla-rectangles MRPPU and MRNPU 
are synthesized in two steps from [Ru2(p-cymene)2{bis(2-hydroxyethyl) 
oxamidate}Cl2] and the bipyridyl connectors 1,1′-(1,4-phenylene)bis{3- 
(pyridin-4-yl)urea} (PPU) and 1,1′-(naphthalene-1,5-diyl)bis{3-(pyr
idin-4-yl)urea} (NPU) in the presence of silver triflate (see also Schemes 
S1–S3). The successful formation of the metalla-rectangles is confirmed 
by 1H, 13C{1H} and DOSY NMR spectroscopy, and ESI-MS spectrometry 
(Figures S1–S11). Despite the stereogenic nature of the Ru centers, the 
¹H NMR spectra of MRPPU (Figure S4) and MRNPU (Figure S8) exhibit 
expected and well-defined signals, consistent with the anticipated co
ordination environment. Diffusion-ordered NMR spectroscopy (DOSY) 
shows the presence of discrete species, characterized by single diffusion 
coefficients in deuterated methanol (Figures S6 and S10). Electrospray 
ionization mass (ESI-MS) spectra showed multiples peaks consistent 
with the formation of the metalla-rectangles MRPPU (m/z = 497.1 
[MRPPU - 4CF3SO3

- ]4+, 712.1 [MRPPU - 3CF3SO3
- ]3+, 1142.8 [MRPPU - 

2CF3SO3
- ]2+; Figure S7) and MRNPU (m/z = 522.2 [MRNPU - 

4CF3SO3
- ]4+, 745.8 [MRNPU - 3CF3SO3

- ]3+, 1193.1 [MRNPU - 
2CF3SO3

- ]2+; Figure S11).
In terms of solubility, MRPPU and MRNPU exhibit high solubility in 

hydrogen-bond donating or accepting solvents, including methanol, 
ethanol, acetone. In water, MRPPU and MRNPU show solubility at low 
μM concentrations, which make them suitable for sensing biomolecules 
in aqueous media. The water solubility is associated to the different 
building blocks used to prepare the metalla-rectangles and the tetraca
tionic nature of the metalla-assemblies. Despite being prone to form 
hydrogen-bonds with solvent, the diaryl urea units parallel to each other 
can instead favor intramolecular hydrogen-bonds, where two adjacent 
N–H groups from one linker interact with the carbonyl groups of the 
parallel linker. This self-association phenomenon can potentially reduce 
the availability of binding sites to analytes [61]. However, by inserting 

Scheme 1. Schematic illustration for the synthesis of metalla-rectangles MRPPU and MRNPU.
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the diaryl urea units in a discrete supramolecular structure the 
self-association is somehow limited [62], thus keeping intermolecular 
binding capacity for guest molecules.

2.2. Fluorescein binding with metalla-rectangles

Fluorescein (FLU) is a commercial dye largely used in supramolec
ular chemistry for host–guest monitoring purposes due to strong emis
sion, good solubility in aqueous media, and well-defined photophysical 
properties [63–65]. Fluorescein has a compact and planar structure with 
hydrophilic and hydrophobic characters, being a suitable guest for 
metalla-assemblies [66]. At physiological pH, FLU is mainly under its 
dianionic form FLU2-, increasing its hydrophilic character [67]. The 
level of fluorescence quenching is impacted by the complementarity size 
of the host-guest system and the nature of the interactions involved. 
MRPPU and MRNPU provide multiple binding sites from the urea groups 
on the linkers to the hydroxyl groups on the clips, all having the possi
bility to interact with FLU2-, as well as the aromatic rings through π-π 
stacking interactions (Fig. 1a). In addition, the ideal size complemen
tarity between metalla-rectangles and FLU2- can also allow in-core 
encapsulation [75]. Therefore, inside the cavity or peripheral in
teractions can both result in FLU2- ‒ metalla-rectangle host-guest sys
tems (Fig. 1b), which can overall modify the fluorescence intensity of 
fluorescein.

Multiple titrations experiments were performed to estimate the 
binding constant and stoichiometry between the metalla-rectangles and 
FLU2- (Fig. 2, and SI). Gradual addition of MRPPU and MRNPU (0–75 
µM) to a solution of FLU (12.5 µM) in HEPES buffer pH 8 resulted in a 
rapid decrease in the fluorescence intensity (Fig. 2a and 2b). Total 

quenching of the fluorescence was achieved with 1.5 equiv. of MRPPU 
(99.9 %), whereas 2.5 equiv. of MRNPU were needed to produce a 
similar effect (98.4 %). These initial fluorescence titrations provide 
binding constants of 7.6 ± 2.0 × 105 M-1 between FLU2- and MRPPU 
(Fig. 2a) and 1.6 ± 0.6 × 105 M-1 for FLU2- and MRNPU (Fig. 2b). The 
titrations were performed under conditions where MRRPU and MRNPU 
are in excess, thus favoring 1:1 systems [66]. Therefore, reversed titra
tions involving an excess of FLU were also performed. The titration of 
MRPPU (12.5 µM) and MRNPU (12.5 µM) with an increasing concen
tration of FLU (0–25 µM) in HEPES buffer pH 8 shows a bilinear fitting 
with an inflexion point at respectively 12.5 µM for MRPPU (Fig. 2c) and 
15 µM for MRNPU (Fig. 2d). These results confirm that FLU2- binds to 
MRPPU in a 1:1 stoichiometry, while for MRNPU, a different stoichi
ometry takes place, thus requiring a more in-depth analysis.

