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1. Introduction

A bis-pyrene polyamine receptor for fast

optical detection of ketoprofen: synthesis,
characterization and application in all-solid-state
fluorescent sensors+

Giammarco Maria Romano, a
Yschtar Tecla Simonini Steiner,
Roberto Paolesse (2 ° and Larisa Lvova

*3 Pierangela Di Menna,® Andrea Bencini,

@ Massimo Innocenti, ()@ Corrado Di Natale, (= ©
*b

Herein, we report on a polyamine receptor L1 bearing pyrene fluorogenic groups for the optical assessment of
the non-opioid analgesic drug ketoprofen (KP). L1, composed of a diethylenetriamine moiety linked at its
extremities to the 1 position of two pyrene units via methylene linkers, produced an emission at 460 nmin1:1
(v/v) water/ethanol mixture at pH 7, which can be attributed to the excimer formation between the two aro-
matic groups. In the presence of KP, a salt-bridging interaction between the carboxylate group of the analyte
and the central ammonium group of L1 induced a redistribution of acidic protons in the polyamine chain,
causing a marked increase in the emission. This optical signal was used to detect KP in agueous media. Based
on this observation, the properties of all-solid-state optodes with plasticized PVC membranes doped with L1
and deposited on an appropriate solid support material were further investigated. The best membrane con-
tained 1 wt% of fully protonated L1, plasticized with DOS and doped with 3 equiv. of the TDMACI anion-
exchanger, which detected KP in the 2 pM-0.1 mM range with a low influence of interfering ions.
Furthermore, this membrane was applied for the assessment of the amount of KP in OkiTask, achieving an
RSD of 2.1% and recovery of 102%. Moreover, the possibility to decrease the LOD of KP to 0.84 pM (0.21 mg
L™Y through the application of L1-based fluorescent sensor arrays and chemometrics was studied.

submission for adults and children and in skin-treatment
pastes and gels, wound treat dressings, etc.>”

Among the non-steroidal anti-inflammatory drugs (NSAIDs),
ketoprofen (KP) is one of the most widely used to reduce
various types of inflammations, muscle pain and headache; to
lower fever as well as counter cold and flu symptoms.” The
main mechanism of action of KP is via the inhibition of pros-
taglandin synthesis with the cyclooxygenase enzyme, making
it effective against acute and chronic pain in arthrosis and
arthritis. In medicine, either its acidic form (KPH) or more
soluble salt form (ketoprofen lysine salt, KP-Lys) is the main
component of many pharmacological compositions for oral
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Although KP is a readily degradable compound characterized
by low environmental stability, its inflow to ground and surface
waters is constant owing to its excessive use and production.*®
Existing wastewater treatment plants (WWTPs) are not specifically
designed to eliminate NSAIDs, allowing only partial reduction of
their concentration. Thus, more hydrophilic drugs may pass
through treatment processes, resulting in significant environ-
mental concentrations and exposure to living organisms.®
Besides, several side-effects, such as poor tolerance of the gastro-
intestinal tract, allergy induction, liver and kidney dysfunctions,
and light sensitization, can result upon high dose consumption
or long-term medication. Several studies have proved that KP tox-
icity is potentially associated with many chronic medical con-
ditions such as cardiovascular diseases, renal failure and endo-
crine disruption.” KP has recently been acknowledged as an
emerging contaminant with considerable environmental impli-
cations, attributable to its long-term toxic effects, absence of
effective removal methods from waste, and marked increase in
consumption during the COVID-19 pandemic and the sub-
sequent period.®°

This journal is © The Royal Society of Chemistry 2025
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The detection of anti-inflammatory KP drug in pharma-
ceutical compositions and environmental samples is an
important analytical task, and several analytical techniques
have been previously reported for the assessment of NSAIDs,

in particular  KP, including  chromatography,*’
spectrophotometry,'*'? electrochemical,® ™ optical
sensors,'®?° and multisensory arrays.*"** Among different

transduction-type sensors, optical sensors have the advantages
of fast response time, simplicity of preparation and signal
acquisition, as well as the possibility to achieve low detection
limits and high sensitivity.>>>® Moreover, these devices do not
require sophisticated hardware, are wireless and their output
may be estimated with common optoelectronic devices or even
through visual observation in a “naked-eye” mode.>*" In the
last few years, several nanostructured assemblies have been
used for the optical signaling of KP, among them are differ-
ently modified quantum dots (QDs),'®'” metallic nano-
particles,'® and composite materials such as molecularly
imprinted polymers (MIPs),"® hydrogels,*® or specific polymer-
based sensors arrays.>> Delgado-Pérez et al. developed CdSe/
ZnS quantum dots bearing a chiral organic ligand for the
enantioselective recognition of KP; however, no selective reco-
gnition among the NSAIDs KP, flurbiprofen, and naproxen was
achieved.'” Bhogal et al. reported a hybrid fluorescent material
composed of carbon dots-molecularly imprinted polymer
(CDs-MIPs), which was selectively quenched by KP in a water
solution, with applications in the determination of KP in
human serum and urine samples.’® A simultaneous detection
system in a water/ethanol mixture for naproxen and ketoprofen
was also proposed by Wang et al. exploiting two different
FMIPs. The system showed high specificity towards each
NSAID and LODs at the nanomolar level.**

Significantly less focus has been directed towards fluo-
rescent small molecules for the detection of ketoprofen.
Examples of supramolecular arrays exploiting hydrogen-
bonding chemosensors, such as calix[4]pyrroles as receptor
units,* BINOL derivatives for the enantiomeric recognition of
NSAIDs,** and calixpyrrole-type macrocycles for KP sensing,>®
have been previously explored. In this regard, polyamine recep-
tors bearing aromatic signaling units®*® are potentially appeal-
ing receptors for NSAIDs as they present common structural
features, being normally composed of a carboxylic group,
which are usually deprotonated at neutral pH, linked to an aro-
matic portion. Polyamines can protonate in aqueous solution
even at pH 7, and the resulting polyammonium cations can
give H-bonding and charge-charge contacts between NSAID

q (1

OH
O O KP

Scheme 1 Structures of KP and the L1 receptor.
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carboxylate groups. In polyamine-based fluorescent receptors,
this interaction is expected to result in an overall fluorescence
intensity emission change, which may be correlated to the
pain-killer compound concentration in the analyzed
sample.>”*® A recent work by Romano et al. reported on open-
chain polyamine receptors equipped with two anthracene
fluorogenic fragments at their extremities for KP sensing in
water/ethanol solutions upon excitation at 340 nm.*® However,
chemosensor response to KP was registered in quite a narrow
concentration range from 0 to 5.0 equiv. with respect to the
ligand. "H NMR titrations demonstrated no direct involvement
of the aromatic anthracene units in KP binding via n-stacking
interactions, which may be the reason for such a small KP con-
centration working range.

