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ABSTRACT

The discovery of fluorescence receptors that selectively bind small molecules with high affinity in aqueous media is critical for

the development of new sensing and bioimaging assays. We herein report a new fluorescence receptor-dye chemosensor based on
the monofunctionalization of p-sulfonatocalix[4]arene (SC4) receptor with pyrene (SC4-4Py). The SC4-4Py conjugate was found
to retain the exceptional binding properties of SC4, allowing the high-affinity recognition of neurotransmitters, amino acids, and

biogenic amines in aqueous solution and their optical detection. The SC4-4Py chemosensor operates through a photoinduced

electron transfer (PET) mechanism triggered by conformational changes in the calixarene structure upon binding, allowing single-

wavelength fluorescence detection of target analytes and its expansion into a dual-wavelength ratiometric indicator displacement

assay (IDA) that relies on competitive PET between the pyrene and non-covalently bound lucigenin dye.

1 | Introduction

The development of molecular sensors and probes capable of
detecting small molecules and ions in aqueous environments
is essential for a wider understanding of many biological and
environmentally relevant processes. Sensing strategies based on
supramolecular chemosensors explore molecular recognition and
reversible self-assembly phenomena to create stimuli-responsive
systems that can detect target analytes (e.g. disease biomarkers,
pollutants, etc) and monitor their concentration fluctuations
within specific environments [1-6]. Water-soluble macrocyclic
receptors featuring hydrophobic cavities decorated with polar
functional groups offer particularly useful recognition elements
for the construction of supramolecular chemosensors [7-10].
Their successful recognition properties emerge from a combina-
tion of factors that include the establishment of complementary

non-covalent interactions with the analytes of interest, the
hydrophobic effect, and size- and shape selectivity associated to
their highly preorganized and relatively rigid structures, which
frequently enhances their affinity and selectivity with respect to
their acyclic counterparts [11-13].

p-Sulfonatocalix[n]arenes (SCn), a widely explored class of
water-soluble calixarene macrocycles, have been shown to be
particularly useful synthetic receptors for the binding of ammo-
nium ions in aqueous solution, presenting high affinity and
selectivity toward relevant targets such as neurotransmitters,
post-translational trimethylated lysine residues, arginine- and
lysine-rich peptides, biogenic amines, among other molecules of
interest [14-22]. The use of SCn as receptors in the construction of
optical chemosensors has been dominated by the so-called indi-
cator displacement assay (IDA) [23-30]. This approach explores
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dynamic receptor-dye assemblies to detect target analytes via
competitive binding, using the fluorescence or colorimetric signal
given by the replacement of the dye from the receptor binding site
[31, 32]. IDA based on self-assembled SCn-dye chemosensors have
been demonstrated to be highly useful and versatile molecular
tools in the development of sensing assays for the monitoring
and measurement of enzymatic activities, membrane transport or
the uptake of small molecules in living cells [33-36]. In contrast
to SCn-dye self-assembled chemosensors, alternative sensing
approaches involving the covalent modification of SCn with dye
molecules remain practically unexplored. A rare example was
reported by Hof and coworkers, who developed fluorescent p-
sulfonatocalix[4]arene (SC4) derivatives integrating merocyanine
dyes into their macrocyclic structure which self-assemble into
nonemissive homodimers in aqueous solution [37]. These dimers
can be competitively disassembled upon binding of analytes to
form emissive host-guest complexes, enabling a turn-on fluo-
rescence sensing mechanism to detect relevant targets such as
methylated lysine or drugs in biological fluids. [37, 38] Despite
the success of these strategies, nearly all SC4-based chemosensors
rely on single-wavelength fluorescence signaling, which is highly
sensitive to environmental conditions and probe concentration.
This dependence can compromise quantitative accuracy and
result in false positives or negatives in qualitative analysis. In
contrast, ratiometric readout systems address these limitations
by incorporating an internal reference signal, enabling correction
for such variations. This approach enhances the reliability of
quantitative measurements and reduces the need for exten-
sive controls in qualitative applications [39, 40]. Host-guest
ratiometric chemosensors typically employ dye-functionalized
macrocycles to achieve fluorescence resonance energy trans-
fer (FRET) between complementary encapsulated dyes [41-43].
However, in SC4-based architectures, this strategy can be severely
hindered by significant dye quenching by this receptor and
frequent aggregation of the resulting host-guest complexes [7, 30,
44, 45].

Herein we report a new monofunctionalized SC4-Pyrene con-
jugate (SC4-4Py) to introduce an optical sensing design that
explores the conformational mobility of SC4 along with pho-
toinduced electron transfer (PET) phenomenon (Scheme 1). Our
approach leverages the ability of the conformationally mobile
SC4-4Py to adopt a fixed cone conformation upon binding
target guest molecules. This process brings the phenolate anion
closer to the pyrene unit, thereby enhancing the PET quenching
efficiency. Notably, this sensing mechanism can be extended to a
dual-wavelength ratiometric indicator displacement assay (IDA)
through competitive PET, using lucigenin (LCG) as a reporter dye
for the detection of neurotransmitters, amino acids, and biogenic
amines.