Job plots were conducted in HEPES buffer pH 8, by combining 
different mole fractions of FLU and metalla-rectangles, thus revealing 
that FLU2- binds to MRPPU in a 1:1 ratio (Fig. 2e) and MRNPU in a 2:1 
ratio (Fig. 2f). To further strengthen the estimated stoichiometry and 
better understand the FLU2-⋅MR interactions, various 1H and DOSY NMR 
experiments were carried out at 25 ◦C in MeOD (Figures S12–S13). In 
the presence of FLU, significant variations of the chemical shift, peak’s 
shape and multiplicity were observed for several signals (Figures S12a 
and S13a). Interestingly, the 1H NMR signals of FLU around 6.5 ppm and 
7.7 ppm are attenuated with MRPPU, while they remain fully visible 
with MRNPU, suggesting different binding dynamics. Indeed, a DOSY 
NMR experiment of FLU and MRPPU exhibits a single diffusion coeffi
cient (Figure S12b), indicating a FLU⸦MRPPU host-guest system. In 
contrast, the DOSY of FLU and MRNPU reveals two distinct diffusion 
coefficients (Figure S13b), indicating that FLU interacts weakly with 

Fig. 1. (a) Schematic representation of possible interactions between the metalla-rectangles (MR) and the dianionic form of fluorescein (FLU2-); (b) inside and 
outside the cavity of MR.
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MRNPU in deuterated methanol.

2.3. Sensing of phosphorylated molecules

Having demonstrated the ability of FLU2- to interact with MRPPU 
and MRNPU with significant fluorescence quenching, the two host-guest 
systems were used as fluorescent indicator displacement assays for the 
detection of phosphorylated molecules [68]. Since the skeleton of 
MRPPU and MRNPU contains urea groups, it can be assumed that 
phosphorylated biomolecules will be able to interact with the 
metalla-rectangles and potentially displace FLU2- in both systems 
(Scheme 2). Three types of phosphorylated molecules were selected, 
phosphorylated nucleosides, phosphorylated sugars and phosphorylated 
anions (Fig. 3).

Analyte screening was performed to evaluate the sensing ability and 
selectivity of FLU2-⸦MRPPU and FLU2-•MRNPU towards phosphory
lated molecules. All experiments were conducted at 25◦C in HEPES 
buffer pH 8, by mixing FLU and MRPPU or MRNPU in a 1:1 ratio (12.5 
μM), leading to a decrease in the fluorescence signal (45 % with MRPPU 
and 55 % with MRNPU). Subsequently, each individual analyte was 
added in excess (40 equiv.), and the fluorescence measured 10 minutes 

later (Fig. 4). Both sensing systems FLU2-⸦MRPPU and FLU2-•MRNPU 
show no fluorescence recovery upon addition of phosphorylated sugars, 
as well as with adenine (a) and guanine (b) (Fig. 4). However, for other 
phosphorylated molecules the responses differ with the sensor.

Indeed, with pyrimidines (c-e), phosphorylated purines (1a-3b), 
phosphorylated pyrimidines (3c-e) and phosphorylated anions (7–9), 
the FLU2-•MRNPU system shows almost full recovery of the fluorescence 
(Fig. 4), while with FLU2-⸦MRPPU only pyrimidines (c-e), adenosine 
trisphosphate (3a), pyrimidine-triphosphates (3c-e) and triphosphate 
(9) show partial fluorescence recovery. In particular, the fluorescence 
recovery is stronger for uracil (d) and thymine (e) than for cytosine (c), 
and among purines, only adenosine triphosphate (ATP) has positive 
fluorescence recovery (44%). These results show a degree of selectivity 
in FLU2-⸦MRPPU for triphosphate derivatives, while FLU2-•MRNPU is a 
non-specific phosphorylated molecules sensor.

