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ARTICLE INFO ABSTRACT

Keywords: To monitor emerging pollutants in water, we herein describe three novel core-substituted, self-assembling 1,8-
1,8-Naphthalimide naphthalimide derivatives, applied as fluorescent sensors to detect drugs in water. These fluorophores differ
Self-assembly for the substitution on the core and imide positions. We initially studied photophysical properties of the fluo-
FDI;:!Ogrsescem sensing rophores by solvent-dependent UV-vis and fluorescence measurements and then investigated their self-assembly,

finding that they mostly form J-aggregates in water and water/DMSO solutions, following an isodesmic pathway.
We also obtained insights on the thermodynamic parameters of the aggregation process and characterized the
aggregate morphology by Scanning Electron Microscopy. Subsequently, we studied how these supramolecular
aggregates act as fluorescent sensors to detect in aqueous solutions drugs belonging to different classes, like non-
steroidal, anti-inflammatory and antibiotic drugs. To this aim, we conducted fluorescence measurements in the
presence of variable drug concentrations. The best-performing system could detect ketoprofen with limit of
detection (LOD) and limit of quantification (LOQ) of 2.3 and 6.9 M, respectively. Finally, we embedded the best-
performing fluorophore onto solid supports including filter paper strips or polymer poly(3-hydroxybutirate)
films. When these fluorophore-doped solids were soaked in ketoprofen solutions at different concentrations,

significant quenching of emission was detected.

1. Introduction

Monitoring water quality is an unavoidable task to ensure acceptable
standards of living, and this is pursued in most of the world with dedi-
cated regulations. However, the last decades have seen the increasingly
concerning issues of emerging pollutants, i.e. harmful substances, not
yet comprised in regulations and analysis protocols for water bodies [1].
Among these pollutants, drug residues elicit particular concerns [2].
Deriving from multiple sources, like households, healthcare centers or
livestock production facilities, drugs in water bodies pose significant risk
to both aquatic organisms and human health [3-5]. Drugs are often
resistant to conventional water treatment methods and, in addition, can
be present at different concentrations, spanning a wide range of struc-
tures. These considerations motivate research to find fast and efficient
methods to detect the presence of drugs in water. Among the various
methods that can be used to track the presence of pharmaceutically
active compounds in water, like cyclic voltammetry, chromatography,
capillary electrophoresis or mass spectroscopy [6,7], fluorescent sensing
appears particularly suitable. This is due to the ability of fluorescent
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sensing to detect analytes at very low concentrations, coupled with the
advantages of fast response, possibility of in situ detection without need
of expensive instrumentation, transportation or sample pretreatment
[8l.

Fluorescent chemosensing is generally driven by non-covalent in-
teractions established between the analyte and a fluorescent probe,
which induce significant variations in the emission of this latter. A
number of mechanisms can be involved in this process, such as fluo-
rescence turn-on, turn-off or photoinduced electron transfer [9].

Consequently, different supramolecular interactions can be har-
nessed to detect pharmaceutically active compounds in water environ-
ment at low concentrations, and systems based on metal organic
frameworks [10], macrocyclic hosts [11,12] and fluorophores func-
tionalized with selective receptor units have been reported [13].

A further related sensing strategy involves using supramolecular
aggregates as sensory probes [14,15].

In such an approach, emission variations of supramolecular aggre-
gates formed by a suitable fluorescent monomer, are induced by the
presence of the analyte. Hence, this strategy often involves very simple
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molecules, and has been applied for the obtainment of ultrasensitive
sensors. In this respect, a metal-ion containing supramolecular gel has
been successfully used for the detection of [H,PO4] anion in water [16],
or supramolecular aggregates formed by peptides were reported for the
sensing of a melanoma biomarker [17]. In addition, aggregates formed
by perylene diimide derivatives provided sensory platforms for sensitive
detection of metal ions [18] or berberine chloride [19].

An important class of fluorescent and aggregating compounds is
constituted by 1,8-naphthalimide (NI) derivatives. These molecules
often form emissive aggregates in solution, underpinned by = -n stacking
interactions [20]. Notably, despite the well-known self-assembling
ability of NI-derivatives, the use of NI-based aggregates for pollutant
sensing is relatively underexplored, compared with other kinds of ap-
plications, featuring sensing of harmful gases [21], metals [22] in so-
lution as well in gel state [23]. In this context, we have demonstrated
that the emission of such aggregates can be exploited for bioimaging
applications [24], and very recently, that supramolecular aggregates
based on a p-glucamine functionalized NI-fluorophore, can act as fluo-
rescent sensor for the detection of drugs in aqueous solutions [25].
Notably, functionalization of the core positions in NI-derivatives greatly
influence, and in many cases enhances, the emission ability [26]. It is
indeed widely reported that substitution of the 4-position of the aro-
matic core of 1,8-naphthalimides with different groups, including amino
groups, significantly alter the electronic distribution in the fluorophore,
thus affecting UV-vis and fluorescence properties [27-29]. Substitution
with secondary amine groups such as piperidyl can potentially reduce
the extent of n-stacking, responsible for ACQ phenomena [30]. Since
n-stacking mainly underpins the self-assembly of 1,8-naphthalimides
derivatives, this structural variation can also affect the stability of the
aggregates formed.

Based on these considerations, we synthesized three NI-based fluo-
rophores, differently functionalized on both in the aromatic rings and
imide positions, namely Pyrr-NI-Im, Pyrr-NI-Glu, and Mor-NI-Im
(Fig. 1).

In particular, the different functionalization on the aromatic core is
expected to affect the emissive profile of the fluorophore, while the
different groups in the amide moiety should influence the aggregation of
the NI-nuclei. More specifically, the alkyl-imidazole moiety provides the
NI-based fluorophores with further n-conjugated surface, thus in prin-
ciple enhancing n-r interactions [20]. On the other hand, the introduc-
tion of the p-glucamine moiety has been reported to increase solubility
in water and favour aggregation, due to the presence of additional
hydrogen bonding sites [31,32].

We investigated the self-assembly process of each fluorophore by
concentration- and temperature dependent UV-vis and fluorescence
measurements in water, while the morphology of the aggregates was
probed by Scanning Electron Microscopy (SEM). We also studied the
photophysical properties of the fluorophores in different solvents, also in
the solid state. Then, we employed the aggregates of each fluorophore in
water or, for solubility reasons, water/DMSO mixtures, to detect the
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presence of the drugs reported in Fig. 1. In particular, we chose drugs of
different classes, like ketoprofen and diclofenac sodium salt commonly
used as non-steroidal anti-inflammatory drugs, antibiotics like nalidixic
acid and ciprofloxacin, as well as the anticonvulsant carbamazepine.
Regarding their structure, ketoprofen has a carboxylic acid group, while
diclofenac is a carboxylate salt. Furthermore, carbamazepine has the
highest molecular rigidity, while ciprofloxacin and nalidixic acid in
aqueous solutions are mainly present in aqueous solutions in the zwit-
terionic form. We conducted this investigation by fluorescence emission
measurements of solutions containing a fixed concentration of fluo-
rophore and increasing amounts of drugs, to obtain the limits of detec-
tion (LOD) and quantification (LOQ). The best-performing system, Pyrr-
NI-Im, could detect ketoprofen with limit of detection (LOD) and limit
of quantification (LOQ) of 2.3 and 6.9 pM, respectively.