To increase the linear working range, the introduction of
fluorescent signaling units other than anthracene on polya-
mine scaffolds can be useful. To this purpose, we linked two
pyrene units at the terminal amine groups of a diethyl-
enetriamine chain to explore the ability of the two large aro-
matic moieties to stack together and give excimer emission in
aqueous solution, which can be modulated upon substrate
coordination. In the present study, we investigated the pro-
perties of this receptor for selective and rapid assessment of
KP in aqueous media. Since the construction of all-solid-state
optical sensors is more practical and easier to handle in com-
parison to the common optical sensing methodology when an
analyte is added to the solution containing an optically active
receptor, we have focused on the development of all-solid-state
fluorescent sensors for KP detection. To this purpose, we
tested PVC polymeric membranes containing either the three-
hydrochloride form of the receptor, L1-3HCI, and its unproto-
nated form, L1 (Scheme 1), for KP sensing. Our purpose was
the improvement of sensor analytical characteristics through
the accurate tuning of sensing membrane composition to
select an appropriate solid support material, together with the
interpretation of the signal transduction mechanism.
Moreover, a multisensory approach was employed to lower the
KP detection limit of the developed optodes.

2. Experimental section
2.1 Reagents and L1-3HCI, L1 syntheses

The detailed list of reagents used is provided in section S1 of
ESI, T while the synthetic details for L1 and its hydrochloride
salt are reported in section S2.f L1 was synthesized, as sum-

O
H ise

L1
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marized in Scheme S1,7 using a slightly modified procedure
commonly used for the terminal alkylation of linear
polyamines.>**° The characterization data for L1-3HCI and L1
are given in Fig. S2-S6.f

2.2 Electronic absorption and fluorescence measurements

Absorption spectra were recorded on a Jasco V-670 spectro-
photometer using ligand concentrations of 5 x 1077
M. Emission spectra were recorded on a Horiba Scientific
Fluoromax Plus fluorimeter using an excitation wavelength of
360 nm and ligand concentrations of 5 x 10~ M. All measure-
ments were performed in a water/ethanol 1:1 (v/v) mixture at
pH 7 using a 0.005 M Tris/HCl buffer at 298.0 + 0.1 K.
Measurements at different pH values were performed in a
1 :water/ethanol 1 (v/v) mixture with 0.1 M NMe,Cl to main-
tain the ionic strength (pK,, = 14.52(1) in the above stated con-
dition).*' The binding tests were performed by spectrophoto-
metric and spectrofluorimetric titrations at the pH of an L1
solution in the presence of increasing amounts of different
analytes. Luminescence quantum yields were determined
using quinine sulfate in a 0.05 M H,SO, aqueous solution (@ =
0.53) as a standard reference.*?

2.3 NMR Measurements

NMR spectra were recorded on a Bruker 400 MHz (Bruker
Corp., Billerica, MA, USA) instrument. NMR titrations were
carried out in a D,0/CD3;0D 40 : 60 (v/v) mixture at pH 7 by the
addition of KP to 0.001 M solutions of L1. The pH was
adjusted to 7 by adding small amounts of NaOD or DCI after
each addition of KP to the solutions of L1.

2.4 Membranes preparation and sensing materials testing

Polymeric membranes were prepared by the incorporation of
approximately 1 wt% of L1-3HCI or L1 and 1-3 equiv. of anion-
exchanger (TDAC] or TDMACI) into a polymeric matrix con-
taining PVC and plasticizer (TOP or DOS) in 1:2 ratio by
weight. The overall membrane weight was 100 mg; all the
membrane components were dissolved in 1 mL of THF. Planar
optodes were prepared through drop-casting method, for
which a series of sensing spots was produced by deposition of
2 pL of each membrane cocktail on different solid supports:
Whatman 1003-110 (390 mm, 185 g m™ ) filter paper (FP),
color catcher cellulose tissue (CC), and glass slides (GS). After
THF evaporation, optodes were tested for the optical assess-
ment of primary KP and KP-Lys and interfering ions in 2 x
107%-1 x 10™* M concentration range upon illumination with
UV light at 365 nm and direct spiking of 5 pL of calibration
solutions of different concentration every time on the new
sensing spot.

All the solutions for optodes testing were prepared with dis-
tilled water at 0.005 M Tris/HCI background, pH 7.00. The pH
was adjusted by adding small aliquots of 1 M HCI and simul-
taneously controlled with an AMEL pH-meter (Italy), prelimi-
narily calibrated with pH 7.00 and pH 10.00 standard buffer
solutions (Sigma-Aldrich, Germany).

808 | Analyst, 2025, 150, 806-818
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2.5 Optical signal acquisition and data processing

For the quantification of optical response and its correlation
to the KP content in the calibration and test solutions, optode
images were acquired with a smartphone from a fixed distance
of 10 cm upon excitation at 365 nm (see section S3 of ESIf for
details). The whole sensing spot surface was considered as a
region of interest (ROI); ROI luminescence intensity variations
were then transformed into analytically useful digital signals
by application of Colorpicker (https:/imagecolorpicker.com/)
and Image] (https:/jij.imjoy.io/) freeware. Optode luminescent
response was converted into three main colors of the visible
spectrum-red (630 nm), green (530 nm), and blue (480 nm)-
according to the RGB scale. The RGB values were extracted for
each pixel of ROI, the color components were averaged, and
these mean values were used for data analysis after subtraction
of background without analyte and background without
sensing spot. Measurements were performed for 3 solid sup-
ports and repeated twice for 3 consecutive measurement days
(n=6).