According to the literature, it is difficult to discriminate between 
nucleotides due to the great similarity between structures [69,70]. Some 
systems show selective recognition of nucleotides by controlling the 
structure of the sensor to detect either a determined number of phos
phate units (mono-, di-, tri-) [71,72], the type of nucleobase [73], or 
both, specific number of phosphates and specific nucleobase 

Fig. 2. Spectroscopic titrations (λex = 498 nm, λem = 515 nm) in HEPES buffer pH 8 of: (a) FLU (12.5 μM) with MRPPU (0–75 μM); (b) FLU (12.5 μM) with MRNPU 
(0–75 μM); (c) MRPPU (12.5 μM) with FLU (0–25 μM); (d) MRNPU (12.5 μM) with FLU (0–25 μM). Job plots in HEPES buffer pH 8 based on fluorescence quenching 
(λex = 498 nm, λem = 515 nm) of a mixture containing different molar ratios of MR and FLU keeping total concentration constant at 12.5 μM of: (e) FLU + MRPPU; (f) 
FLU + MRNPU.
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components [69,70,74]. In the case of FLU2-⸦MRPPU, the detection of 
phosphorylated molecules seems to mainly rely on triphosphate, with 
however an interesting variation in the intensity of the fluorescence 
recovery linked to the nucleoside involved. Therefore, this particular 
behavior associated with triphosphate and nucleoside, can be exploited 
for selective recognition.

2.4. Binding constants and mechanisms

To better understand the binding interaction, affinity and selectivity 
between the two systems and analytes, titration experiments were per
formed in HEPES buffer pH 8, by monitoring the fluorescence upon 
increasing concentration of analytes (see experimental section). The 
titration profiles obtained with FLU2-⸦MRPPU and FLU2-•MRNPU show 

different characteristics: For FLU2-•MRNPU (Figs. 5 and S14), all ana
lytes show hyperbolic titration curves, thus suggesting a typical 
displacement assay, while for FLU2-⸦MRPPU, mixed responses are 
observed (Fig. 6), consistent with either an allosteric and/or a 
displacement assay. In FLU2-•MRNPU (Figure S14), all responses are 
similar. The analyte rapidly displaces FLU2- from MRNPU, with a sharp 
increase in fluorescence at the beginning of the titration, reflecting the 
high affinity of MRNPU to phosphorylated molecules. Only three to four 
equiv. of analyte are needed to reach the equilibrium and regain full 
fluorescence. These titrations exhibit binding affinity in the range of 105 

M− 1, following the order: (ATP, GTP) > (AMP, ADP, GMP, GDP) >
(mono-, di-, tri-phosphate) (Table 1). These results confirm that K2 >>

K1 (Ka(MRNPU) = 1.6 × 105 M-1) (Scheme 2, Fig. 2) for all analytes, 
meaning that the equilibrium is strongly shifted towards the formation 

Scheme 2. Schematic representation of the fluorescent indicator displacement assay (FIDA) for phosphorylated molecules involving MRPPU (top) and 
MRNPU (bottom).

Fig. 3. Chemical structures of phosphorylated nucleosides (categorized by their a–e bases), phosphorylated sugars and phosphorylated anions.

A. Maatouk et al.                                                                                                                                                                                                                               Journal of Organometallic Chemistry 1048 (2026) 124029 

5 



of analyte•MRNPU complexes.
In contrast, FLU2-⸦MRPPU presents distinct responses with analytes 

(Fig. 6). ATP showed a clear displacement assay (Fig. 6a), whereas 
triphosphate demonstrated an allosteric recognition process resulting in 
a sigmoidal titration curve (Fig. 6b). The displacement of FLU2- by ATP 
reaches the equilibrium after addition of 25 equiv., which is late by 
comparison with FLU2-•MRNPU, suggesting that FLU2- is not easily 
displaced from MRPPU due to its encapsulation inside the metalla- 
rectangle. The affinity of MRPPU for ATP was calculated following a 
1:1 binding model and was determined to be 2.4 ± 0.5 × 104 M-1. The 
value is not significantly higher than that of MRPPU (Ka(MRPPU) = 7.6 ±
2.0 × 105 M-1, Fig. 2), suggesting an incomplete displacement of FLU2- 

by ATP, which can explain the partial recovery of fluorescence. 
Regarding the allosteric recognition of triphosphate, no full recovery of 
fluorescence was observed, even after reaching a plateau. This is normal 
for an allosteric mechanism [75], where the triphosphate is not kicking 
out FLU2- from the cavity, despite strong interactions with MRPPU, only 
disrupting the fluorescence intensity of the FLU2-⸦MRPPU system. The 
affinity of MRPPU for triphosphate was calculated following a cooper
ative binding model and was determined to be 2.3 ± 0.1 × 103 M-1, 
which is significantly lower than Ka(MRPPU) (K1 > K2; Scheme 2).