For this latter, we also explored the possibility of embedding it in
paper strips or polymer membrane, to sense the presence of ketoprofen
in solution, finding significant quenching on increasing drug
concentration.

2. Experimental section
2.1. Materials

4-Chloro-1,8-naphthalic anhydride, 1-(3-aminopropyl)imidazole,
pyrrolidine, morpholine, poly-(3-hydroxybutirate), p-glucamine, dieth-
ylene glycol dimethyl ether and all the solvents used were obtained from
commercial sources and used without further purification.

2.2. Synthesis of the fluorophores

The fluorophores were synthesized by suitably modified reported
procedures [29,33].

2.2.1. General procedure for the synthesis amino-substituted 1,8-naphthalic
anhydride precursors

In a round-bottom flask, 4-chloro-1,8 naphthalic anhydride (1.5 g,
6.5 mmol) and 1.4 equivalents of amine were dissolved in diethylene
glycol dimethyl ether (10 mL), and the resulting mixture was kept at
140 °C, for 48 h, under stirring. Subsequently, the reaction mixture was
cooled down at room temperature, the brown precipitate was filtered off
and then washed with portions (4 x 5 mL) of cold deionized water. The
resulting solid was purified by column chromatography on silica,
employing dichloromethane as eluent. The product was obtained as an
orange solid, after removal of the solvent by evaporation at reduced
pressure.

2.2.2. 4-(N-pyrrolidy)-1,8 naphthalic anhydride (Pyrr-NI)

Orange solid. Yield: 45 %; H NMR (400 MHz, CDCl3) &: 2.02 (m,
4H), 3.81 (t, J = 8.0 Hz, 4H), 6.90 (d, J = 8.0 Hz, 1H), 7.64 (dd, J; = 8.0
Hz, J, = 7.2 Hz, 1H), 8.22 (d, J = 8.0 Hz, 1H), 8.43 (d, J = 8.0 Hz, 1H),
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Fig. 1. Structures of fluorescent probes and drugs considered.
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8.83 (d, J = 8.0 Hz, 1H). FT-IR (nujol mull): 1740 (C=0), 1696 (C=0)
-1
cm™ .

2.2.3. 4-(N-morpholyl)-1,8 naphthalic anhydride (Mor-NI)

Orange solid. Yield: 38 %; 1H NMR (400 MHz, CDCl3) é: 3.33 (t, J =
8.0 Hz, 4H), 4.04 (t, J = 8.0 Hz, 4H), 7.25 (d, J = 8.0 Hz, 1H), 7.74 (dd,
J; = 8.4 Hz, J, = 7.2 Hz, 1H), 8.47 (dd, J; = 8.4 Hz, J, = 0.4 Hz, 1H),
8.51 (d, J = 8.0 Hz, 1H), 8.57 (dd, J; = 7.2 Hz, J5 = 0.4 Hz, 1H) ppm. *3C
NMR (400 MHz, CDCl3) § (ppm): 53.3, 66.8,112.3,115.2,119.5, 126.1,
126.2,131.6, 132.2, 133.3, 134.8, 156.8, 160.4, 161.1 ppm.

2.3. General procedure for the synthesis of NI-based fluorophores by
imidation of precursors

2.3.1. Pyrr-NI-Im

In a sealed vessel, (0.67 g, 2.5 mmol) of Pyrr-NI was dissolved in
toluene (35 mL), heating at 110 °C, under stirring for 30 min. To the
resulting solution, a solution of 1-(3-aminopropyl) imidazole (0.37 g 3.0
mmol) in 15 toluene (15 mL) was added dropwise. The resulting mixture
was kept at 110 °C for 72 h, under stirring. Subsequently, the reaction
mixture was cooled down at room temperature, and the orange pre-
cipitate was filtered off. The solid obtained purified by column chro-
matography using dichloromethane/methanol 20/1 (v/v) as eluting
mixture. The solid obtained from the combined fractions, after removal
of the solvent, was further suspended in acetone, and subjected to son-
ication for 5 min. The supernatant layer of solvent was decanted and the
solid was dried at reduced pressure, obtaining 0.57 g of a red-orange
solid.

Yield: 61 %; m.p.: 100 °C; 'H NMR (400 MHz, CDCl3) §: 2.11 (m, 4H),
2.26 (quin, J = 8.0 Hz, 2H), 3.79 (m, 4H), 4.07 (t, J = 8.0 Hz, 2H), 4.24
(t, J = 8.0 Hz, 2H), 6.81 (d, J = 8.0 Hz, 1H), 7.04 (m, 2H), 7.54 (dd, J; =
8.0 Hz, J, = 0.4 Hz 1H), 7.58 (bs, 1H), 8.41 (d, J = 16.0 Hz, 1H), 8.56 (d,
J = 8.0 Hz, 1H), 8.60 (d, J = 8.0 Hz, 1H) ppm. >C NMR (400 MHz,
DMSO) é: 26.1, 29.8, 37.3, 45.2, 53.2,106.6, 110.2,118.8,122.2, 122.5,
123.05, 129, 131.2, 132.2 (2C overlapped), 133.6, 137, 152.8, 164,
164.9 ppm. FT-IR (nujol mull): 1635 cm™! (C=0) 1685 cm™ * (C=0).
Elemental analysis (%) calcd. for Ca2H2oN405: C 70.57, H 5.92, N 14.96;
found: C 70.23, H 6.29, N 14.75.

2.3.2. Mor-NI-Im

In a sealed vessel, Mor-NI (0.35 g, 1.2 mmol) was dissolved in
toluene (25 mL), heating at 110 °C under stirring for 30 min. To the
resulting solution, a solution of 1-(3-aminopropyl)imidazole (0.18 g,
1.5 mmol) in toluene (5 mL) was added dropwise. The resulting mixture
was kept at 110 °C for 72 h, under stirring. Subsequently, the reaction
mixture was cooled down at room temperature and the precipitate was
filtered off, obtaining 0.39 g of an orange needle-like solid.

Yield: 83 %; m.p.: 155-157 °C; 'H NMR (400 MHz, CDCly) &: 2.27
(quin, J = 8.0 Hz, 2H), 3.28 (t, J = 8.0 Hz, 4H), 4.03 (t, J = 8.0 Hz, 4H),
4.09 (t, J = 8.0 Hz, 2H), 4.24 (t, J = 8.0 Hz, 2H), 7.04 (dt, J; = 12.0 Hz,
J2 = 0.8 Hz, 2H), 7.25 (d, J = 8.0 Hz, 1H), 7.61 (s, 1H), 7.72 (dd, J; =
8.8 Hz, J, = 7.6 Hz, 1H), 8.44 (dd, J; = 7.6 Hz, J, = 1.2 Hz, 1H), 8.54 (d,
J = 8.0 Hz, 1H), 8.60 (dd, J; = 7.6 Hz, J» = 1.2 Hz, 1H) ppm. >C NMR
(400 MHz, CDCls) &: 29.7, 37.6, 45.0, 53.4, 63.9, 115.0, 116.7, 118.7,
123.0, 125.9, 126.1, 129.5, 129.9, 130.4, 131.4, 132.8, 137.1, 155.9,
164.0, 164.5 ppm. FT-IR (nujol mull): 1647 cm™! (C=0) 1686 cm
(C=0). Elemental analysis (%) calcd. for Ca2H25N403: C 67.68, H 5.68,
N 14.35; found: C 66.30, H 6.01, N 14.19.