Standard addition method was used to estimate the KP
amount in OkiTask by Dompé pharmaceutical composition.
Details on sample preparation and analytical procedure are
reported in section S4 of ESI.

The data obtained from fluorescent multisensor array were
treated with Unscrambler (CAMO PROCESS AS, Norway). PLS1
regression model was used to fit multisensor array optical
response with KP concentrations in the calibration solutions;
leave-one-out validation was applied due to the restricted
number of measurements composing the dataset. RMSEC,
RMSEV (Root Mean Square Error of Calibration and Validation
respectively) and correlation coefficient, R*, of predicted vs.
measured correlation lines were used to evaluate the efficiency
of the constructed regression models. The low detection limit
of KP detection was estimated by 3¢ method (LOD = 3¢/,
where ¢ is the RMSEC recalculated in mg L™" and S is the
slope of the regression line at calibration stage) (for details on
LOD calculations, see section S5 of ESIT).

3. Results and discussion
3.1 Acid-base properties of L1

The determination of protonation characteristics of a polya-
mine-based fluorescent host is the preliminary step to analyze
the effect of pH on its emission properties and binding/detec-
tion ability for anionic substrates. To this purpose, UV-Vis and
fluorescence emission spectroscopy were used to study the
photophysical characteristics of the present receptor at
different pH values. Measurements were performed in a H,O/
EtOH 1:1 (v/v) mixture to ensure the complete solubility of the
ligand in a wide pH range (3-11.5). The absorption spectrum
of L1 shows the classic pyrene absorption band with a
maximum at 345 nm and a red-shifted tail (ca. 360 nm), which
increases with increasing pH (Fig. 1a). This suggests the for-
mation of an intramolecular ground-state dimer (GSD)
between the two pyrene units, which is more favored at alka-

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Absorption spectra (a) and selected fluorescence emission spectra (b) of L1 at different pH values in H,O : EtOH (1:1 v/v) mixture and 0.1 M
NMe,CL. Inset of (b) shows a plot of the fluorescence emission intensity at 395 nm and 463 nm ([L1] = 1 X 107 M, Jeyc = 360 nm).

line pH values.* In fact, the triamine chain is likely to be pro-
tonated at acidic pH values. Its progressive deprotonation with
increasing pH enhances its flexibility and allows the whole
receptor to assume a conformation in which the two pyrene
units are close to one another, favoring their interaction via
hydrophobic and/or n-stacking. Direct photoexcitation of this
GSD at 360 nm gives rise to a broad emission band centered at
463 nm typical of the excimer form of pyrene.***® As shown in
Fig. 1b, at slightly acidic, neutral, and alkaline conditions, L1
exhibits both a typical structured emission band at
370-430 nm (Aeye = 360 nm) corresponding to monomer emis-
sion, and a second red-shifted band at 460 nm, attributed to
the formation of intramolecular excimer species. The progress-
ive deprotonation of the ammonium groups with increasing
pH results in a decrease in intensity of the monomer emission
at 395 nm and, to a lesser extent, in an increase of the excimer
emission at 460 nm. Most likely, deprotonation of the triamine
chain induces an increase in the electron density at the nitro-
gen atoms, favoring a photo-induced electron transfer (PET)
effect from an amine group to the excited fluorophore that
leads to quenching of the monomer emission at 395 nm and
justifies the slight increase in dimer emission at 460 nm. The
emission intensity at 395 nm remains almost constant
between pH 4 and 5 (Fig. 1a, inset). At higher pH values, the
emission decreases again to achieve a constant value in the pH
range of 6.5-7.5. Above pH 7.5, the emission increases again
and finally assumes a nearly constant value above pH 9.
Treatment of the emission intensity data at 395 nm using the
HypSpec program®” allows for the calculation of protonation
constants of 8.1(1) and 5.9(1) log units, corresponding to the
formation of a mono- and di-protonated receptor L1,
respectively.

These values are very similar to those found for the corres-
ponding  bis-anthracenyl  derivative of  1,4,7-diethyl-
enetriamine,®® for which a third protonation step was also
observed at acidic pH values (pK, = 3.3), as normally found in
diethylenetriamine and its derivatives.*® In the present case,
precipitation in H,O/EtOH below pH 3.5 prevents spectrum
collection and determination of the constant relative to the

This journal is © The Royal Society of Chemistry 2025

third protonation step of the receptor. The calculated con-
stants for the first and second protonation equilibrium allow
to conclude that the receptor is mainly in its mono-protonated
form at neutral pH. Considering that benzylic amine groups
adjacent to aromatic moieties are normally less basic,*® we can
reasonably conclude that in the monoprotonated species, the
acidic proton is localized on the central amine groups of the
triamine chain at a larger distance from the pyrene units.

3.2 Binding properties of L1 toward KP in water/ethanol
solution

3.2.1 UV-Visible and fluorescence measurements. To inves-
tigate the binding abilities of bis-pyrene-substituted triamine
receptor toward KP and its optical response, we performed UV-
vis and fluorescence emission titrations by adding increasing
amounts of the KP analyte to a 0.5 pM solution of L1 in H,O/
EtOH mixture (1:1 v/v) buffered at pH 7 with Tris. Preliminary
tests did not demonstrate evident changes in the UV-vis
spectra upon increase in the KP concentration, suggesting that
no L1 structural changes occur upon binding with KP in the
ground state (Fig. S71). On the contrary, a significant increase
of the emission band of the excimer species, centered at ca.
460 nm, was recorded upon excitation of L1 at 360 nm upon
the addition of KP (Fig. 2).