2 | Results and Discussion

SC4-4Py was synthesized by direct monoalkylation of SC4 with
the respective pyrene derivative in basic media (see SI, Scheme
S1), as previously reported for the monofunctionalization of SC4
with azobenzene units [46]. The novel macrocyclic receptor
is soluble in aqueous solution and presents the characteristic
absorption and emission spectra of the pyrene dye (see SI,
Figure S5). A pH titration monitored by fluorescence emission

(Figure 1A) shows a strong quenching on the pyrene emission
when increasing the pH from pH 3 to pH 10. Fitting the
fluorescence intensity versus pH data allows the determination of
apK, = 5.6, which can be assigned to deprotonation of one phenol
unit in the SC4-4Py macrocycle. This relatively strong acidity
is consistent with the significant stabilization of the resulting
phenolate provided by intramolecular hydrogen bonding with the
vicinal phenols and in good agreement with what is observed for
the parent SCn [47, 48]. Importantly, the observed pH-dependent
quenching is indicative of a PET mechanism from the phenolate
to the excited pyrene dye. This is supported by the exergonic
Gibbs free energy for the PET process, AG = -0.5 eV, which can
be roughly estimated from the Rehm-Weller equation [49] using
the reduction potential of pyrene (—2.09 V versus SCE) [50], the
oxidation potential of the SC4 unit (0.86 V vs Ag/AgCl, 0.83 V vs
SCE) [28] and the E,, = 3.45 eV for the singlet excited state of
pyrene.

In order to evaluate the optical response of SC4-4Py toward
relevant analytes, a family of known SC4 guests with biological
interest was chosen (Scheme 1). Direct fluorescence titration
of SC4-4Py with putrescine, a biogenic amine known to bind
SC4 with uM affinity, caused a gradual quenching of the pyrene
emission (see Figure 1B), approaching saturation at ca. 40
uM. The fluorescence intensity vs concentration data can be
satisfactorily fitted to a 1:1 host-guest model with a binding
constant of K = 1.6 x 10° M~!, which compares well with the
value previously reported for the parent SC4 [29]. Control exper-
iments conducted under acidic conditions (pH = 3.4) showed
unsignificant quenching effects upon addition of putrescine,
pointing out to the critical importance of the anionic phenolate
unit for the sensing mechanism (see SI, Figure S6). Similar
fluorescence titration experiments were conducted for choline,
acetylcholine and arginine at neutral pH which also resulted
in partial quenching of the pyrene fluorescence emission upon
binding to SC4-4Py (see SI, Figure S7). Once again, data fitting
retrieved the respective K values for this set of biologically
relevant analytes (see Table 1), which align reasonably well
with those previously reported for SC4 [19, 24]. In addition,
fluorescence titration of SC4-4Py with the high-affinity SC4
binder DM-DABCO [51] led to a K > 1 x 10® M (see SI,
Figure S7), further supporting the notion that the recognition
properties of SC4 are conserved in SC4-4Py. To rule out any
contribution from complexation-induced deprotonation of the
SC4-4Py phenol unit to the observed fluorescence quenching,
the titration of SC4-4Py with DM-DABCO was also performed at
pH 10, reproducing the same changes observed at pH 7.4 (see SI,
Figure S8).

Having demonstrated that SC4-4Py can be employed for the
direct fluorescence detection of typical SC4 guests, we turned our
attention to the mechanism behind the observed fluorescence
quenching phenomena upon guest binding. Because PET effi-
ciency is distance-dependent, we anticipated that this quenching
could be assigned to structural alterations induced by host-guest
association. The 'H-NMR spectrum of SC4-4Py in D,O (see SI,
Figure S9) shows significant signal broadening for all aliphatic
protons and for part of the aromatic protons assigned to the SC4
moiety, supporting the hypothesis that this calixarene is confor-
mationally mobile, alternating between different conformations
at intermediate exchange rate in the 'H-NMR chemical shifts
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SCHEME 1 | - Previous works on self-assembled chemosensors using sulfonatocalix[4]arene receptors: A—Conventional indicator displacement

assay and B—Hof’s dimeric assembly. The approach introduced in this work: C—The conformationally flexible SC4-4Py adopts different conformations

resulting from the free rotation of the unsubstituted phenol units through the macrocyclic annulus. This leads to an averaged weaker PET due to the
conformations that place the phenolate oxygen distant to the pyrene dye. Binding of target guest molecules blocks SC4-4Py in the cone conformation,
bringing the phenolate closer to the pyrene thus increasing the PET efficiency. D—Combining the lucigenin dye with SC4-4Py enabled a dual-wavelength
ratiometric displacement assay. E—Structures of the lucigenin dye and guest molecules explored in this work.
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FIGURE 1 | - A. Fluorescence spectra of SC4-4Py at different pH in 5 mM phosphate buffer. B. Direct fluorescence titration of SC4-4Py (2 uM)

with putrescine at pH = 7.4 in 5 mM phosphate buffer.