2.3.3. Pyrr-NI-Glu

In a sealed vessel, Pyrr-NI (0.2 g, 0.75 mmol), p-glucamine (0.14 g,
0.75 mmol) and DMF (20 mL) were added, and the resulting mixture was
kept at 110 °C for 72 h, under stirring. Subsequently, the reaction
mixture was cooled down at room temperature, the solvent was evap-
orated at reduced pressure and the ensuing residue was suspended in
methanol (100 mL). Then, the supernatant layer of solvent was decanted
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and the solid was dried at reduced pressure. This latter was purified by
column chromatography on silica, using dichloromethane/methanol
10/1 (v/v) as eluting mixture, obtaining 0.17 g of an orange solid.

Yield: 49 %; m.p. > 250 °C; H{ NMR (400 MHz, Dg-DMSO) 6: 2.01
(m, 4H), 3.39 (m, 1H), 3.47 (m, 2H), 3.57 (d, J = 8.0 Hz, 1H), 3.64 (m,
1H), 3.76 (m, 4H), 3.98 (m, 2H), 4.32 (m, 3H), 4.40 (m, 1H), 4.49 (m,
1H), 4.64 (d, J = 8.0 Hz, 1H), 6.88 (d, J = 12.0 Hz, 1H), 7.61 (t, 1H),
8.24 (d, J = 8.0 Hz, 1H), 8.42 (d, J = 8.0 Hz, 1H), 8.73 (d, J = 8.0 Hz,
1H). *C NMR (400 MHz, DMSO) &: 26.0, 43.1, 53.3, 63.8, 70.3, 70.8,
71.9, 73, 108.9, 109.6, 122.3, 123.7, 124.9, 131, 132.9, 133.4, 152.6,
163.8, 164.7 ppm. FT-IR (nujol mull): 1636 cm? (C=0). Elemental
analysis (%) caled. for CaoHoeN20O7: C 61.39, H 6.09, N 6.51; found: C
60.09, H 6.87, N 6.24.

2.4. UV-vis and fluorescence spectroscopy measurements

Samples for UV-vis and fluorescence spectroscopy were prepared by
dilution of stock solutions in dichloromethane, for Pyrr-NI-Im and Mor-
NI-Im, and in methanol for Pyrr-NI-Glu. The suitable volume of solu-
tion was transferred in a vial and the solvent was evaporated at reduced
pressure. Then, the residue was dissolved in 2 mL of the opportune
solvent. All the solutions were limpid after this treatment. UV-vis
spectra were recorded at 25 °C on a Beckmann DU800 spectrophotom-
eter equipped with a Peltier temperature controller, employing quartz
cuvettes with 1 cm optical path.

Samples for fluorescence spectroscopy were degassed prior to mea-
surement. Spectra were recorded with a JASCO spectrofluorometer
using quartz cuvettes with 0.2 cm optical path and lex. was set at the
maximum absorbance wavelength, while excitation and emission
bandwidths were set at 2.5 nm.

Acidic and basic solutions employed for pH-dependent fluorescence
measurements were obtained by additions of HCl and NaOH.

Relative fluorescence quantum yields were determined by a reported
procedure [34]. Quantum yields were determined at 25 °C, relative to 9,
10-diphenylanthracene in ethanol or sodium fluorescein in NaOH 0.1 M,
employing the standard quantum yield values reported in the literature
[35].

2.5. SEM images

Samples for SEM images were prepared by casting on an aluminum
stub 50 pL of an aqueous solution of each fluorophore, and the solvent
was removed by evaporation at room temperature. Then, SEM images
were recorded on a PRO X PHENOM electronic scanning microscope,
operating at 5 KV.

2.6. Solid state fluorescence spectra

Solid-state fluorescence spectra were recorded from films obtained
by casting 200 pL of water solutions of fluorophore (1.0-10~> M for Pyrr-
NI-Im and Pyrr-NI-Glu or 2.0-10™> M for Mor-NI-Glu) onto quartz
plates. The solvent was removed by evaporation at room temperature,
obtaining a solid thin film. To ensure a meaningful comparison between
solid- and solution phase spectra, the excitation spectra were recorded
for each sample. Emission spectra were obtained by exciting the samples
at the Amax obtained by excitation spectra.

2.7. Fluorescence sensing of drugs

Sensing measurements for the detection of drugs in aqueous solu-
tions were carried out by recording fluorescence spectra of solutions
containing a fixed amount of fluorescent probe (1.0-10~° M for Pyrr-NI-
Im as well as Pyrr-NI-Glu or 2.5-10~> M for Mor-NI-Glu) and increasing
amounts of drugs. Drug concentrations were comprised between 1.0
1077 M and 9.0 -10~> M. Solutions were prepared by dilution of stock
solutions as previously described. For each measurement, at least 30
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solutions were prepared and the relevant emission spectra were ob-
tained as described above. Then, for each sample, the ratio I/I, was
determined where Ij is the maximum intensity emission of the solution
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linear regression analysis, to obtain the limit of detection (LOD) and the
limits of quantification (LOQ) [36], by means of Egs. (1) and (2):

containing no drug and I is emission intensity in the presence of a given LOD =35, /s @
amount of drug. This ratio was plotted as a function of the concentration
of drug and, whenever present, the linear tract of this plot was fitted by LOQ=10-8,/s @
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Fig. 2. Synthesis of the fluorescent probes.
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where Sy is the error on the intercept and s is the slope of the curve.

2.8. Fluorescence sensing test on filter paper strip

Two strips of filter paper (2 cm x 2 cm) were soaked in 5 mL of a
1.0-10~° M of Pyrr-NI-Im in dichloromethane for 5 min. Then, the strips
were withdrawn and the solvent was evaporated at room temperature
for 24 h. Then, the excitation and emission spectra of the strips were
recorded. Subsequently, the strips were immersed for 5 min in Petri
dishes containing 5 mL of water solutions of ketoprofen at concentra-
tions of 4.8-107% M, 1.3-10™° M respectively. Subsequently, the strips
were removed and dried at room temperature for 24 h. Finally, the
emission spectra of each strip were recorded. Spectra were obtained
setting the excitation and emission bandwidth slits at 2.5 nm, at Aexc =
439 nm.

2.9. Fluorescence sensing test on polymer membrane

Poly(3-hydroxybutirate) (0.5 g) was dissolved in chloroform (12 mL)
in a vial and heated at 50 °C for 40 min, under stirring. To the resulting
solution, a 1.0-10~° M chloroform solution of Pyrr-NI-Im (5 mL) was
added, stirring for further 5 min. Subsequently, the entire solution was
transferred in a Petri dish and the solvent was evaporated at room
temperature. A colorless membrane was obtained, and the excitation
and emission spectra were recorded. Subsequently, an aqueous solution
of ketoprofen (2.5-10> M) was prepared and a rectangular section (2
cm x 2 cm) of the fluorophore-doped membrane was soaked in 5 mL of
drug solution for 2 min. The membrane was removed and dried at room
temperature for 24 h. Finally, the emission spectra of the membrane
were recorded. Spectra were obtained setting the excitation and emis-
sion bandwidth slits at 2.5 nm, at deyc = 444 nm.