The intensity of the monomer band at about 375-400 nm
remains almost constant. Notably, the emission of the 460 nm
band increases almost linearly up to a 1.8:1 KP:L1 molar
ratio (R). At higher R values, the emission achieves an almost
constant value for molar ratio greater than 2.5, with a
quantum yield @ of 0.37 (@ = 0.25 for L1 in the absence of KP).
This suggests the formation of adducts with both 1:1 and 1:2
receptor to substrate stoichiometry. Indeed, the analysis of the
spectrofluorimetric data with HypSpec program®® shows the
formation of complexes with receptor to substrate stoichio-
metry of 1:1 and 1:2 with estimated apparent binding con-
stants at pH 7.0 (ligand speciation not analytically considered)
for the successive addition of one (HL1" + KP~ = [HL1(KP)])
and two ([HL1(KP)] + KP~ = [HL1(KP),]") KP anions to L1 of 4.1
(1) and 3.8(1) log units, respectively. The receptor is in the pro-

Analyst, 2025, 150, 806-818 | 809
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(a) Fluorescence spectra of L1 and (b) plot of the emission intensity at 396 nm and 461 nm in the presence of increasing amount of KP

(H,O: EtOH 1:1 v/v, pH = 7, Tris 0.005 M, [L1] = 5 X 1077 M, Aexc = 360 nm). Error bars represent the standard deviation for triplicate measurements.

tonated (positively charged) form at neutral pH (the main
form present in solution at neutral pH is the monoprotonated
one). Therefore, it can interact via non-directional charge-
charge interactions with the anionic carboxylate groups of
ketoprofen. At the same time, the ammonium and amine
groups can act as hydrogen bonding donors toward the carbox-
ylate moiety. Finally, the pyrene units can give hydrophobic
interactions with the aromatic portion of KP. The presence of
multiple interaction modes, which likely act cooperatively in
anion binding, may allow the formation of adducts containing
more than one anionic host. This result is in good agreement
with that previously found for the adduct of KP with the
corresponding bis-anthracenyl derivatives of both diethylene-
and triethylenetriamine, for which the formation of adducts
with both 1:1 and 1:2 stoichiometry was observed.*® Under
these experimental conditions, a detection limit (LOD) of
17 pM (4.3 mg L) was estimated for KP sensing by L1
(Fig. S97). As reported above, L1 is in its monoprotonated form
at neutral pH value, the acidic proton being localized on the
central amine group. Hydrogen bonding and electrostatic
interactions may occur between the carboxylate group of KP
(the pK, value of KP is 5.31 in 1:1 (v/v) H,O/EtOH mixture)
and the protonated central -NH," group of L1, as shown in
Scheme 2. However, as already observed for the bis-anthracenyl
derivative adducts with KP,*® the presence of H-bonding inter-
actions between the carbonyl function of KP and a benzyl
amino-group, which contribute to the stabilization of the
complex, cannot be excluded.

In polyamine compounds bearing aromatic fluorogenic units,
the benzylic amine groups generally exert the most effective PET
effect. Their protonation inhibits the electron transfer process
due to the involvement of their lone pair in proton binding,
leading to a renewal of the emission of the adjacent fluorogenic
unit. This would suggest that interaction of the carboxylate group
of KP induces a proton transfer process from the central amine
group to a benzylic amine, with a consequently reduced PET
effect and increased excimer emission.

To corroborate this suggestive hypothesis, we performed 'H
NMR titration by adding KP to an aqueous solution of L1.

810 | Analyst, 2025, 150, 806-818

Scheme 2 Proposed interaction mode between KP™ and L1 in its
monoprotonated form.

3.2.2 'H NMR titrations. "H NMR experiments were per-
formed by adding increasing amounts of KP or L1 to a solution
of L1 and KP, respectively, at fixed concentration in D,O/
DMSO-dg 1:4 (v/v) mixture at neutral pH. This solvent mixture
was chosen to avoid precipitation of L1 adducts with KP
observed in 1:1 D,O/EtOH mixture at the concentration used
in '"H NMR experiments (1 x 10~> M). As shown in Fig. 3, the
increase in KP concentration in an L1 solution induces a pro-
gressive downfield shift of the resonance of both the methyl-
ene bridge 1,;, (see Fig. 3 for atom numbering) and the methyl-
ene groups 2,;, adjacent to the lateral amine groups, while the
chemical shift of the signal relative to the 3,; methylene group
remains unchanged.

In aliphatic polyamines, protonation and deprotonation
processes are accompanied by a downfield and upfield shift,
respectively, of the signal of the adjacent methylene units.*®
Therefore, the downfield shift of the resonance of methylene
groups 1,; and 2,; can be ascribed to a proton transfer
process from the central protonated amine group to the
benzylic one upon KP binding. The increased positive charge
on the nitrogen atom adjacent to the fluorophore can induce an
inhibition of the PET process, justifying the partial restoration

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Aliphatic signals of the *H NMR spectra of L1 at pH 7 in the presence of increasing amounts of KP (D,0/DMSO-dg 1: 4 v/v, [L1] = 1 x 1073 M).

of the fluorescence emission. The aromatic signals of pyrene
are not affected by the interaction with the substrate, as shown
in Fig. S10,T suggesting that the aromatic units of receptor and
substrate are not involved in substrate coordination via
n-stacking interactions, at least in the ground state. The pro-
posed interaction mode in the ground state is confirmed by the
analysis of the shift of the signals of KP, in which both the
signals relative to the CH and CH; groups of KP are not signifi-
cantly shifted, as displayed in Fig. S11 and S12.}

3.3 Optical properties of L1-based optodes

To transfer the optical signal of bis-pyrene-polyamine recep-
tors in the presence of KP from solution into all-solid-state
fluorimetric optical sensors, we investigated the properties of
PVC plasticized membranes doped with L1-3HCI and L1 as
‘free’ amine, both deposited on three different solid supports
(FP, CC and GS, see Experimental section for details). In total,
7 membrane compositions were prepared, as summarized in
Table 1. Due to the low solubility of L1-3HCI in the solvent
(THF) used for membrane Mb1.1 cocktail preparation, the
optical properties of membranes Mb1.2-Mb5 doped with the
non-protonated L1 (present in oil form) ligand were further
studied.

TDACI and TDMACI (in membrane Mb5) anion-exchangers
were added to membrane cocktails in 1:1, 1:2 or 1:3 ratio
with respect to L1 receptor to stabilize membrane neutrality
and ensure the analyte anions’ membrane permselectivity. The
influence of L1 protonation state in the membrane phase as
well as the plasticizer nature on the optical properties of tested
membranes and their sensitivity and selectivity toward keto-
profen have been also investigated.