A further evaluation of the two systems was performed using the 
linear range response and the limit of detection (LOD). Regarding the 
FLU2-⸦MRPPU system, a good linear correlation (R² > 0.99) was 
observed over the concentration range of 100 ‒ 300 µM for ATP, 
370–500 µM for triphosphate, 100–250 µM for thymine, 50–200 µM for 
UTP and 50–250 µM for TTP (Table S1, Figure S16a). The limit of 
detection was estimated to be 22.0 µM for ATP and 251.4 µM for 
triphosphate and <100 µM for the other analytes (CTP, UTP, TTP, 
cytosine, uracil, thymine) (Table S1, Figure S17a). These results confirm 
a moderate discriminative ability of the FLU2-⸦MRPPU sensing system 
and high sensitivity in the low micromolar range for ATP. Similarly, 
FLU2-•MRNPU sensing system show a good linear correlation for the 
vast majority of analytes (R² > 0.99), while the linear range was not 
determined for AMP, ATP, diphosphate, triphosphate, CTP and TTP due 
to the poor correlation R2 < 0.98 (Table S2, Figure S16b). A comparable 
limit of detection for all tested analytes was observed, indicating that the 
FLU2-•MRNPU system lacks the ability to discriminate between analytes 
even at low concentration (Table S2, Figure S17b).

2.5. Comparison of metalla-cage sensors for ATP

The use of metal-based assemblies as ATP sensors remains under
developed. However, some reports in the literature have shown prom
ising results. Compared to the metalla-helical triangles (MC1, MC2) 
built from cobalt(II) [38] and the platinum-based hexagonal 

Fig. 4. Heat map of the average fluorescence intensities, FLU alone being fixed at 1 (white), upon addition of 40 equiv. of analytes in HEPES buffer pH 8: (left) 
FLU2-⸦MRPPU (12.5 μM); (right) FLU2-•MRNPU (12.5 μM). Darker areas indicate lower intensities (fluorescence quenching) and lighter areas higher fluorescence 
intensities (fluorescence recovery).

Fig. 5. Spectroscopic titrations (λex = 498 nm, λem = 515 nm) of ATP in the 
presence of FLU2-•MRNPU (12.5 μM) in HEPES buffer pH 8.
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metalla-prism (4c) [39] (Fig. 7), our metalla-sensor FLU2-⸦MRPPU 
demonstrates several key advantages (Table 2). It exhibits a high affinity 
for ATP in water, with a binding constant in the range of 104 M− 1, with a 
detection limit of 22.0 μM and a wide linear range (100 ‒ 300 μM). On 
the other hand, the metalla-based systems MC1, MC2 and 4c require 
organic co-solvents or operate in non-aqueous conditions. In addition, 
the synthesis of our sensing system is straightforward, and the 
FLU2-⸦MRPPU adduct is stable in aqueous media, thus being ideal for 
biological applications.

3. Conclusion

We have successfully synthesized and characterized two water- 
soluble urea-based arene ruthenium metalla-rectangles for the recog
nition of phosphorylated molecules. The MRPPU and MRNPU metalla- 
rectangles have shown a great ability to interact with fluorescein 
(FLU), showing however different mode of interactions between the dye 
and the metalla-rectangles. Interestingly, at pH 8, FLU2-⋅MRNPU only 
acts as a fluorescent indicator displacement assay (FIDA) with specific 
analytes, while FLU2-⸦MRPPU shows both, allosteric and FIDA re
sponses. This different behavior allows the FLU2-⸦MRPPU system to 
show a degree of selectivity for ATP, thus highlighting the versatility of 
arene ruthenium metalla-assemblies in sensing.

Fig. 6. Spectroscopic titrations (λex = 498 nm, λem = 515 nm) of ATP (a) and triphosphate (b) in the presence of FLU2-⸦MRPPU (12.5 μM) in HEPES buffer pH 8.

Table 1 
Association constants (Ka) of FLU2-⸦MRPPU and FLU2-⋅MRNPU for the phos
phorylated molecules. Ka values were determined from the data of fluorescence 
titrations and estimated using nonlinear regression fitting with GraphPad Prism 
[76]. Measurements were performed using 12.5 µM solutions of FLU2-⸦MRPPU 
or FLU2-⋅MRNPU in HEPES buffer pH 8.

phosphorylated 
molecule

Ka [M-1] with 
FLU2-⸦MRPPU

Ka [M-1] with 
FLU2-⋅MRNPU

cytosine [c] 5.3 ± 1.6 × 104 2.6 ± 0.4 × 105

uracil [d] 2.4 ± 0.8 × 104 3.9 ± 0.6 × 105

thymine [e] 5.4 ± 1.1 × 104 2.6 ± 0.3 × 105

AMP [1a] n.d 6.3 ± 0.9 × 105

ADP [2a] n.d 6.0 ± 0.9 × 105

ATP [3a] 2.4 ± 0.5 × 104 1.3 ± 0.2 × 106

GMP [1b] n.d 5.7 ± 0.7 × 105

GDP [2b] n.d 5.3 ± 0.5 × 105

GTP [3b] n.d 9.4 ± 1.3 × 105

CTP [3c] 5.5 ± 1.6 × 104 5.5 ± 0.8 × 105

UTP [3d] 1.8 ± 0.5 × 104 5.7 ± 1.0 × 105

TTP [3e] 7.4 ± 2.2 × 103 3.9 ± 0.5 × 105

phosphate 7 n.d 1.2 ± 0.3 × 105

diphosphate 8 n.d 2.8 ± 0.5 × 105

triphosphate 9 2.3 ± 0.1 × 103 4.1 ± 0.6 × 105

Fig. 7. Molecular structures of the cobalt-based metalla-helical triangle MC1 [38] and the platinum-based metalla-prism 4c [39].
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4. Experimental part