3. Results and discussion
3.1. Synthesis of fluorophores

All the fluorophores were prepared by a two-step synthesis, depicted
in Fig. 2, by modifications of previously reported procedures for the
functionalization of similar nuclei [24,37-41].

In the first step, we functionalized the aromatic core, by nucleophilic
aromatic substitution on 4-chloro-1,8-naphthalic anhydride with the
secondary amines pyrrolidine and morpholine. Then, we reacted the
anhydrides obtained with either p-glucamine or 1-(3-aminopropyl)
imidazole, to obtain the relevant naphthalimides, in good to high yields.
As previously mentioned, the insertion of the p-glucamine moiety should
improve water solubility and concomitantly affect the self-assembling
ability [32], while the imidazole moiety can improve the propensity
for aggregation, providing additional sites for n-interactions.

0.2

a) - Acetone
» Chloroform

+ DCM
+  DMSO/H20 95/5
+

+ DMSO
+ EtOH
+ H20

Absorbance

300 350 400 450 500 550 600
Wavelength (nm)
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3.2. Photophysical properties of the fluorophores

Firstly, we investigated the photophysical properties of the fluo-
rophores, by carrying out solvent-dependent UV-vis and fluorescence
measurements. To this aim, we recorded the UV-vis and fluorescence
spectra of solutions containing a fixed concentration of fluorophores, in
different solvents. These solvents were chosen to span a wide range of
polarity, from chloroform to water, comprising either aprotic or protic
solvents. The spectra relevant to Pyrr-NI-Im are shown in Fig. 3a, while
the ones obtained for the other fluorophores are reported in Fig. Al. In
addition, Stokes shifts are reported in Table A4.

Examining the spectra reported in Fig. 3a clearly show a pronounced
dependence of the absorption of Pyrr-NI-Im on the nature of the solvent,
especially for the position of the absorption band, while no obvious
change in the shape of the spectra occurs. More specifically, A, appears
to shift at longer wavelength on increasing solvent polarity as can be
seen from the shift from 440 nm to 447 nm on going form dichloro-
methane to acetone, or from 447 nm to 465 nm on going from acetone to
water/DMSO 95 vol%. To gain a better understanding of the trend of
absorption maximum on solvent polarity, we plotted Apmax as a function
of the relative dielectric constant of the solvents [42,43]. The plot is
reported in Fig. 3b, while the values are reported in Table Al.

Examination of the plot reported in Fig. 3b brings out a clear positive
solvatochromism for Pyrr-NI-Im, with An,y increasing with dielectric
constant in an almost linear fashion. Positive solvatochromism has been
previously reported for other NI-derivatives [44,45], and derives from
better stabilization of the excited state relative to the ground state, on
increasing solvent polarity [46].

The only deviations from this trend can be observed for the haloge-
nated solvents chloroform and dichloromethane, whereas in protic sol-
vents like ethanol and methanol, also a bathochromic shift on increasing
polarity can be observed. Hence, the factors that appear to move the
maximum absorption wavelength to higher values are the presence of
protic and polar solvents. Similar conclusion can be drawn for the other
fluorophores. In particular, in the case of Pyrr-NI-Glu, Any,x increased
from 445 nm to 461 on going from the least polar solvent, chloroform, to
water which is the most polar one (Fig. Alc), with a clear positive sol-
vatochromism (Fig. A1d). Finally, moving to Mor-NI-Im, we observe an
analogous trend, although variations of Apax with polarity span a nar-
rower range, as it changes from 388 nm to 400 nm on going from hexane
to water. Hence, the magnitude of A is influenced the substitution on
the core-as well as the imide positions. Subsequently, we turned our
attention to the fluorescence emission spectra of the fluorophores,
recorded at constant concentration in different solvents. The spectra
relevant to Pyrr-NI-Im are reported in Fig. 4a, while the other ones are
shown in Figure A2-3. In addition, in Fig. 4c and A2-3, we report
representative pictures of the sample solutions, irradiated under UV
light, while the values of . and dielectric constants are reported in
Table A2.
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Fig. 3. a) Superimposed UV-vis spectra of Pyrr-NI-Im (2.8 - 10> M) in different solvents and b) plot of Ay as a function of solvent relative dielectric constant for

the same solutions.
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Fig. 4. a) Superimposed fluorescence spectra of Pyrr-NI-Im (3.0 - 10~° M) in different solvents, b) plot of Aax as a function of solvent relative dielectric constant and

¢) representative picture of the sample solutions irradiated under UV light.

Looking at the spectra reported in Fig. 4a, it is easy to notice that
emission intensity increases significantly on going from highly polar to
low polar solvents, like water and chloroform. In addition, changing the
solvent induces also a variation in the shape of the spectrum which
passes from the single emission band, centered at 547 nm, to a broader
band, suggestive of the superposition of more emission bands in chlo-
roform. A pronounced dependence of the value of Ay,x on solvent po-
larity can also be found, as evidenced by the plot in Fig. 4b. The loss of
fine structure of the emission spectrum on increasing solvent polarity,
and particularly in water, can suggest the occurrence of aggregation [47,
48].

In the case of the fluorescence spectra of Pyrr-NI-Glu, in all solvents
a single band, with no appreciable fine structure can be observed,
centered in the range 520 nm + 540 nm, with a shoulder around 490 nm
(Fig. A2a). Unlike what happens with the previous fluorophore, in this
case no changes in the shape of the spectrum can be detected as a
function of the solvent. Once again, emission intensity is higher in lower
polarity solvents, and a significant bathochromic shift of 1.5 occurs on
increasing solvent polarity with AA = 28 nm on going from chloroform
to water (Fig. A2b). Finally, for Mor-NI-Im, we found a behavior similar
to the one of Pyrr-NI-Im. Once again, the emission spectrum changes
shape as a function of the solvent, transitioning for a two-peak spectrum
in the lower polar solvents (chloroform and DCM) to a bathochromically
shifted single band in highly polar solvents, like water. Once again,
emission intensity diminishes as the solvent polarity increases with a
significant bathochromic shift of Apax, with AL = 16 nm (Fig. A3b) [34,
35].

To obtain further information on the photophysical properties of the
three NI-derivatives in solution, we determined their relative fluores-
cence quantum yield (®g) in some of the solvents considered, by using a
reported procedure [34]. Depending on the solvent or fluorophore, the
standards used were 9,10-diphenylanthracene or sodium fluorescein

[35]. The results obtained are reported in Table 1.

The results reported in Table 1 are in line with the solvent dependent
fluorescence spectra, exhibiting a clear increase in quantum yield on
decreasing solvent polarity. In general, the values of ®f of Pyrr-NI-Im
and Pyrr-NI-Glu follow a similar trend, whereas Mor-NI-Im appears as
the least emissive fluorophore. However, unlike Pyrr-NI-Im and Pyrr-
NI-Glu, the values of ®p for Mor-NI-Im, show a slight increase on going
from DMSO to water.

3.3. Aggregation of the fluorophores in aqueous solution

Summarizing, the results collected hint at the possibility of supra-
molecular aggregation of the three fluorophores in water. To obtain
further information on this, we carried out UV-vis and fluorescence
measurements on solutions containing a constant concentration of flu-
orophores, in water/DMSO mixtures, spanning the full compositional
range. The UV-vis spectra relevant to Pyrr-NI-Im are shown in Fig. 5,
while the other ones are reported in Fig. A4. In addition, all the values of
Amax as a function of solvent composition, are reported in Table A3.