As expected, preliminary tests on the optical response of
membrane Mb1.2 deposited on CC support have shown the
preferable binding of KP compared to ibuprofen (IBU) and
benzoate anions, which were tested as potential interfering
ions. However, an evident luminescence signal quenching was
registered upon KP concentration increase, in contrast to the
L1 behavior in solution (Fig. S131). A similar response was
registered for Mb1.2 spots deposited on glass and filter paper
support, thus evidencing the necessity of careful tuning of the
fluorophore protonation state and competitive salt-bridging
effects among the fluorophore and target KP~ and/or Cl” ions
coming from the anion-exchanger or other interfering ions. To
clarify these phenomena, a new series of membranes was pre-
pared, in which 3 equivalents of protons (H'), in the form of
trifluoroacetic acid (TFA), were introduced into the freshly pre-

Table 1 Membrane compositions of optodes based on bis-pyrene polyamine receptors L1-3HCl and L1

Membrane Ligand Anion-exchanger Ligand : anion exchanger, molar ratio Plasticizer TFA
Mb1.1 L1-3HCI 1:0.5 TOP —
Mb1.2 1:0.7 TOP —
Mb1.3 1:0.7 TOP 3 equiv.
Mb2 L1 TDACI 1:0.7 DOS 3 equiv.
Mb3 1:0.7 DOS —

Mb4 1:1.5 DOS 3 equiv.
Mb5 TDMACI 1:2.8 DOS 3 equiv.

This journal is © The Royal Society of Chemistry 2025
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pared membranes (Mb1.3, Mb2, Mb4, and Mb5) to protonate
the L1 ligand directly in the membrane phase.

The DOS plasticizer with lower dielectric constant (epos =
4.0 vs. erop = 7.9) was used instead of highly anion-solvating
and basic TOP plasticizer for membranes Mb2-Mb5 prepa-
ration. To study the influence of the anion-exchanger, the ratio
of L1/anion-exchanger was changed from approximately 1:1 to
1:1.5 and 1:3 equiv. in membranes Mb3, Mb4 and Mb5,
respectively. Moreover, to keep pH at a constant value, all the
measurements were done in 0.01 M Tris/HCl pH 7.00 buffer.
Under these conditions, KP is completely ionized, considering
that its pK, is 4.45.

3.3.1 Ligand protonation state. In the development of fluo-
rescent sensors, a “turn on” response is typically preferred over
a “turn off” one. The use of L1-3HCI receptor for KP optical
sensor development would hence be the best choice since the
interaction of the L1-3HCl-protonated polyamine chain with
the carboxylate group of KP (in anionic form at pH 7) induces
a translocation of the acidic proton within the triamine chain,
resulting in the increase of the L1-3HCIl excimer emission.
This “turn on” optical signal can be used to detect KP in
aqueous media, as reported in section 3.2. However, L1-3HCI
is not soluble inside the PVC membrane cocktails. Therefore,
the non-protonated L1 receptor was selected due to its higher
solubility in the membrane phase and further protonated
directly inside the membrane through the addition of 3 equiv.
of trifluoroacetic acid, TFA (with respect to L1 amount).
Indeed, it was experimentally confirmed and illustrated in
Fig. 4 that L1 protonation in the membrane resulted in an
emission switch on for TFA-doped membrane Mb5 upon KP
binding, while the non-protonated L1 in the presence or
absence of KP maintains the system in its non-emissive state
in membrane Mb3 (no TFA added, see Table 1).

Moreover, considering the acid-base properties of L1 in
solution (see section 3.1), the receptor is most likely present in
the membrane as a monoprotonated species, with the acidic
proton localized on the central amine group of the triamine
chain, making it form 1:1 or 1: 2 receptor to analyte adducts.

TRIS,
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3.3.2. Anion-exchanger influence. The presence of the pro-
tonated form of L1 receptor is necessary to obtain the mem-
brane switch on fluorescence response toward KP. At the same
time, in order to promote the flux of analyte KP ions inside
the membrane phase and ensure membrane electroneutrality,
the incorporation of lipophilic cationic sites in the form of
TDACI anion-exchanger is required. Moreover, the anion-
exchanger amount introduced inside the membrane in various
ratios to the ligand may elucidate the formed complexes’ stoi-
chiometry. In the membrane phase, the formation of a 1:1
ligand to KP complex is prevalent and the 1:1 molar ratio of
lipophilic TDA" cations with respect to the carrier L1 would be
sufficient to stabilize the ion-exchange process. However, the
trifluoroacetate anions from TFA will remain in the membrane
phase due to their higher lipophilicity, while smaller and more
mobile CI™ anions from TDACI will be quickly leached into the
solution. Hence, additional TDA" sites are essential for main-
taining the membrane neutrality and ion-exchange efficacy.
The overall equilibrium, which ensures the mass balance of
neutral and charged species in the membrane, can be rep-
resented as follows.

Loy + KP,, + 3H,,, + 3TFA_,, + 3TDA], + 3Cl
= L1-H/ _(KP,,

arg (KPor) 4 2H, + 3TFA_, + 3TDAY  + 3CL,

org

where L1, KP™5q corresponds to the neutral ligand L1 form
in the membrane phase and ketoprofen anion (deprotonated
form) in solution, respectively. Additionally, the asymmetric
anion-exchanger, for instance, TDMACI, may better stabilize
the asymmetric complex between KP and L1 in its monoproto-
nated form given in Scheme 2 and enhance the sensor’s
optical response to ketoprofen.

The tests on membranes Mb1.3-Mb5 response to KP were
run in the concentration range of 2.0 pM-0.1 mM (two orders
of magnitude of KP~ ions concentration) and corresponding to
1-20 equiv. ratio of L1 in the membrane and KP in the
analyzed solution.

KP

L1 pH7.0 1lequiv.

2 equiv. 5equiv. 10 equiv.