4.1. Materials and reagents

All reagents and chemicals were obtained from Sigma Aldrich or 
Chemie Brunschwig AG® (Basel, Switzerland) and used without further 
purification. All analytes were purchased from Sigma Aldrich, including: 
fluorescein (free acid), adenine, guanine, cytosine, uracil, thymine, tri
sodium phosphate, tetrasodium diphosphate, pentabasic sodium 
triphosphate, D-ribose 5-phosphate disodium, D-fructose 6-phosphate 
disodium, D-glucose 1-phosphate disodium, adenosine 5′-mono
phosphate disodium, adenosine 5′-diphosphate trisodium, adenosine 5′- 
triphosphate tetrasodium, guanosine 5′-monophosphate disodium, 
guanosine 5′-diphosphate trisodium, guanosine 5′-triphosphate tetraso
dium, cytidine 5′-triphosphate tetrasodium, uridine 5′-triphosphate tet
rasodium, thymidine 5′-triphosphate tetrasodium. The dinuclear arene 
ruthenium metalla-clip [Ru₂(p-cymene)₂{N,N′-bis(2-hydroxyethyl)oxa
midate}Cl₂] [77] and the ligand 1,1′-(1,4-phenylene)bis(3-(pyridin-4-yl) 
urea) (PPU) [62] were synthesized following previously reported 
procedures.

4.2. Instrumentation

The 1H, 13C{1H} and DOSY NMR spectra were recorded on a Bruker 
Avance II 600 MHz at 23◦C in MeOD and DMSO-d6 and referenced 
relative to residual solvents, at 3.3 and 2.5 ppm respectively. Multi
plicities are reported in Hz as: s = singlet, d = doublet, t = triplet, q =
quartet and m = multiplet. Electrospray ionization mass spectra were 
obtained in positive ion mode on an LTQ Orbitrap Elite instrument at the 
ISIC Mass Spectrometry Service (SSMI) in Lausanne (Switzerland). 
Fluorescence measurements were carried out in black NUNC® 96 well 
plates using a VICTOR® Nivo™ multimode plate reader.

4.3. Synthesis and characterization

Synthesis of 1,1′-(naphthalene-1,5-diyl)bis(3-(pyridin-4-yl)urea) 
(NPU) (Scheme S1)

A solution of 1,5-diisocyanatonaphthalene (0.3 g, 1.4 mmol) in 
anhydrous THF (12 mL) was added dropwise to a solution of 4-amino
pyridine (0.3 g, 3.1 mmol) in anhydrous THF (7 mL) under a nitrogen 
atmosphere. The mixture was stirred overnight at rt. The precipitate was 
collected by filtration, washed with THF and H2O to afford pure NPU 
with a yield of 71.4% (0.4 g, 1 mmol). Chemical formula: C22H18N6O2. 
MW = 398.2 g⋅mol-1.

1H NMR (600 MHz, DMSO-d6) δ 9.5 (s, 2H, NH), 8.9 (s, 2H, NH), 8.4 
(m, 4H, CHpyridyl), 8.0 (dd, J = 7.5, 0.9 Hz, 2H, CHnaphtyl), 7.9 (d, J = 8.6 

Hz, 2H, CHnaphtyl), 7.6 (dd, J = 8.5, 7.5 Hz, 2H, CHnaphtyl), 7.5 (m, 4H, 
CHpyridyl). 13C{1H} NMR (151 MHz, DMSO-d6) δ 152.6 (Cpyridyl), 150.2 
(NH-(C=O)-NH), 146.5 (Cnaphtyl), 134.2 (Cnaphtyl), 127.1 (Cnaphtyl), 
125.7 (Cnaphtyl), 118.5 (Cnaphtyl), 117.2 (Cpyridyl), 112.3 (Cnaphtyl). 
ESI− MS: m/z = 399.1 [M - H]+.