Perusal of the plots reported in Fig. 4a, shows a regular shift of Anax

Table 1

Relative quantum yields of the fluorophores in selected solvents.
Solvent ®g Pyrr-NI-IM @g Pyrr-NI-Glu ®p Mor-NI-IM

(%) (%) (%)
Chloroform 90 100 58
Dichloromethane 65 66 37
Tetrahydrofuran 12 19 23
DMSO 10 4 1
H,0/DMSO 80:20 (v: 4 1
v)

H,0 2 1 5
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Fig. 5. a) Superimposed Uv-vis spectra of Pyrr-NI-Im (5.5 - 10~® M) in water/DMSO mixtures of different composition and b) plot of Amay as a function of solvent

relative water amount in the mixtures.

towards longer wavelength as the amount of water increases. In
particular, as shown in Fig. 5b, Apax increases until reaching a plateau
value at 60 vol %, with a bathochromic shift of 15 nm. A closely similar
trend of both spectra and Ap.x can be observed for Pyrr-NI-Glu
(Figs. A4a-b), with a plateau composition of 60 vol% of water and a
redshift of 17 nm. This bathochromic shift on increasing water content,
can suggest the formation of J-aggregates [24,49]. Conversely, Mor--
NI-Im exhibits a different behavior (Figs. A4c-d). In this case, the
variation of A, as a function of solvent composition is lower, 8 nm,
with a different trend. Upon increasing the amount of water, Apax un-
dergoes a redshift reaching a maximum value at 50 vol%, followed by a
gradual blueshift (Fig. A4d).

We used the same approach for the fluorescence spectra in water/
DMSO mixtures, obtaining the spectra reported in Fig. 6 for Pyrr-NI-Im,
while the other ones are shown in Fig. A5. In addition, representative
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pictures of the sample solution are reported in Fig. 6c.

Looking at the spectra reported in Fig. 6a, clearly shows that, on
increasing water content, emission Apax undergoes redshift, from 535
nm to 548 nm, associated to a reduction in intensity. The trend of this
latter, as a function of solvent composition, reported in Fig. 6b, shows a
regular decrease, with a significant change in slope at a composition of
50 vol %. This can be interpreted as a transition from the molecularly
dissolved state to a mainly aggregated state at this composition. Similar
conclusions can be drawn for the other fluorophores.

As already said, all the results so far collected hint at the occurrence
of supramolecular aggregation in aqueous solution, for all the three
fluorophores. Consequently, we set out to obtain quantitative and
mechanistic information on the self-assembly process by concentration-
and temperature dependent spectroscopic investigations. However, this
requires the use of high concentrations of fluorophores. Since in the case
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Fig. 6. a) Superimposed fluorescence spectra of Pyrr-NI-Im (5.5 - 10~° M) in water/DMSO mixtures of different composition, b) plot of intensity a function of solvent
relative water amount in the mixtures and c) representative picture of the sample solutions.
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of Pyrr-NI-Im we encountered some solubility problems on increasing
the concentrations, we chose to conduct the self-assembly study in
water/DMSO 80 vol%. For Pyrr-NI-Glu and Mor-NI-Im, which did not
show solubility issues, we conducted the investigation both in water and
water/DMSO 80 vol%.

3.4. Self-assembly: concentration dependent investigation

Firstly, we carried out concentration dependent UV-vis measure-
ments. The spectra obtained for Pyrr-NI-Im in water/DMSO 80 vol% are
reported in Fig. 7a, while the spectra obtained for the other fluorophores
are shown in Fig. A6.

The spectra reported in Fig. 7a and the plot Anax as a function of
concentration, clearly show a redshift in the absorption band, which
amounts to 10 nm as the concentration of Pyrr-NI-Im increases. This
indicates the formation of J-aggregates, reported in the literature also
for other NI-derivatives [24,50].

Since such bathochromic shift is observed by increasing the con-
centration of fluorophore, keeping the solvent constant, this suggest that
the shift results from J-aggregation and it is not induced by polarity
changes.

Similar conclusions can be drawn for Pyrr-NI-Glu, by examining the
plots reported in Figs. A6a-b. In this case, the increase in concentration
leads to smaller but consistent shift at longer wavelengths, equal to 3
nm. For Mor-NI-Im, the trends of the spectra and of 1., reported in the
plots of Figs. A6c—d, closely resemble the ones found for the other flu-
orophores in the same solvent medium, with a shift of An.x equal to 2
nm, once again consistent with the formation of J-aggregates.

Asreported in the literature [51], further evidence for the occurrence
of aggregation in solution can be inferred by the non-linear trend of the
extinction coefficient as a function of concentration. In Figs. A6e—f we
report the plot of ¢ as a function of concentration for Pyrr-NI-Glu and
Mor-NI-Im, which show a significant increase in the concentration
range explored.

Conversely, a different picture emerges from the measurements
carried out in water solution for Pyrr-NI-Glu and Mor-NI-Im (Fig. A7).
In particular, the spectra of Pyrr-NI-Glu show no obvious shift in Apax as
a function of concentration (Figs. A7a-b), whereas in the case of Mor-
NI-Im, the plot reported in Fig. A7d shows a significant blueshift (8 nm)
of Amax as a function of concentration, suggesting the formation of H-
aggregates, evidencing a prominent effect of the solvent on the aggre-
gation of this fluorophore, given that, as previously shown, upon adding
20 vol% of DMSO, J-aggregation occurs. Finally, the plots of the
extinction coefficient as a function of concentration once again are
consistent with the occurrence of aggregation in water, in both cases
(Figs. A7e-f).

Next, to obtain quantitative and mechanistic information on the
aggregation pathway, we carried out concentration-dependent fluores-
cence measurements. The spectra relevant to Pyrr-NI-Im are reported in
Fig. 8, while the ones relevant to the other fluorophores are reported in
Fig. A8. In addition, in Fig. 8b we report a representative picture of the
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sample solutions, irradiated under UV light.

The plot reported in Fig. 8a and the picture reported in Fig. 8b show
that emission intensity increases with concentration and therefore with
the formation of aggregates, which rules out the occurrence of aggre-
gation caused quenching (ACQ). From the intensity values measured at
each concentration, we determined the aggregation degree, Xagg, i.e the
fraction of molecules present in solution in the aggregated form, by
means of eq. (3)

a _ [(IC/C) - (Iman/cm)}
“® " (Lugs/Cot) — (Imon/Cm)]

where C is the total concentration, I(C) is the emission intensity at a
given C, Inon is the emission intensity detected at the lowest concen-
tration (Cp,), which is assumed to be representative of the monomer, and
Tagg is the emission intensity measured at the highest concentration (Cyp)
which is in turn assumed to be representative of the aggregates [52].

The plot of a,ge as a function of concentration, reported in Fig. 8c,
displayed a trend consistent with the isodesmic model of supramolecular
aggregation [53].

Then, non-linear fit of the curve, by means of equation (4), based on
this aggregation pathway [54], allowed us to determine the equilibrium
formation constants, Kagg, reported in Table 2.