Fig. 4 Photogram of L1-based all-solid-state optodes deposited on the glass support GS to increasing concentrations of KP (1-10 equiv.) on 0.005
M Tris pH 7.0 background solution. In membrane Mb3, the L1 ligand is in its not-protonated form, and in membranes Mb4 and Mb5, 1.5 and 2.8
equiv. of TFA, respectively, were added to protonate L1 directly in the membrane phase. The image was acquired from 10 cm distance with a

common smartphone, Aeyxc = 365 nm.
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The increase in the fluorescence intensity of sensing spots
upon the excitation at 365 nm as a function of the growing
concentration of KP was recorded, and this change was
strongly correlated to the L1/anion-exchange ratio. Thus, as
shown in Fig. 5, in comparison to the membranes Mb1.3-Mb3
doped with 1 equiv. of TDACI, Mb4 and especially Mb5 con-
taining 2 and 3 equiv. of anion-exchanger, respectively, have
shown the best response in a wider linear range of KP concen-
tration. The best optical response in all the tested concen-
tration range with R> = 0.984 was registered for membrane
Mb5, containing 1 wt% of L1, 3 equiv. of TFA, and 3 equiv. of
asymmetric TDMACI anion-exchanger.

3.3.3 Effect of plasticizer and solid support selection. The
nature of the plasticizer has a smaller influence on the KP
response of optodes. Thus, a similar slightly emissive response
was registered at low KP concentrations (2 x 107°-1 x 107> M)
for membranes Mb1.3 and Mb2 having the same composition
but plasticized with TOP and DOS, respectively (Fig. 5).
However, at higher KP concentrations, a more basic TOP
impairs the membrane Mb1.3 response faster in the non-emis-
sive state, in comparison to the DOS-plasticized membrane
Mb2, for which the luminescence intensity decreases in a
lower degree. This effect can be also due to the difference in
TOP and DOS polarity (epos = 4.0 vs. erop = 7.9) and solvating
properties, influencing the mobility and rigidity of L1 arms
inside the membrane phase and vary its ability to approach
KP™ ions upon the binding step to a different degree and
further excimer interaction between the two pyrene groups,
responsible for switch on optode response. Indeed, some
small enhancement in optical response was registered for
DOS-plasticized membranes in comparison to the TOP-plasti-
cized Mb1.3; hence, only DOS-plasticized membranes’ selecti-
vity and analytical applications have been further tested.

To acquire the 2D images of all-solid-state optodes prepared
by the drop-casting of a small amount (2 pL) of L1-doped PVC
membranes on a solid support, a conventional smartphone
was used. Two cellulose-based materials, a filter paper (FP)
and color catcher tissue (CC) treated/non-treated with 0.005 M
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Tris pH 7 buffer solution, and glass slides (GC) were employed
to test the KP response in the fluorescence readout mode. The
laboratory UV-lamp operating at a wavelength of 365 nm
served as an excitation light source. While no significative
differences were registered for optodes on CC, a clear lumine-
scence intensity variation for previously selected best mem-
brane composition, Mb5, containing 1 wt% of L1, 3 equiv. of
TFA, and 3 equiv. of TDMACI anion-exchanger, was observed
on GS and non-treated FP. The obtained calibration curves and
corresponding photos are shown in Fig. S14.7 Notably, the
faster optical response of PVC membranes deposited on FP in
comparison to the GC support (fully luminescent at the 5%
day after the exposure of KP solutions) indicates FP as the
most adapted solid support material for optodes development.
While the diffusion of KP solutions inside the membrane de-
posited on GS support is limited and could occur only from
the external top side of the membrane, the faster response of
FP-based optodes is due to high permeability of the FP
support and possible diffusion of the sample solution inside
the membrane phase not only top down but also laterally and
from the bottom side. For this reason, further tests on selecti-
vity and KP detection in pharmaceutical compositions were
run for optodes on FP support. Moreover, GS and FP are eco-
friendly and cost-effective materials, providing “green solu-
tions” in the development of all-solid-state optical sensors.
3.3.4 Selectivity tests in solution and for all-solid state
optodes. Efficient probes for analytes should feature selectivity
in substrate sensing. Previous results suggest that electrostatic
interactions between the carboxylate group of the analyte and
the protonated amine group of the polyamine chain, along
with H-bonding between the carbonyl group of the anion and
a benzylic nitrogen atom of L1, play a key role in KP sensing by
the receptor at pH 7. Even if aromatic interactions are not sig-
nificantly involved (as demonstrated by "H NMR titrations, see
above), an overall hydrophobic effect can contribute to
improve the complex stability. These outcomes are also sup-
ported by the results of fluorimetric titrations performed by
adding increasing amounts of carboxylate anions with smaller

Fig. 5

® Mbs: L1/3ea TDMACI/DOS/PVC/3eq.TFA
7 ol W ‘2116 ToAGH /DOSIF‘VC/n:TquA 50 Mb5:L1/3eq TDMACI/DOS/PVC/3 eq. TFA
6o © Mbd: L1/2eq TDACI/DOS/PVCI3eq.TFA & .
Mb2: L1/1eq TDACI/DOS/PVC/3eqTFA & ) .

2| so X Mbl: L1/1eq TDACI/TOP/PVCReq.TFA R2=0984 £ P
— (%]
2 » 5 50
%’ 40 o 'Y ' ‘é’ E3
- . s Q 40
3 30 .3 @ Q L
c Q 5 1)
8 : s Q30 2
@l 20 [ ] X 3
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(a) Luminescence intensity variation of L1-doped membranes Mb1.3—-Mb5 deposited on the GS substrate upon KP concentration variation;

(b) details of optical response the optimum membrane Mb5 to KP, n = 3. 1y = 365 nm.
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Fig. 6 Emission intensity at 495 nm of L1 in the presence of increasing amounts of (a) KP, acetate, benzoate, ibuprofen (IBU), naproxen (NPX) and
(b) Na*, K*, Ca®*, Mg?*. H,O : EtOH 1:1 v/v, pH = 7, Tris 0.005 M, [L1] = 5 X 1077 M, Jeyc = 360 nm.