Synthesis and characterization of the metalla-assembly MRPPU 
(Scheme S2):

A mixture of [Ru₂(p-cymene)₂{N,N′-bis(2-hydroxyethyl)oxamidate} 
Cl₂] (50 mg, 69.8 μmol) and AgCF3SO3 (35.7 mg, 139.7 μmol) in 
anhydrous MeOH (5 mL) was stirred at rt for 2 h. The resulting sus
pension was then filtered to remove the precipitated AgCl. Subse
quently, a solution of 1,1′-(1,4-phenylene)bis(3-(pyridin-4-yl)urea) 
(PPU) (24.3 mg, 69.8 μmol) in a 55 mL solvent mixture of MeOH/ 
Me2CO/H2O (5:2:1, v/v/v) was added to the filtrate. The reaction 
mixture was heated to 80◦C and stirred for 48 h. After completion, the 
solvent was removed under reduced pressure, and the crude product was 
dissolved in MeOH (2 mL). Slow addition of Et2O induced precipitation 
of the target complex as a bright brown-green solid, 98% yield (88 mg, 
34.1 μmol). Chemical formula: C92H108F12N16O24Ru4S4. MW = 2584.3 
g⋅mol-1.

1H NMR (600 MHz, MeOD) δ 7.8 (t, 8H, CHpyridyl), 7.3 (d, J = 5.7 Hz, 
8H, CHphenyl), 7.0 (d, J = 2.8 Hz, 8H, CHpyridyl), 6.0 (d, J = 6.0 Hz, 4H, 
CHp-cym), 5.8 (d, J = 6.0 Hz, 4H, CHp-cym), 5.4–5.3 (m, 8H, CHp-cym), 
4.1–3.8 (m, 16H, CH2), 2.8–2.7 (m, 4H, CH(CH3)2), 1.7 (s, 12H, CH3), 
1.3 (d, J = 6.9 Hz, 12H, CH(CH3)2), 1.2 (d, J = 6.9 Hz, 12H, CH(CH3)2). 
13C{1H} NMR (151 MHz, MeOD) δ 172.7 (N-C=O), 154.0 (Cpyridyl), 
152.7 (NH-(C=O)-NH), 150.4 (Cpyridyl), 134.8 (Cphenyl), 120.0 (Cphenyl), 
119.9 (Cphenyl), 114.7 (Cphenyl), 104.5 (Cpyridyl), 99.0 (Cp-cym), 86.8 (CHp- 

cym), 85.2 (CHp-cym), 84 (CHp-cym), 80.6 (CHp-cym), 61.8 (CH2- CH2), 55.8 
(CH2-CH2), 32.4 (CH(CH3)2), 23.1 (CH(CH3)2), 22.2 (CH(CH3)2), 17.9 
(CH3). ESI-MS: m/z = 497.1 [MRPPU - 4CF3SO3

- ]4+, 712.1 [MRPPU - 
3CF3SO3

- ]3+, 1142.8 [MRPPU - 2CF3SO3
- ]2+.

Synthesis and characterization of metalla-assembly MRNPU:
A mixture of [Ru₂(p-cymene)₂{N,N′-bis(2-hydroxyethyl)oxamidate} 

Cl₂] (55 mg, 76.9 μmol) and AgCF3SO3 (39.5 mg, 153.8 μmol) in 
anhydrous MeOH (8 mL) was stirred at rt for 2 h. The resulting sus
pension was then filtered to remove the precipitated AgCl. Subse
quently, a solution of 1,1′-(naphthalene-1,5-diyl)bis(3-(pyridin-4-yl) 
urea) (NPU) (30.6 mg, 76.9 μmol) in a 60 mL solvent mixture of MeOH/ 
Me2CO/H2O (5:2:1, v/v/v) was added to the filtrate. The reaction 
mixture was heated to 80◦C and stirred for 48 h. After completion, the 
solvent was removed under reduced pressure, and the crude product was 
dissolved in CHCl3 (2 mL). Slow addition of Et2O induced precipitation 
of the target complex as a bright green solid, 86% yield (89 mg, 33.2 
μmol). Chemical formula: C100H112F12N16O24Ru4S4. MW = 2684.3 
g⋅mol-1.

Table 2 
ATP sensing from metalla-cage systems reported in the literature and from this work, including the type of interactions, method used, mechanism of sensing, solvent 
used, selectivity, Ka [M-1], linear range [µM], and LOD [µM] for ATP.

sensing 
system

metalla-cage/ metal 
center/ active 
group in sensing

interaction method 
used

mechanism solvent selectivity Ka [M-1] linear range [µM] LOD [µM]

MC1 [39] metalla-helical 
triangle/Co(II)

electrostatic UV-vis Werner-type 
encapsulation (host- 
guest system)

8:2 DMF/ 
H2O

ATP (over 
nucleotides)

355 n.d n.d

MC2 [39] metalla-helical 
triangle/Co(II) 
sulfonamide

H-bonds UV-vis Werner-type 
encapsulation (host- 
guest system)

8:2 DMF/ 
H2O

ATP (over 
nucleotides)

7200 n.d n.d

4c [38] hexagonal 
metalla-prism/Pt 
(II)

electrostatic fluorescence photoinduced 
electron transfer 
(PET)