3

2KygqC + 1 — (4KeeC +1)*°

4
2(KeC)® @

Qagg =1

The same investigation was carried out with the other fluorophores,
obtaining the plots reported in Figure A8-9 and the constants reported in
Table 2.

Examining K¢, values, points out that in the water/DMSO mixture,
the trend of stability of the aggregates increases along the order Pyrr-NI-
Im < Mor-NI-Im < Pyrr-NI-Glu, whereas, in water an opposite trend is
found with Pyrr-NI-Glu < Mor-NI-Im. This can be explained by
considering that in this case the stability of the aggregates is mainly
driven by hydrophobic interactions, which are maximized for Mor NI-
Im, which possesses a higher n-extension compared with Pyrr-NI-Glu.

In water/DMSO, the aggregation constants for Pyrr-NI-Glu is higher
than the one of Pyrr-NI-Im, suggesting that, in this solvent, the higher
ability of the former to establish hydrogen bonding enhances the sta-
bility of the aggregates. On the other hand, the higher aggregation
constant found for Mor-NI-Im, compared with Pyrr-NI-Im, hints at a
favorable effect of a higher dipole moment.

Comparing the aggregation constants for Pyrr-NI-Glu in water and
water/DMSO solution, we find a higher value in the former case,
consistent with the higher importance of hydrogen bonds upon adding
DMSO. Accordingly, no significant difference in aggregation constant
emerges for Mor-NI-Im, devoid of hydrogen bond donor sites, upon
changing solvent. Finally, we can evaluate the effect of changing the
substituent in the aromatic core from a halogen to a secondary amine
group by comparing the aggregation constant in water of Pyrr-NI-Glu
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Fig. 7. a) Superimposed UV-vis spectra of Pyrr-NI-Im in water/DMSO 80 vol% at variable concentration and b) plot of inax as a function of concentration.
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Table 2

Values of K,g, obtained.
Fluorophore Solvent Kagg ™
Pyrr-NI-Im Water/DMSO 80 vol% (5.5 + 0.5)-10°
Pyrr-NI-Glu Water/DMSO 80 vol% (1.8 + 0.1)-10°
Pyrr-NI-Glu Water (5.0 + 0.4)-10°
Mor-NI-Im Water/DMSO 80 vol% (7.4 £ 0.4)-10°
Mor-NI-Im Water (7.7 + 0.4)-10°

with the one of a related compound only differing for the presence of a
chlorine atom instead of the pyrrolidinyl group in the same position,
determined in a previous work [25].

The aggregation constant is indeed higher in the case of Pyrr-NI-Glu
(Kagg = 5.0 - 10° M~ ! and 3.0 - 10* M! for the chlorinated compound),
consistent with the aforementioned favorable effect of hydrophobic
interactions.

3.5. Self-assembly: temperature-dependent investigation

To obtain thermodynamic information about the aggregation pro-
cess, we carried out temperature-dependent UV-vis spectra for all flu-
orophores. To this aim, we recorded the spectra at different
temperatures of solutions containing a fixed concentration of

fluorophore. This concentration was chosen so that the fluorophores are
present in solution predominantly in the aggregated form. The spectra
obtained in water/DMSO 80 vol%, reported in Figure A10a-c, show that
only very slight variation in absorbance were obtained in the tempera-
ture range considered. This was also the case of the spectra of Mor-NI-
Im in water, as a function of temperature, reported in Fig. A10d.

Differently, upon increasing the temperature, we observed a larger
variation in absorbance for Pyrr-NI-Glu, reported in Fig. 9a.

The spectra reported in Fig. 9a show that, unlike what happens in
water/DMSO 80 vol%., for Pyrr-NI-Glu in water, absorbances steadily
increase on raising the temperature. From the value of absorbances at
each temperature we were able to calculate the relevant values of a,gq,
by means of Equation (5)

)

where A(t) is the absorbance of the solution at a given temperature, Amon
the absorbance measured at the highest temperature, which is assumed
to be representative of the monomer, and A,g is the absorbance
measured at the lowest temperature, which in turn is assumed to be
representative of the aggregate. Then, we plotted a,gq as a function of
temperature and fitted the plot (Fig. 9b) by means of equation (6), based
on the isodesmic model,

Fig. 9. a) Superimposed UV-vis spectra of Pyrr-NI-Glu (7.8 - 10> M) in water at variable temperature, b) plot of o, as a function of temperature and c) van 't Hoff

plot for Pyrr-NI-Glu in water.
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1

" 1+exp (T—T,/T) ©)

Qage(T) =1

where Ty, is the melting temperature of the aggregate, i.e. the temper-
ature at which augg is 0.5, while T* is a characteristic temperature
related to the slope of the curve at Ty, [55].

These data allowed us to determine Kag at each temperature. Details
of this calculation have been reported elsewhere [55,56]. Then, we
applied a van 't Hoff treatment to determine the thermodynamic pa-
rameters associated to the aggregation process. This treatment could be
applied to all cases, with the only exception of Mor-NI-Im in water,
because the variation of absorbance was too low to extract thermody-
namic parameters. The plot obtained for Pyrr-NI-Glu in water is re-
ported in Fig. 9c, while the ones relevant to all fluorophores in
water/DMSO 80 vol% are reported in Fig. A11. The values of the vari-
ations of enthalpy (AH,g) and entropy (ASagg) obtained, together with
the melting temperatures of the aggregates, are reported in Table 3.

Examination of the values of Ty, reported in Table 3 shows that the
values in water/DMSO 80 vol% are practically comparable in all cases,
whereas the lowest value was found for Pyrr-NI-Glu in water. Moving to
the thermodynamic parameters, in general they are consistent with an
enthalpy-driven association process. The lowest value of AS,g, obtained
in the case of Pyrr-NI-Glu in water, points out that these aggregates are
the most organized ones. The largest enthalpy variation was also found
for this system.

In general, in water/DMSO solution, the thermodynamic parameters
appear barely affected by the substitution of the core and imide posi-
tions. The larger change in magnitude was found for the thermodynamic
parameters relevant to Pyrr-NI-Glu, which diminish on going from
water/DMSO to water solution. In particular, the reduction in AH,g is
consistent with solvation effects weakening hydrogen bonds on going to
purely aqueous solution.

3.6. Morphology of the aggregates

To obtain information on the morphology of the aggregates, we
recorded SEM images of samples prepared by drop-casting on
aluminium stub solution of the fluorophores, at a suitable concentration
at which the fluorophore are mainly present in the aggregated form. To
have a meaningful comparison, we recorded images of samples obtained
from solutions in the same solvent, water/DMSO 80 vol%. The images
acquired are reported in Fig. 10 and A12.

The images reported in Fig. 10 clearly show that the aggregates of
Pyrr-NI-Im have a distinct morphology compared with the other ones,
as they are constituted by large, uniformly dispersed, irregular-shaped
objects. Conversely, the aggregates of both Pyrr-NI-Glu and Mor-NI-
Im, show a sponge-like morphology, featured by spheroidal structures.

3.7. Solid state fluorescence spectra

Finally, to gain information on the emission ability of our fluo-
rophores in the solid state, we recorded emission spectra of thin films
obtained by solutions of the fluorophores characterized by a prominent

Table 3
Values of Ty, and of thermodynamic parameters associated to the aggregation
process.