hydrophobic units, which do not feature any carbonyl func-
tions, to a solution of L1 buffered at pH 7 (Fig. 6). Indeed, the
emission intensity is only slightly affected by the addition of
carboxylate anions different from KP, such as acetate, benzo-
ate, and ibuprofen (IBU), as shown in Fig. 6a. This would indi-
cate that weaker interactions occur between the receptor and
the smaller carboxylate anions, suggesting that the overall
hydrophobic character of L1 and H-bond formation contrib-
utes to the stabilization of adducts with KP, which contains a
benzophenone moiety, as compared to less hydrophobic car-
boxylates. A somewhat higher increase was observed for the
more hydrophobic naproxen (NPX) anion. However, this
change in emission is remarkably less significant when com-
pared to the enhancement observed in the presence of KP.
This supports the hypothesis that H-bonding between the car-
bonyl group of KP and the amine group of the aliphatic chain
of L1 gives an important contribution to the stabilization of
the adduct, as discussed above. Moreover, the fluorescence
response of L1 is not affected by the presence of some
common cations in the solution found in environmental and
biological matrices, such as Na*, K*, Ca®>" and Mg”* (Fig. 6b),

50

in keeping with the poor binding ability of linear polyamine
ligands towards alkali and alkaline-earth metal cations in
aqueous solution.”®

The selectivity evaluation of all-solid-state optodes indi-
cated the highest influence of KP through the analysis of
luminescence intensity in the blue channel (Fig. 7 and
Fig. S151). The selectivity coefficients of all-solid-state optodes
with Mb5 were calculated by a modified separate solution
method (SSM) as previously reported®® and are listed in
Table 2. Details on the optodes’ selectivity evaluation are pro-
vided in section S5 of ESI.} No significant influence from the
parent compounds such as naproxen, ibuprofen, and benzo-
ate, which can all be present simultaneously in pharma-
ceutical formulations, were observed. Likewise, the
optical response of the L1-based membrane (Mb5) towards KP
was not affected either by other highly lipophilic anions
tested, such as perchlorate (ClO,”) and thiocyanate (SCN™),
which do not contain carboxyl groups (-COOH) in their struc-
tures, or by all the tested interfering cations (Table 2 and
Fig. S167), were in good accordance with selectivity tests run in
the solution.

45

35
30
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15
10

40 [lon]=4x105M

10

Relative Luminescence intensity on blue
channel, %

KP

.
0
g NPX IBU

SCN-

Benzoate CIO,

Fig. 7 Relative luminescence intensity of membrane Mb5 sensing spots on the blue channel in the presence of equal amounts of KP~, naproxen
(NPX"), ibuprofen (IBU”), benzoate (Benzoate™), ClO4~ and SCN™ interfering anions. [lon] = 4 x 107> M, pH = 7.0, Tris 0.005 M, and Aeyc = 365 nm.
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Table 2 Selectivity coefficients of the all-solid-state L1-based optode
with Mb5, evaluated via a modified SSM method in solutions of various
interfering ions. [lon] = 8 x 107> M, pH = 7.0, Tris 0.005 M, ey =

365nm,andn=3

Interfering ion®

log Kxp/ron

NPX™
IBU™
Benzoate™
Clo,~
SCN™
Na*
K+
Mg>*
Ca2+
Zn2+
Cu2+

“KP was considered as a primary ion; the slope of the semilogarithmic
calibration curve toward KP ions was used to calculate log Kxp/ion; See

ESIf for calculation details.

-2.21
—2.66

2.70
—2.74
—2.94
—2.50
—2.22
—4.78
—4.98
—5.79
-6.31
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In Table 3, the comparison of the main characteristics of
NSAIDs optical sensors previously reported in the
literature'®'%32:3652757 and the characteristics of the devel-
oped all-solid-state KP optode in this work based on proto-
nated bis-pyrene polyamine receptor L1 is reported. The wide
linear range of response, low detection limit, together with
easy application procedure and low operational costs of the
developed all-solid-state optical sensor, demonstrate its poten-
tial for KP assessment.

3.4 KP assessment in pharmaceutical compositions

The KP amount in pharmaceutical composition OkiTask by
Dompé was estimated with planar all-solid-state optodes based
on Mb5 membrane deposited on FP support since this mem-
brane has shown the best analytical characteristics and wider
dynamic optical response range. The application of the double
addition method has shown the possibility to determine the

Table 3 Comparison of the main properties of optical chemical sensors for KP and other NSAIDs reported in the literature with the developed all-
solid-state KP optode based on the protonated bis-pyrene polyamine receptor L1

Limit of

Ligand Optical output, working media Sensing range detection Ref.
Polyethyleneimine passivated copper-doped CdS  Fluorescence quenching 0.05-35.5 pM 1.36 nM 16
quantum dots and zinc oxide nanorods Tap water, lake water, waste water and

human urine samples
CdSe/ZnS core-shell nanoparticles (chiral Fluorescence quenching; enantioselective 50.0 x 10~% to — 17
quantum dots) (QDs) bearing a chiral organic recognition of KP 250.0 x 10™* M
ligand
One-pot water-dispersed chitosan stabilized Fluorescence quenching 0.05 to 0.4 pM — 18
silver nanoparticles (AgNPs) Aqueous solutions pH 4.00, Ketorolac

ampules, spiked river water
Carbon Dot core Molecularly Imprinted Polymer  Fluorescence quenching 0.039 to 3.9 pM 0.01 yM 19

MIPs with rhodamine B fluorescein-
functionalized
Bis-anthracene substituted polyamines

3,3"-bis[N,N-bis(pyridine-2-ylmethyl)
aminomethyl]-2,2"-dihydroxybiphenyl (L)
complex with Zn**, [Zn,(H — 2L)]*"

Carbon quantum dots in silica molecularly
imprinted polymer (CQDs-SiO,@MIP)

Bis-squaramide receptors

Hollow core microstructure optical fibers
modified with deep eutectic solvent based on
natural monoterpenoid and fatty acid.