1:1 ACN/ 
H2O

ATP, ADP (over 
ATP, ADP, 
AMP)

n.d 0–100 1.16

​ ​ ​ ​ ​ ​ ​ ​ ​ ​
FLU2-⸦ 

MRPPU
metalla-rectangle/ 
Ru(II) 
urea

H-bonds fluorescence fluorescence 
indicator 
displacement assay 
(FIDA)

H2O/ 
HEPES 
buffer pH 
8

ATP 
(over purines)

24000 100–300 22.0
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1H NMR (600 MHz, MeOD) δ 8.2 (dd, J = 19.9, 7.4 Hz, 4H, CHpyridyl), 
7.9 (dd, J = 15.8, 6.5 Hz, 8H, CH(naphtyl +pyridyl)), 7.5 (s, 8H, CHnaphtyl), 
7.2–7.0 (m, 8H, CHpyridyl), 6.0 (m, 4H, CHp-cym), 5.9 (m, 4H, CHp-cym), 
5.5–5.4 (m, 8H, CHp-cym), 4.1 (m, 8H, CH2), 4.0 (m, 4H, CH2), 3.9–3.8 
(m, 4H, CH2), 2.8 (m, 4H, CH(CH3)2), 1.7 (d, J = 2.5 Hz, 12H, CH3), 1.3 
(dd, J = 6.9, 1.0 Hz, 12H, CH(CH3)2), 1.2 (dd, J = 6.9, 1.6 Hz, 12H, CH 
(CH3)2). 13C{1H} NMR (151 MHz, MeOD) δ 171.4 (N-C=O), 152.8 
(Cpyridyl), 151.9 (NH-(C=O)-NH), 148.9 (Cnaphtyl), 133.1 (Cnaphtyl), 125.1 
(Cnaphtyl), 113.3 (Cpyridyl), 103.2 (Cnaphtyl), 97.5 (Cp-cym), 85.7(CHp-cym), 
83.8 (CHp-cym), 82.7 (CHp-cym), 79.4 (CHp-cym), 60.5 (CH2- CH2), 54.5 
(CH2-CH2), 31.0 (CH(CH3)2), 21.7 (CH(CH3)2), 20.8 (CH(CH3)2), 16.5 
(CH3). ESI-MS: m/z = 522.2 [MRNPU - 4CF3SO3

- ]4+, 745.8 [MRPPU - 
3CF3SO3

- ]3+, 1193.1 [MRPPU - 2CF3SO3
- ]2+.

4.4. Preparation of solutions and screening

A 0.1 mM stock solution of metalla-assemblies and fluorescein were 
prepared in HEPES buffer pH 8, while 0.1 M stock solutions of analytes 
were prepared in distilled water. Due to the low solubility of adenine, 
guanine, cytosine, uracil, thymine, stock solutions were prepared in 
HEPES buffer pH 8. Working solutions of MRPPU, MRNPU, fluo
rophores, and analytes were obtained by diluting the stock solutions 
using 20 mM HEPES buffer pH 8. The pH of the HEPES buffer was 
regulated using solid NaOH and verified with a FiveEasy METTLER 
TOLEDO® pH meter to ensure precise pH conditions. Screening was 
conducted using NUNC® 96-well plates, each well was adjusted to a 
total volume of 100 μL. Pipetting was performed using micropipette for 

precise and consistent sample distribution in each well. All samples were 
incubated at 25◦C for 10 minutes enabling binding equilibrium for 
host–guest interactions before measurements. For fluorescein quenching 
experiments, solutions of metalla-assemblies (100 μM) and fluorescein 
(100 μM) were used in a 1:1 ratio, affording MR–fluorescein samples 
with a final MR concentration of 12.5. These samples were subsequently 
titrated with varying equivalents of analyte solutions (0.01 M) in HEPES 
buffer pH 8.

4.5. Fluorescence measurements

Fluorescence measurements were conducted using a thermostatted 
VICTOR® Nivo™ multimode plate reader at 25◦C. Fluorescence in
tensities of fluorescein were measured in black NUNC® 96-well plates 
using an excitation wavelength of 498 nm and an emission wavelength 
of 515 nm. Baseline correction of fluorescence values was performed 
using a blank solution containing only the buffer. All measurements 
were executed at least in triplicate and analyzed using the GraphPad 
Prism software version 10.2.3 [76].

4.6. Job Plot analysis for binding stoichiometry

Job plot analysis [78] was performed at 12.5 µM total concentrations 
of FLU•MR complex, to determine the binding stoichiometry between 
fluorescein and MR by monitoring changes in the fluorescence intensity 
as a function of the mole fraction of fluorescein. Stock solutions of 
fluorescein and MR (100 µM each) were prepared in HEPES buffer pH 8. 
A series of samples with varying mole fractions of FLU and MR were then 
prepared, keeping the total concentration (FLU2-•MR complex) constant 
at 12.5 µM.