Fluorophore  Solvent Tm (°C) AH,gq (kJ/ ASagg (J/mol
mol) K)

Pyrr-NI-Im Water/DMSO 80 45 +1 -73+5 —155 + 15
vol%

Pyrr-NI-Glu Water/DMSO 80 449+ 0.9 —-69+3 -145+8
vol%

Pyrr-NI-Glu Water 379+ 0.8 124 +1 —330 + 40

Mor-NI-Im Water/DMSO 80 43.2+£0.9 -70£2 -149 £ 6

vol%
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presence of aggregates. The spectra obtained, superimposed to the one
of the parent solutions, are reported in Fig. 11.

The spectra reported for Pyrr-NI-Glu and Mor-NI-Im in Fig. 11,
clearly show that on going from solution to solid state, in all cases, Amax
shifts to much shorter wavelengths and intensity significantly increases,
pointing at the formation of emissive aggregates in the solid state. It is
worth noting that this happens also for Pyrr-NI-Im, in which case the
emission intensity was so high, that exceeded instrumental limits when
recorded under the same operative conditions of the solution state. In
Fig. A13, we report the superimposed spectra for Pyrr-NI-Im, in which
case, the solid-state spectra was obtained at a lower instrumental
sensitivity compared with the one in solution, with the sole aim to show
the position of the emission peak. Notably, in the case of Pyrr-NI-Glu,
core substitution with pyrrolidyl moiety induced the obtainment of
emissive aggregates in the condensed phase, given that a closely related
fluorophore, with chloride atom in the 4-position of the NI-ring was
found non-fluorescent in the solid state [25].

3.8. Fluorescent sensing of drugs in solution

Having studied and characterized the aggregates formed in solution
by the fluorophore, we went on to assess the ability of these aggregates
to function as sensory probes for the detection of drugs in solution. To
this aim, we conducted fluorescence measurements of solutions con-
taining fixed concentration of Pyrr-NI-Im, Pyrr-NI-Glu, and Mor-NI-
Im, and increasing amounts of drugs. The measurements were carried
out in solution of water/DMSO 80 vol% for Pyrr-NI-Im and Mor-NI-Im,
and in water for Pyrr-NI-Glu because in the other cases, no significant
variations in fluorescence intensity were detected. The drugs considered
were nalidixic acid, ciprofloxacin, diclofenac sodium salt, carbamaze-
pine and ketoprofen (Fig. 1). Preliminarily, we verified the absence of
overlapping in the adsorption spectra of the drugs with those of the
probe, to ensure that at the Ay used for the spectra, the emission is
solely due to the fluorophores. As can be inferred by the superimposed
adsorption spectra reported in Fig. A14, there is no such superposition.
For the sake of clarity, we will discuss the sensing experiments with each
fluorophore, separately in the following sections.

Sensing measurements with Pyrr-NI-Im were carried out in water/
DMSO 80 vol%, at a concentration of fluorophore of 1.0 - 107> M, in the
presence of drugs in the concentration range 1.0 - 10/ M + 9.0 - 10 > M.
The plots of spectra and emission intensity as a function of concentration
relevant to the measurements in the presence of ketoprofen are reported
in Fig. 12, while those obtained in the presence of the other drugs are
reported in Figures A15-18.

In all cases, increasing the concentration of drugs induces a
quenching of emission, until reaching a plateau value. For all the plots,
we identified the linear response range. Fitting of this region allowed us
to determine the Limit of Detection (LOD), and the Limit of Quantifi-
cation, according to a procedure reported in the literature (see experi-
mental section for details) [36]. The values of LOD and LOQ obtained
are reported in Fig. 13 and in Table A5.

Results reported in Fig. 13a show that Pyrr-NI-Im is sensitive to the
presence of all the drugs considered, with LOD values falling within the
micromolar range. LOD and LOQ values increase along the order keto-
profen < ciprofloxacin < carbamazepine < nalidixic acid ~ diclofenac.
Comparing the trend observed with the structures of the drugs consid-
ered, suggests that the sensitivity of the probe is negatively affected by
an increase in molecular rigidity, and by the presence of a negatively
charged moieties, like the carboxylate anion in diclofenac.

The same approach was applied to assess the sensing ability of the
two other probes, Mor-NI-Im and Pyrr-NI-Glu. The results obtained are
reported in Figs. 13b-14, A19-22 and Table A6.

It is important to note that the behavior of Mor-NI-Im and Pyrr-NI-
Glu is substantially different from the one of Pyrr-NI-Im. More specif-
ically, Mor-NI-Im showed appreciable emission variations only in
water/DMSO 80 vol%, in the presence of ciprofloxacin and ketoprofen.
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Fig. 10. SEM images of aggregates formed by solution in water/DMSO 80 vol% of a) Pyrr-NI-Im (1.0 - 10~ M), b) Pyrr-NI-Glu (2.5 - 10~° M), and c) Mor-NI-Im

(2.5-10°° M), at 5000x magnification.
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Fig. 11. Superimposed fluorescence solid-state and solution spectra of a) Pyrr-NI-Glu (2.5 - 107> M in water/DMSO 80 vol% and water), and b) Mor-NI-Im (2.5 -
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However, the emission of Mor-NI-Im, was less sensitive to the presence
of drugs, compared to Pyrr-NI-Im.

In addition, upon increasing the amount of drugs, after an initial
quenching, the emission showed a regular increase. On the other hand,
Pyrr-NI-Glu displayed significant in emission intensity only in water,
and in the presence of ciprofloxacin and carbamazepine. Thus, these two
probes were less sensitive but also more selective, compared with Pyrr-
NI-Im.

Values of LOD and LOQ (Table A6) are significantly higher than the
ones detected for Pyrr-NI-Im. However, given the low number of drugs
considered, in this case it is difficult to pinpoint what parameter favors
the detection of the drugs.

It is important to further compare the performance of two probes in
the same solvent, namely Pyrr-NI-Im and Mor-NI-Im in water/DMSO
80 vol%. In particular, comparing the LOD and LOQ values reported in
Tables A5-6, we can observe that Pyrr-NI-Im outperforms Mor-NI-Im in
the presence of ketoprofen, whereas their performance is comparable in
the presence of ciprofloxacin.

Regarding the sensing mechanism, in all cases we obtained non-
linear intensity quenching- or enhancement plots, which as reported
in the literature, suggest the occurrence of more than one mechanism
operating [57]. However, based on the absence of overlapping between
the emission spectra of the probes and the absorption spectra of the
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drugs, we can rule out inner filter effects [58]. We can as well rule out
the formation of ground-state complexes, since no change in the ab-
sorption spectra of the probes was detected in the presence of the drugs
considered.

To better investigate the possible sensing mechanism, we recorded
the fluorescence spectra of the probes as a function of pH. It is indeed
reported in the literature that the dependence of the emission intensity
from pH can shed light on the possible occurrence of photoinduced
electron transfer (PET) [59-61]. The results obtained are reported in
Fig. 15.

Examination of the plots reported in Fig. 15, shows a very different
behavior among the probes, as a function of pH. In particular, for the
two imidazole-functionalized probes, Pyrr-NI-Im and Mor-NI-Im,
fluorescence intensity significantly increases on upon lowering the pH
(Fig. 15a and c), which suggests the suppression of PET by protonation
of the piperidino- and morpholino moieties, as reported in the literature
for similar fluorophores [62]. Notably, we can hypothesize also a
contribution of the imidazole group, since when this group is absent and
replaced by p-glucamine, fluorescence is no longer affected by pH sug-
gesting the absence of PET.

