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A self-assembled chemosensor prepared by only mixing
off-the-shelf materials shows ratiometric properties upon
detecting metal ions. As shown in colored bottles on an
array (/.e., the vending machine), the various optical patterns
depending on analyte concentrations allowed pattern
recognition-driven chemical sensing.
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A self-assembled chemosensor prepared using off-the-shelf materials
has shown various fluorescence responses including ratiometric and
simple ON-OFF switching profiles by adding different toxic metal ions.
The unique fingerprint-like responses have been applied to pattern
recognition of metal ions in river water for environmental analysis.

Chemosensor arrays using inherent cross-reactivities of artificial
receptors' are potent analytical tools allowing high-throughput
sensing combined with data processing techniques.” However,
inset data for pattern recognition is conventionally prepared using
several chemosensors owing to the limitation of variation of
sensor responses, which causes synthetic efforts for the prepara-
tion of a chemosensor library.? To this end, we herein propose a
single self-assembled chemosensor prepared from off-the-shelf
materials to discriminate toxic metal ions* quantitatively based on
pattern recognition for environmental assessment.

In contrast to typical indicator-spacer-receptor-based chemo-
sensors that are covalently connected,” indicator displacement
assay (IDA)based chemosensors are easily obtained by non-
covalent bonds between indicators and receptors.” However, the
conventional IDA-based fluorescent chemosensors show only
simple switching profiles such as ON-OFF (or OFF-ON) responses
because indicators do not contribute to analyte capture.” In the
case of ON-OFF or OFF-ON-type chemosensors, the discrimina-
tion of a response for analyte detection from background noise in
the real-sample analysis is a concern because of the single
fluorescence channel.® On the other hand, ratiometric responses
possessing two-fluorescence color channels can reduce false-
positive signals originating from interference effects.””® Thus,
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and array experiments.
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using off-the-shelf materialsy

@ Qi Zhou, (2? Xiaojun Lyu, 2¢ Wei Tang, (2
© and Tsuyoshi Minami () *®

ratiometric-type chemosensors are promising materials for
real-sample analysis;*”'*° however multi-step organic synthesis
is generally required to obtain a fluorescent ratiometric
chemosensor."* Hence, we decided to design a ratiometric
self-assembled chemosensor based on a catechol dye that acts
as not only an indicator but also a binding unit to increase
optical response patterns in a competitive assay."”

A coumarin derivative (i.e., esculetin (EL)) as an off-the-shelf
catechol fluorophore is capable of interacting with not only
target metal ions through a coordination bond"® but also a
phenylboronic acid (PBA) derivative through a dynamic cova-
lent bond.”"'* The coordination of EL and a metal ion offers
fluorescence changes, whereas the spectral shifts of EL upon
adding metal ions are not significant. Namely, the fluorescence
changes in one channel are dominant. In this assay, a
self-assembled complex of EL and 3-nitrophenylboronic acid
(3-NPBA) was employed as a fluorescent chemosensor for metal
ions (Fig. 1). A fluorescence change in EL occurs upon the
formation of the boronate/boronic ester,"* owing to photoin-
duced electron transfer (PeT) from the excited state of EL to the
nitrophenyl moiety of 3-NPBA.””'® In our strategy, the absolute
fluorescence intensity of EL is purposely manipulated by
3-NPBA. Therefore, the fluorescence responses of EL in the
presence of 3-NPBA upon adding analyte metal ions can be

Fluorescence ON Fluorescence OFF by PeT

NS o NG H
_OH O, b
0. OH Spontaneous assembly m :B o \B_,O H
[ —_— N o) — g
OH HO\B,OH
Esculetin (EL) n NO,

NO,
anpa” | M
NO,
Fluorescent ratiometric change
o
Fig. 1 Schematic of the fluorescence detection mechanism of the self-
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apparently observed as significant changes. The approach
provides various optical responses including ratiometric and
simple ON-OFF switching profiles with the difference in target
metal ions, which contributes to pattern recognition-driven
chemical sensing.

The optical properties in this competitive assay were eval-
uated step-by-step. In the UV-vis titration of 3-NPBA, a non-
linear saturation curve obtained from stepwise blueshifts of
UV-vis absorption spectra of EL indicated the formation of the
boronate ester of the catechol chromophore and 3-NPBA
(Fig. S1, ESIT). In addition, the fluorescence intensity of EL
decreased upon the addition of 3-NPBA (Fig. S2, ESIT), owing to
PeT.*"” In this regard, emission quantum yields (¢) of EL and
the EL-3-NPBA complex were determined to be 21% and 3%,
respectively (Table S1, ESIT). Meanwhile, almost no change in
the lifetime (t) of EL before and after adding 3-NPBA was
observed (Table S1, ESIt), implying a static quenching
mechanism.'® The complexation between EL and 3-NPBA with
a 1:1 stoichiometry was also supported by electrospray
ionization-mass spectrometry (ESI-MS) analysis.”” Judging from
the complexation rate of 99% in the fluorescence titration
(Fig. S2, ESIt), the molar ratio of EL and 3-NPBA for the further
demonstration of detecting metal ions was decided as 1:60.