4.7. Binding studies

Binding affinity between FLU and MR was determined by fluores
cence titrations. A fixed concentration of FLU (12.5 μM) was titrated 
with increasing concentrations of MR (0–6 equivalents) in HEPES buffer 
pH 8 and the emission intensities at 515 nm were recorded. The asso
ciation constants were calculated by fitting the fluorescence data to a 1:1 
binding model [79]. The fitting was performed using the following 
equation [79].

Association constant of FLU2- to the MRPPU and MRNPU: 

MRPPU+FLU2- ⇌ FLU2-⸦MRPPU Ka(MRPPU) = [FLU2-⸦MRPPU]/ 
[MRPPU][FLU2-]                                                                                

MRNPU+FLU2- ⇌ FLU2-⋅MRNPU Ka(MRNPU) = [FLU2-⋅MRNPU]/ 
[MRNPU][FLU2-]                                                                                

Where, F is the measured fluorescence signal at a given concentration of 
MR, Ffree is the fluorescence of the free FLU (in the absence of MR), 
Fbound is the fluorescence of FLU when it is fully bound to MR (satura
tion), [FLU2-]

0 is the total initial concentration of the fluorescent ligand 
FLU, [MR] is the concentration of MR added. Ka is the association 
constant of the FLU2-•MR complex.

Association constant (Ka) is linked to dissociation constant (Kd) by 
the following equation: Ka = 1/Kd.

The binding affinity between FLU2-•MR complex and analytes were 
performed at 12.5 μM of sensing system FLU2-•MR with increasing 
concentrations of analytes (0–40 equiv.) in HEPES buffer pH 8. The 
binding interaction between FLU•MR complex and analytes resulted in 
two mechanisms: displacement assay or allosteric recognition.

Displacement assay: competitor A: 

MPPPU+A ⇌ A⸦MRPPU Kb = [A⸦MRPPU]/[MRPPU].[A] = 1/Kd 

(analyte)                                                                                                

MRNPU+A ⇌ A⋅MRNPU Kb = [A⋅MRNPU]/[MRNPU].[A] = 1/Kd 

(analyte)                                                                                                

F = Ffree +
(
Fbound − Ffree

)

⎛

⎜
⎜
⎜
⎜
⎝

(
[
FLU2− ]

0 + [MR] + 1
Ka

)

−

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
[
FLU2− ]

0 + [MR] + 1
Ka

)2

− 4
[
FLU2− ]

0 + [MR]

√

2
[
FLU2− ]

0

⎞

⎟
⎟
⎟
⎟
⎠

F = Ffree +
(
Fbound − Ffree

)

⎛

⎝

( [
FLU2− ]

0 + [MR] + Kapp
d

)
−

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅( [
FLU2− ]

0 + [MR] + Kapp
d

)2
− 4

[
FLU2− ]

0 + [MR]
√

2[MR]

⎞

⎠
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Kaap
d = Ka

(

1+
[A]

Kd(analyte)

)

Quadratic equation for 1:1 binding model, displacement assay 
mechanism [79,80]:

Where, Kd
app: apparent dissociation constant in the presence of 

competitor A, Ka is the association constant of FLU to MRPPU or 
MRNPU, [A]: analyte concentration, Kd(analyte): dissociation constant of 
analyte.

For indicator displacement assay: 

FLU2-⸦MRPPU +A ⇌ A⸦MRPPU + FLU2- K = [A⸦MRPPU][FLU2-]/ 
[FLU2-⸦MRPPU][A] = Ka(MRPPU)/ Kb                                                  

FLU2-⋅MRNPU +A ⇌ A⋅MRNPU + FLU2- K = [A•MRNPU][FLU2-]/ 
[FLU2-•MRNPU][A] = Ka(MRNPU)/ Kb                                                   

if: K<1, the analyte binds more strongly than FLU2-.
K>1, the analyte binds less strongly than FLU2-.
Allosteric recognition: 

FLU2-⸦MRPPU +A ⇌ A⸦MRPPU⋅FLU2-                                              

FLU2-⋅MRNPU +A ⇌ A⋅MRNPU⋅FLU2-                                                  

An equation for cooperative binding with an allosteric mechanism 
[81]: 

F = F0 + (Fmax − F0) ∗

(
[A]n

Kn
d + [A]n

)

where, F: fluorescence measured at a given concentration of the analyte, 
F0: initial fluorescence, Fmax: fluorescence at saturation, Kd: dissociation 
constant in μM, [A]: concentration of the analyte, n: degree of cooper
ativity (Hill coefficient).

Determination of the limit of detection (LOD)

The minimum detectable concentration was determined based on the 
standard deviation of the blank signal (fluorescence quenching of fluo
rescein by MR) and the slope of the calibration curve of FLU2-•MR with 
analytes. Fluorescence measurements were recorded for a series of so
lutions with increasing concentrations of analytes in HEPES buffer pH 8. 
The LOD was calculated using the equation: LOD = 3σ/S, where σ is the 
standard deviation of the blank measurements, and S is the slope of the 
calibration curve [82].
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