timescale. Though it was not possible to unequivocally assign the
exchanging conformations due to signal broadening, the unusual
high stabilization of one phenolate unit of SC4-4Py (pK, = 5.6,
AAG ~ 20.5 kJ.mol™) relative to the 4-hydroxybenzenosulfonate
monomer (pK, = 9.2) [48] strongly suggests that the cone and
partial cone conformers should predominate, as these structures

allow the formation of bifurcated hydrogen bonds with the
phenolate oxygen donor. Furthermore, the 'H-NMR spectrum of
SC4-4Py at 5°C shows two upfield shifted signals in the aliphatic
region at 1.4 and 0.1 ppm, indicating that alkyl chain linker is
partially included in the pseudo-aromatic cavity of the partial
cone conformer. Finally, it is also worth noting that previous lower
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TABLE 1 | Affinity constants (K / M™!) of the several analytes, obtained by ratiometric IDA (rIDA), by fitting of the ratio between lucigenin and
SC4-4Py emission, and by direct titration of the SC4-4Py receptor with the analytes and following the resulting quenching of pyrene emission and by

ITC, at 25°C. All experiments were carried out in 5 mM phosphate buffer, pH = 7.4. ITC isotherms can be found in the Supplementary Information. The

fluorescence switching ratios (as It/I) are also presented.

Analyte K/M1a I/I, K/M™? K/M1e AG / kJmol ™ AH / kJmol™?! —TAS / kJmol !
L-Arginine 42x10 0.64 5.8 x 10° 2.6 X 10° -19.5 ~17.1 —24
Choline 2.0 x 10* 0.67 3.9 x 10* 1.1x 10* —-23.1 -21.4 -1.7
Acetylcholine 3.3x10* 0.66 6.8 x 10* 1.2 x 10* -23.2 -24.3 1.1
Putrescine 1.6 x 10° 0.51 2.7x10° 1.9 x 10° -30.2 -17.8 -12.4
DM-DABCO 5.9 x 10° 0.43 > 10° 3.0 x 10° -37.0 -21.6 -154

20btained by ratiometric IDA.
bObtained by direct fluorescence titration.
€Obtained by ITC.

rim substituted SC4 derivatives also favor the cone and partial
cone conformation [52].

To investigate possible structural changes upon binding, the
spherically shaped high-affinity binder, DM-DABCO, was
selected for "H-NMR studies. As can be observed from Figure 2,
upon addition of the guest, the signals assigned to the SC4-4Py
become sharp and well resolved, indicating that the initial
dynamic structure of the receptor is blocked into a single
conformation. Furthermore, the appearance of two pairs of
doublets assigned to the axial and equatorial protons of the
methylene CH, bridges of the macrocycle and together with
BC-NMR signals at 29.59 and 32.48 ppm for same groups (see
SI, Figure S10), show that SC4-4Py adopts a cone conformation
upon binding [53]. This conformation was also supported by a
ROESY experiment, showing strong ROE cross signals between
the equatorial protons of the CH, bridges and meta protons of
the phenolic units (see SI, Figure S12). It is worth noting that,
the downfield shifts observed for the signals of the O-CH,-Py
group and its vicinal aromatic proton upon complexation (blue
arrows in Figure 2B), support pseudo-inclusion of the alkyl chain
linker in the partial cone conformation, as discussed above. In
addition, the 'H-NMR spectrum of DM-DABCO in the presence
of 1.3 equiv. of SC4-4Py clearly shows large upfield shifts (see
SI, Figure S13), demonstrating the inclusion of the guest in the
aromatic binding pocket of SC4-4Py.

Although less resolved, due to weaker binding, similar changes
in the 'H-NMR spectrum of SC4-4Py are observed in the
presence of other guests, such as Ach (see Figure S14 in the SI).
Overall, this evidence supports the proposed PET mechanism
controlled by an induced fit model in which guest binding
leads to a conformational alteration of SC4-4Py, bridging the
phenolate unit closer to pyrene dye. This improves PET effi-
ciency, resulting in the observed fluorescence quenching in the
presence of guest molecules. It is important to emphasize that
the PET mechanism requires short contact distances between
the donor and acceptor for efficient quenching, a condition
that is much more readily achieved in the cone conforma-
tion. This contrasts with, for example, the FRET mechanism,
which operates via dipole-dipole interactions and can occur
over much longer through-space distances (typically up to
~10 nm).