Next, the optical response changes of the EL-3-NPBA
complex upon adding metal ions were assessed. The fluores-
cence spectra of the EL-3-NPBA complex were red-shifted upon
the addition of a metal ion (i.e., Pb*>") (Fig. 2(a), left). Indeed,
the change in the fluorescence color was recognized by the
naked eye, showing a ratiometric behavior. Certainly, the
fluorescence response at 543 nm of the EL-3-NPBA complex
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Fig. 2 (Left) Changes in fluorescence spectra of EL (4 uM) with 3-NPBA
(240 uM) upon adding (a) Pb?* (0~70 pM) and (b) Zn®* (0-2000 pM) in a
HEPES buffer (50 mM) at pH 7.4 at 25 °C. /o, = 388 nm. (Right) ESI-MS
spectra for (a) the EL—Pb?* complex and (b) the EL-Zn?* complex. Insets
indicate calculated isotope patterns. MS (ESI, +) m/z: [EL + Pb + ClO4l*,
calcd for CoHgClOgPb 484.95; found: 484.80. [EL + Zn + ClO4 + DMSO]*,
calcd for Cy11H1,ClOgSZn 418.92; found: 418.85. [EL] = [3-NPBA] = 1 mM,
[Pb?*] = [Zn?*] = 2 mM. Solvent/eluent: methanol.
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with an increase in Pb*' concentration was significant in
comparison to that in the absence of 3-NPBA, which indicated
the contribution of 3-NPBA to the ratiometric fluorescence
changes (Fig. S28, ESIt). The lifetime measurements of EL in
the presence of Pb>" presented two components (r; and 1),
which could be attributed to the EL-Pb>" complex and EL,
respectively. In this regard, the lifetime of EL was not influ-
enced even in the presence of 3-NPBA (Table S1, ESI}). More-
over, Fig. 2(b) shows the quantitative ratiometric fluorescence
changes upon adding Zn>". The ESI-MS analysis results sup-
ported the complexation of EL and Zn>" with a 1:1 stoichio-
metry (Fig. 2(b), right). In accordance with the 1:1 binding
mode, the apparent binding constant of EL to Zn>' in the
presence of 3-NPBA was estimated to be (8.3 & 0.4) x 10> M %
Although the EL-Pb*" complex with a 1:1 stoichiometry in the
presence of 3-NPBA was observed in ESI-MS analysis (Fig. 2(a),
right), a nonlinear curve fitting based on a 1:1 binding
stoichiometry was not achieved owing to the biphasic
behavior'” (for more details, see the ESIf). Subsequently, a
selectivity test of the self-assembled chemosensor for 13 metal
ions (i.e., Pb**, Zn**, Cu®*, Ni**, Hg*", Ccd**, Co**, Ca®>", K*, Na",
Mg>*, Ba®", and Cs*) was carried out. Other metal ions includ-
ing AI**, Sn**, Fe*", Cr**, and Ga** were excluded from the metal
ion library because of hydrolysis under the measurement con-
ditions. The EL-3-NPBA complex did not respond to Ca>, K",
Na“, Mg**, Ba®>", and Cs>" owing to their low binding affinities
to a coumarin derivative (Fig. $22-S27, ESIt)."** Although the
UV-vis absorption spectra of the EL-3-NPBA complex changed
upon the addition of Hg”" and Cd** at high concentrations
(Fig. S7 and S8, ESIt), significant spectral changes were not
observed in fluorescence titrations. The EL-3-NPBA complex
exhibited different ON-OFF responses upon addition of Pb*",
Zn>*, Ni**, Co™*, and Cu*" (Fig. 3(a)), and the magnitudes of the
determinable apparent binding constants were approximately
10% to 10° M~ '. Among them, the EL-3-NPBA complex showed
ratiometric fluorescence responses to Pb>" and Zn** (Fig. 3(b)).
Notably, the response of EL to Cu*>* was significant compared to
Pb>" at e, = 472 nm (Fig. 3(a)), although a ratiometric behavior
to Cu®* was not observed (Fig. 3(b)). In addition, the respon-
ses to Ni*" and Co** at high concentrations were also non-
ratiometric ON-OFF switching profiles. Therefore, the obtained
concentration-dependent fluorescence response pattern includ-
ing ratiometric and simple ON-OFF switching profiles indi-
cated its potential for pattern recognition. As an additional
evaluation, NMR analysis was also carried out to investigate the
complexation of EL and Pb** in the presence of 3-NPBA;
however evidence to support the complexation of EL and Pb**
in the presence of 3-NPBA was not provided by NMR analysis."®

As the next attempt, the chemosensor was applied to pattern
recognition (e.g., a semi-quantitative assay) of Cu®", Pb*", and
Zn*" which could act as inhibitors to root growth.'® The semi-
quantitative assay was not performed for Ni** and Co®" because
a situation requiring the detection of these metal ions at high
concentrations (mM levels) is not realistic in practical sensing.
In this assay, the inset data for pattern recognition was con-
structed from the fluorescence changes of the EL-3-NPBA