Based on all these observations we can hypothesize that a possible
mechanism for sensing by Mor-NI-Im, is the suppression of PET upon
interaction with the drugs, as testified by the increase in intensity in the
presence of higher concentrations of drugs. Conversely, the quenching of
fluorescence detected for Pyrr-NI-Im in the presence of drugs, rules out
the PET-based sensing but may be ascribed to the occurrence of intra-
molecular charge transfer (ICT), which is another process found in 4-
amino-functionalized NI-derivatives [62]. Finally, for Pyrr-NI-Glu, the
observed trend is quite complex, resulting from more the one concom-
itant mechanisms, which are difficult to dissect. The concomitant
occurrence of different sensing mechanisms has previously been re-
ported for NI-derivatives, for example simultaneous ICT and PET [63].

3.9. Incorporation of the probe onto solid supports

Having ascertained that the probes can in fact detect some drugs in
solution, and that they are able to emit also in the solid state, we went on
to explore the possibility of embedding them onto solid supports, like
filter paper strips or polymer film. In particular, to explore this possi-
bility, we chose to employ the most sensitive probe, namely Pyrr-NI-Im.
In both cases, we embedded the probe onto the solid supports and
immersed the resulting materials in an aqueous solution of the drug.
Finally, we recorded the solid-state fluorescence spectrum to evaluate if
the presence of the drug significantly influences the emission.

In the case of the filter paper strip, we first soaked a square filter
paper strip (2 cm x 2 cm) in a solution of Pyrr-NI-Im (1-107> M) in
dichloromethane and, after drying at room temperature, recorded the
solid-state emission spectrum. Then, we immersed similar Pyrr-NI-Im-
laden filter paper strips in aqueous solutions of ketoprofen of different
concentrations, 4.80-10 °M and 1.29-107° M, for 5 min and then dried
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at room temperature. The solid-state emission spectra of these filter
paper strips are reported in Fig. 16a.

The spectra reported in Fig. 16a show a significant quenching of
emission upon increasing the concentration of drug, therefore suggest-
ing potential for the obtainment of a solid-supported sensor. A similar
approach was followed to support Pyrr-NI-Im as a sensory probe on a
poly(3-hydroxybutirate) (PHB) film. In this case, the film was prepared
by solvent casting from chloroform solution, in the presence of the
amount of Pyrr-NI-Im yielding a concentration in solution of 1.107° M.
We recorded the solid-state emission spectrum of a rectangular section
of film before and after being soaked in a solution of ketoprofen
2.5:107° M and dried at room temperature. The spectra obtained, re-
ported in Fig. 16b, once again reveal a significant quenching in the
presence of the drug. In summary, Pyrr-NI-Im is a sensitive probe for
fluorescent sensing of drugs in aqueous solutions, but also shows po-
tential to be embedded onto solid supports.

Finally, to assess the performance of our system we report below
Table 4, comparing our best results, with recent literature examples,
dealing with fluorescent sensing of the ketoprofen in aqueous solutions.
We chose to limit our comparison to the detection of ketoprofen,
because it showed the lowest LOD with Pyrr-NI-Im.

Perusal of the results reported in Table 4 shows that our system has a
comparable performance with the one based on modified CdTe quantum
dots reported by Molina Garcia et al. (entry 1 and 2) [64].

Conversely, the performance of our system was inferior to the ones of
anthracenyl-functionalized polyamine receptors reported by Bencini
et al. in HoO/EtOH solution [65], and to the one reported by Chandel
[66], employing N-doped carbon dots encapsulated in mesoporous silica
(entries 1,3-4).

Finally, all these systems are outperformed by the one described by
Bhogal [67], based on surface molecularly imprinted carbon dots, which
achieves the lowest LOD reported for the fluorescent sensing of keto-
profen in aqueous solutions.

It is worth noting, that our system is the only one reported in Table 4,
based on supramolecular aggregates. There are indeed few works re-
ported for the sensing of drugs by supramolecular aggregates but they
are used for the sensing of drugs different from those investigated here,
mostly focused on heparin [68-70].

4. Conclusions

In this work, we prepared three novel 1,8-napthylimide derivatives,
Pyrr-NI-Im, Pyrr-NI-Glu and Mor-NI-Im, functionalized with cyclic
amine groups at the core position and bearing an imidazole or p-gluc-
amine group at the imide position. We studied the photophysical
properties and the self-assembling ability of these NI-derivatives, finding
that they form supramolecular aggregates in water and water/DMSO
solutions. With the exception of Mor-NI-Im in water, J-aggregates were
formed by all derivatives, following an isodesmic aggregation pathway.
In addition, we found that Pyrr-NI-Glu forms the most stable aggregates
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Fig. 15. Plots of normalized fluorescence intensity for a) Pyrr-NI-Im (2.5 - 1074 M), b) Pyrr-NI-Glu (1.0 - 107> M) and ¢) Mor-NI-Im (1.0 - 10> M) in water.
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Fig. 16. Solid-state emission spectra of a) filter paper strips laden with Pyrr-NI-Im and then in solutions of ketoprofen and b) PHB-film laden with Pyrr-NI-Im and
then soaked in a solution of ketoprofen, inset shows picture under UV-light of the probe-laden film and the same film after soaking in ketoprofen solution.

Table 4
Comparison of LOD of Pyrr-NI-Im and literature systems for sensing of keto-
profen in aqueous solutions.

Entry Sensor LOD (M)
1 Pyrr-NI-Im* (2.3+0.1)
2 Quantum dots [64] 2.3

3 Polyamine receptors [65] 0.25

4 N-doped carbon dots [66] <0.3

5 Hybrid carbon dots [67] 0.01

@l This work.

in water/DMSO 80 vol%, whereas in water the most stable aggregates
are formed by Mor-NI-Im. We also obtained information on the ther-
modynamic parameters associated with the self-assembly process, in all
cases consistent with an enthalpy-driven association process. Notably,
the aggregates maintained their emission also in the solid state.

Subsequently, we investigated the possibility of using such supra-
molecular aggregates as fluorescent sensory probes for the detection in
aqueous solutions of drugs belonging to different classes. We found that
the most sensitive probe is Pyrr-NI-Im, whose emission underwent
quenching in the presence of all the drugs considered, with the highest
sensitivity towards ketoprofen with LOD of (2.3 + 0.1) pM and LOQ of
(6.9 & 0.3) pM. Conversely, the emission of Pyrr-NI-Glu and Mor-NI-Im
was less sensitive to the presence of drugs in solutions, exhibiting higher
sensitivity towards ciprofloxacin, with LOD and LOQ values one order of
magnitude higher than those obtained for Pyrr-NI-Im. It is important to
note that in general, the probes used simply establish the presence the
presence of the drugs in the sample, but are not selective to each drug.

Finally, we evaluated the possibility of embedding the best-
performing probe onto solid supports like filter paper strips or poly(3-
hydroxybutirate) and if the emission of the ensuing solids is affected
by the presence of a drug like ketoprofen in solution. After soaking the
fluorophore-doped solid in solutions of ketoprofen at different concen-
trations, we found significant quenching of solid-state emission as a
function of the concentration of drug.
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