After establishing the mechanism of sensing for the SC4-4Py, the
LCG dye was titrated with this host, yielding almost complete
quenching of LCG emission (Figure 3A) under saturation con-
centrations. The changes in fluorescence intensity were fitted to
a 1:1 host-guest binding model to obtain an affinity constant of
K =1.7 x 10" M7}, which is within the same order of magnitude
of those previously reported by our group for other mono-O-
substituted SC4 [46]. The high affinity of LCG towards SC4-4Py,
the significant quenching observed upon complexation and the
fact that both LCG and SC4-4Py can be simultaneous excited
at 340 nm, offered ideal conditions for the construction of a
ratiometric IDA (rIDA). Competitive assays were performed with
>90% SC4-4Py-LCG complex, monitoring both pyrene (360-
400 nm) and lucigenin (450-600 nm) emissions. Figure 3 B shows
the spectroscopic changes observed for the rIDA using putrescine
as the analyte (see the SI for analog experiments conducted for
the remaining analytes, Figure S16). As observed, the emission
of LCG is enhanced upon the addition of putrescine, which
promotes its competitive release from the cavity, while the pyrene
emission is quenched. This ratiometric signal variation is con-
sistent with a PET-based quenching mechanism involving both
LCG and pyrene dyes. When LCG occupies the SC4-4Py binding
site, PET predominantly targets LCG due to its superior electron-
accepting ability and closer proximity to the phenolate. However,
upon its competitive release, PET is redirected toward the pyrene
dye, leading to the observed quenching of pyrene emission and
the simultaneous enhancement of LCG fluorescence.

Analysis of the LCG displacement experiments reveal that its
emission seems to reach a plateau at lower intensity than
expected, most likely due to the documented quenching of this
dye by halide anions, present as the counterions of the analytes
(see SI, Figure S15) [54]. Nevertheless, the mathematical approach
employed to obtain the affinity constants from the ratiometric
emission data (Isys ym/Ts0s nm)> Was based in a modified version
of competitive model that also accounts for anion quenching of
LCG emission. As can be observed from Table 1, the K values
were in the same order of magnitude of those obtained by direct
fluorescence titration of SC4-4Py, validating the rIDA introduced
in this work.

Finally, the binding properties of SC4-4Py were independently
validated by ITC experiments (see SI, Figure S17). The ITC
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results (see Table 1) are also consistent with the 1:1 host:guest
complexes showing binding affinities in reasonable agreement to
those obtained by spectroscopic titrations. The thermodynamic
parameters demonstrate that the complexation of the investigated
guest molecules is enthalpy driven (AH values ~ —20+4 kJ.mol ™),
which is consistent with previous reported data for the binding
of organic ammonium ions with parent SC4 [16]. Noteworthy,
the higher affinity of SC4-4Py towards the dicationic guests
(putrescine and DM-DABCO) is mostly determined by favorable
entropic contributions, which can be tentatively assigned to
the release of hydration water molecules upon additional ionic
interactions between the oppositely charged groups of the host
and guest.

3 | Conclusion

To conclude, we introduced a novel sulfonatocalix[4]arene-
pyrene conjugate (SC4-4Py) which retains the excellent binding
properties of the parent sulfonatocalix[4]arene receptor toward
biologically relevant analytes, while enabling their direct detec-
tion by fluorescence emission. Our design strategy leveraged
the intrinsic conformational flexibility of calixarene receptors
and the enhanced acidity of their phenolic units. To achieve
fluorescence signaling, we employed a bioinspired induced-fit
mechanism, wherein the flexible SC4-4Py receptor adopts a cone
conformation upon guest binding. This conformational transition
positions the phenolate unit within the macrocyclic ring closer to
the pyrene dye, thereby increasing the efficiency of photoinduced
electron transfer (PET) and leading to stronger fluorescence
quenching. The SC4-4Py conjugate was further utilized to con-
struct a self-assembled chemosensor with the lucigenin dye,
enabling dual-wavelength ratiometric fluorescence sensing of
SC4 targets through an indicator displacement assay. Unlike most
ratiometric fluorescence chemosensors based on receptor-dye
conjugates that operate via Forster resonance energy transfer
(FRET), our system relies on a competitive PET process. This
strategy offers a simple yet effective alternative to FRET-based
approaches, which are often difficult to implement in SC4-based
systems due to complexation-induced quenching and aggregation
of host-dye complexes commonly observed with this class of
receptors. Given the demonstrated potential of the SC4-4Py
conjugate for developing new optical assays and chemosensing
schemes, as well as the ease with which our design strategy can
be extended to other dye conjugates, we anticipate promising
new applications of calixarene-based receptors in bioimaging and
optical sensing.
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