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Fluorescence changes in EL (4 uM) with 3-NPBA (240 uM) upon
adding metal ions (i.e., Pb?*, Zn?*, Cu®*, Ni®*, and Co®*) in a HEPES buffer
(50 mM) at pH 7.4 at 25 °C. dex = 388 nm. (a) Titration isotherm for
the metal ions obtained by plotting the maximum emission at 472 nm.
(b) Emission ratio (Is43 nm/l472 nm) Of EL-=3-NPBA upon adding the metal
ions. Each inset indicates the fluorescence changes at low concentration
ranges.

complex upon the addition of Cu**, Pb**, or Zn>" at different
concentrations. The data matrix obtained from the fluores-
cence measurements was treated using the Student’s t-test to
exclude outliers of 4 repetitive data points from 24 repetitive
data points. The treated dataset contains multi-dimensional
information that was constructed by 1 chemosensor x 3
analytes (Cu®**, Pb**, and Zn**) x 5 concentrations ([Cu®"] =
0-1.3 ppm, [Pb**] = 0-8.3 ppm, and [Zn**] = 0-65 ppm) x 58
wavelength points (ranging from 415 to 700 nm, in 5 nm
interval of Z.,) X 20 repetitions, obtaining 17 400 data points
in total. The inset data was subsequently treated using linear
discriminant analysis (LDA), which is capable of classification
of clusters and decreasing the multi-dimensional information.
Through the data processing with LDA, the multi-dimensional
inset data can be visualized as two- (Factor 1 (F1), F2) or three-
dimensional (F1, F2, and F3) canonical score plots. The values
of each factor represent a contribution of the inputted data
matrix for the discrimination.*® Fig. 4 shows a concentra-
tion-dependent distribution of each cluster with a 100%
correct classification. Each cluster of Zn** and Pb>" containing
20 repetitive datasets was nonlinearly distributed in accordance

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Semi-quantitative assay for Pb?*, Zn?*, and Cu?* using the single
self-assembled chemosensor. The ability of the chemosensor to discrimi-
nate was revealed by LDA with a classification rate of 100%. 20 repetitive
measurements were carried out for each concentration.

with the increase in the concentrations, originating from the
ratiometric responses. On the other hand, the positions of
clusters of Cu®" indicated linearity stemmed from a simple
ON-OFF response.

Finally, the single chemosensor was applied to a real-sample
analysis with river water. To evaluate the applicability of the
chemosensor to environmental assessment, a support vector
machine (SVM)*° was employed. The calibration line was built
using the inset data constructed from seven different concen-
trations of Pb*>* (gray circles), followed by the prediction of two
concentrations of unknown samples (pink squares). In Fig. 5,
the predicted clusters at 3.1 and 7.3 ppm were distributed on
the calibration line with a low root mean square error for the
prediction (RMSEP) value. Taken together, the accurate predic-
tion of unknown concentrations of the target metal ion in river
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g
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Fig. 5 Quantitative assay against Pb>* in river water by using SYM. Root
mean square errors for calibration (RMSEC) and prediction (RMSEP)
represent the quality of the built model and prediction. 20 repetitive
measurements were carried out for each concentration.
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water was achieved by the ratiometric responses based on
molecular self-assembly.

In summary, we designed a single self-assembled fluores-
cent ratiometric chemosensor for the simultaneous discrimina-
tion of metal ions using off-the-shelf materials. A catechol
fluorophore EL spontaneously interacted with 3-NPBA, which
caused fluorescence quenching by PeT. Notably, the self-
assembled chemosensor displayed ratiometric responses upon
the addition of Pb>* and Zn*', indicating the feasibility of
pattern recognition using a single chemosensor. Indeed, the
single self-assembled chemosensor achieved a semi-quantita-
tive assay of Pb**, Zn>*, and Cu®" with high accuracy. Further-
more, a regression analysis of Pb>" in river water was
demonstrated using a machine learning method, and the
favorable applicability to real-sample analysis was revealed by
the accurate prediction of unknown concentrations of Pb>" in
river water. Further investigation to understand the unique
optical properties of the self-assembled chemosensing system
is required, while we believe that our approach to maximizing
the power of molecular self-assemblies could be used for not
only metal ion detections but also for other species because of
the abundant combination of building blocks.
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NMR analysis was carried out to investigate the complexation of EL
and Pb*' in the presence of 3-NPBA; however a precipitate was
obtained under the high concentration conditions of the compo-
nents (>500 pM) in D,O at pD 7.4. The coordination between the
hydroxyl groups of EL and Pb** caused a dramatic decrease in the
solubility of EL in the aqueous solution, and consequently a solid-
state product originating from the EL-Pb*" complex was unexpect-
edly precipitated. Overall, evidence to support the complexation of
EL and Pb®>" was not provided by NMR analysis because the
sensitivity of the saturated solution mixture was not satisfactory
for the NMR measurements.
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