ITO-LMR probe ITO electrode

AgNPs in solution

Protonated L1 (N1,N3-bis(1-pyrenylmethyl)
diethylenetriamine) ligand inside PVC-based
membrane and sensor array

This journal is © The Royal Society of Chemistry 2025

Aqueous solutions, human serum and urine

samples

Fluorescence quenching water/ethanol 2: 1

(v/v) mixture

Fluorescence enhancement

Water/EtOH 50 : 50 (v/v) solutions, pH 7.00
Fluorescence quenching

Water/CH3;CN 80 : 20 (v/v) solutions, pH

10.00

1-20 uM (NPX)
1-10 nM (KP)

0.27 uM (NPX); 32
0.011 puM (KP)

Fluorescence quenching, distinction
between S- and R-enantiomers.

Solutions on 0.05 M acetate buffer, pH = 4.00
background

Specific fluorescence quenching of L1 and
L2 to KP

CH;CN/DMSO solution 9 : 1(v/v); paper strip-
test able to work in water

HC-MOF transmission spectra were recorded
over the wavelength range of 400-800 nm
Human urine samples spiked with KP,
mefenamic acid, diclofenac, flurbiprofen,
indomethacin

Lossy-mode resonance (LMR) effect for KP
detection

Aqueous solutions upon
electropolymerisation of KP on ITO probe
Fluorescence quenching

Pharmaceutical and prepared dosage forms,
spiked human plasma

Fluorescence enhancement

In water/ethanol 1: 1 (v:v) solution; on-
paper and on-glass all-solid-state optode for
aqueous KP solutions

0-3 equiv. of KP  0.21 uM (L1); 36
0.28 pM (L2)

0-10 equiv. of KP — 52
and IBU

0.5-35.0 uM for 0.20 pM 53
S-NPX; (S-NPX);

0.5-30.0 pM for ~ 0.37 pM

R-NPX (R-NPX).

0-5 equiv. of KP, — 54

NPX, Benz-

0.1-3mgL ' of 3pgL'forKP 55
NSAIDs

0.25-250 pg 0.5 mM 56
mL™*

0.5-5.0 mg mL™" — 57

2 pM-0.1 mM 0.84 M This
0.5-20 equiv. KP  (0.21 mg L™) work
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Table 4 Results of KP determination in OkiTask formulation using the
developed optode based on the bis-pyrene polyamine receptor L1, n = 6

[KP] real [KP] found RSD, % Recovery, %
2.00x107° M 2.04%x107° M 2.1 102
5.8
5.6 R%,=0.944 8
Slope,, = 0.944 %
5.4 = X 2
v Ras0910 2
. val = Y+ ) .
2 RMSEV = 0.171 8¢
G s &
g X
g %
2 7
46 X
Ef g
T 44 X - < Calibration
55 x « Validation
: K _»° @
8-
4 %8 0
38"
3.8 4 4.2 4.4 4.6 4.8 5 5.2 5.4 5.6 5.8
-log[KP-], REAL

Fig. 8 PLS1 regression model based on the luminescence response of
the all-solid-state planar optical sensor array in KP aqueous solutions of
different concentrations.

KP amount in unknown samples with a relative error, RSD of
2.1% and recovery of 102%, as shown in Table 4, which indi-
cates the suitability of L1 receptor for the fluorimetric detec-
tion of ketoprofen in real samples.

3.5 Multisensor approach for KP low detection limit lowering

Finally, membranes Mb1.3-Mb5 deposited on GS were used in
multisensory arrangement to lower the KP detection limit. The
membranes’ luminescence intensities were measured simul-
taneously in individual aqueous solutions of KP in 2 x 107°-1
x 107* M concentration range. The obtained data matrix was
used to construct the PLS1 model to correlate optical sensor
array output to the KP concentration in calibration solutions
(Fig. 8).

The PLS1 regression model (R* = 0.944, RMSEV = 0.17 log
[KP], 3 PCs, 96% of total variance, 30 samples, 4 variables -
luminescence intensity, RGB optical intensities) permitted to
improve the KP detection limit to 0.84 uM (0.21 mg L™).

4. Conclusions

This study investigates a tri-amine receptor with two pyrene
fluorogenic groups, in its protonated L1-3HCl and non-proto-
nated L1 forms, for detecting the non-steroidal painkiller keto-
profen (KP). Results highlight that coupling a polar, hydro-
philic structure with two large hydrophobic units can create a
molecular receptor capable of forming stable complexes with
KP. Optical studies of L1 in a 1:1 (v/v) water/ethanol solution

816 | Analyst, 2025, 150, 806-818
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at neutral pH revealed salt-bridging interactions between the
carboxylate group of KP (in its anionic form at pH 7) and the
protonated polyamine chain of the receptor. This interaction
induces a significant enhancement of the 396 nm excimer
emission band. Coordination of KP also triggered a transloca-
tion of the acidic proton within the triamine chain from the
central nitrogen to the benzylic nitrogen, inhibiting the PET
process from the triamine chain to the excited fluorophores.

The receptor’s optical signal was used to develop an all-
solid-state sensor based on L1 incorporated into PVC mem-
branes for the optical sensing of KP in aqueous media. The
sensor composition was optimized by considering the impact
of different membrane components on the optical response.
The best response was achieved with membrane Mb5, contain-
ing 1 wt% L1, 3 equivalents of TFA, and 3 equivalents of asym-
metric TDMACI anion-exchanger. Various solid supports were
tested. Paper and glass were selected due to their cost-effective-
ness and environmental friendliness. Selectivity tests showed
minimal interference from ions and other active pharma-
ceutical ingredients, including naproxen, ibuprofen, and ben-
zoate. The developed sensor was successfully applied to
analyze the OkiTask pharmaceutical formulation, with an RSD
of 2.1% and a recovery of 102%. This work demonstrates that
polyamine chains coupled with fluorescent hydrophobic moi-
eties provide an effective strategy for developing optical KP
chemosensors with high stability, fluorescence response, and
selectivity. Additionally, the optical sensor array based on bis-
pyrene-substituted receptors (Mb1.3-Mb5) offers a fast and
indirect method for screening and discriminating between
common non-steroidal painkillers, reducing the detection
limit of KP from 4.3 mg L™" to 0.21 mg L™".
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